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F O R E W O R D

By	Lori L. Sundstrom
Staff Officer
Transportation Research Board

NCHRP Report 722: Assessing Highway Tolling and Pricing Options and Impacts provides 
state departments of transportation (DOTs) and other transportation agencies that are con-
sidering instituting or modifying user-based fees or tolling on segments of their system 
with a decision-making framework and analytical tools that better describe likely impacts 
on revenue generation and system performance. This report is presented in two volumes. 
Volume 1: Decision-Making Framework should be of immediate use to staff responsible for 
structuring the policy-level evaluation of potential tolling and pricing solutions to exam-
ine their policy implications, performance expectations, and financial impacts. Volume 2: 
Travel Demand Forecasting Tools will provide staff who develop the forecasts of potential 
revenue, transportation demand, and congestion and system performance with an in-depth 
examination of the various analytical tools available for direct or adapted use.

The continued growth in travel demand, worsening congestion, and the significant reduc-
tion in transportation funding available from traditional sources has prompted a number 
of DOTs and other transportation agencies, including toll authorities and metropolitan 
planning organizations, to turn to tolling and pricing as a method to fund new capacity 
and to more effectively manage congestion and improve the performance of their systems. 
A number of agencies have initiated projects that rely on tolling (the assessment of a fixed 
fee for the use of a roadway) and/or pricing (varying toll rates by time of day or volume of 
traffic) as an alternative to traditional funding sources. Several states have enacted legisla-
tion that requires new capacity to be funded by revenues derived from tolling and/or pric-
ing. Traditional methods and analytical tools used in transportation decision making such 
as transportation demand forecasting, risk analysis, benefit-cost analysis, financial analysis, 
market research, and others fall short, however, in addressing the complexities associated 
with tolling and pricing decision making.

Under NCHRP Project 08-57, Parsons Brinckerhoff, Inc., was asked to develop a decision-
making approach for DOTs and other transportation agencies to use to conduct comprehen-
sive, transparent, and technically defensible analyses of a range of likely impacts of potential 
tolling and pricing solutions. The resulting decision-making framework in Volume 1 can 
be applied to a variety of scenarios in order to understand the potential impacts of tolling 
and pricing on the performance of the transportation system, and on the potential to gener-
ate revenue to pay for system improvements. Parsons Brinckerhoff conducted a literature 
review, collected state-of-the-practice information from numerous agencies, and provided 
five detailed case studies (viewed through the lens of the decision-making framework) that 
present lessons learned and illustrate a variety of best practices. Volume 2 provides a set of 
practical recommendations for developing travel models for different pricing studies. The 
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research team also evaluated travel models and network simulation tools used to forecast 
travel demand and revenue, and identified short-term and long-term improvements and 
strategic directions to improve the quality of their results and relevance to decision making.

Public and private sector decision makers and practitioners should find NCHRP Report 
722 a valuable resource as they review issues associated with tolling and pricing decisions.

Assessing Highway Tolling and Pricing Options and Impacts: Volume 2: Travel Demand Forecasting Tools

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/23427


C O N T E N T S

	 1	 Chapter 1 � Summary
	 1	 1.1 � Need for Solid Traffic and Revenue (T&R) Forecasts
	 2	 1.2 � State of the Practice and Challenges in T&R Forecasting
	 2	 1.2.1 � Main Factors Affecting Reasonability of T&R Forecast
	 2	 1.2.2 � State of the Practice and Major Gaps Identified
	 3	 1.2.3 � Recommended Short-Term Improvements
	 4	 1.2.4 � Recommended Long-Term Improvements and Strategic Directions
	 5	 1.3 � Model Features Required for Different Pricing Studies
	 5	 1.3.1 � Model Features for Different Pricing Projects
	 5	 1.3.2 � Model Features for Different Stages of Decision Making
	 8	 1.3.3 � Specific Requirements for Forecasting Tools for Investment  

Grade Studies
	 10	 1.4 � Organization of Volume 2

	 11	 Chapter 2  State of the Practice in Forecasting Methods
	 11	 2.1 � Basics of T&R Forecasting
	 12	 2.2 � Travel Cost Representation in Demand and Network Models
	 15	 2.3 � Models Included in the Synthesis
	 15	 2.4 � Conclusions from the Review of Existing Models

	 20	 Chapter 3  Survey Methods to Support Pricing Studies
	 20	 3.1 � Overview of Survey Methods to Support Pricing Studies
	 22	 3.2 � Summary and Proposed Practice Guidelines

	 24	 Chapter 4 � Critical Issues and Directions  
for Short-Term Improvements

	 24	 4.1 � Classification of Model Features Required for Pricing Studies
	 24	 4.1.1 � Model Features for Different Pricing Projects
	 26	 4.1.2 � Model Features for Different Stages of Decision Making
	 29	 4.1.3 � Specific Requirements for Forecasting Tools for Investment  

Grade Studies
	 33	 4.2 � Prototype Structure of Travel Model for Pricing Studies
	 33	 4.2.1 � Main Travel Dimensions Affected by Pricing
	 34	 4.2.2 � Observed Impacts of Pricing on Different Travel Choices  

(PSRC Experiment)
	 39	 4.2.3 � Prototype Structure of Demand Model—4-Step Approach
	 40	 4.2.4 � Prototype Structure of Demand Model—Activity-Based Approach
	 41	 4.2.5 � Prototype Structure of Network Assignments
	 44	 4.3 � Summary of Key Model Parameters
	 44	 4.3.1 � VOT Values in Applied Models
	 52	 4.3.2 � Recommended Values for VOT, Travel Time, and Cost Coefficients
	 54	 4.4 � Model Validation, Calibration, and Sensitivity Testing
	 54	 4.4.1 � Dimensions and Data for Model Validation

Assessing Highway Tolling and Pricing Options and Impacts: Volume 2: Travel Demand Forecasting Tools

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/23427


	 55	 4.4.2 � Region-Level Calibration Procedures
	 57	 4.4.3 � Corridor-Level and Sub-Area-Level Calibration Procedures
	 58	 4.4.4 � Sensitivity Tests, Risk Analysis, and Mitigation
	 65	 4.5 � Adjustment of Travel Cost Inputs and Coefficients for Future Years
	 65	 4.5.1 � Model Input and Coefficient Consistency for Different Years
	 65	 4.5.2 � Reasons for Adjustment
	 66	 4.5.3 � Approaches and Time Horizons for Adjustment
	 66	 4.5.4 � Adjustment Strategies for Different Types of Cost Variables
	 67	 4.6 � Evaluation of Pricing Projects
	 68	 4.6.1 � Benefit and Cost Calculation
	 71	 4.6.2 � Criteria for Evaluation of Pricing Projects

	 73	 Chapter 5 � Strategic Directions for Improvement
	 73	 5.1 � Coordination with the SHRP 2 C04 Project
	 76	 5.2 � Breakthrough Directions on the Demand Side
	 77	 5.2.1 � Approaches to Accounting for Heterogeneity of Highway Users
	 78	 5.2.2 � Travel Segmentation (Observed Heterogeneity)
	 81	 5.2.3 � Probabilistic Distribution of VOT and VOR (Unobserved  

Heterogeneity)
	 83	 5.2.4 � Additional Travel Dimensions and Choice Models
	 84	 5.2.5 � Incorporation of Travel Time Reliability
	 86	 5.2.6 � Modeling Time-of-Day Choice and Peak Spreading
	 87	 5.2.7 � Modeling Car Occupancy
	 88	 5.3 � Breakthrough Directions on the Network Simulation Side
	 88	 5.3.1 � Network Assignment Models and Algorithms in the Context  

of Pricing
	 90	 5.3.2 � Heterogeneity of Users in Traffic Network Assignment  

and Simulation
	 92	 5.3.3 � Perspective of Using TRANSIMS for Highway Pricing Projects
	 94	 5.4 � Integration of Demand Model and Network Simulation
	 94	 5.4.1 � Essence of Equilibrium and Possible Feedback Options
	 95	 5.4.2 � Incorporation of Reliability in Network Equilibrium

	 97	 Chapter 6 � Pilot Studies for Demonstration of Improved Tools
	 97	 6.1 � Improvement of the San Francisco ABM for Pricing Studies
	 97	 6.1.1 � General Model Structure and Phased Improvement
	 99	 6.1.2 � Model Structure Improvement for Choice of Tolls
	108	 6.1.3 � Model Estimation and Structural Changes
	111	 6.1.4 � Model Calibration
	112	 6.1.5 � Conclusions
	113	 6.2 � Improvement of the New York ABM for Manhattan Area Pricing Study
	113	 6.2.1 � Objectives of the Study
	114	 6.2.2 � Modeled Options for Area Congestion Pricing
	116	 6.2.3 � Structure of the NYMTC ABM
	118	 6.2.4 � Application Assumptions and Model Adjustments  

for Area Pricing
	120	 6.2.5 � Application Assumptions and Model Adjustments  

for License Plate Rationing
	121	 6.2.6 � Aggregation of Model Output for Analysis
	122	 6.2.7 � Technical Lessons Learned
	123	 6.2.8 � Conclusions

Assessing Highway Tolling and Pricing Options and Impacts: Volume 2: Travel Demand Forecasting Tools

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/23427


	123	 6.3 � Modeling User Response to Pricing with DTA:  
Baltimore-Washington Corridor

	123	 6.3.1 � Description of the Study
	124	 6.3.2 � Problem Statement
	125	 6.3.3 � Conceptual Framework
	128	 6.3.4 � Multidimensional Dynamic Stochastic User Equilibrium  

Formulation
	128	 6.3.5 � Solution Algorithm
	129	 6.3.6 � Estimation of Preferred Arrival Time (PAT) Pattern
	130	 6.3.7 � Experimental Results
	143	 6.3.8 � Conclusions
	143	 6.4 � Improvement of the Los Angeles 4-Step Model for Pricing Studies
	143	 6.4.1 � Objectives of the Study and Short-Term Model Enhancements
	147	 6.4.2 � Auto Choices and Utility Functions in Mode Choice
	148	 6.4.3 � Improvements to Highway Assignment
	148	 6.4.4 � Speed Feedback Implementation
	149	 6.4.5 � Time of Day and Peak Spreading Model
	152	 6.4.6 � Calibration and Validation
	152	 6.4.7 � Conclusions

	153	 Chapter 7 � Conclusions and Recommendations 
for Further Research

	153	 7.1 � Existing Practices and Identified Gaps
	154	 7.2 � Possible Short-Term Improvements
	155	 7.3 � Major Long-Term Improvements and Strategic Directions
	156	 7.4 � Suggestions for Future Research in Adjacent and Related Areas

	158	 References

	163	 Appendix A

Note: Many of the photographs, figures, and tables in this report have been converted from color to grayscale 
for printing. The electronic version of the report (posted on the Web at www.trb.org) retains the color versions.

Assessing Highway Tolling and Pricing Options and Impacts: Volume 2: Travel Demand Forecasting Tools

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/23427


1   

NCHRP Report 722: Assessing Highway Tolling and Pricing 
Options and Impacts, Volume 1 and Volume 2, together, con-
stitute the body of the final report. Each volume, however, is a 
self-contained document that can be independently reviewed 
and understood by the reader. The purpose of Volume 2 is 
to survey forecasting tools applied at different stages of pric-
ing projects, synthesize the best practices, provide practical 
recommendations for possible short-term improvements, 
identify the main gaps, and outline the major directions for 
principal long-term improvements. Several of the suggested 
improvements are further tested in the pilot studies.

1.1 � Need for Solid Traffic and  
Revenue (T&R) Forecasts

Decisions about toll roads involve structural and technical 
details. The accuracy of T&R forecasts is crucial; in addition to 
the usual planning aspect there is generally a political aspect 
involved (intertwined with public relation/intervention),  
as well as private investors. As a result, T&R forecasts are closely 
reviewed by many parties and the level of scrutiny of expected 
performance is much greater than for non-tolled highway 
projects. In particular, issues that relate to environmental 
justice will be especially scrutinized during the NEPA pro-
cess. T&R projections will be scrutinized by the project spon-
sors and specifically by the rating agencies at the Investment 
Grade stage.

If the T&R forecasts are not reasonable and if modeling 
tools that were applied do not satisfy the criteria established in 
the profession, the project may fail during any stage of devel-
opment. In addition, even if the project is accepted, financial 
conditions may be much worse than they could have been 
under different forecasts as the result of a low credit rating.

Even if the pricing project is successful within the formal 
terms of the Environmental Impact Analysis and is graded 
high with respect to the revenue versus cost, computerized 
travel models and related tools can help tremendously with 

building consensus among the general public and potential 
stakeholders, as well as at the political level. Travel model 
results should be presented in a form that are accessible to 
and can be convincing for a wide audience of non-technical 
people. In this regard, the following products of the T&R 
forecasts can be seen as important:

•	 Demonstration of the congestion relief and improved 
highway throughput using visual traffic simulation tools.

•	 Mapping of travel time savings and showing accessibility 
improvements [like isochrones of travel time needed to 
reach the central business district (CBD) area].

•	 Detailed equity analysis focusing on specific population seg-
ments (like low income people in the area directly affected 
by pricing) to illustrate how each segment is affected, by 
a proposed pricing action and alternative transportation 
options.

Pricing affects travel demand in many ways. In general, 
pricing affects travel demand negatively in the sense that 
travelers will attempt to avoid pricing by switching to other 
(free) roads, transit, or other periods of the day, depending 
on available options. With pricing, however, travel times on 
the priced facility improve significantly. Thus, toll versus 
saved time ultimately represents the major trade-off from 
the perspective of highway users. This trade-off is resolved 
differently by different population segments and also varies 
by different geographic segments. As a result, total aggregated 
user benefits and/or revenue cannot tell the whole story, and 
structural details are important to assess potential winners 
and losers of the pricing project.

Ultimate winners are travelers for whom travel time sav-
ings (as well as companion travel time reliability improve-
ments) are valued more than the toll. Losers represent 
travelers for whom travel time savings are valued less than 
the toll. Some will continue using the facility while others will 
switch to alternative options (free roads, transit, other time of 
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day, other destination, etc.). The comparison of travel time 
savings to tolls is embedded in each decision-making process 
and is generally formalized by value of time (VOT), which 
represents traveler willingness to pay for one saved hour (and 
measured in dollars per hour).

From a practical perspective, travel demand models rep-
resent tools for modeling traveler responses to pricing and 
identifying winners and losers, their benefits and costs, with 
a desired level of accuracy for multiple travel segments com-
prised of different population groups for different geographic 
areas. The necessary level of detail requested by the National 
Environmental Policy Act (NEPA) process, as well as by the 
rating agencies, includes four to five major travel purposes, 
three to four income groups, three to four time-of-day peri-
ods, and (normally) thousands of zones (trip origins and des-
tinations). All these details are important since they can have 
large impacts on traveler willingness to pay, calculation of 
travel time savings, and identification of alternative options 
available for each traveler. As a result, it is generally impos-
sible to implement all related calculations with the necessary 
level of detail using simplified spreadsheet-based methods.

1.2 � State of the Practice and  
Challenges in T&R Forecasting

1.2.1 � Main Factors Affecting Reasonability 
of T&R Forecast

A reliable and creditable T&R forecast is a function of 
many factors. The following major components of the fore-
casting process can be identified as important:

•	 Travel forecasting model structure, its soundness from the 
analytical point of view, and its ability to realistically por-
tray the behavioral response of travelers to congestion and 
pricing.

•	 Quality and comprehensiveness of the base year data used 
for model validation and calibration including a House-
hold Travel Survey and other complementary surveys, 
traffic counts, etc.

•	 Reasonableness of the assumptions regarding the future 
growth of population and employment in the regions, as 
well as the development of the transportation network. 
These assumptions represent key inputs to the T&R fore-
casting procedure and their impact on the final result is as 
substantial as the quality of the model itself. The reported 
criticism of T&R forecasts implemented in the past in 
many regions is, to a large degree, attributable to prob-
lems with these input assumptions. Different from the 
first two factors, where concrete recommendations and 
well-defined technical procedures can be stated, substan-
tiation of future socio-economic and transportation net-

work scenarios is a very open issue that resides more in the 
planning domain, rather than in field of modeling. In this 
regard, the current report only summarizes certain basic 
rules (like conservatism and comparison of the future sce-
narios to the observed trends), reporting the most frequent 
pitfalls and concerns.

1.2.2 � State of the Practice and  
Major Gaps Identified

The extensive analysis done in this research of travel mod-
els and network simulation tools applied in practice for T&R 
studies has revealed a highly diverse picture, with a large pro-
portion of applications with simplified methods as well as a 
growing number of applications of more advanced modeling 
tools. The following main conclusions can be made regard-
ing the general tendencies and specific important methods 
observed, along with the identification of gaps where improve-
ments are needed:

•	 There is a great deal of variation in approaches. In most 
cases, the model applied for the highway pricing project 
was essentially a modification of the existing regional 
model available for the study. Thus, limitations and defi-
ciencies of the existing regional model were inevitably 
adopted for the study.

•	 In most cases, only route itinerary (assignment) and 
binary route type choice (toll versus non-toll) models were 
employed for comparison and evaluation of pricing alter-
natives. This achieves reasonable results under the assump-
tion that pricing would not affect mode choice, time-of-day 
choice, trip distribution, and trip generation. While this 
simplification might be acceptable for some analyses of 
intercity highways, it is more difficult to defend for fore-
casting most of the metropolitan and urban facilities.

•	 Pricing effects on trip distribution have been incorporated 
by using mode choice Logsums as the measure of acces-
sibility in destination choice or gravity-type distribution 
models. The use of mode choice Logsums in gravity mod-
els needs to be tested extensively; unlike destination choice 
frameworks, where appropriate elasticities to cost are 
expected when reasonable Logsum parameters are used, it 
is not clear that doubly-constrained gravity models behave 
appropriately to changes in level of service (LOS) variables 
such as the introduction of tolls.

•	 In some cases there is an inconsistency between the travel 
times and costs used for the trip distribution and mode 
choice models, in that the travel times reflect priced condi-
tions while the toll cost itself does not enter the impedance 
function. This is the case when travel times are fed back 
from a generalized cost assignment into a distribution 
model that is a function of travel times only.
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•	 In a few cases utility functions in multinomial or nested 
logit mode choice models are miss-specified. Undesirable 
specifications include toll utilities that are a function of 
the toll alternative travel time and travel time savings with 
respect to the free alternative. This type of specification 
may result in counterintuitive results when the LOS attri-
butes on either the toll or the free routes change. Another 
potentially problematic specification is the use of thresh-
olds, such as making the toll alternative available only if it 
meets a pre-defined minimum time savings goal.

•	 There is no consensus on whether road pricing costs 
should be shared among vehicle occupants and, if so, how. 
Most models either assume that the full toll cost is either 
borne by all occupants or that it is equally shared among 
the occupants.

•	 In some regional modeling systems that were specifically 
modified for congestion pricing projects, peak-spreading 
models were applied. Trip-based 4-step models are nor-
mally based on time-of-day (peak) factors that are not 
sensitive to the relative congestion levels at different peri-
ods of the day. AMBs can offer a better framework where 
peak-spreading effects are captured by time-of-day choice 
sub-model sensitive to the congestion level and pricing.

•	 Almost all models, including advanced activity-based mod-
els (ABM) are characterized by a significant discrepancy 
between the user segmentation VOT in the demand model 
compared to network simulation. While at the demand 
modeling stage, segmentation normally includes several 
trip purposes, income groups, car occupancy, and time-
of-day periods; network simulations are characterized by 
more limited segmentation. Traffic assignments are imple-
mented by periods of the day and for multiple vehicle classes 
that typically include vehicle type and occupancy. However, 
trip purposes and income groups are blended together 
before assignment, creating strong aggregation biases with 
respect to VOT.

•	 Most models break down the network simulation into four 
broad time periods, typically AM Peak (2 to 4 hours long), 
Midday, PM Peak (2 to 4 hours long), and Night, and are 
therefore able to compute LOS differences by time of day 
only at this level of aggregation. Only one of the regional 
models reviewed performs the network simulation at a 
finer time-of-day disaggregation.

1.2.3 � Recommended Short-Term  
Improvements

Although the major strategic directions to improve models 
are strongly associated with a new generation of advanced 
ABMs and network simulation tools like DTA, there are many 
practical steps that can be taken to improve 4-step models 
(and simple ABMs) to better prepare them for T&R forecast-
ing and to ensure reasonable model sensitivities for different 

pricing projects and policies. The following improvements 
can be made:

•	 A travel model that is going to be applied for a highway pric-
ing study should comply with a minimal set of structural 
requirements. These include a reasonable model sensitivity 
to toll across all travel dimensions that can be affected by 
pricing, including route choice, mode (and car occupancy) 
choice, trip distribution, and time-of-day choice, etc. Across 
all these choices, a reasonable level of segmentation and 
correct estimates of VOT (with the necessary aggregations) 
should be applied.

•	 The demand model should be segmented by at least 4–5 
travel purposes and 3–4 income groups with VOT specific 
for each combined segment. Additional useful steps that 
can be taken are to apply differential travel time coeffi-
cients by segments in the network assignment step, as well 
as by congestion levels, representing in part a simple proxy 
for highway the effect of congestion on reliability.

•	 A revision of the network procedures to incorporate dif-
ferential tolls and vehicle categories relevant to the pricing 
study is necessary. The traffic assignment should incorpo-
rate and distinguish relevant vehicle classes (auto, commer-
cial vehicles, trucks, taxis, etc.) with the appropriate average 
VOT per class. The technique of multi-class assignment is 
supported in all major transportation software packages 
(TransCAD, EMME, and Cube) and can be further applied 
to differentiate between VOT groups within the same vehi-
cle class. If tolls or vehicle eligibility are differentiated by 
vehicle occupancy (HOV/HOT lanes) the auto vehicle class 
should be additionally segmented by the relevant occu-
pancy categories (SOV, HOV2, HOV3, etc).

•	 It is highly recommended (though it is not absolutely 
essential in the early stages of pricing studies) to incorpo-
rate a binary route type choice model (toll versus non-toll 
facility), either as a lower-level sub-nest in mode choice or 
as a pre-assignment procedure. This sub-model allows for 
capturing a toll bias associated with the perception of the 
generally improved reliability and safety of the toll facility, 
as well as provides for better (non-linear) specifications of 
the tradeoffs between travel time savings and extra costs.

•	 It is essential for congestion pricing studies to include an 
improved time-of-day choice (peak-spreading) model 
sensitive to congestion level and pricing. Although the 
trip-base structure is very limited in addressing time-of-
day choice factors, it can incorporate a time-of-day choice 
model with a fine level of temporal resolution (one hour 
or less) that would roughly correspond to the outbound 
and inbound components of the tour-based time-of-day 
choice model applied separately for each trip segment.

•	 There are a growing number of applications where mode 
and/or occupancy choices were included. In several cases, 
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mode, occupancy, and binary route type choices were 
combined in one multi-level nested logit choice model 
structure where occupancy and route type choice served 
as lower-level sub-choices. These improvements can be 
implemented and are equally relevant for both 4-step 
models and ABMs.

•	 It is essential to equilibrate the demand model (at least mode 
choice and route type choice) and the highway assignment 
to ensure that the results correspond to (or at least approxi-
mate) a stable equilibrium solution. It is more difficult to 
include the trip distribution (and other sub-models like 
time-of-day choice or trip generation) in the global equilib-
rium, which might require multiple iterations and special 
averaging algorithms. However, it is essential to eventually 
ensure a reasonable level of convergence of the entire model 
system. Recent experience with the New York ABM has 
shown that effective strategies of equilibration based on a 
parallel averaging of trip tables and LOS skims can achieve 
a reasonable level of convergence in three to four global 
iterations, even in one of the largest and most congested 
regional networks.

•	 Network simulations should be carefully validated and cal-
ibrated to replicate period-specific traffic volumes, as well 
as period-specific LOS attributes. In this regard, the pre-
vailing practice of model validation by daily traffic counts 
has to be replaced with more extensive and elaborate vali-
dation or calibration by four to five time-of-day periods.

•	 There are many reserves for improvements that relate to 
a better understanding and incorporation of rules of the 
financial world. Many of them relate to the way a model  
is used, rather than to its structure. They include more 
thorough procedures for assessing non-modeled days 
(weekends and holidays) and time-of-day periods (if the 
model does not cover an entire weekday), as well as explicit 
consideration of possible ramp-up dynamics for the first 
several years of a project. The model structure and out-
put should be made to produce the necessary inputs to the 
financial plan. Of special importance is the issue of quan-
tification of risk factors. Risk analysis essentially represents 
an important strategic direction with many aspects that 
have yet to be explored by travel forecasters. Some simpli-
fied procedures, however, based on the possible scenarios 
for main input factors can be applied even with a simple 
travel model.

1.2.4 � Recommended Long-Term  
Improvements and  
Strategic Directions

The main avenues for improvement of modeling tools 
applied for pricing studies are seen to be associated with the 
advanced ABM framework on the demand side and DTA on 

the network simulation side. ABMs provide clear advantages 
over trip-based models in the analysis of pricing policies. In 
particular, limitations of trip-based models such as a lack of 
policy sensitivity and insufficient market segmentation can 
be overcome with more advanced models. The main advan-
tages of ABM structure for modeling highway pricing sce-
narios can be categorized according to the following model 
features:

•	 Tour-based structure that is essential for accounting 
for tolls applied by direction by time-of-day periods, in 
a consistent and coherent way. This is, however, condi-
tional upon obtaining a level of temporal resolution that  
matches the details of pricing schedules. Since variable 
pricing schemes are frequently in the focus of pricing stud-
ies, it is essential to have a large set of period-specific simu-
lations, ideally, hourly assignments (or a full-day DTA) in 
order to address different pricing schedules.

•	 Microsimulation of individuals that allows for probabi-
listic variation of individual parameters including VOT, 
car rationing by license plate, toll discounts associated with 
different payment types, and/or population groups. In 
addition to that, a fully disaggregate structure of the model 
output is extremely convenient for reporting, analysis, and 
evaluation of the pricing scenarios, in particular for the  
screening of winners and losers, and for equity analysis 
across different population groups.

•	 Entire day individual activity pattern that allows for a 
consistent modeling of non-trip pricing options, such as 
a daily area pricing fee.

There are, however, a number of issues that remain to be 
addressed by ABMs in practice. First, most ABMs continue to 
rely on static equilibrium highway assignment algorithms. It 
is common knowledge that such techniques fail to adequately 
address congestion due to their lack of ability to reflect queu-
ing. One of the advantages of priced facilities (particularly 
dynamically priced facilities) is that they offer more reliable 
travel times than competing congested facilities where the 
variability of travel time can be quite onerous. From this per-
spective, the integration of an ABM and DTA in one coherent 
modeling framework represents one of the most important 
strategic directions for the field.

The advanced and flexible microsimulation modeling 
paradigm embedded in ABM and DTA structures opens a 
constructive way to include many recent theoretical advances 
in applied operational models. The following main aspects 
and directions were identified in this research:

•	 Heterogeneity of road users with respect to their VOT and 
willingness to pay. This requires a consistent segmenta-
tion throughout all of the demand modeling and network 
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simulation procedures to ensure compatibility of implied 
VOTs. In addition to an explicit segmentation, random 
coefficient choice models represent a promising tool for 
capturing heterogeneity.

•	 Proper incorporation of toll road choice in the general 
hierarchy of travel choices in the modeling system. Addi-
tional travel dimensions (such as whether to pay a toll, 
car occupancy, and payment type/technology) and asso-
ciated choice models should be properly integrated with 
the other sub-models in the model system. The impacts of 
pricing on long-term choices, such as vehicle ownership, 
workplace location, residential location, and firm location, 
need to be better understood. Most ABMs are based on 
cross-sectional data and are unable to fully capture long-
term behavior associated with the introduction of pricing 
policies. Hopefully, as more policies become implemented, 
more longitudinal data will be available to improve this 
critical aspect of travel demand models.

•	 Accounting for reliability of travel time associated with toll 
roads requires the incorporation of travel time reliability 
in applied models with quantitative measures that can be 
modeled on both demand and supply sides.

•	 More comprehensive modeling of time-of-day choice 
based on the analysis of all constraints associated with 
changing individual daily schedules.

•	 More comprehensive modeling of car occupancy-related 
decisions, including differences in carpool types (planned 
intra-household, planned inter-household, and casual) 
and associated VOT impacts.

•	 Advanced traffic simulation procedures such as DTA and 
microsimulation, and better ways to integrate them with 
travel demand models. In this regard, future research 
needs to systematically incorporate features such as het-
erogeneous users in response to dynamic tolls and to 
develop efficient heterogeneous intermodal shortest path 
algorithms.

Many of these research topics are being addressed in 
ongoing NCHRP and SHRP 2 projects. Incorporation of the 
results of these studies in models applied for highway pricing 
studies in practice represents an important challenge for the 
transportation modeling profession.

1.3 � Model Features Required  
for Different Pricing Studies

1.3.1 � Model Features for Different  
Pricing Projects

Based on an accumulated modeling experience with vari-
ous pricing projects, we have first classified the required 
model features that stem from the range of planning needs 

associated with different project types. Further on, in the sub-
section that follows, the same model features are arrayed by 
the four main stages of decision-making process defined in 
Volume 1.

As shown in Table 1, there are some model features that 
are absolutely essential to pricing studies in the very begin-
ning of analysis, while other more advanced features may 
be reserved for subsequent stages of project development 
(detailed feasibility and investment grade studies). The more 
advanced features, however, may become extremely relevant 
even early on, if a corresponding pricing strategy is included 
in the range of options included in the scope of the particular 
study, and a robust and consistent analysis of it is required to 
compare with other more easily modeled alternatives. Both 
essential and advanced modeling features may still belong in 
the category of short-term improvements, however, and are 
not explicitly distinguished here between 4-step and ABM 
frameworks in this classification.

1.3.2 � Model Features for Different Stages 
of Decision Making

The model improvement process and its desired features 
can be arrayed in parallel with the basic general stages of pric-
ing studies. A framework of gradual corresponding improve-
ments is outlined in Figure 1: four major stages of the project 
development (described in Volume 1, Chapter 4, in detail), 
and four broad stages of improvement of the forecasting 
tools. In general, having an advanced model from the very 
early stage would be an advantage; however, it is not always 
necessary. A pricing study could begin with a simplified 
model, while the data and modeling tools are improved in 
the process, subject to the specific pricing alternatives identi-
fied at the earlier stages for further analysis.

In the majority of cases reviewed where decision making 
about highway pricing was made in a systematic way, sup-
ported by forecasting tools, the existing regional model (typi-
cally that of the MPO) was employed. The development of 
a new regional model from scratch is of course a time con-
suming and costly effort. Also, the timing of a major model 
improvement effort, often driven by periodic data availabil-
ity, might not coincide well with the schedule of road pricing 
study. Consequently, in many cases the best available model, 
along with some short-term improvements, was applied. 
There is, however, a growing recognition of the importance of 
travel model improvements in view of the scrutiny by rating 
agencies and private investors of T&R forecasts, and many 
agencies have made substantial efforts to improve their mod-
els for pricing studies. In many cases, the RFP issued by the 
interested agency for a T&R study explicitly included a model 
improvement task. Additional benefits of this effort, as per-
ceived by MPOs, are that this study also can contribute to the 
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general improvement of the regional model and spur addi-
tional useful data collection, model validation, and testing.

A wide range of cases was found in this research with 
respect to the t rigor of the methods and levels of sophistica-
tion applied for the modeling in each of the decision-making 
stages. Notwithstanding possible deviations based on differ-
ent project development frameworks and varying states of 
existing regional modeling capabilities, there are several clear 
patterns that can be generalized and used to characterize both 
prevailing and best practice. The following correspondence 
between the stage of decision making and appropriate mod-
eling tools can be recommended.

Stage 1: Exploratory

General strategic go/no-go decisions about highway pric-
ing possibilities are made in this stage. The existing regional 
model should be applied with at least a set of minimal short-
term improvements that would normally include the follow-
ing common steps (corresponding to the list of general model 
features essential for all pricing studies identified earlier).

•	 Coding of highway facilities with the corresponding pric-
ing forms (flat, fixed variation by time-of-day, variable 
real-time, etc.) converted into travel time equivalents for 
highway assignments and skimming.

•	 Incorporation of tolls in the demand models currently 
developed; most frequently trip distribution and mode 
choice models are included.

•	 Proper implementation of network equilibrium and associ-
ated feedbacks (at least between the assignment and mode 
choice models, with a subsequent consideration of the trip 
distribution model as well).

•	 Calibration effort (through proper adjustment of model 
coefficients, mode specific constants, and/or distributional 
K-factors) in order to reasonably match traffic counts in 
the base year, approximate travel times and speeds, in the 
relevant corridor or sub-area.

Stage 2: Preliminary Feasibility Study

Further improvements are recommended at this stage 
depending on the pricing project nature. These improve-

Pricing Study Component Model Features 
Essential Advanced

All types of pricing Toll facilities coded in the highway 
network with toll incorporated in 
the volume-delay functions 

Toll plazas and access ramps 
coded with realistic delay 
functions  

Segmented VOT by travel purpose 
and income group in demand model  

Perceived highway time by 
congestion levels / reliability  

Segmented VOT by vehicle class in 
traffic assignment 

Additional vehicle class 
stratification by VOT 
Route type (toll vs. non-toll) sub-
choice 

Mode choice and assignment 
equilibration 

Inclusion of trip distribution in 
equilibration through mode 
choice logsum 

HOV/HOT lanes Car occupancy (SOV, HOV2, 
HOV3+) sub-choice in mode choice 

Additional vehicle class 
stratification by occupancy in 
assignment  

Area and other large-scale 
pricing schemes 

Trip generation sensitive to 
accessibility/generalized cost 

Accounting for trends in flexible / 
compressed work schedules and 
telecommuting   

Highway pricing in parallel 
with transit improvements 

Mode choice with developed transit 
nest 
Bus speeds linked to highway 
congestion 

Congestion pricing  Peak spreading model Time-of-day choice model 
Accounting for trends in flexible / 
compressed work schedules and 
telecommuting   

Dynamic (real-time) 
pricing 

Special network / toll 
equilibration procedure 

Highway pricing in parallel 
with parking policies  

Parking cost inclusion in mode 
choice 

Parking choice model for auto 
and drive-to-transit trips with 
parking constraints 

Equity analysis Model segmentation and reporting 
of user benefits (time savings and 
extra cost) by 3-4 income groups 

Table 1.  Model features needed for different pricing studies.
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ments would mostly include better model segmentation and 
differentiation of the model coefficients related to VOT. At 
least two additional improvements are generally needed:

•	 Mode choice (and trip distribution if technically possible) 
segmentation by travel purpose and income group (that 
have a strong impact on the VOT).

•	 Multi-class assignment procedure that would distin-
guish traffic by vehicle types (auto, commercial vehicle, 
heavy truck, taxi, etc.) and auto occupancy (SOV, HOV2, 
HOV3+, etc) that directly relate to the pricing policy dif-
ferentiation and eligibility.

Stage 3: Environment Impact Statement (EIS)

This stage is associated with full T&R studies. The model 
structure should be improved in order to incorporate addi-

tional important sub-models. The following improvements 
are generally warranted at this stage:

•	 Introduction of a binary route type (toll versus non-toll) 
choice model as part of the mode choice model (at the lower 
level of mode hierarchy). Even in cases where mode choice 
may not play a significant role, such as intercity highways 
with perhaps no transit alternatives and a high percentage 
of trucks, this binary choice model explicitly represents the 
users’ perception of tolls and related decision-making. It is 
also essential in order to be able to incorporate a sensitivity 
of demand, beyond just travel time savings, to the addi-
tional measures of travel quality and reliability typically 
associated with toll roads.

•	 Introduction of a time-of-day choice and/or an incremen-
tal peak-spreading model that is essential for urban toll 
roads and congestion pricing variable pricing analysis.
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Figure 1.  Forecasting tools by stage of project development.
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•	 Including a proper linkage between mode choice and des-
tination choice (trip distribution) models through the 
logsum accessibility measure, essential to ensure logical 
sensitivities of the model when multiple pricing alterna-
tives are compared.

•	 Implementing this linkage may also require model (re)
estimation efforts based on the existing household travel 
survey and other available sources, or the collection of new 
survey data in the corridor and possibly with a stated pref-
erence component.

Stage 4: Investment Grade Study

The model improvement process will ideally lead to a 
complete or gradual transition toward an advanced model 
structure that would fully support specific requirements of 
the Investment Grade Study, including comprehensive risk 
analysis across different relevant factors. The following fea-
tures of such an advanced model are especially relevant for 
highway pricing projects:

•	 Individual (household/person) microsimulation of the 
travel demand choices within an ABM tour-based structure.

•	 Individual (vehicle) microsimulation of traffic using DTA.
•	 Detailed analysis of travel markets and associated proba-

bilistic VOT distributions, essential for capturing impor-
tant factors such as situational variation in VOT.

•	 Explicit incorporation of travel time reliability measures 
and willingness to pay for reliability improvements, along 
with average travel time savings.

•	 Integration of the T&R forecasting and financial risk analy
sis stages through a set of well designed sensitivity tests and 
an analytical representation of risk factors in multivariate 
simulations.

•	 Implementation of multiple model runs with different toll 
values for the purpose of toll optimization, with toll opti-
mization estimated with respect to the revenue, network 
conditions (measured by minimal speed, maximum V/C 
ratio, or maximum throughput), or by social welfare (util-
ity) function.

•	 Conducting and using new RP household travel surveys, 
with supplementary SP components, designed for and 
applied in the estimation of advanced models.

1.3.3 � Specific Requirements for Forecasting 
Tools for Investment Grade Studies

Rating agencies put travel forecasting procedures under a 
high level of scrutiny that is different from the model evaluation/ 
validation criteria applied in the public sector. Investment Grade  
studies are characterized by more stringent requirements on 

T&R forecasts, added levels of scrutiny with regard to model 
structure and calibration, and the need for a number of addi-
tional post-modeling steps compared to the preliminary 
financial feasibility studies.

Analysis of the existing models done to date, as well as the 
tracking history of model applications and associated (well-
published) criticism from the rating agencies, have clearly 
shown that some principal improvements in modeling tools 
are needed to ensure credibility of T&R forecasts, as well as to 
better integrate the transportation modeling culture with the 
culture of the investment analysis community.

It should be understood that the quality of forecasts can 
directly affect the project bond rating (i.e., the possibility 
to obtain the necessary loans and the interest rate associ-
ated with them). The three major rating agencies (i.e., Fitch 
Ratings, Moody’s, and Standard & Poor’s) have developed 
demanding tests for T&R forecasts (especially those pro-
duced by public agencies) and examine variations in many 
input parameters, as well as the model structure itself.

For these reasons, investment grade studies require an 
advanced and well calibrated travel model integrated with 
network simulation. There are several important techni-
cal specifics of an Investment Grade study compared to a 
T&R forecast produced for feasibility studies that should be 
addressed that are not necessarily included even in advanced 
ABMs. These relate to the model structure and calibration, 
model application, and a number of post-modeling steps that 
convert the model outputs into the inputs needed for a proj-
ect financial plan.

Model Structure and Calibration.  The following aspects 
relate to the model structure and calibration:

•	 Presence of all three major relevant travel choice dimen-
sions (route, mode, and time-of-day) that represent first-
order responses of the travelers.

•	 More elaborate time-of-day choice or peak-spreading 
model distinguishing between the peak hour and “shoul-
ders” within each broad period.

•	 Flexible trip generation model sensitive to accessibility 
improvements.

•	 Flexible trip distribution model fundamentally linked to 
the mode and route type choice model by mode-choice 
inclusive values (Logsums) as impedance measures.

•	 User segmentation by VOT across travel purposes, income 
groups, times of day, vehicle type and occupancy.

•	 Extensive newly collected data and more rigorous model 
calibration is normally assumed. It should be understood 
that even a well-calibrated regional model might have cer-
tain discrepancies compared to traffic counts and/or speed 
surveys for a particular corridor or facility. Consequently, 
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it is essential to recalibrate the model based on the most 
recently collected data, including traffic counts, special 
surveys (e.g., users of a particular toll facility), and speed 
measurements in the relevant corridor.

Model Application.  The following aspects relate to the 
model application:

•	 Toll rate optimization and multiple sensitivity tests with 
different toll and toll escalation scenarios.

•	 Risk analysis and risk mitigation measures. This includes 
identification and quantification of risk factors. It should 
be understood that the culture of the investment world is 
based on a probabilistic view of the model outcome, in 
contrast to the conventional travel forecasting culture 
based on a deterministic interpretation of the model out-
come. A theoretically consistent incorporation of proba-
bilistic risk analysis in T&R forecasting procedures is an 
important avenue for bringing these two worlds together 
and is essential for the current synthesis.

Risk Factors.  The following general concepts and risk 
factors are considered by rating agencies:

•	 Start-up toll facilities are considered the most risky and are 
put under a stress test, especially if the forecast was imple-
mented by a public agency.

•	 Accurate traffic and revenue forecasting in dense urban 
areas will always lie at the opposite end of a reliability 
spectrum from, for example, a river crossing with a clear 
competitive advantage over limited alternatives.

•	 Traffic patterns associated with well-defined, strong radial 
corridors appear to be more reliable.

•	 Forecasts prepared by project sponsors and bidders (inter-
ested parties) are generally higher than prepared by investors/ 
bankers; this “optimism bias” is estimated at 20% or more. 
More aggressive forecasts can be accepted for public private 
partnerships (PPP) that do not need rating.

•	 VOT miscalculation and improper aggregation across 
different income groups/travel markets are problematic 
(that’s why a proper model segmentation is essential).

•	 Recession/economic downturn (GDP growth is correlated 
with traffic growth with some lags).

•	 Slower future-year land-use development along the cor-
ridor. Reconsideration of population, employment, and 
income growth forecasts prepared by the MPO or DOT 
for the region/corridor is one of the frequent requests.

•	 Possibility for actual lower time savings than the modeled 
ones.

•	 Improvements to competing free roads or other alternatives.
•	 Considerably lower usage of toll roads and managed lanes 

by trucks.

•	 Lower off-peak/weekend traffic (40-50% of weekday) than 
is normally assumed (70-75% of weekday).

•	 Specific risk factors for trucking market that are essential 
if trucks constitute a significant share in the traffic. In par-
ticular, less reliability should be placed on forecast if the 
trucking market is composed of a large number of small, 
owner-driver general haulers.

Post-Modeling.  The following important aspects relate 
to the post-modeling steps:

•	 Annualization of revenues including modeling of or 
assumptions about weekend and holiday revenues, sea-
sonality, within-week variability, etc. The factors may 
vary from corridor to corridor, and the best way for estab-
lished facilities is to develop individual factors based on 
the observed patterns. It is also important to consider that 
weekend VOTs are generally lower, due to a greater mix 
of purposes and schedule flexibility than on the modeled 
typical weekday.

•	 The yearly T&R stream needed for the Financial Plan is 
normally calculated by interpolating and extrapolating 
between and beyond modeled years for long periods (40– 
50 years and longer). Capacity constraints and adverse 
effects of congestion when traffic volume approaches 
capacity should be taken into account for deep forecasts if 
they are not directly simulated in the model.

•	 Detailed consideration of a ramp-up period. If it is not 
modeled as a dynamic behavioral response in the model 
(which is unfortunately the case with even the most 
advance AB models), certain assumptions are made based 
on the past experience with similar projects. Specific 
ramp-up considerations are associated with electronic toll 
collection (ETC), especially if no cash payment option is 
provided. In this case, the ramp-up period is almost none 
for routine users and commuters, but might be significant 
for occasional users and visitors.

•	 Detailed consideration of bulk discounts, person/vehicle 
type discounts, toll evasion (if any), and other revenue loss 
factors such as accidents or incidents, extreme weather, or 
special events, among others.

•	 Accounting for toll rates escalation (CPI, GDP, floor, ceil-
ing) versus population income (and VOT) growth over a 
long period of time.

•	 The model output needs to be processed in formats suit-
able for the subsequent analysis and preparation of the 
Financial Plan. It is important to provide a transparency of 
the results and identify the key factors that have the most 
significant impact on the forecasts (Origin-Destination 
pairs with the largest number of trips, core travel markets) 
for which data and calculations can be demonstrated for 
practitioners and reviewers.
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1.4 Organization of Volume 2

Volume 2 is organized in six subsequent major sections:

•	 Chapter 2: State of the Practice in Forecasting Methods 
represents a survey of the existing practices. It provides an 
in-depth analysis of models applied for highway pricing 
studies, including both 4-step trip-based models and tour-
based ABMs. It concludes with a list of identified common 
features, gaps and critical issues that should be addressed.

•	 Chapter 3: Survey Methods to Support Pricing Studies is 
devoted to an overview of survey techniques that support 
the development of models and decision-making regarding 
pricing options. It includes Revealed Preference and Stated 
Preference survey types, as well as the ways to integrate 
them in an effective model estimation process.

•	 Chapter 4: Critical Issues and Directions for Short-Term 
Improvements covers short-term improvements and asso-
ciated critical issues; most improvements in this section 
are those that can be implemented with trip-based, 4-step 
models. This section also identifies a core list of model fea-
tures needed for different pricing studies and associated 
critical issues, relating to demand modeling and network 
simulation. The model improvements are put in the con-
text of the different phases of the project development, 
from preliminary feasibility to investment grade studies. 
Special attention is paid to the issues associated with using 
a travel model output for evaluation of pricing projects.

•	 Chapter 5: Strategic Directions for Improvement out-
lines long-term improvements that can expected to yield 
major breakthroughs. Many of them are oriented toward 
emerging advanced-practice-age models, such as ABMs on 

the travel demand side, and DTA and traffic microsimu-
lation tools on the network supply side. Specific model 
improvements are suggested where technical break-
throughs can be reasonably expected, such as those in the 
direction of user segmentation by VOT, incorporation of 
reliability measures, inclusion of additional travel choice 
dimensions (like acquisition of transponder), time-of-day 
choice models with fine temporal resolution, accounting 
for different carpool formation mechanisms, and better 
integration of demand and dynamic network simulation 
models. Special attention is paid to a constructive coordi-
nation of the current NCHRP project and SHRP 2 Project 
C04, “Improving Our Understanding of How Highway 
Congestion and Pricing Affect Travel Demand.”

•	 Chapter 6: Pilot Studies for Demonstration of Improved 
Tools describes four Pilot Studies that demonstrate the 
advantages of the suggested improvements to travel models 
applied for highway pricing projects. It includes application 
of advanced ABMs for various pricing studies in the San 
Francisco and New York Regions, application of DTA in 
the Baltimore-Washington, D.C., corridor, and a technical 
overview of the enhancements for a trip-based 4-step model 
prepared for pricing studies in the Los Angeles Region.

•	 Chapter 7: Conclusions and Recommendations for 
Future Research distills the information presented in 
the previous sections and pilot studies. It summarizes the 
main conclusions and presents important directions for 
future research that were identified, but could not be fully 
addressed as part of the current synthesis.

The report also contains a list of sources and an appendix 
that provides additional technical details on particular topics.
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2.1 Basics of T&R Forecasting

A travel demand model predicts travel flows between origins 
and destination by time of day, mode, and route within each 
mode. In addition, these models produce the necessary infor-
mation on toll facility patronage, as well as tolling and pricing 
impacts on all trips in the region. A travel demand model rep-
resents a sequence of calculations structured by meaningful 
travel dimensions. There are two major approaches for struc-
turing a demand model: the traditional trip-based (frequently 
referred to as 4-step) and an advanced tour-based (frequently 
referred to as activity-based) with numerous technical varia-
tions. Traditional 4-step models were the foremost modeling 
technique used during the 1980s and 1990s for most MPOs in 
United States, and they constitute a majority of travel mod-
els in practice even today. In recent years, however, advanced 
ABMs have been applied in practice, currently constituting 
the majority of newly-developed models for large MPOs 
(more than 10 such models in practice). The typical model 
structure and relevant travel dimensions modeled in each type 
of model are shown in Figure 2.

A demand model represents a computerized travel simu-
lation system where demand generation is integrated with 
network simulation, and equilibrium travel times and costs 
are sought. This equilibrium feature, which is technically 
implemented by means of feedbacks of travel time and cost to 
the demand generation stages, is essential for pricing studies. 
Pricing affects travel demand by shifting the equilibrium point 
to a solution where social/economic welfare is greater than 
without pricing. This is analytically consistent with the policy 
objectives of pricing, where pricing is often intended to affect 
travel choices in such a way that network capacity is utilized in 
a more optimal way.

The following model features are specifically important for 
pricing projects:

•	 Network simulation and associated route choice sensitiv-
ity to tolls. Changes in route choice represent first-order 

response to pricing, and associated trade-offs between 
travel time savings and tolls are the cornerstone of toll facil-
ity traffic forecasts.

•	 Other first-order responses to pricing include mode choice 
and time-of-day choice. If pricing is applied and there is 
a reasonable transit alternative for the given trip, travelers 
may consider switching to the transit mode. In addition, 
travelers may consider switching to other time-of-day peri-
ods to avoid paying tolls. The first order responses are char-
acterized by the highest elasticity of substitution from an 
economic perspective and must be included in the model. 
ABMs have a more detailed structure of choices. In par-
ticular, mode choice is modeled first for the entire tour and 
then for each trip on the tour, conditional upon the chosen 
entire-tour mode. Pricing impact on mode and time-of-day 
choice is modeled through the corresponding feedbacks.

•	 There is a set of additional pricing impacts that can affect 
almost any travel dimension. For example, as a response to 
pricing, travelers may choose another destination for a trip 
or not implement the trip at all, substituting some other 
activity or linking the trip to another tour as a stop, etc. 
These impacts are generally considered second-order effects 
and are associated with a generally lower elasticity to pric-
ing, although the accumulated effects over a longer period 
of time can still be significant and even affect residential 
location choices and land-use development (components 
of the land-use model). The second-order effects are mod-
eled through additional feedbacks where the period-specific  
mode-choice Logsums are used to inform all upper-
level models about the tolls and travel time savings for 
all affected modes. There are several reasons why pric-
ing impacts on upper-level choices can be better modeled 
through mode choice Logsums rather than through direct 
feedback of auto travel times and tolls. First, mode choice 
Logsums combine all travel time and cost components in a 
single and theoretically sound measure of accessibility. Sec-
ondly, highway pricing and associated congestion relief may 

C h a p t e r  2
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affect transit modes as well, such as buses in mixed traffic or 
using HOV lanes as well as park and ride options.

2.2 � Travel Cost Representation  
in Demand and Network Models

Highway pricings should first be properly incorporated in 
network assignments and skimming procedures through gen-
eralized cost functions. Then, through generated travel time 
and cost skims, pricing will affect all other choice dimensions, 
specifically mode choice, time-of-day choice, trip/tour dis-
tribution, and other upper level choices. In highway assign-
ments, the generalized cost function is defined for each net-
work link and further calculated for each origin-destination 
pair. It can be written in the following general way:

G a T b Ck k k k k= × + × ( )Equation 1

where:

	 k	=	vehicle types and auto occupancy classes,
	 Tk	=	travel time,
	 Ck	=	�travel cost (only toll is normally included for assign-

ment purposes),
	 ak	=	coefficient for travel time,
	 bk	=	coefficient for travel cost, and
ak/bk	=	Value of Time (VOT).

For highway tolling and pricing projects it is essential to sepa-
rate vehicle types like private auto, light truck, heavy truck, taxi, 

etc., and auto occupancy classes like SOV, HOV/2, HOV/3, 
etc., in the traffic assignment for the following reasons:

•	 Different vehicle types and occupancy classes may have very 
different VOTs. In this respect, some additional segmenta-
tion by VOT (based on trip purpose and/or income group) 
is also recommended and will be discussed further below.

•	 Toll rates might be differentiated by vehicle types and/or 
occupancy classes. A good example of this is an HOT-3 
lane where vehicles with three or more passengers do not 
pay the toll, vehicles with two passengers pay half of the 
toll, and SOVs pay a full toll.

•	 General prohibitions and eligibility rules can be applied 
for certain vehicle types on certain facilities [for example, 
trucks prohibited on expressways or truck-only toll (TOT) 
lanes] or auto occupancy classes (for example, HOT lanes).

In order to satisfy all these conditions, traffic assignment 
should be implemented as a multi-class procedure (avail-
able in all major transportation software packages) with 6–12 
or even more trip tables depending on the model structure. 
While this is a certain complication, it is essential for proper 
modeling of all related choices. If different vehicle types and 
auto occupancy classes are mixed together (with some aver-
age VOT), it is not only a source of bias in route choice, but 
since assignment procedures serve as the source for skimming 
LOS variables used in mode choice, time-of-day choice, and 
all other choices, the distortions in route choice will affect all 
these models as well.
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Figure 2.  Typical structure of demand model.
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Equation 1 corresponds to the general expression of high-
way utility in its most common form. This expression consti-
tutes a key component in all travel choice models. In the con-
text of traffic assignment when choice is modeled between 
alternative routes, the travel time coefficient is normally set 
to 1.0. This arbitrary setting does not affect All-or-Nothing 
choice applied in the conventional Static User Equilibrium 
assignment (however, more advanced stochastic route choice 
models would be sensitive to this setting and should be cali-
brated in a special way). With this simplification, the highway 
generalized cost function can be written in the following way:

G T b C T
VOT

Ck k k k k
k

k= + × = + ×1
( )Equation 2

While All-or-Nothing route choice embedded in the con-
ventional assignment procedure is frequently applied in prac-
tice to distinguish between free and tolled routes, it has been 
recognized that this is not an adequate tool in itself, since 
the traveler choice route is not a simple linear combination  
of time and cost. In particular, toll roads (or managed lanes) 
can represent a more attractive option because of enhanced 
reliability and other considerations that are not directly mea-
sured by average time and cost. An explicit inclusion of travel 
time reliability in the highway generalized cost function rep-
resents a technical challenge that will be discussed.

A simpler, but still useful, approach that has been applied in 
many models in practice is to estimate an additional bias con-
stant associated with priced facilities. This bias can be most 
effectively incorporated in a binary choice model frequently 
referred to as pre-route choice that is placed between mode 
choice and route choice. Technically, it can be included as the 
lower-level sub-nest in the mode choice nested structure. In 
addition, such models allow for probabilistic choice between 
free and toll options, helping to avoid the “lumpiness” of the 
All-or-Nothing assignment that yields unstable routes.

With this enhancement, the highway generalized cost 
function can be written in the following way:

G
a T if C

a T b C if C
k

k k
free

k

k k k
toll

k k k

=
× =

+ × + × >

,

,

0

γ 00






( )Equation 3

where gk represents the toll bias.
Since the difference between utilities is all that matters in 

this choice framework, the expressions in Equation 3 can be 
rewritten in equivalent terms of relative travel time savings, 
where the free route generalized cost is set to zero as the refer-
ence point:

G
if C

a T T b C if C
k

k

k k k
toll

k
free

k k k

=
=

+ × −( ) + × >

0 0

γ , 00







( )Equation 4

Equation 4 constitutes the essence of many models applied 
for T&R forecasting in practice. It also has many possible 
technical modifications. One such modification (which was 
adopted for many pricing studies in Texas and Colorado) 
represents a non-linear transformation of the following form 
(WSA 2001; CSI 2005; Vollmer 2001):

G
if C

a T T b C
k

k

k k k
free

k
toll

k k

=
=

+ × + −( ) + × ( )

0 0

1γ ln 22 0,

( )

if Ck >







Equation 5

The model form in Equation 5, however, still only corre-
sponds to route choice, and should be further generalized to 
include other relevant choice dimensions (possible traveler 
responses) like mode choice, time-of-day choice, destina-
tion choice, and others. The corresponding generalization 
to incorporate mode choice is done by the inclusion of the 
generalized highway cost, as part of the mode choice utility 
for highway modes in the following form:

U a T b C Sm
p

m
p

m
p

m m
p

m vm
p

v

v

= + × + × + ∑γ λ ( )Equation 6

where:

	 m	=	set of modes including auto occupancy classes,
	 p	=	travel purpose and other possible segments,
	 v	=	person, household, and zonal variables,
	 Tm	=	travel time by mode,
	 Cm	=	travel cost by mode,
	 Sv	=	values of the person, household, and zonal variables,
	 gp

m	=	mode-specific constant for each purpose/segment,
	 ap

m	=	�coefficient for travel time by mode and purpose/
segment,

	 bp
m	=	�coefficient for travel cost by mode and purpose/

segment,
	ap

m/bp
m	=	VOT, and

	 lp
vm	=	�coefficients for person, household, and zonal vari-

ables for each mode by purpose.

The most frequently used person, household, and zonal 
variables in 4-step models include income, car ownership, 
and urban density. In research works and ABM, the set of 
explanatory variables and possible dimensions for segmenta-
tion have been significantly extended and will be discussed 
in more detail in Chapter 5. Travel time and cost variables in 
themselves include many components. In particular, for auto 
modes, travel time can include parking search and parking 
time as well as additional time for picking-up and dropping-
off passengers (for HOV) while travel cost can include toll, 
parking cost, and vehicle operating cost (fuel and some frac-
tion of maintenance cost that depends on the mileage).

Examples of mode choice models incorporating pre-route 
choice developed for T&R studies in Montreal and San Francisco 
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are shown in Figure 3 and Figure 4. These models are dis-
cussed in detail in Appendix A (Section A.1.2).

Mode utility functions that include travel time savings 
and additional cost associated with highway pricing (Equa-
tion 6) represent the basis for the most theoretically consis-
tent formation of the impedance functions used for destina-
tion choice (trip distribution) and/or time-of-day choice by 
using Logsums of the lower-level choices as components of 
the utility functions in the upper-level choices. However, in 
addition to using mode choice log-sums, there is a simplified 
option available (and frequently used in practice) to employ 
the highway generalized cost itself (Equation 1) in the utility 
function of destination choice or time-of-day choice. This 
simplified option, however, is not recommended unless tran-
sit shares are very low.

The details of these models depend on how the destination 
choice, mode choice, and time-of-day choice are sequenced 
in either the 4-step or ABM. We will illustrate the basic prin-
ciples following the typical model structures shown in Fig-
ure 2. The time-of-day choice utility can be formed using 
mode choice Logsums in the following way:

V U St
p

mt
p

m

vt
p

v

v

= × ( )





+∑ ∑µ λln exp (Equation 7)

where:

	 t	=	time of day periods (TOD),
0 < m ≤ 1 = �scaling coefficient that should be in the unit 

interval, and
	 lp

vt	=	�coefficients for person, household, and zonal 
variables for each TOD.

In aggregate 4-step model systems, TOD choice models 
normally operate with broad 3- or 4-hour peak periods, and 
longer off-peak periods. This might require additional peak 
spreading or peak-hour factoring sub-model. In disaggre-
gate AB model systems, TOD choice models operate with a 
finer temporal resolution of 1 hour or even less (Vovsha and 
Bradley 2005). In addition to mode choice Logsums, such 
person, household, and zonal variables as income and density 
(especially at the destination end) prove to be significant. The 
TOD choice utility is sensitive to tolls and associated travel 
time savings through the mode choice utilities included in 
the Logsum calculation.

The destination choice utility (or trip distribution imped-
ance functions) can be formed using a Logsum over all TOD 
periods. While it is possible to calculate this Logsum, which 

Figure 3.  Montreal mode choice model—nested 
structure incorporating free vs. toll route choice.

Figure 4.  San-Francisco mode choice model—nested structure 
incorporating free vs. toll route choice.
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t would represent the most consistent impedance measure, 
it is computationally very intensive to do so since it should 
be implemented for each origin-destination pair. The usual 
practical approach taken with a 4-step model (as well as 
adopted for some ABMs) is to use representative TOD peri-
ods for each travel purpose to economize on calculations. 
For example, for trips/tours to work, a combination of AM 
period (for the journey to work) and PM period (for the jour-
ney home) is normally applied; while for non-work trips, the 
midday (off-peak) period is assumed. Multiple representative 
periods can be applied or a weighted linear combination of  
LOS variables between several periods can be used if necessary. 
In any case, the destination choice utility (and impedance 
function as part of it) can be generalized in the following way:

W U Aod
p

od m t p
p

m
d
p= × ( )





+ ( )( )∑η ln exp ln (, , Eqquation 8)

where:

	 o, d	=	origin and destination zones,
0 < h ≤ 1	=	�scaling coefficient that should be in the unit 

interval,
	 t(p)	=	�representative TOD period for each purpose, 

and
	 Ap

d	=	�destination zone attraction (size variable) for 
each purpose.

The size variables represent destination zone attractions 
for each purpose. The most frequently used attraction size 
variables are total employment for work purpose, enroll-
ment for school purpose, and retail employment for non-
work purposes. Many ABMs include more complicated size 
variables that mix several employment and population vari-
ables and can be segmented by urban type and density. Size 
variables are not added to the impedance function in doubly-
constrained gravity models of trip distribution since they are 
applied directly as constraints on the destination side. The 
destination choice utility is sensitive to tolls and associated 
travel time savings through mode choice utilities included in 
the Logsum calculation.

By using the destination choice utilities sensitive to high-
way pricing and travel time savings, zonal accessibility indi-
ces can be calculated and used as an explanatory variable for 
trip generation, activity pattern, car ownership, and land-use 
development models.

Accessibility indices essentially represent mode/destina-
tion choice Logsums calculated by trip purpose in the fol-
lowing way:

Z Wo
p

d
od
p= ( )





∑ln exp ( )Equation 9

If Equation 9 is directly applied in combination with Equa-
tion 8 it may result in very intensive calculations. For this 
reason, in most model systems, the destination choice utili-
ties used in accessibility calculations are simplified in such a 
way that they can be pre-calculated based on a limited num-
ber of origin-destination skims and for a limited number of 
modes, travel purposes, and population segments. Even with 
these simplifications, accessibility measures represent useful 
explanatory variables sensitive to highway pricing and travel 
time savings.

Further extensions of the formulas for highway utilities 
that include travel time reliability measures are discussed in 
Appendix A (Section A.3).

2.3 Models Included in the Synthesis

For this research, documentation was obtained and ana-
lyzed in detail. Table 2 shows the list of transportation mod-
els and their applications for highway pricing studies.

This review has revealed that there is a great variety of 
travel models and analytic approaches currently applied in 
practice by different agencies. In order to constructively ana-
lyze and synthesize them, we have developed a template that 
includes their most important features. Each model has been 
analyzed in this format based on the available model docu-
mentation. This approach makes it possible to meaningfully 
compare different models, and also helps to identify their 
commonalities, as well as gaps in particular model structures. 
The following main model features were included in the tem-
plate (Table 3).

The details of the selected transportation models applied 
for pricing studies in the template format are presented in 
Appendix A (Section A.1). The models are grouped into the 
following two major classes: 1 = trip-based 4-step models, 
and 2 = tour-based ABMs.

2.4 � Conclusions from the  
Review of Existing Models

The most important findings and conclusions are summa-
rized below:

•	 There is a great deal of variation in approaches. In most 
cases, the model applied for the highway pricing project 
was essentially a modification of the existing regional model 
available for the study. Thus, limitations and deficiencies 
of the existing regional model were inevitably adopted for 
the study. There was not a single practical case uncovered 
yet of a regional model specially designed and developed 
for highway pricing studies or at least having these specific 
requirements in mind.
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•	 In most cases, only route itinerary (assignment) and 
binary route type choice (toll versus non-toll) models 
were employed for comparison and evaluation of pricing 
alternatives. This achieves reasonable results under the 
assumption that pricing would not affect mode choice, 
time-of-day choice, trip distribution, and trip generation. 
While this simplification might be somewhat acceptable 
for intercity highways, it is more difficult to defend for 
most of the metropolitan/urban facilities.

•	 Pricing effects on trip distribution have been incorpo-
rated by using mode choice Logsums as the measure of 
accessibility in destination choice or gravity-type distribu-
tion models. The use of mode choice Logsums in doubly-
constrained gravity models needs to be tested extensively; 
unlike destination choice frameworks, where appropriate 
elasticities with respect to cost are expected when reason-

able Logsum parameters are used, it is not clear that gravity 
models behave appropriately to changes in LOS variables, 
such as the introduction of tolls.

•	 In some cases there is an inconsistency between the travel 
times and costs used for the trip distribution and mode 
choice models, in that the travel times reflect priced condi-
tions, while the toll cost itself does not enter the impedance 
function. This is the case when travel times are fed back 
from a generalized cost assignment into a distribution 
model that is a function of travel times only.

•	 There are a growing number of applications where mode 
and/or occupancy choices were included. In several cases, 
mode, occupancy, and binary pre-route choices were com-
bined in one multi-level nested logit choice model structure.

•	 In a few cases utility functions in multinomial or nested 
logit mode choice models are miss-specified. Undesirable 

City / Area Agency 
developed the 
model 

Pricing study 

Corridor and Sample-Enumeration models: 
New York, NY PANYNJ   Congestion Management for New York – New 

Jersey Crossings  
Minneapolis-St. Paul, MN MNDOT, 

FHWA’s 
STEAM model 

Pricing Study  

Washington, D.C. FHWA’s 
SMITE-ML 
model 

Value Pricing Study of the Capital Beltway in 
Northern Virginia 

Regional Trip-Based 4-Step models: 
Alameda County, CA MTC I-580/I-680 Corridor Value Pricing Study  
Atlanta, GA ARC Managed, HOV, and Truck Toll Lanes Study 
Austin, TX CTRMA Central Texas Turnpike Project 
Dallas – FW, TX NCTCOG Regional Value Pricing Corridor Evaluation & 

Feasibility Study  
Denver, CO DRCOG Northwest Parkway Traffic & Revenue Study  
Denver, CO DRCOG I-25/SR-36 Value Express Lane Feasibility Study 
Colorado Tolling Enterprise DRCOG, etc  Preliminary Statewide Traffic & Revenue Study 
Houston – Galveston, TX HGAC Road Pricing Study (QuickRide System), I-10 Katy 

MIS 
Montgomery County, MD Road Pricing Study 
Oakland, Bay Area (MTC)  MTC HOT Lanes Study 
Orange County, CA OCTA SR-91 Value-Priced Express Lanes  
Orlando / Tampa Bay, FL FDOT Turnpike Enterprise 
San Diego, CA SANDAG I-15 FasTrak and SR-125 South Tollway 
Salt Lake City, UT UDOT Mountain View Corridor Pricing Study 
Sonoma County, CA  SCTA US-101 Variable Pricing HOV/HOT Lane Study 
Phoenix, AZ  MAG Managed Lanes Study 
Pittsburgh, PA PENNDOT HOV & HOT Lanes Study 
Sacramento, CA SACOG Managed Lanes Study 
Twin Cities, St. Paul, MN MC I-394 HOT Lanes 
Washington, D.C. MWCOG Managed Lanes Study, HOT Lane in Northern 

Virginia 
Seattle, WA WSDOT/PSRC SR-520 Toll/HOV Feasibility Study 
Toronto, ON MTO Highway 407 Traffic & Revenue Study 
Regional Activity-Based Tour-Based models: 
Montreal, QC MTQ A-25 and A-30 Traffic & Revenue Study 
New York, NY NYMTC Manhattan Area Pricing Study 
San Francisco, CA SFCTA Congestion Pricing Feasibility Study 
Portland, OR METRO Traffic Relief Options Study 

Table 2.  Forecasting models applied for highway pricing projects.
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Major model 
feature

Detailed feature / sub-model Possible characteristics 

Spatial scale Regional 
Corridor / sub-area  
Facility 

Coverage of time 
periods  

Regular weekday AM peak & shoulders 
PM peak & shoulders 
Midday 
Other off-peak (night, early) 
Daily traffic  

Annualization factors Weekend traffic (assumptions) 
Holidays 
Seasonal variation 

Demand model 
structure 

Sample enumeration 
Aggregate trip-based 4-step 
Microsimualtion activity-based 

Network 
simulation tool 

Static user equilibrium assignment 
Dynamic traffic assignment / 
microsimulation 
Representation of priced highway 
facilities 

Link tolls & toll equivalents in 
generalized cost / time functions 
Toll plazas / payment types / delays 

Modeled pricing 
impacts (traveler 
responses), sub-
model structure, 
form of utility 
function, 
incorporation of 
pricing 

Trip-level decisions Route itinerary in highway network 
Principal decision to take a toll route 
vs. non-toll route (pre-route choice)  

Tour & trip-level decisions Auto occupancy  
Mode choice 
Time-of-day choice (including peak 
spreading effects) 
Destination choice (spatial distribution) 

Day-level decisions Trip/tour/activity frequency 
Activity re-sequencing as result of 
time-of-day shifts 

Mid-term mobility decisions and 
household / person attributes 

Transponder acquisition 
Transit pass acquisition 
Long-term parking arrangement 
Free parking eligibility at 
workplace/school 
Household car ownership 

Long-term location choices Residential location and dwelling type 
Usual workplace location 
Firm / businesses location 

Willingness to pay 
/ VOT and user 
segmentation 

Vehicle classes (in the demand model and 
network simulation) 

Auto 
Commercial vehicle / light truck 
Heavy truck 
Taxi 

Vehicle occupancy categories (in the 
demand model and network simulation)  

SOV
HOV/2 
HOV/3+ 

Trip purpose segmentation (in the 
demand model)  

Work 
Work/business-related 
School 
University 
Shopping 
Escorting children 
Other household maintenance 
Discretionary / leisure / sport 
Trip to airport / rail station / port for 
long-distance travel 
Intercity business travel 
Intercity non-business travel 

Table 3.  Template for transportation model analysis.

(continued on next page)
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specifications include toll utilities that are a function of 
both the toll alternative travel time and travel time sav-
ings with respect to the free alternative. This type of speci-
fication may result in counter-intuitive results when the 
LOS attributes on either the toll or the free routes change. 
Another potentially problematic specification is the use 
of thresholds, such as making the toll alternative available 
only if it meets a pre-defined minimum time savings goal. 
The nesting coefficients on these models sometimes result 
in models with unreasonably high elasticities to toll or 
time differences when the toll diversion is examined at the 
root level of the model (where they are comparable with 
the elasticity of route type binary choice models).

•	 There is no consensus on whether road pricing costs 
should be shared among vehicle occupants, and if so how. 
Most models either assume that the full toll cost is either 
borne by all occupants, or that it is equally shared among 
the occupants. Some models differentiate between cost 
sharing for HBW trips and cost sharing for other pur-
poses. Sharing road pricing costs among vehicle occupants 
makes carpools less cost-sensitive, an assumption that 
may be acceptable for work trips, but is questionable for 
other purposes, where the majority of carpools are among 
members of the same household and often times include 
minors.

•	 In some models willingness-to-pay differences between 
cash-payment users and ETC users are explicitly made (by 
specifying different values of time or different toll con-
stants). Other models simply use the average toll cost per 
transaction.

•	 In some regional model systems that were specifically 
modified for congestion pricing projects, peak-spreading 
models were applied. Conventional 4-step models are 
normally based on time-of-day (peak) factors that are not 
sensitive to relative congestion levels at different periods of 
the day. Thus, 4-step models require a post-model peak-
spreading sub-model that is difficult to incorporate in the 
overall equilibrium framework. Activity-based tour-based 
models can offer a better framework where peak-spreading 
effects are captured by time-of-day choice sub-model.

•	 Peak-spreading or time-of-day models are sensitive to dif-
ferences in travel times by time of day, but not to differ-
ences in toll costs by time of day. This may be simply a 
result of the limited number of localities where road pric-
ing costs vary by time of day combined with observed data 
insufficient to estimate appropriate model parameters.

•	 Very few models to date have incorporated all trip and 
tour-level dimensions in a consistent way, and there have 
not yet been any practical examples of the incorporation of 
pricing impacts on the day-level, mid-term, and long-term 
choices, even with the activity-based models now that have 
recently come into use.

•	 Almost all models, including activity-based tour-based 
models are characterized by a significant discrepancy 
between the user segmentation by (VOT) in the demand 
model compared to network simulation. While at the 
demand modeling stage, segmentation normally includes 
several trip purposes, income groups, car occupancy, and 
time-of-day periods; network simulations are character-
ized by a limited segmentation. Traffic assignments are 

Major model 
feature

Detailed feature / sub-model Possible characteristics 

Time of day (in the demand model and 
network simulation) 

AM period 
PM period 
Midday period 
Night period 

Household / person characteristics (in the 
demand model and network simulation) 

Household income group 
Person work status 
Gender 

Demand-network 
equilibrium 

Application flowchart with feedbacks  
Feedback implementation  Number of iterations 

Averaging rules 
Convergence criteria / statistics 

Surveys and other 
data sources for 
model estimation / 
calibration / 
validation 

Household travel survey Size / sample, year, structure / 
questionnaire 

Survey of existing toll road users Size / sample, year, structure / 
questionnaire 

Stated Preference survey  Size / sample, year, structure / 
questionnaire 

Model validation 
for the base year 

General validation targets / reported 
measures of fit 

AADT 
Traffic counts by time of day / vehicle 
type 

Project-specific calibration Traffic counts 
Travel time / speed data  

Table 3.  (Continued).
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implemented by periods of the day and for multiple vehicle 
classes that typically include vehicle type and occupancy. 
However, trip purposes and income groups are blended 
together before assignment, creating strong aggregation 
biases with respect to VOT.

•	 There are also discrepancies in the cost functions used to 
build best paths between the network simulations used to 
build travel time and cost matrices for the demand mod-
els, and the network simulations used to assign trips to 
the highway network. Best paths for the demand model 
may be built on the basis of travel time only, while the 
assignment is performed on the basis of generalized cost, 
or vice-versa.

•	 In almost all modeling efforts where pre-route choice (toll 
versus non-toll) was involved, a problem of inconsistency 
between the generated trip tables for toll-users and their 
assignment onto the highway network was reported. This 
leakage of toll users in the network simulation can be sig-
nificant and constitutes a non-trivial analytical problem 
that requires special modeling efforts to resolve.

•	 Most models attempt to equilibrate supply and demand 
by feeding back travel times and cost from the assignment 
step to the trip distribution or mode choice steps. In most 
cases feedback is executed for a fixed number of iterations, 
so convergence is not necessarily guaranteed. This may be 
problematic when forecasting under conditions of high 
population growth, where congestion effects may be far 
more pronounced than for the calibration year.

•	 Most models break down the network simulation into four 
broad time periods, typically AM Peak (2 to 4 hours long), 
Midday, PM Peak (2 to 4 hours long) and Night, and are 
therefore able to compute LOS differences by time of day 
only at this level of aggregation. Only one of the regional 
models performs the network simulation at a finer time of 
day disaggregation.

•	 With few exceptions, network simulations are validated to 
24 hour traffic volumes, even when highway assignments 
by time periods are available. It is not clear that the models 
are adequately reproducing LOS attributes and demand 
for the different times of the day used in the simulation.
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3.1 � Overview of Survey Methods  
to Support Pricing Studies

One of the major factors affecting model accuracy relates 
to the quality of the data used in model estimation, calibra-
tion, and validation. Tremendous progress has been made 
in recent years with respect to data collection technology 
and new types of surveys, to the point that it is cost-effective  
to consider such data collection efforts. This chapter discusses 
the advantages of complementing traditional data sources 
(home interview surveys and annual average daily traffic 
counts) with sources that better target potential toll custom-
ers. This includes GPS-assisted surveys, processing infor-
mation available from electronic toll collection systems, 
combined revealed and state preference surveys, and traffic 
choices experiments (like the one implemented in Seattle). 
Techniques that significantly improve the quality and com-
prehensiveness of the data would also improve the accuracy 
of the travel model.

The following major types of surveys are applied to sup-
port pricing studies (and models developed for these studies):

•	 Travel Pattern Surveys (“Revealed Preferences”) including:
–– Household-Based Travel/Activity Surveys
–– Origin-Destination Surveys on specific facilities and 

existing toll roads
•	 Stated Preference Surveys that vary significantly across the 

following dimensions:
–– Choice Dimensions and Scenario Design
–– Trip Attributes Relevant for Pricing Studies
–– Choice Context
–– Instrument Design
–– Sampling

•	 Special Survey Types including:
–– Surveys of Commercial Vehicles
–– Behavioral Experiments and Follow-up Surveys
–– Attitudinal / Public Opinion Surveys

A comprehensive Household Travel Survey which is gener-
ally needed to develop a regional transportation model can 
also serve as the source for VOT and other model param-
eter estimates relevant to modeling road pricing. There is, 
however, a growing recognition that for pricing analysis the 
household survey data has to be supported by complemen-
tary project-specific revealed preference (RP) and/or stated 
preference (SP) surveys. This is especially crucial for start-up 
projects in regions with no prior experience with highway 
pricing where the RP survey cannot provide direct informa-
tion about responses to unobserved choices and SP surveys 
are typically designed to address willingness-to-pay factors 
relevant for road pricing (value of time savings, value of reli-
ability). Survey data collection can also support other model 
development data needs, including HOV/HOT lane usage and 
payment media choice. GPS-based supplements are included 
with some household surveys and these provide detailed route 
information for all recorded trips. Either vehicle or person-
based GPS data collection can be used but vehicle-based GPS 
data collection is generally more useful for collecting route 
information, assuming that tracking routes for transit and 
pedestrian/bicycle alternatives is not necessary.

Intercept surveys that collect information about the ori-
gins and destinations (OD) and other details have been 
widely used to determine the characteristics of trips that are 
observed at selected locations (Hagen et al. 2006). These types 
of surveys are particularly useful for characterizing the trips 
that currently utilize specific corridors that are, or might be, 
served by a toll facility and the trips that cross into or out from 
a cordon that might be subjected to area pricing. This type 
of focused information is especially useful in estimating the 
numbers and types of trips that might be affected by the toll 
facility or area pricing. Although regional travel forecasting 
models can also be used to synthetically provide this infor-
mation, these models are typically not sufficiently calibrated 
to estimate these details as accurately as can be done with an 
OD survey. Also, as OD surveys have shown, ETC registra-

C h a p t e r  3

Survey Methods to Support Pricing Studies
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tion lists can allow access to the current toll facility users. This 
greatly facilitates sampling strategy, questionnaire distribu-
tion, and post-survey development of expansion factors.

There are several objective limitations associated with RP 
surveys for modeling pricing effects:

•	 First and foremost, they are not applicable for model  
estimation/calibration in new corridors located in regions 
where there are no current toll facilities.

•	 Another associated problem is that with the survey of exist-
ing toll facility users, a very specific choice-based sample is 
created since it can be difficult to define and access non-
toll users.

•	 It is difficult to collect data associated with time-of-day 
choice since generally only a single trip is observed and 
surveyed; otherwise the OD survey would need to be 
extended into a Household/Person Interview Survey.

•	 It is also difficult to support data types that are necessary 
for measurement of travel time reliability and estimation 
of its impact on travelers’ choices.

•	 RP surveys are also not extremely helpful for understand-
ing and modeling mid-term choice, such as transponder 
acquisition.

For more than 20 years, SP surveys have been used to esti-
mate values of travel time and other parameters related to 
the effects of tolls and road pricing [see Adler and Schaevitz 
(1989)]. SP surveys include a set of hypothetical scenarios 
in which conditions (e.g., travel times, tolls) are varied and 
respondents are asked to indicate what they would most likely 
choose under those specified conditions. The conditions are 
varied according to an experimental plan that optimizes the 
information about the respondents’ preferences that each 
scenario provides.

SP surveys are especially useful in applications where an 
alternative such as a toll facility does not currently exist but is 
being planned for the future. In those types of applications, 
RP surveys are not useful for estimating price effects because 
road prices, which are variables of interest, do not vary across 
trips within the region. While other cost elements such as 
operating costs do vary across trips, those variations are 
highly correlated with trip lengths and travel times, and thus 
generally do not provide reliable indications of the effects of 
price on travel choices.

With respect to choice dimensions, the SP surveys con-
ducted to support road pricing projects have most often 
focused on the choice between tolled and toll-free routes. For 
conventional toll facility studies, these surveys would typi-
cally present two alternatives: a toll-free route with a given 
travel time and an alternative tolled route with a lower travel 
time and a toll at some level. However, many road pricing 
projects involve more complex effects beyond simply influ-

encing route choice. Some projects, such as HOT lanes, affect 
occupancy and mode and so the stated preference scenarios 
would include other modes and occupancy levels as avail-
able choice alternatives. For projects that have time-varying 
prices, different travel periods should be included among the 
stated preference alternatives. For area pricing projects, the 
scenarios could allow alternative destinations. In some spe-
cial cases, effects on trip frequency may also be included in 
the stated preference experiments.

Travel times and toll prices are the primary attributes in 
most road pricing stated preference experiments. The trade-
offs between travel time savings and extra cost associated 
with tolls, are expressed in VOT. However, there are other 
attributes that may also be significant in travelers’ choices 
in the presence of road pricing. Some of the other attributes 
or features that have been tested in stated preference experi-
ments for road pricing projects include:

•	 Travel time components—time in free flow conditions and 
time in congested traffic,

•	 Travel time reliability,
•	 Occupancy-based toll levels,
•	 FAIR (Fast AND Intertwined Regular) lanes policy,
•	 Commercial vehicle restrictions,
•	 ETC discounts,
•	 Travel time variability,
•	 Driving distance along the route, and
•	 Non-toll “running” costs.

In an SP survey, it is extremely important to set a realistic 
choice context. A common approach is to ask respondents if 
they have made a recent trip in the relevant corridor, and, if 
so, to ask for details on the most recent trip and use the infor-
mation to customize the SP choice context. The use of the 
most recent trip rather than the most typical one is meant to 
avoid bias and replicate a random sample, just as household 
survey respondents are asked to complete a diary for a spe-
cific day and not necessarily a typical day. A design issue that 
commonly arises is the limit on how long in the past the most 
recent trip can be to qualify for the survey. A typical strategy 
is to set the limit at 1 or 2 weeks prior to the interview, while 
a retrospective limit of longer than 1 month is rarely used in 
practice.

SP surveys have been conducted using several different 
types of instruments. One important challenge is that mul-
tiple SP experiments are needed from each respondent, gen-
erally involving a series of trade-offs among several variables 
that vary across two or more travel alternatives. It can be dif-
ficult for respondents to process all of this information unless 
it is presented visually and, for this reason, telephone-based 
instruments are rarely used. However, hybrid instruments 
can be used where trip context information is collected over 
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the phone and the stated preference experiments are pro-
vided separately by mail or over the web. In addition, simpli-
fied experiments can be designed that are more amenable to 
phone-based administration.

Sampling for stated preference surveys can also be con-
ducted in several ways. For facility-based studies, some type 
of intercept sampling is often the only viable alternative. This 
can be because the population using the facility or corridor 
is widely dispersed geographically and may, for example, 
include significant numbers of trips made by individuals who 
live well outside the region where the facility is located. Inter-
cept sampling can be conducted using the methods described 
earlier for OD surveys, but it can also be accomplished using 
intercepts at activity centers in the corridor of interest. For 
area pricing or cordon pricing, it may be most efficient to 
intercept people within the potential priced area. For study-
ing corridor-specific projects, it is often effective to use Ran-
dom Digit Dialing (RDD) or address-based sampling within 
the residential areas that would be served by the project. For 
broader regional studies, the options are wider and include 
more standard phone, mail or web/email recruiting. SP sur-
veys have also been administered along with conventional 
household travel/activity surveys, usually as an add-on to 
some fraction of those surveys.

Recent advances in SP survey design and technology have 
made this tool significantly more attractive and practical, 
particularly in the following respects:

•	 Computer-based SP surveys customize choice experiments 
around specific contexts (choice of toll road/lanes versus 
non-toll road/lanes, choice between road and transit, switch-
ing to other time-of-day periods in presence of congestion 
pricing, etc).

•	 The SP framework is extremely convenient for multiple/
repeated experiments with the same person and can be 
effectively employed for screening inherent randomness in 
travelers’ preferences that can be captured through estima-
tion of probabilistic VOT distributions with models like 
mixed (random coefficients) logit.

•	 The SP framework is convenient for estimation of Value 
of Reliability along with VOT and other possible impacts.

•	 Additionally, SP allows for more efficient experimental 
design with multiple alternatives, while the RP sample 
structure is bound to the observed frequencies of different 
alternatives.

•	 SP survey can be designed to include transponder acquisi-
tion in the model’s choice hierarchy.

•	 SP survey is an effective tool in capturing different price 
perceptions, for example ETC users versus cash users.

SP surveys do have their own limitations. Incorporating all 
relevant choices leads to complex designs which may confuse 

respondents. Thus, SP surveys are only effective as a focused 
tool. SP surveys also have inherent strategic biases. For these 
reasons, the most promising direction for model estimation 
is to use a combination of SP and RP surveys that allows for 
elimination of strategic biases by statistical scaling procedures.

A more detailed analysis of travel survey techniques for 
road pricing with numerous examples can be found in 
Appendix A (Section A.2).

3.2 � Summary and Proposed  
Practice Guidelines

The implemented extensive analysis of specific pricing 
RP and SP surveys used to support existing applied models 
has revealed the following general patterns, with the follow-
ing conclusions offered and possible directions for further 
research identified:

•	 At the stage of exploratory/preliminary analysis, data collec-
tion is often limited to secondary data (traffic counts, land-
use changes). The demand functions and utility expressions 
for choice models, as well as the coefficient values themselves, 
are frequently borrowed from other areas and adjusted 
using household income and other socio-economic data.

•	 If a project is determined to be feasible, primary data col-
lection is conducted. Investment grade studies typically 
include extensive data collection, with special OD surveys 
conducted for most major toll projects.

•	 In some cases (where toll facilities already exist) OD surveys 
can be used for RP modeling. In many cases, where a facil-
ity is in a “new” corridor without current tolling, models 
are “borrowed” if the extensions of local model cannot be 
supported with the conduct of new RP and/or SP surveys.

Currently there is a large and growing opportunity for RP 
surveys in a wide variety of the existing toll corridors due to a 
number of reasons:

•	 Pricing analysis can strongly benefit from a systematic statis-
tical analysis of observed VOT and other behavioral param-
eters would be possible if the data could be made available. 
This is one of the major directions of the SHRP 2 C04 project 
closely coordinated with the current NCHRP 8-57 project.

•	 In some corridors, along with the demand pattern, accu-
rate travel time estimates can be provided. Otherwise 
travel times and travel time savings for statistical analysis 
are calculated in the network simulation model, although 
it should be taken into account that travel time estimates 
on congested facilities from network simulation models 
are inaccurate approximations.

•	 Also, as the experience of recent OD surveys has shown, 
ETC registration lists can allow access to the current toll 
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facility users. This greatly facilitates sampling strategy, 
questionnaire distribution, and post-survey development 
of expansion factors.

There are several objective limitations associated with RP 
surveys:

•	 They are not applicable for model estimation/calibration 
in new corridors located in regions where there are no cur-
rent toll facilities.

•	 With the survey of existing toll facility users, a very specific 
choice-based sample is created since it can be difficult to 
define and access non-toll users.

•	 It is difficult to collect data associated with time-of-day 
choice since generally only a single trip is observed and sur-
veyed; otherwise the OD survey would need to be extended 
into a Household/Person Interview Survey.

•	 It is also difficult to support data that is necessary for mea-
surement of travel time reliability and estimation of its 
impact on traveler’s choices.

•	 RP surveys are also not extremely helpful for understand-
ing and modeling long-term choice, such as transponder 
acquisition.

Recent advances in SP survey design and technology have 
made this tool significantly more attractive and practical, 
particularly in the following respects:

•	 Computer-based SP surveys customize choice experiments 
around specific contexts (choice of toll road/lanes versus 
non-toll road/lanes, choice between road and transit, switch-
ing to other time-of-day periods in presence of congestion 
pricing, etc).

•	 The SP framework is extremely convenient for multiple/
repeated experiments with the same person and can be 

effectively employed for screening inherent randomness in 
travelers’ preferences that can be captured through estima-
tion of probabilistic VOT distributions with models like 
mixed (random coefficients) logit.

•	 The SP framework is convenient for estimation of Value 
of Reliability along with VOT and other possible impacts.

•	 Additionally, SP allows for more efficient experimental 
design with multiple alternatives, while the RP sample 
structure is bound to the observed frequencies of different 
alternatives.

•	 SP survey can be designed to include transponder acquisi-
tion in the model’s choice hierarchy.

•	 SP survey is an effective tool in capturing different price 
perceptions, for example ETC users versus cash users.

•	 SP surveys have their own limitations. Incorporating all 
relevant choices leads to complex designs that may confuse 
respondents. Thus, SP survey is only effective as a focused 
tool. SP surveys also have inherent strategic biases. For 
these reasons, the most promising direction for model 
estimation is to use a combination and SP and RP surveys 
that allows for elimination of strategic biases by statistical 
scaling procedures.

These survey and data collection methods constitute a 
suite of options that can be used to support the analysis of 
road pricing programs. The decision about which of these 
methods to employ depends on several factors, including 
the stage of decision making that the analysis and modeling 
must support, the types of data and models available for use 
and, of course, the schedule and budget for the work. Table 4 
below provides some general guidelines for the types of data 
that might be used to support the different stages of project 
development. In this table, X represents items that are gener-
ally required in some form to support the stage and O repre-
sents items that may be appropriate depending on the project 
importance and complexity.

Project 
Stage 

Survey type 
Household 
Interview 

Origin-
Destination 

Stated 
Preference 

Opinion  Highway 
Speed

Traffic 
Counts 

Exploratory 
screening 

X X

Preliminary 
feasibility  

X O O O X

Feasibility 
evaluation

X X O O X X

Investment 
Grade 

X X X O X X

Table 4.  Highway pricing survey and data collection needs.
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All features discussed in the this chapter are short-term 
improvements in the sense that either they have been already 
successfully incorporated in some applied models or can be 
incorporated without principal difficulties that would require 
a substantial research effort. All the model features discussed 
are available within either the 4-step or ABM framework, 
although the 4-step structure requires a significant simplifi-
cation of some of the recommended features. The classification 
scheme adopted is essentially a systematic reflection of the 
State of the Practice in the modeling of road pricing projects, 
rather than an accounting of all the possibilities offered by 
the most advanced modeling practices. More fundamental 
long-term improvements that would represent the state of the 
art in the modeling of road pricing are discussed in Chapter 5 
that follows.

4.1 � Classification of Model Features 
Required for Pricing Studies

4.1.1 � Model Features for Different  
Pricing Projects

Based on the accumulated modeling experience with various 
pricing projects described in Chapter 2, as well as taking into 
account the possible data collection techniques described in 
Chapter 3, the required model features that stem from the 
planning needs associated with different project types are 
classified. These same model features will also be arrayed by 
their correspondence to the four main stages of the pricing 
project decision-making process defined in Volume 1.

As shown in Table 5, some model features are absolutely 
essential from the very beginning of any pricing study, while 
other more advanced desirable features may be reserved for 
subsequent stages of project development (detailed feasibility 
and investment grade studies). The more advanced features, 
however, may become extremely relevant even early on, if 
a corresponding pricing strategy is included in the range 

of options of the particular study, and a robust analysis is 
required, consistent with other more easily modeled alter-
natives. Both essential and advanced modeling features still 
belong to the category of short-term improvements and are 
not explicitly distinguish between 4-step and ABM frameworks 
classification.

The following features are essential for practically all pricing 
studies, and their inclusion in the modeling system to be used 
for a pricing study should be assessed at the outset.

•	 Toll facilities must be properly coded in the highway net-
work with appropriate toll value equivalents (e.g., minutes, 
based on VOT) incorporated in volume-delay functions. 
The subsequent refinement of this component for more 
advanced stages should include a detailed coding of toll 
plazas and access ramps in order to realistically represent 
delays associated with these facilities. In over-congested 
areas, where toll facilities and their access point are asso
ciated with queuing, the most promising tool to realistically 
portray the traffic conditions is DTA and microsimulation 
(discussed in Section 5.3).

•	 The demand model should be segmented by at least 4-5 
travel purposes and 3-4 income groups with VOT specific 
for each combined segment. An additional step is to apply 
differential travel time coefficients by segments and con-
sequently VOT estimates by congestion levels that would 
represent a simple proxy for highway reliability (discussed 
in Section 5.2).

•	 The traffic assignment should incorporate and distinguish 
relevant vehicle classes (auto, commercial vehicles, trucks, 
taxis, etc.) with the average VOT per class. The technique 
of multi-class assignment is supported in all major trans-
portation software packages (TransCAD, EMME, and Cube) 
and can be further applied to differentiate between VOT 
groups within the same vehicle class.

•	 It is highly recommended (although not an absolute require-
ment in the early stages of pricing studies) to incorporate a 

C h a p t e r  4

Critical Issues and Directions 
for Short-Term Improvements
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binary route type choice model (toll versus non-toll facility), 
either as a lower-level sub-nest in mode choice, or as a pre-
assignment procedure. This sub-model allows for captur-
ing a toll bias associated with the perception of the generally 
improved reliability and safety of the toll facility, as well as 
provides for better (non-linear) specifications of the trade
offs between travel time savings and extra costs.

•	 It is essential to equilibrate the demand model (at least mode 
choice and pre-route choice) and the highway assignment 
to ensure that the results correspond to (or at least approx-
imate) a stable equilibrium solution. It is more difficult to 
include the trip distribution (and other sub-models like 
time-of-day choice and/or trip generation) in the global 
equilibrium, which might require multiple iterations and  
special averaging algorithms. However, it is essential to 
eventually ensure a reasonable level of convergence of the 
entire model system. Recent experiences with the New York 
activity-based model has shown that effective strategies of 
equilibration based on a parallel averaging of trip tables 
and LOS skims can achieve a reasonable level of conver-
gence in 3–4 global iterations, even in one of the largest and 
most congested regional networks (Vovsha et al. 2008).

Other important model features are associated with par-
ticular pricing projects and forms:

•	 If the pricing forms to be studied include vehicle eligibil-
ity and/or toll differentiation by car occupancy, the cor-
responding sub-choice (SOV, HOV2, HOV3, HOV4+) 
should be included in the auto sub-nest of mode choice 
model. So far in practice, an HOV4+ lane has been the 
maximum considered (HOT lane Atlanta Study in Vol-
ume 1). Further on in the modeling, the same car occu-
pancy categories should be separated in the assignment 
procedure.

•	 If area pricing or other large-scale pricing schemes are 
considered, it is reasonable to expect a global effect on trip 
generation rates (activity patterns), in addition to mode, 
route, time-of-day, and destination shifts. This requires 
a flexible trip generation (activity pattern) model that is 
appropriately sensitive to accessibility measures. A specific 
but important issue that can be addressed with ABMs is 
the possible shift in usual work schedules, in particular, to 
a greater prevalence of compressed work weeks and tele-
commuting. In most cases, this type of response can only 

Pricing Study Model Features 
Essential Advanced

All types of pricing Toll facilities coded in the highway 
network with toll incorporated in 
the volume-delay functions 

Toll plazas and access ramps coded 
with realistic delay functions  

Segmented VOT by travel purpose 
and income group in demand 
model  

Perceived highway time by congestion 
levels / reliability  

Segmented VOT by vehicle class in 
traffic assignment 

Additional vehicle class stratification 
by VOT 
Pre-route (toll vs. non toll) sub-choice 

Mode choice and assignment 
equilibration 

Inclusion of trip distribution in 
equilibration through mode choice 
logsum 

HOV/HOT lanes Car occupancy (SOV, HOV2, 
HOV3+) sub-choice in mode 
choice 

Additional vehicle class stratification 
by occupancy in assignment  

Area and other large-scale pricing 
schemes 

Trip generation sensitive to 
accessibility/generalized cost 

Accounting for trends in flexible / 
compressed work schedules and 
telecommuting   

Highway pricing in parallel with 
transit improvements 

Mode choice with developed transit 
nest 
Bus speeds linked to highway 
congestion 

Congestion pricing  Peak spreading model Time-of-day choice model 
Accounting for trends in flexible / 
compressed work schedules and 
telecommuting   

Dynamic (real-time) pricing Special network / toll equilibration 
procedure 

Highway pricing in parallel with 
parking policies  

Parking cost inclusion in mode 
choice 

Parking choice model for auto and 
drive-to-transit trips with parking 
constraints 

Equity analysis Model segmentation and reporting 
of user benefits (time savings and 
extra cost) by 3-4 income groups 

Table 5.  Model features for different pricing studies.
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be estimated with models based on SP surveys (discussed 
in Chapter 3).

•	 Highway pricing decisions may be considered in tandem 
with transit improvements. These include direct transit 
integration in the highway pricing project: bus rapid tran-
sit (BRT) on the HOV/HOT lane, or indirectly through 
improvements of bus speeds in mixed traffic on congested 
links, and augmented transit services funded by the road 
pricing actions and aimed at providing improved transit  
choices for drivers who could change mode. In order to 
model these types of effects, the model choice should include 
a transit nest that adequately portrays the transit options 
competing with highway options (toll and non-toll). On 
the network side, bus speed functions should be integrated 
with highway speed (volume-delay) functions to properly 
describe the mixed traffic conditions.

•	 Congestion pricing (i.e., toll differentiation by time-of-
day periods and hours) specifically targets departure time 
of trips. In addition to route and mode shifts, congestion 
pricing results in departure time shifts within the peak 
periods (from the peak hour to so-called “shoulders”), as 
well as between periods (for example, from the AM peak 
to midday off-peak period). The corresponding choice 
model components, referred to as “peak spreading” and 
“time of day choice” should be added to the model system. 
So far, inclusion of these sub-models in the standard travel 
demand model system has been problematic, revealing one 
of the 4-step model’s weakest aspects. The ABM framework 
offers significant advantages in this respect, allowing for the 
estimation of the impact of time of day charging on all travel 
over the course of the full day (discussed in Section 5.2.6).

•	 Real-time dynamic pricing, widely recognized as one of the 
most advanced and promising pricing forms, represents  
a special challenge to modeling because it requires a special 
toll equilibration procedure (discussed later in this chapter).

•	 Highway pricing (especially area/cordon pricing forms) 
can be effectively combined with parking pricing and supply 
policies. If parking is included in the study, the travel model 
(specifically mode choice) should include parking cost in  
the auto utility functions. If parking policies become a 
major policy focus of the study, it is suggested that a more 
advanced model component be included—an explicit 
choice of parking location (that can be different from the 
zone of the person trip destination). This component can 
be effectively and consistently incorporated in the activity-
based model framework only.

•	 One of the important aspects of any pricing study is equity 
analysis across income groups and geographic areas. From 
this perspective, it is essential to segment all sub-models by 
income groups and ensure that summaries of travel time 
savings and extra costs that constitute User Benefits could 
be produced and reported by income group.

4.1.2 � Model Features for Different Stages 
of Decision Making

The model improvement process and desired features 
can be arrayed in parallel with the basic generalized stages 
of pricing studies. A framework of gradual corresponding 
improvements is outlined in Figure 5. Four major stages of 
the project development (described in Volume 1, Chapter 4)  
and four broad stages of improvement of the forecasting tools 
were examined. This is an approximate framework, since 
many details are dependent on the specifics of pricing study 
scope and the alternatives that need to be compared. In general, 
having an advanced model from the very early stage will only 
be an advantage; however, this is certainly not always necessary. 
A pricing study could begin with a simplified model while  
the data and modeling tools are improved in the process, sub-
ject to the specific pricing alternatives identified at the earlier 
stages for further analysis. The timeline of the pricing study 
and the implementation of the model improvements to sup-
port it should be established in a realistic way. In particular, it 
should be understood that the final stage of Investment Grade 
study will require at least a year to implement and as much as 
$1,000,000 or more, of which a large share of the costs will be 
for model improvements. Consequently, it is recommended 
to advance, rather than delay, the model improvement steps 
vis-à-vis the project development stages whenever possible.

In a majority of cases where decision making about highway 
pricing was done in a systematic way, supported by forecasting 
tools, the existing regional model (typically that of the MPO) 
was employed in some manner. The development of a new 
regional model from scratch is a time consuming and costly 
effort. Also, the timing of a major model improvement effort, 
driven by periodic data availability, might not coincide well 
with the road pricing study. Consequently, in many cases the 
best available model, along with some short-term improve-
ments, is typically applied. There is, however, a growing rec-
ognition of the importance of travel model improvements in 
view of the scrutiny by rating agencies and private investors  
of T&R forecasts, and many agencies have made substantial 
efforts to improve their models for pricing studies. In many 
cases, the RFP issued by the interested agency for a T&R study 
explicitly included a model improvement task. An additional 
benefit of this effort, as perceived by MPOs, is this study would 
contribute to the general improvement of the regional model 
as well and can spur additional useful data collection, model 
validation, and testing.

There were very different cases observed with respect to the 
level of model sophistication versus the decision-making stage. 
In some cases, the agencies advanced their pricing projects 
to the last stage (and effectively started implementation) 
with no substantial improvement of the forecasting tools. 
Despite fulfilling the understandable intention to speed up 
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the decision-making process, a more detailed analysis of the 
existing long-term concessions and associated financial terms 
has indicated that these may not be examples of unqualified 
success, especially where the absence of a solid and defendable 
forecast may have resulted in financial conditions that were 
highly favorable for the private concessionaire, but leave ques-
tions open from the public perspective.

There is also a clear note of warning from the numerous pub-
lications of the leading rating agencies that they will increas-
ingly consider the quality of the T&R study as one of the major 
risk factors that can significantly reduce a project’s rating 
(especially for start-up projects). In some other cases, where 
agencies had already developed an advanced model, it was 
employed from the initial stage of the decision making, even 
though the level of detail provided by the model was prob-
ably excessive for this early stage of the preliminary project 
development.

Notwithstanding possible deviations based on different 
project development frameworks and varying states of existing 
regional modeling capabilities, there are several clear patterns 
that can be generalized and used to characterize both prevail-
ing and best practice. In general, the following correspondence 
between the stage of decision making and appropriate model-
ing tools can be recommended.

Stage 1: Exploratory

General strategic go/no-go decisions about highway pricing 
possibilities are made in this stage. The existing regional model 
should be applied with at least a minimal set of short-term 
improvements that would normally include the following 
common steps, corresponding to the list of general model 
features essential for all pricing studies identified in the pre-
vious sub-section:
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Figure 5.  Forecasting tools by stage of project development.

Assessing Highway Tolling and Pricing Options and Impacts: Volume 2: Travel Demand Forecasting Tools

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/23427


28

•	 Coding of highway facilities with the corresponding pric-
ing forms (flat, fixed variation by time-of-day, variable 
real-time, etc.), converted into travel time equivalents for 
highway assignments and skimming.

•	 Incorporation of tolls in the current demand models, 
specifically mode choice and trip distribution models.

•	 Proper implementation of network equilibrium and asso-
ciated feedbacks, at least between the assignment and mode 
choice models, with a subsequent consideration of the trip 
distribution model as well.

•	 Calibration effort (through proper adjustment of model 
coefficients, mode specific constants, and/or distributional 
K-factors) in order to reasonably match traffic counts in 
the base year, and observed aggregate district-level OD flows 
if available, as well as approximate travel times and speeds, 
in the relevant corridor/sub-area.

Stage 2: Preliminary Feasibility Study

Further improvements are recommended depending on the 
pricing project nature. These improvements mostly include 
better model segmentation (poor segmentation that is too 
crude for analysis of willingness-to-pay is one of the common 
drawbacks of many conventional models), as well as a dif-
ferentiation of the model coefficients related to VOT. At least 
two additional improvements are generally needed:

•	 Mode choice (and trip distribution if technically possible) 
segmentation by travel purpose and income group (that 
have a strong impact on the VOT).

•	 Multi-class assignment procedure distinguishing traffic 
by vehicle types (auto, commercial vehicle, heavy truck, 
taxi, etc) and auto occupancy (SOV, HOV2, HOV3+, etc.) 
directly related to the pricing differentiation and eligibility.

Stage 3: Environment Impact Statement (EIS)

This stage is associated with full T&R studies, when the 
model structure should be improved in order to incorporate 
additional important sub-models. The following improve-
ments are generally warranted at this stage:

•	 Introduction of a binary pre-route (toll versus non-toll) 
choice model as part of the mode choice model (at the 
lower level of mode hierarchy). In cases such as for intercity 
highways, with high percentages of trucks (where mode 
choice is not playing a significant role), the binary choice 
model essentially represents a user decision-making mech-
anism and the perception of tolls. This is essential in order 
to incorporate a sensitivity of demand, beyond travel time 
savings, to the additional travel quality and reliability typi-
cally associated with toll roads.

•	 Introduction of a time-of-day choice and/or an incremental 
peak-spreading model that is essential for urban toll roads 
and congestion pricing variable pricing analysis.

•	 Constructing a proper linkage between mode choice and 
destination choice (trip distribution) models through the 
log-sum accessibility measure, essential to ensure logical 
sensitivities of the model when multiple pricing alternatives 
are compared.

•	 The implementation of this linkage may also require model 
(re)estimation efforts based on the existing household travel 
survey and other available sources, or the collection of new 
survey data in the corridor, typically OD, and possibly with 
a SP component.

Stage 4: Investment Grade Study

In the course of the pricing study’s progress, the model 
improvement process can finally lead to a complete or gradual 
transition toward an advanced model structure that would fully 
support specific requirements of the Investment Grade Study, 
including comprehensive risk analysis across different relevant 
factors. The following features of advanced model are especially 
relevant for highway pricing projects at this stage:

•	 Individual (household/person) microsimulation of the travel 
demand choices in an Activity-Based Tour-Based structure.

•	 Individual (vehicle) microsimulation of traffic using DTA 
technique.

•	 Detailed analysis of travel markets and associated proba-
bilistic VOT distributions, essential for capturing such 
important factors as situational variation in VOT.

•	 Explicit incorporation of travel time reliability measures 
and willingness to pay for reliability improvements, along 
with average travel time savings.

•	 Integration of the T&R forecasting and financial risk analy-
sis through a set of well designed sensitivity tests, and an 
analytical representation of risk factors with multivariate 
simulations.

•	 Implementation of multiple model runs with different 
toll values for the purpose of toll optimization, imple-
mented with respect to the revenue, network conditions 
(measured by minimal speed, maximum V/C ratio, or maxi-
mum throughput), or by social welfare (utility) function.

•	 Implementation of new RP household travel surveys, with 
supplementary SP components, designed to be applied in 
the estimation of advanced models.

The improvements to the regional model made from stage 
to stage can be accumulated, and, if the model improvement 
process is well-coordinated and well-thought out from the 
beginning, it can result in an advance state-of-the-practice  
model suitable for robust pricing analysis. The timing and 
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requirements for project development and the model improve-
ment process, however, might not be well correlated in some 
situations. In these situations, simpler model versions may need 
to be employed initially and over the course of the decision-
making process, with an acknowledgement of the consequence 
that additional risk will be assigned to the project due to the 
reliance on simplified T&R forecasting methods and data. 
While the development of an advanced activity-based model 
with all these features in place might be the best long-term 
goal and most desirable for Investment Grade analysis, these 
do not need to be brought altogether and implemented in 
the initial development of modeling approach for pricing, 
but can be staged over time. It will also be shown how some 
particular improvements (for example, incorporation of reli-
ability measures or preparing data for risk analysis) could be 
done within the structure of more conventional and commonly 
used 4-step models.

4.1.3 � Specific Requirements for Forecasting 
Tools for Investment Grade Studies

Rules of Financial World

Rating agencies put travel forecasting procedures under a 
high level of scrutiny that is generally different from the model 
evaluation/validation criteria applied in the public sector. 
This section discusses: risk analysis, risk mitigation methods 
(including more extensive data collection and model calibra-
tion, revised population and jobs forecasts), toll rate optimiza-
tion, and sensitivity tests with different toll scenarios.

Investment Grade studies are characterized by more strin-
gent requirements on traffic and revenue forecasts, added 
levels of scrutiny on the model structure and calibration, and 
a number of additional post-modeling steps compared to 
the preliminary Financial Feasibility studies. The quality  
of the forecast may directly affect the project bond rating  
(i.e., the possibility to obtain the necessary loans and the 
interest rate associated with them). The three major rating 
agencies (i.e., Fitch Ratings, Moody’s, and Standard & Poor’s) 
conduct various tests on T&R forecasts (especially those pro-
duced by public agencies), and examine variations in many 
of the input parameters, as well as the model structure itself 
[(Standard and Poor’s 2002–2005, Fitch Ratings 2003-2005)].

For these reasons, Investment Grade studies require an 
advanced and well calibrated travel model integrated with 
network simulation. It is not uncommon for an investment 
grade forecast to take approximately one year or longer and 
upwards of $1 million to complete. While a general principle 
that “a good model for an Investment Grade study should 
first be a good behavioral model in a common sense” holds 
true, it is only a starting point. There are several important 
technical specifics of an Investment Grade study compared to 

a T&R forecast produced for Feasibility studies that should be 
addressed and are not necessarily included even in advanced 
activity-based models. They relate to the model structure and 
calibration, model application, and a number of post-modeling 
steps that convert the model outputs into the inputs needed 
for a Financial Plan.

The following aspects relate to the model structure and 
calibration:

•	 Presence of all three major relevant choice dimensions—
route, mode, and time-of-day choice—that represent first-
order responses of the travelers as described in Chapter 1.

•	 More elaborate time-of-day choice or peak-spreading model 
distinguishing between the peak hour and “shoulders” 
within each broad period.

•	 Flexible trip generation model sensitive to accessibility 
improvements.

•	 Flexible trip distribution model fundamentally linked to 
the mode choice model by mode-choice inclusive values 
(Logsums) as impedance measures.

•	 User segmentation by VOT across travel purposes, income 
groups, times of day, vehicle type and occupancy, as described 
earlier in Chapter 1 and will be elaborated further in Sec-
tions 4.3 and 4.4. Special attention should be paid to VOT 
segmentation by occupancy, since most models in practice 
assume that VOT is simply proportional to travel party 
size (as discussed in Chapter 1). In more advanced ABMs, 
VOT can be specified in a probabilistic way (to account for 
situational variation), and can include Value of Reliability 
(VOR) as well (as discussed in Chapter 5).

•	 Extensive newly collected data and more rigorous model 
calibration is normally assumed. It should be understood 
that even a well-calibrated regional model might have  
certain discrepancies compared to traffic counts and/or  
speed surveys in a particular corridor or facility. It is essen-
tial to recalibrate the model based on the most recently 
collected data, including traffic counts, special surveys 
(e.g., users of a particular toll facility), and speed mea-
surements in the relevant corridor. With these data, the 
calibration targets for a particular pricing study can be 
set in a more rigorous way. For example, while a range of 
±15% from average (daily) traffic counts is considered an 
acceptable range for a general purpose regional model, a 
range of ±5% can be set for each time-of-day period for 
the relevant priced corridor. Additionally, a historical set 
of traffic counts for validation of the growth tendencies 
is highly recommended.

The following aspects relate to the model application:

•	 Toll rate optimization and multiple sensitivity tests with 
different toll and toll escalation scenarios.
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•	 Risk analysis and risk mitigation measures. This includes 
identification and quantification of risk factors. A good 
overview of the common “suspects” in travel forecasting 
is provided in the periodical publications of the rating 
agencies (Standard and Poor’s 2002–2005; Fitch Ratings 
2003–2005) as well as in (Washington State’s tolling study 
CSI 2006). Contrary to the conventional travel forecasting 
culture that has been based on a deterministic interpretation 
of the model outcome, the culture of the investment world 
is based on a probabilistic view of the model outcome.  
A theoretically consistent inclusion of the probabilistic risk 
analysis in traffic and revenue forecasting procedures is an 
important avenue for bringing these two worlds together 
and is an essential theme of the current synthesis.

The following general risk factors are under scrutiny by 
rating agencies:

•	 Start-up toll facilities are considered the most risky and 
are put under a stress test, especially if the forecast was 
implemented by a public agency.

•	 Accurate traffic and revenue forecasting in dense urban areas 
will always lie at the opposite end of a reliability spectrum 
from a river crossing with a clear competitive advantage 
over limited alternatives.

•	 Traffic patterns associated with well-defined, strong radial 
corridors appear to be more reliable.

•	 Forecasts prepared by project sponsors and bidders 
(interested parties) are generally higher than prepared by 
investors/bankers; this optimism bias is estimated at 20% 
or more. More aggressive forecasts can be accepted for PPP 
that do not need rating.

•	 VOT miscalculation and improper aggregation across 
different income groups/travel markets (that’s why a proper 
model segmentation is essential).

•	 Recession/economic downturn (GDP growth is correlated 
with traffic growth with some lags).

•	 Slower future-year land-use development along the corridor. 
Reconsideration of population, employment, and income 
growth forecasts prepared by the MPO or DOT for the 
region/corridor is one of the frequent requests.

•	 Lower time savings than the modeled ones.
•	 Improvements considered to competing free roads.
•	 Potential for lower usage of toll roads and managed lanes 

by trucks than modeled.
•	 Lower possible off-peak/weekend traffic (40–50% of week-

day) than is normally assumed (70–75% of weekday).
•	 Specific risk factors for trucking market are essential if trucks 

constitute a significant share in the traffic. In particular, 
less reliability should be placed on forecast if the trucking 
market is composed of a large number of small, owner-driver 
general haulers. Additionally, markets consisting of several, 

very large haulage companies transporting high-value or 
time-sensitive commodities are likely to be less volatile.

The following aspects normally relate to the post-modeling 
steps, though any of them might be considered for direct 
modeling as well:

•	 Annualization of revenues including assumptions on 
weekend and holiday revenues, seasonality, within-week 
variability, etc. TTA of TxDOT developed a five-factor 
qualitative indexing scheme for Equivalent Revenue Days 
per year (TTA Toll Feasibility Analysis Process 2005). The 
factors may vary from corridor to corridor and the best way 
for established facilities is to develop individual factors based 
on the observed patterns. It is also important to consider 
that a weekend’s VOTs are generally lower due to a mix of 
purposes and schedule flexibility. Whereas weekend and 
holiday traffic on a non-toll facility is generally around 
70–75% of weekday traffic in urban areas, the portion of 
traffic using toll roads during weekends tends to be less.

•	 The yearly T&R stream needed for the Financial Plan is 
calculated by interpolating between horizon model fore-
casts and extrapolating beyond modeled years for long 
periods (40–50 years and longer). Capacity constraints 
(and adverse effects of congestion when traffic volume 
approaches capacity) should be taken into account for deep 
forecasts if they are not directly simulated in the model.

•	 Detailed consideration of a ramp-up period. If it is not 
modeled as a dynamic behavioral response in the model 
(which is unfortunately the case with even the most advance 
AB models), certain assumptions are made based on the 
past experience with similar projects. Specific ramp-up con-
siderations are associated with ETC if no cash payment 
option is provided. In this case, the ramp-up period is 
almost none for routine users and commuters, but might be 
significant for occasional users and visitors. The following 
initial ramp-up period assumptions for start-up projects 
(as revenue-stressed test) are recommended by Standard 
& Poor’s (2004) (Table 6).

•	 Detailed consideration of bulk discounts, person/vehicle 
type discounts, toll evasion (if any), and other revenue loss 
factors, such as accidents/incidents, extreme weather, or 
special events, among others.

•	 Consideration of toll rates escalation (CPI, GDP, floor, 
ceiling) versus population income (and VOT) growth over 
a long period of time.

•	 The model output needs to be processed in a form that is 
suitable for subsequent analysis. It is important to ensure 
transparency of the results and identify key areas (OD pairs, 
core travel markets) for which the calculations can be 
demonstrated for practitioners (open the “black box”). 
The following three output formats are very useful for the 
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subsequent Financial Plan: (1) toll revenues by year (most 
probable with 80% and 95% confidence intervals forming 
optimistic and pessimistic curves); (2) toll revenue distribu-
tion for some representative years (density and cumulative); 
and (3) possible distribution of revenue available for Debt 
and Equity (most probable, lowest reasonable, highest rea-
sonable) and such parameters as likely debt-to-equity ratio 
and associated debt service residual revenues available for 
equity participants.

Several preliminary steps are suggested before completion 
of a T&R forecast and Financial Plan. Rating agencies can be 
asked to provide a preliminary opinion and advice on how to 
strengthen the creditability of the forecast. A discussion can 
be initiated with the TIFIA Credit Program to ascertain the 
type of assistance that could be reasonably expected.

Investment Grade studies are often completed in parallel 
with environmental assessments. Information on preliminary 
capital and annual Operating & Maintenance (O&M) cost 
from these studies is frequently used in order to obtain a pre-
liminary indication on the financial feasibility. Refined cost 
estimates are used for the final Financial Plan.

Preparation of T&R for Financial Plan

The Financial Plan is based on a computerized cash flow 
model that allows the testing of different financial structures 
and assumptions (Tillman, et al. 2006). Discounted cash flow 
analysis should demonstrate that the project-specific cash flow 
payout schedule can be met. It is essential to analyze Financial 
Plans in detail if there are several competing proposals for the 
same project. A reasonable criticism of some “fast” practices 
with accepting private-sector financial proposals, with insuf-
ficient detailed scrutiny, can be found in Dornan (2006) and 
Enright (2006).

Toll-based financial models should be comprehensive and 
should address different relevant funding sources (govern-

ment grants, impact fees, and credit enhancements), as well 
as generated bonding capacity (take advantage of tax-exempt 
municipal bond market). Tolls can generally supplement the 
funding, but cannot replace it completely for many expensive 
projects. General use of the toll revenue includes paying for 
toll system operation and maintenance, funding (in whole 
or in part) construction and maintenance (including capital 
rehabilitation), and funding related parts of the transportation 
system (potentially, including transit).

The Financial Plan must be based on the detailed estimates 
of construction and O&M cost for each major segment includ-
ing all components. The Association for the Advancement 
of Cost Engineering (AACE) publishes risk factors for cost 
estimates that can be used in the Risk Analysis.

In general, the Financial Plan should be based on conservative 
assumptions regarding the cost of financing, interest rates, 
coverage ratios, and reserve accounts. The specific metrics 
and limitations of the Financial Plan include:

•	 Credit quality (equity contributions and guarantees),
•	 Statutory limitations for the agency to issue investment 

quality debt and for the state to support the financing,
•	 Debt service repayment,
•	 Debt service reserve accounts funded by the bond issue 

(usually 125% of the average annual debt service),
•	 Debt service coverage ratio,
•	 Capitalized Interest During Construction,
•	 Cost of finance (bonds),
•	 Cost escalation over years,
•	 Period of finance and interest rates, including stress tests, 

and
•	 Project equity and secondary sources of funds (subordinate 

debt, TIFIA loans, or direct contributions).

The Financial Plan must be reviewed carefully by poten-
tial lenders, as well as any public agencies that may be pro-
viding financial support to the project (FHWA, TIFIA Credit 
program). As a rule, each pricing project must be analyzed as 
a stand-alone, single asset facility, and then, several selected 
projects can be analyzed under an integrated system approach 
to gauge levels of feasibility. Several strategies can be applied 
depending on the project pool formulation and the adopted 
regional pricing concept:

•	 Full funding of construction cost through tolls,
•	 Leveraging up several projects in a “Regional System” 

(cross-subsidy), and
•	 Supporting projects with some federal/state monies.

If the project is to be rated by one of the major rating agencies 
(i.e., Standard & Poor’s, Fitch, or Moody’s), the following 
important aspects should be taken into account.

Year 

1st

2nd

3rd

Low-risk%
80

90

100

4th

5th

6th

Projects
Average-risk%

65

75

80

85

88

90

7th

8th

9th and later 

High-risk%
45

53

60

65

70

73

76

78

80

Table 6.  Recommended ramp-up assumptions  
for T&R of start-up projects.
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Documents required by rating agencies include:

•	 T&R forecast with risk analysis,
•	 Financial plan,
•	 Contractual documents for the construction and operation 

of the project (including all environmental and construc-
tion permits needed),

•	 Financing documents (trust indenture, bond insurance, or 
letters of credit),

•	 Regional and local economic trends and other input data 
(population growth, employment growth, income levels, 
traffic counts, etc.),

•	 Independent T&R forecasts (if available) and engineer’s 
feasibility report.

General rules and requirements include:

•	 Stand-alone basis for assessment,
•	 Reliable and conservative T&R forecasts,
•	 BBB rating (minimum needed for issuing bonds) for start-

up roads requires net revenue at least 1.7 greater than senior 
lien debt payments, and

•	 Government subsidy/credit guarantees are required for 
non-toll part of funding.

A preliminary rating is often requested to assist a project 
sponsor in identifying further steps that must be taken to 
secure an investment-grade ranking BBB or higher. It is likely 
that most start-up toll roads will require some form of credit 
assistance and/or guarantees to gain this rating.

Rating analysts evaluate and the most important risk factors:

•	 Reasonability of T&R forecast assumptions,
•	 External political and economic factors,
•	 Existing or planned competition for the roadway,
•	 Regional economic conditions,
•	 The break-even point for servicing debt.

Specific Requirements for Forecasting Tools

Modeling tools to support highway pricing decisions need 
to comply with the specific requirements associated with rev-
enue forecasting in the context of project ratings for private 
financing. The analysis of the existing models done to date, as 
well as the tracking history of model applications and associ-
ated (well-published) criticism from the rating agencies, have 
clearly shown that some principal improvements in modeling 
tools are needed to ensure the credibility of T&R forecasts, as 
well as to better integrate the transportation modeling cul-
ture with the culture of the investment analysis community. 

As a result, the following important model features could 
productively be improved:

•	 Rating agencies and private investors consider stand-
alone start-up projects as the most risky, uncertain, and 
subject to over-optimistic modeling assumptions. It must 
be recognized that static validation of a transportation 
model for the base year does not at all guarantee that the 
model will properly respond to changing travel conditions, 
including those associated with a new toll road or pricing 
action.

•	 Revenue forecasts have to be presented in a probabilistic 
form (not just a single series of forecast numbers) suitable 
for subsequent investment risk analysis and rating. The 
current practice is characterized by a sequential imple-
mentation of T&R forecast followed by independent/
simplified risk analysis. The latter is frequently based 
on an arbitrary scaling of the revenue and assigning of 
risk probabilities based on the record history of toll road 
forecasts.

The following are the most important factors that should 
be included in the risk analysis, and the technical methods for 
their assessment are recommended in Section 4.4.4:

•	 Model inputs on the demand generation side, such as land-
use and socio-economic growth assumptions, overall 
regional economic trade and political environment, and 
the cost of fuel (including taxes).

•	 Model inputs on the network supply side including the 
improvement of competing roads and transit modes in 
the corridor, possible delays in the deployment of comple-
mentary projects and improvements.

•	 Travel model structure and parameters including structural 
assumptions on VOT (savings) by user segments, assump-
tions regarding traffic that are not directly modeled, such 
as off-peak, weekend, holiday, seasonal, extreme-weather 
traffic, etc.

•	 Non-travel traffic components (modeled by ancillary mod-
els) including heavy trucks, light trucks, and commercial 
vehicles.

•	 Post-model assumptions that include ramp-up period, 
toll evasion, bulk discounts, traffic incidents, and their 
management.

An important improvement in current best practice could 
be an integration of the revenue forecasting and risk analysis 
through a two-stage procedure:

1.	 Set of designed sensitivity tests (scenarios) applied with 
the full model, and
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2.	 Post-processing of the results through aggregate regression 
analyses and simulations that will allow for assessment of 
the “confidence bands” around the forecasts that would 
be used in the subsequent financial analysis.

This technique will ensure that traffic and revenue fore-
casts are analyzed and prepared in formats acceptable and 
trusted by the financial community. At the same time, it 
should be understood that the uncertainty associated with 
T&R forecasts is only one of the risk factors for the road pric-
ing projects. There are many other factors associated with 
these projects, including of course cost estimates, for which 
a separate risk analysis should be implemented (and the cor-
responding accuracy ranges are well established).

At the final stage when the financial plan is formed, both sides 
of the risk equation, revenue and cost, are taken into account, 
as well as the distributions of such important measures as the 
likely equity-to-debt ratio, debt service, and residual revenues 
over years which are produced in a probabilistic fashion. It is 
believed that improvements of the analytical procedures on 
the T&R side will be especially helpful for obtaining better 
rating and acceptance of start-up projects that are subject to 
very rigorous “stress” tests by rating agencies.

4.2 � Prototype Structure of Travel 
Model for Pricing Studies

4.2.1 � Main Travel Dimensions Affected  
by Pricing

A travel model can be constructed to include a wide range of 
possible responses to congestion and pricing, in the approxi-
mate hierarchical order, from the short-term to long-term, 
as shown in Table 7.

Most of the existing models applied for pricing (both in 
research and practice) have been largely focused on the sub-
set of trip-level short-term responses, including route choice, 
pre-route choice, car occupancy choice, mode choice, and 
time-of-day (or trip departure time) choice (Brownstone, 
et al. 2003; Brownstone and Small 2005; Lam and Small 2001; 
Mahmassani, et al. 2005; Mastako 2003; Verhoef and Small 
2004). These choice dimensions are generally recognized as 
the most important for pricing, and are classified as first-
order responses. Within this limited framework, there have 
been only few examples of a full integration across all these 
choices—in the existing ABMs developed for Columbus, OH 
(MORPC 2005] and Montreal, QC (Travel Demand Model 
Development for Traffic and Revenue Studies in the Montreal 

Choice Dimension Time Scale for Modeling Expected Impact 

Network route choice Short-term – trip episode Stratified response by user group 
Pre-route choice (toll vs. non-toll) Short-term – trip episode Stratified response by user group  
Car occupancy Short-term – tour/trip episode Planned and casual carpool 
Mode choice Short-term – tour/trip episode Shift to transit, especially to rail and for 

low/medium income groups 
Time-of-day / schedule  Short-term – tour/trip episode Peak spreading  
Destination / stop location Short-term – tour/trip episode Improved accessibility effect combined with 

negative pricing effect on trip distribution for 
non-work trips.   

Joint travel arrangements  Short-term – within day Planned carpool / escorting  
Tour frequency, sequence, and 
formation of trip chains 

Short-term – within day Lower tour frequency and higher chaining 
propensity 

Daily pattern type  Short-term – weekly (day to 
day) 

More compressed workdays and work from 
home 

Usual locations and schedule for 
non-mandatory activities 

Medium term – 1 month Compressed / chain patterns;  weekly 
planned shopping in major outlets 

Household / person mobility 
attributes (transponder, transit 
path, parking arrangements at 
work) 

Medium term – 1-6 months Higher percentage of transponder users and 
parking arrangements for high incomes, 
higher percentage of transit path holders for 
low incomes 

Household car ownership choice Long term – 1 year Stratified response by income group (higher 
car ownership for high incomes, lower car 
ownership for low incomes) 

School / university location and 
schedule 

Long term – 1-5 years Choice by transit accessibility; flexible 
schedules 

Job /usual workplace location and 
schedule  

Long term – 1-5 years Local jobs for low incomes; compressed / 
flexible schedules  

Residential location  Long term – 5 years + Income stratification (high income suburbs 
around toll roads, low income clusters around 
transit ) 

Land-use development Long term – 5 years +   Urban sprawl if no transit; otherwise shift to 
transit   

Table 7.  Possible traveler responses to congestion and pricing.
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Region, 2003). There are, however, many other important 
travel dimensions that have been less explored in either prac-
tice or research. These include long-term impacts of con-
gestion and pricing such as fundamental changes in travel 
behavior patterns that cannot be captured and understood 
at the single trip level. For example, in over-congested urban 
areas (e.g., New York, Chicago, and San Francisco), many 
employers offer workers compressed work schedule oppor-
tunities (e.g., 4 days, 10 hours per day). This new choice 
dimension can have a very significant impact on the amount 
of travel produced and its temporal distribution. This choice, 
however, is clearly not a trip-level decision comparable to 
choice between Managed and Free Lanes (or between toll 
and non-toll road) for a particular trip. Choices such as this 
should be modeled within a proper behavioral framework 
that includes an extended time scale, with a robust set of 
explanatory variables, and linkages to the other short-term 
and long-term choices (Pendyala 2005, Spear 2005). Depend-
ing on the project scale and time horizon, these second-order 
responses might become as significant as the first-order ones.

Important behavioral responses that are generally beyond 
traditional trip-level modeling choices can be grouped into 
the following broad classes:

•	 Trip/tour destination choice that is equally important for 
both AB and 4-step models; it is normally assumed that 
impacts of congestion and pricing should be captured 
through the generalized cost or mode choice Logsum 
(Erhardt, et al. 2003, Dehghani and Olsen 1999); however, 
there can be more direct and specific impacts that are worth 
exploring.

•	 Short-term choices that relate to daily activity-travel patterns 
that cannot be fully captured at the elemental trip level. 
They include explicit joint travel arrangements (Vovsha, 
et al. 2003, Vovsha and Petersen 2005), tour formation 
[(NYMTC 2004)], and daily pattern type (MORPC 2005) 
(for example, decision to stay at home on a given day). These 
choices can be effectively applied only in an ABM framework. 
There might be an additional (though very limited) use of 
this for 4-step models in order to investigate congestion 
and pricing impacts on trip generation through accessibil-
ity measures. It is important to address these dimensions 
alongside conventional trip dimensions, since many new 
pricing forms are not trip-based (for example, daily area 
pricing schemes applied in London (Litman 2005) and cur-
rently envisioned/modeled in New York, San Francisco, 
and Los Angeles).

•	 Medium-term choices relating to usual location and 
schedule for non-mandatory activities (like shopping or 
entertainment). A deeper understanding and ability to 
forecast such choices may be beneficial in order to put 
certain choices into a medium-term framework in order 

to explore the impacts of congestion and pricing beyond 
the short-term single-trip consideration. These choice 
dimensions can be incorporated into an advanced AB 
model only.

•	 Medium- and long-term choices that relate to person and 
household mobility attributes (e.g., car ownership, tran-
sponder acquisition, transit path, parking arrangements, 
etc.). There is a growing recognition of the importance 
of these choices in understanding and modeling impacts 
of congestion and pricing. There have been some initial 
attempts to formulate and estimate choice models related 
to the acquisition of transponders simultaneously with 
pre-route, departure time, and/or car occupancy choices, 
although the estimation was implemented at the single-
trip level (Yan, et al. 2002, Yan and Small 2002).

•	 Long-term location choices of residential place, work-
place, and school as well as land-use development impacts. 
A special methodology for analysis of congestion and pric-
ing impacts on these choices has not yet been developed. 
The existing long-term models of this type operate with 
standard trip-level measures of accessibility (Vovsha et al. 
2005); thus, the effect of different and extended time scales 
is lost. There are plans, however, to explore data sets that 
include information on long-term choices (along with trip 
records) to ascertain the differential impacts of congestion 
and pricing over various time scales.

Several of these choice dimensions represent relatively new 
choice models that have not yet been widely accepted or even 
explored (only first attempts to formulate and estimate these 
models have been made and reported). These relate to the 
integration of the binary pre-route choice (toll versus non-
toll) in the mode choice nesting structure, payment type, and 
associated vehicle equipment (cash, E-Z pass, transponder), 
as well as models of carpooling mechanisms (explicit model-
ing of joint travel).

4.2.2 � Observed Impacts of Pricing  
on Different Travel Choices  
(PSRC Experiment)

The Traffic Choices Study was a unique behavioral experi-
ment carried out by Puget Sound Regional Council (PSRC) for 
the FHWA Value Pricing Pilot Program. A sample of selected 
Seattle region households reacted to variations in toll levels 
by road type and time of day over an 18 month period, with 
in-vehicle GPS units used to record behavior as accurately as 
possible and to keep track of toll fees charged to respondents. 
The information in this section is based primarily on two 
PSRC documents: Traffic Choices Study: Summary Report, from 
April 2008, and Appendix 19 to that report Traffic Choices 
Study: Toll Impact Models.
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Description of the Experiment

The Traffic Choices Study combines some of the best fea-
tures of RP and SP data collection for support of the analysis 
of travel behavior and the improvement of demand models. 
Similar to SP, the experiment was able to obtain behavioral 
responses to a policy that has not yet been implemented—
namely ubiquitous, mileage-based congestion pricing on all 
freeways and main arterials in the Seattle region. In this case, 
the study was able to overcome the hypothetical nature of 
SP methods by applying the pricing during real trips that 
the respondents made over an extended period of time and 
charging those respondents real money for using specific 
roads at specific times of day and week. This was done using 
an innovative approach of providing respondents with a 
fixed sum of money in an account at the beginning of the 
experiment. Respondents were also provided a toll map and 
schedule to inform them of toll levels as they varied across 
roads and time periods, and in-vehicle GPS determined the 
level of per-mile toll applied at any instant and that informa-
tion was relayed to the driver. At the end of the experimental 
period, respondents were allowed to keep whatever funds 
remained in their account. This system mimicked as closely 
as possible the way that funds would be charged against user 
credit cards for an actual electronic tolling system. The main 
differences compared to an actual congestion pricing system 
were that (a) only a small subpopulation of all drivers on 
the roads were faced with the experimental pricing, so there 
was no noticeable effect of pricing on overall traffic levels or 
congestion, and (b) respondents spent money given to them 
as part of the experiment, which, for some, could evoke the 
sense that the money is not really their own. The implications 
that these differences may have for behavioral modeling are 
discussed later on in this section.

For the study, GPS units were installed in all household 
vehicles in 275 randomly recruited households in the region, 
providing a sample of more than 400 instrumented vehicles. 
Before tolling was “turned on,” respondents drove with  
the GPS units in their vehicles for a period of three months 
(see timeline in Figure 6). This initial non-priced period 
served a few different purposes: (a) to make sure that the GPS 
units were working and transmitting data properly to the 
central facility, (b) to collect baseline behavioral data against 
which data from the tolled situation could be compared in 
analysis, and (c) to get an idea of how many miles each house-

hold regularly drove on the tolled links, so that the initial 
funding level of the user account could be set. The objective 
was to set the budget high enough so that users would not 
fully deplete the account and have to leave the pricing experi-
ment early, while at the same time not setting it so high that 
some households would still receive a significant reward at 
the end, even if they did not adjust their trips to avoid paying 
the tolls.

Figure 7 shows the Toll Roads Map that was provided to 
respondents. The map shows two types of roads that were 
priced: the main freeways shown in green, and other main 
arterials shown in white. The toll rates per mile for freeways 
were set twice as high as for the other arterials, ranging from 
10 cents to 50 cents per mile on weekdays and 10 cents to 
20 cents per mile on weekends, varying by time of day. On 
weekdays, the highest priced period was the PM peak from 
4 pm to 7 pm, followed by the AM peak from 6 am to 9 am. 
Prices were lower midday (9 am to 4 pm) and in the evening 
(7 to 10 pm). On weekends, the high toll period was 10 am to 
7 pm. No tolls were charged between 10 pm and 6 am on any 
day. All respondents received the same toll schedule for the 
entire experiment—no variation was used across the sample 
or across seasons/months.

The pricing was operational beginning on July 1, 2005, and 
continued through February 2006, a period of eight months. 
During that time, respondents could obtain information 
in their vehicle indicating the amount being charged at any 
moment and also in total for that trip or that day. Respon-
dents could also go online to the project website and find 
the amount of money remaining in their account as well as a 
historical overview of the toll roads they had used, when they 
were used, and what tolls had been charged. During the total 
project period, across the sample, the GPS units logged over 
750,000 individual trips, including over 100,000 toll transac-
tions. The central system also sent out over 4,000 customer 
billing invoices, mimicking the type of monthly invoice that 
would be sent in an actual system. After the tolling period 
ended, additional control data was collected for roughly 
one month.

Behavioral Analysis of Traveler Responses to Pricing

Some behavior analysis has already been performed by 
PSRC and EcoNorthwest and reported in the study report. 

Figure 6.  Traffic choices project timeline.
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Figure 7.  Traffic choices study: toll roads map.
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This section provides a brief summary of the findings. The 
majority of the analyses has been done at a fairly aggregate level 
where the unit of analysis is not a particular trip or route, but 
the average travel per week during the tolling period versus 
during the control period. One reason for a more aggregate 
level of analysis at this stage, is a data issue particular to GPS 
data, which any analysis of the data must deal with. This issue 
is that all the data is passive and vehicle-based. As a result, for 
any particular trip, the basic GPS data is missing three items 
of information that are often used in analysis of household 
travel survey data: (1) the person in the household driving 
the vehicle, (2) the number of occupants in the vehicle, and  
(3) the type/purpose of activities completed at each stop loca-
tion. The initial analyses have partially addressed this issue by 
identifying the location of regularly visited workplaces. With 
this information, all tours (or partial tours) could be catego-
rized into four types: home-to-work, work-to-home, home-
to-home (non-work tours), and work-to-work (work-based 
sub-tours). Also, analyses were performed at three levels of 
aggregation: each household, each vehicle, and each workplace.

Overall, compared to the control period, the introduction 
of the tolls was found to produce the following impacts on 
travel patterns across all participating households:

•	 7% reduction in all vehicle tours (tours per week)
•	 6% reduction in tour segments (segments of tours per week)
•	 8% reduction in tour drive time (minutes of driving per 

week)
•	 12% reduction in vehicle miles traveled (miles per week)
•	 13% reduction in miles driven on tolled roads (tolled miles 

per week)

From these numbers, we can infer a number of behavioral 
findings:

•	 In the big picture, the tolling had a large enough effect on 
various dimensions of behavior that the data should be 
suitable for further analysis on the effects of pricing and 
congestion.

•	 Since tour segments (trips) were reduced slightly less than 
the number of tours, a slight increase in trip chaining was 
experienced—i.e., the number of trips per tour increased 
by about 1%.

•	 Because vehicle miles traveled decreased by 12% while the 
number of tours decreased by only 7%, the average tour 
distance was reduced by about 5%. This could be because 
longer distance tours were most likely to be suppressed, 
but it could also be due to travelers’ switching to closer 
destinations. A comparison of tour distance distributions 
with and without tolling would provide further insight.

•	 The fact that vehicle miles traveled on toll roads decreased 
slightly more than vehicle miles travelled overall implies 

at least a small amount of shifting from tolled routes to 
non-tolled routes and/or to the non-tolled night period 
(although this comparison does not identify route shifting 
to routes and/or times of day that are still tolled but at a 
lower toll level).

•	 Since total travel distance decreased by 12%, but the total 
drive time decreased by only 8%, overall average driving 
speed was reduced by about 4%. This likely results from less 
travel on the tolled freeways, which have the highest speeds.

An additional analysis was carried out to look at departure 
time shifts for home-to-work journeys. From the travel pat-
terns in the control period data, it was possible to determine 
the usual departure time from home to work for the majority 
of regular commuters. Then, an analysis was performed to 
relate the percentage of those commuters who shifted to a 
lower toll period as a function of the number of minutes the 
departure time had to be shifted away from the usual time. 
The reported results are shown in Figure 8 from the PSRC 
report, with a clear relationship showing over 30% of com-
muters shifting time when the required shift was 30 minutes 
or less, down to less than 10% shifting when the required 
shift was more than two hours.

Although it is difficult to interpret these results without 
knowing more detail about the analysis, some implications 
of these findings in the context of further research that could 
be supported with these data are:

•	 There appears to be enough systematic departure time 
shifting in the data to support disaggregate departure time 
modeling, at least for home-to-work journeys. It is likely 
that work-to-home journeys could be analyzed in a similar 
way, preferably in a joint context with the home-to-work 
journey.

•	 The data could be analyzed to find other regular non-work 
journeys that particular households make during both the 
control and tolling periods. Home-to-school/university 
tours and tours to escort children to school seem likely 
candidates, and school locations would be fairly easy to 
pinpoint in the data by matching to a GIS parcel database. 
School start and end times are typically fixed and home-
to-school distances are typically short and thus not a good 
candidate for departure time shifting to avoid tolls. Perhaps 
there are other types of regular journeys, although infer-
ring the destination purpose of the journeys would require 
GIS analysis.

•	 A multivariate analysis approach would provide more use-
ful behavioral models, including the amount of time shift 
necessary, but also the direction of shift, the difference in 
toll levels and travel times between the periods, and other 
characteristics of the household: the driver (if known), the 
destination, and the tour.
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•	 People may shift their route of travel instead of (or in 
addition to) their departure time. An advantage of GPS data 
over typical household survey data is that the exact route of 
travel can be identified. With the data available, it seems that 
a joint route-departure time choice model would be a more 
complete and valid way of identifying the simultaneous 
effects of pricing, travel time, and congestion.

Route choices for home to work journeys were also analyzed 
by the PSRC project team. Identified in the data was the per-
centage of times that each commuter chose to use an alternative 
lower toll or non-tolled route, which was analyzed with respect 
to the toll difference and travel time difference between the 
routes, in order to infer VOT for each commuter. The results 

were then interpreted as a function of household income, with 
the resulting VOT function shown below in Figure 9 from the 
PSRC report. Except for the very low income households, the 
imputed VOT appears to be 70% to 80% of the wage rate across 
the full range of incomes. These are somewhat higher than VOT 
typically estimated from SP data on route choice under pricing, 
although in line with typical VOT from RP data.

It is difficult at this stage to provide an interpretation or 
critique of these results without knowing more detail about 
the analysis method. Some key points to be considered in the 
context of further analysis of the data set are:

•	 Shifting route is only one possible way that travelers can 
reduce or avoid paying tolls. Shifting departure time is the 

Figure 8.  Home-to-work tour probability of moving to lower toll.

Figure 9.  Observed home-to-work VOT (as function of route choice).
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other most likely way, but other possibilities include shift-
ing mode to transit or non-motorized (this would only be 
seen in the GPS data as a reduction of commute frequency), 
increasing car occupancy (this would not be seen in the 
GPS data at all), shifting destination (very unlikely for work 
tours, at least in the short term), and canceling commute 
trips, e.g. by telecommuting (in the GPS data, this would be 
indistinguishable from switching mode). Since these other 
shifts would most likely be made by people with the low-
est VOT (highest marginal disutility of toll and/or lowest 
marginal disutility of travel time) and those cases are not 
in the route choice data, this may lead to a higher imputed 
VOT than is typically the case. However, if route choice is 
truly the “lowest level” choice in the decision hierarchy, 
then the high VOT may be suitable for the particular con-
text of route choice.

•	 In the context of departure time choice, the best way to 
sort out these issues is with a joint model that includes the 
three main identifiable dimensions of commuting behavior 
in the data set—route choice, departure time choice, and 
frequency of commuting by car—and analyzes them in an 
integrated manner, including as many household, person, 
land use, and contextual variables as possible.

4.2.3 � Prototype Structure of Demand  
Model—4-Step Approach

Taking into account the accumulated experience in appli-
cation of 4-step models for pricing studies described in 
Chapter 2, necessary short-term improvements, and the 
most important travelers’ responses to pricing mentioned in 
the current section above, we can outline a prototype struc-
ture for a 4-step model that includes all features essential for 
pricing studies; see Figure 10.

The main sub-models have to be segmented by 4–5 trip 
purposes (for example, home-based-work, home-based-
university, home-based-school, home-based other, and 
non-home-based), 3–4 household income groups (for exam-
ple, 0–$50K, $50–$100K, $100K+), and 3–4 household car-
sufficiency groups (for example, zero cars, cars fewer than 
drivers, cars equal to or greater than drivers) since these 
categories are characterized by very different VOTs and 
willingness to use toll roads, as described in Section 4.3. In 
general, it is not necessary to preserve a full Cartesian combi-
nation of trip purposes and income groups; however, a strati-
fication of home-based-work trips by income group is highly 
recommended.

Figure 10.  Prototype 4-step model for highway pricing studies.
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It is highly recommended to include vehicle occupancy 
choice (SOV, HOV2, HOV3+) and route type-choice (toll 
versus free) as lower-level sub-choices in the mode choice 
structure as explained in Section 2.2. This is especially impor-
tant for HOV/HOT lane studies. Concurrently, the traffic 
assignment should be implemented in a multi-class fashion 
with vehicle classes distinguished by occupancy (SOV, HOV2, 
HOV3+) and vehicle type (auto, light truck, heavy truck). 
Auto classes can be additionally segregated by willingness to 
pay or income as suggested in Section 4.3.2.

It is important to include a time-of-day choice model sen-
sitive to congestion and pricing since it would be unrealistic 
to assume fixed time-of-day and peak-hour factors if such 
policies as congestion or dynamic pricing are to be applied. 
In accordance with the time-of-day choice model, the traf-
fic assignment should be implemented for 3–5 time-of-day 
periods (AM peak, PM peak, off-peak that can be further 
subdivided into Midday, Night, and Early morning) that are 
characterized by different levels of congestion and may also 
be differentiated by toll rates.

It is essential to integrate all demand sub-models and assign-
ment procedures in an equilibrium framework of the model 
system. The LOS skims (travel times and cost including tolls) 

should be fed back to mode and time-of-day choice models 
to ensure the 1st-order impacts of pricing. Mode choice Log-
sums (incorporating LOS variables) are then used as imped-
ance measures in trip distribution and time-of-day choice to  
ensure the second order impacts of pricing. It has been shown 
that, if trip tables and LOS skims are properly averaged, a 
good level of convergence can be achieved after 3–4 global 
iterations (more detailed discussion of equilibration strate-
gies is provided in Sections 6.1 and 6.2)

4.2.4 � Prototype Structure of Demand  
Model—Activity-Based Approach

Taking into account the accumulated experience in appli-
cation of ABMs for pricing studies, necessary short-term 
improvements, as well as referring to some advanced model 
features, an outline for a prototype structure for an ABM that 
includes all features essential for pricing studies is shown in 
Figure 11.

All general principles and short-term enhancements 
discussed in the previous sub-section with respect to 4-step  
models are basically valid for ABMs. However, a more advanced 
and flexible ABM structure offers multiple additional advan-
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Figure 11.  Prototype ABM for highway pricing studies.
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tages for pricing studies. First of all, ABMs are inherently 
richer in terms of travel segmentation. For example, they 
normally incorporate 8–9 travel purposes (work, university, 
school, escorting, shopping, other maintenance, eating out, 
visiting relatives and friends, other discretionary). ABMs treat 
non-home-based trips as parts of the tours, thus there is no 
need to consider these trips as a separate purpose.

The ABM framework ensures a more consistent approach 
to time-of-day choice modeling with an enhanced level of 
temporal resolution (1 hour or even 30 min). The time-of-day 
choice models applied in advanced ABMs treat departure time 
from home (in outbound half-tour direction), arrival back 
home (in inbound half-tour direction), and tour/activity 
duration in a coherent way (see Section 5.2.6 for a discussion 
on time-of-day choice models). This is one of the most clear 
and essential advantages of ABMs for congestion pricing 
studies. It has been generally recognized that a tour-based 
structure provides a more realistic response to congestion 
and dynamic pricing where a shift of trip departure times is 
expected or explicitly targeted by the policy.

The ABM framework allows for a better modeling of car 
occupancy through an explicit treatment of joint travel as a 
special travel segment (see Section 5.2.7 for a discussion on 
modeling carpools). This is another significant advantage over 
4-step models that is particularly beneficial for HOV/HOT 
lane studies.

The ABM framework is based on individual microsimulation 
that opens the way to account for situational variation in VOT 
for each travel segment. This principal model enhancement 
is discussed in detail in Section 6.1. In terms of integration 
of the demand model with network simulation, however, 
the current generation of ABMs still relies on conventional 
static assignments (improved by accounting for multiple 
vehicle classes). From this point of view, the equilibration  
principles described for 4-step models in the previous sub-
section are applicable for ABMs. ABMs offer an innovative 
strategic direction, however, for an integration with advanced 
network simulation tools, based on the fact that their micro-
simulation platform can provide a disaggregate input to a 
microsimulation process of DTA. This aspect is discussed 
in Section 5.4.

4.2.5 � Prototype Structure of  
Network Assignments

Regional travel models developed and applied so far 
(including both ABMs and 4-step models) have been inte-
grated with conventional aggregate static equilibrium assign-
ments. Evaluation of pricing (notably managed lanes) in 
congested areas is closely focused on understanding the effects 
of congestion, queuing, facility access/spacing, and other 
operational characteristics. Such aspects are not considered 

in a static assignment model. Consequently, there is a need 
for some guidance on how to incorporate a project’s unique 
operational characteristics/limitations into the travel demand 
forecasts and subsequent use for pricing analysis.

An important issue that is difficult to fully resolve in practice 
relates to the need for a consistency between the segmentation 
applied in traffic assignment (vehicle and occupancy classes) 
and segmentation applied in the mode choice model (modes, 
travel purposes, and other segments). While it is compara-
tively straightforward to use the same auto modes (occupancy 
classes) in both procedures, the additional segmentation by 
travel purpose, income group, and other possible dimensions 
pertinent to mode choice is difficult to preserve in the assign-
ment procedure since it would result in an infeasibly large 
number of vehicle classes. Table 8 illustrates an ideal segmen-
tation structure maintaining consistency across the mode 
choice and assignment model components, and including 
approximate VOT estimates for each segment. This structure 
is typically simplified in practice due to assignment/skimming 
run time constraints. The demand modeling part may also 
assume additional segmentation by various non-mandatory 
purposes, such as shopping, eating out, or other discretionary 
activities, while the network simulation part rarely includes 
more than three or four vehicle classes.

The scaling parameters to account for vehicle occupancy 
O2 and O3 should be statistically estimated as part of mode 
choice model estimation, or by means of a special SP survey. 
In some model systems, these parameters are not actually 
estimated, but set equal to the actual occupancy. This means 
that the carpool willingness to pay is assumed equal to the 
total willingness to pay of all members of the travel party. 
More recent statistical evidence suggests that VOT is not 
directly proportional to the vehicle occupancy, and the actual 
coefficient values stand lower than 2 and 3.

The logic behind this segmentation structure is to treat 
VOT consistently across all choices, while avoiding an exces-
sive proliferation of travel segments and vehicle classes. Addi-
tional segmentation of the behavioral choice models in the 
ABM framework is less onerous than in 4-step models, but 
issues associated with the multiplication of vehicle classes 
in the assignment procedure are shared by both ABMs and 
4-step models.

The choice of the number of vehicle occupancy catego-
ries in the assignment procedure should be based on the 
expected nature of HOV and pricing policies. If significant 
projects with specific HOV3+ lanes or pricing policies are 
expected, explicit segmentation of trip tables by SOV, HOV2, 
and HOV3+ classes may be required. Otherwise, all HOV 
categories can be collapsed. However, even in the absence 
of specific traffic restrictions or pricing policies, a better 
segmentation by vehicle occupancy can be beneficial in 
capturing differential VOT.
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In order to reduce the impact on assignment runtimes of  
the proliferation of segments, it may be possible to combine 
those segments or trip tables with similar VOT for assign-
ment. This aggregation should also consider additional vehicle 
classes associated with non-passenger travel, such as heavy 
and light commercial trucks. A final decision about the 
aggregation of demand (trip tables) can only be made after 
statistical estimation of all VOT and occupancy-related 
coefficients. Table 9 illustrates a possible aggregation of 
vehicle classes based on the assumed values of time shown 
in Table 8 and scaling coefficients equal to occupancy. For 
simplicity, a value of 3.0 for occupancy of the HOV3+ cat-
egory is used, while in reality it is likely closer to 3.2 or 3.3. 
In the assignment and skimming procedures, each vehicle 
class table is assigned based on the weighted average VOT 
across all components. It is possible to make this weighting 
specific to each assignment time-of-day period to ensure a 
better reflection on the differential mix of purposes across 
time-of-day periods.

In addition to the fundamental issue of highway user 
segmentation by VOT, another important technical issue 
has manifested itself in almost all practical model applica-
tions. This issue relates to how t demand models and net-
work assignments are applied with respect to conditions of 
equilibrium, assuming multiple iterations between them. 
The problem manifests itself equally with sophisticated 
choice models (including many levels of hierarchy) or with 
simple binary pre-route choice models (most frequently 
applied in practice and sometimes taking the form of a 
toll-diversion model). The essence of the problem is that 
the trip table of toll users generated by the choice model 
(based on the travel time savings and toll skims from the 
previous iterations) cannot be fully assigned on toll paths 
in the next iteration.

The associated leakage of toll users can be significant 
(frequently 15–20% or even more with sparse trip tables). It 
hampers the equilibrium process, as well as makes the results 
difficult to understand and interpret. There are several objective 

TOD/Mode choice segments Assignment vehicle classes 
Purpose Occupancy Occupancy Approximate 

VOT 
Commuting – low-income workers SOV SOV $10 

HOV2 HOV2 $10× 2O
HOV3+ HOV3+ $10× 3O

Commuting – medium-income workers SOV SOV $15 

HOV2 HOV2 $15× 2O
HOV3+ HOV3+ $15× 3O

Commuting – high-income workers SOV SOV $20 

HOV2 HOV2 $20× 2O
HOV3+ HOV3+ $20× 3O

Work-based sub-tours SOV SOV $30 

HOV2 HOV2 $30× 2O
HOV3+ HOV3+ $30× 3O

University / school tours SOV SOV $6 

HOV2 HOV2 $6× 2O
HOV3+ HOV3+ $6× 3O

Non-mandatory tours – low income SOV SOV $8 

HOV2 HOV2 $8× 2O
HOV3+ HOV3+ $8× 3O

Non-mandatory tours – medium income SOV SOV $10 

HOV2 HOV2 $10× 2O
HOV3+ HOV3+ $10× 3O

Non-mandatory tours – high income SOV SOV $12 

HOV2 HOV2 $12× 2O
HOV3+ HOV3+ $12× 3O

Table 8.  Coordinated segmentation of mode choice and assignment.
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reasons for this discrepancy that should be understood before 
any solution is considered:

•	 Non-toll users are assigned onto the highway network 
with the tolled facilities blocked-out, guaranteeing choice 
of non-toll routes only. Toll users from the choice models, 
on the other hand, are assigned onto the highway network 
with both tolled and non-tolled facilities available to them. 
For these toll user flow, a full guarantee of choosing toll 
routes only can only be achieved by restrictive assignment 
techniques that are too complicated, unrealistically time-
consuming, and not supported in any of the available 
software packages.

•	 The time and toll skims used in the choice model to generate 
trip tables of toll and non-toll users at the previous iteration 
can never be fully identical to the travel times, tolls, and 
generalized cost produced in the subsequent equilibrium 
assignment procedure. Full convergence exists only in the-
ory. In practice, with any reasonable number of iterations, 
there are always going to be certain discrepancies.

•	 While the equilibrium assignment algorithm essentially pro-
duces multi-path assignment results (at each assignment 
iteration), a single shortest path is found and loaded for each 
OD pair. This means that for some OD pairs where toll 

and non-toll routes are comparable in terms of generalized 
cost, there can be a split between toll and non-toll users in 
the toll user assignment.

Several (empirical) procedures in applied models have 
attempted to overcome or at least mitigate the leakage of toll 
users in assignment:

•	 Toll route promotion. In this method, tolls are either reduced 
or fully eliminated in the toll user assignment procedure, 
since the users have already made a decision to use the toll 
facility and “paid the toll in the choice model.” While this 
can mechanically reduce the leakage, it is only applicable 
for single-facility projects (such as a single toll bridge in the 
area) where essentially a single toll route is feasible. In cases 
where several toll facilities are involved (either on compet-
ing or complementary basis), this technique can produce 
significant route distortions (biases toward higher tolls).

•	 Disabling equilibrium time fluctuations. In some practi-
cal applications, modelers decided to disable equilibrium 
time fluctuations after a certain number of iterations 
(where link travel times area already close to the equi-
librium travel times). It means that the final assignment 
of toll users is implemented with the travel times frozen 

Purpose Occupancy Approximate 
VOT 

Trip tables by occupancy and VOT 
SOV
$6-12 

SOV
$15-30 

HOV2
$12-24 

HOV2
$30-60 

HOV3+ 
$18-36 

HOV3+ 
$45-90 

Commuting – 
low income 
workers 

SOV $10 X      

HOV2 $10×2=$20   X    

HOV3+ $10×3=$30     X  

Commuting – 
medium income 
workers 

SOV $15  X     

HOV2 $15×2=$30    X   

HOV3+ $15×3=$45      X 

Commuting – 
high income 
workers 

SOV $20  X     

HOV2 $20×2=$40    X   

HOV3+ $20×3=$60      X 

Work-based 
sub-tours 

SOV $30  X     

HOV2 $30×2=$60    X   

HOV3+ $30×3=$90      X 

University / 
school tours 

SOV $6 X      

HOV2 $6×2=$12   X    

HOV3+ $6×3=$18     X  

Non-mandatory 
tours – low 
income 

SOV $8 X      

HOV2 $8×2=$16   X    

HOV3+ $8×3=$24     X  

Non-mandatory 
tours – medium 
income 

SOV $10 X      

HOV2 $10×2=$20   X    

HOV3+ $10×3=$30     X  

Non-mandatory 
tours – high 
income 

SOV $12 X      

HOV2 $12×2=$24   X    

HOV3+ $12×3=$36     X  

Table 9.  Example of vehicle class aggregation.
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from the previous iteration (rather than in an equilibrium 
fashion). While this technique is helpful to assign almost 
all toll users onto toll path, it is dangerous in that the final 
assignment essentially corresponds to an all-or-nothing 
shortest path choice (despite having used equilibrium travel 
times) and can produce unrealistic link volumes through-
out the network. It is clearly inappropriate for congested 
metropolitan networks with multiple toll facilities.

•	 Explicit modeling of toll route components and non-toll  
access sub-routes. This might be considered as the most 
theoretically consistent approach that draws upon the 
applied techniques for combined multimodal transit trips. 
It is, however, quite complicated and requires additional 
network coding, and is applicable only for highway networks 
with a small number of toll facilities. With this approach, 
each point of entry to and exit from the toll facility is coded 
as a traffic zone. Then each toll user path is convoluted 
(using OD matrix manipulations) of the free access sub-
route, toll sub-route (from the entry to exit), and free aggress 
sub-route. This technique becomes especially problematic 
in the presence of multiple toll facilities that might be 
intertwined with free facilities on the same route.

•	 Using more elaborate skims to identify toll users. Most of 
the applied models are based on a simplified method of 
identification of toll users by a presence of a non-zero toll 
in the skim. The toll skim that is used for identification of 
toll users can be further elaborated by the addition of the 
facility index and toll route proportion (that is a fractional 
number between 0 and 1, rather than just a binary indicator). 
These “flags” in the OD skims can be used to prepare more 
effective promotion strategies, as well as to create more 
(facility-specific) trip tables for multi-class assignment.

It is generally recognized that a combination of elaborate 
skimming and promotion would probably be the best general 
strategy, while the disabling of equilibrium and the explicit 
modeling of toll route components could be methods used 
for specific subset of projects only.

An additional complexity is associated with modeling real-
time variable tolls. In this case, several intermediate iterations 
of toll calculations have to be implemented between the 
assignment procedure and choice model. Modeling variable 
tolls depends on the adopted form of toll calculation. This 
technique has been currently tried in only a few applications 
and is still evolving. Several basic operational approaches 
have already been identified as possible methods for further 
evaluation:

•	 Predetermined toll scales as function of LOS on the toll 
facility/lanes. In this case tolls are specified in advance as a 
function of V/C or speed, and depend solely on the traffic 
conditions on the toll facility/lanes. The application of tolls 

does not guarantee that the traffic conditions will meet the 
requirement. Model testing with different tolls is required.

•	 Predetermined toll scales as function of LOS on the managed 
toll lanes compared to free general-purpose lanes. In this 
case tolls are specified in advance as a function of speed 
differences and are intended to maintain a better LOS on 
toll lanes. The application of tolls does not guarantee that 
the traffic conditions will meet the requirement, however, 
and model testing with different tolls is required.

•	 Variable tolls as function of LOS on the toll facility/lanes. 
In this case tolls are incrementally adjusted as a function of 
the achieved V/C or speed and depend solely on the traffic 
conditions on the toll facility/lanes. It can be thought of as 
a shadow pricing technique, reflecting the scarcity of road 
capacity. The application of tolls guarantees that the traffic 
conditions will meet the requirement, assuming there are 
alternative free routes/general purpose lanes.

•	 Variable tolls as function of LOS on the managed toll lanes 
compared to free general-purpose lanes. In this case tolls are 
incrementally adjusted as a function of the achieved speed 
differences between the toll and free lanes. The application 
of tolls guarantees that the traffic conditions will meet the 
requirement.

4.3 � Summary of Key  
Model Parameters

4.3.1  VOT Values in Applied Models

Tables 10–12 summarize VOT, the key model parameter 
that has been adopted in different applied models for selected 
pricing studies. This summary is intended to serve as a useful 
set of reference points for modelers who may need to borrow 
these coefficients for local pricing studies. Table 10 contains 
a summary of VOT estimates for travel demand models, 
Table 11 summarizes VOTs used for trucks and commercial 
vehicles, and Table 12 summarizes VOTs used in network 
assignment procedures.

There is a great deal of variation in estimated and applied 
VOT across different studies, and it is difficult to find a clear 
common denominator. Part of the problem is due to the dif-
ferent choice contexts and segmentation rules adopted in the 
different studies and models. Another important source of 
variation relates to the data used and method of estimation. 
It is well known that RP and SP data tend to have built-in dif-
ferences, while calibration based on the aggregate data yields 
only very crude proxies for individual VOTs. Additionally, 
there may be objective regional differences in transportation 
conditions, including the level of congestion, prevailing high-
way facility types, impacts of climate/weather, as well as the 
population mix by income and occupation that manifests 
itself in travel behavior (at least for passenger travel). Finally, 
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Source Location  Existing 
toll
facilities 

Survey
type, 
estimation
method

Choice 
context 

Year of 
data for 
estimation

Segment VOT, 
$/hour 

San Francisco 
County 
Transportation
Authority (SFCTA), 
Regional Pricing 
Model

9-County 
San
Francisco 
Region, CA 

Yes RP/SP  Mode & 
occupancy, 
route type 
(toll vs. 
non-toll) 

2000 (RP) 
2007 (SP) 

Work tours, low 
household income ($0-
$30K)

3.6 

Work tours, medium 
household income ($30-
$60K)

10.9 

Work tours, high 
household income 
($60K+)

17.9 

Other tours, low income 2.4 
Other tours, medium 
income 

7.2 

Other tours, high income 12.0 
New York 
Metropolitan 
Transportation
Council (NYMTC), 
Applied Travel 
Demand Model 

28-County 
New York 
Region, NY 

Yes RP Mode & 
occupancy 

1997 Work tours 15.8 
School tours 6,5 
University tours 11.7 
Maintenance tours 12.4 
Discretionary tours  10.7 
At-work sub-tours 40.0 

Ministry of 
Transportation of 
Quebec (MTQ), 
Travel Demand 
Model for T&R 
Studies

Montreal
Region, QC 

No RP/SP Mode,  
occupancy, 
route type 
(toll vs. 
non-toll) 

2000 (RP) 
2003 (SP) 

Work tours, low income 
(0-$40K), peak 

10.2
(CAD) 

Work tours, low income, 
off-peak 

7.3
(CAD) 

Work tours, male, high 
income ($40K+) 

10.2
(CAD) 

Work tours, female, high 
income 

10.6
(CAD) 

Maintenance tours, male 4.0 
(CAD) 

Maintenance tours, 
female, low income 

6.4
(CAD) 

Maintenance tours, 
female, high income 

7.3
(CAD) 

Discretionary tours, male 3.0 
(CAD) 

Discretionary tours, 
female, low income 

6.0
(CAD) 

Discretionary tours, 
female, high income 

7.6
(CAD) 

Orange County 
Transportation
Authority (OCTA), 
Applied Travel 
Demand Model 

Orange
County, CA 

Yes Synthetic 
calibration 

Mode 1989 Home-based-work trips, 
low income 

3.1 

Home-based-work trips, 
medium income 

8.4 

Home-based-work trips, 
high income 

19.4 

Home-based-other trips, 
low income 

1.5 

Home-based-other trips, 
medium income 

4.1 

Home-based-other trips, 
high income 

9.7 

Non-home-based trips 6.7 

Table 10.  Summary of VOT estimates for passenger travel demand.

(continued on next page)
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Source Location  Existing 
toll
facilities 

Survey
type, 
estimation
method

Choice 
context 

Year of 
data for 
estimation

Segment VOT, 
$/hour 

Travel Demand 
Model

Home-based-work trips, 
high income 

11.5 

Home-based-school
trips, low income 

2.2 

Home-based-school
trips, high income 

4.2 

Home-based-other trips, 
low income 

0.8 

Home-based-other trips, 
high income 

5.6 

Non-home-based trips, 
low income 

2.8 

Non-home-based trips, 
high income 

5.7 

North-Central
Texas Council of 
Governments
(NCTCOG), Travel 
Demand Model 
Applied for T&R 
Studies   

Dallas-Fort
Worth, TX 

Yes RP Mode 1999 Home-based-work trips 5.9 
Home-based-other trips 4.1 
Non-home-based trips 3.3 

San Diego
Association of 
Governments
(SANDAG), 
Applied Travel 
Demand Model 

San Diego,
CA

No Synthetic 
calibration 

Mode 1995 Home-based-work trips, 
low income 

1.8 

Home-based-work trips, 
medium income 

5.5 

Home-based-work trips, 
high income 

11.2 

Home-based-other trips, 
low income 

0.9 

Home-based-other trips, 
medium income 

2.7 

Home-based-other trips, 
high income 

5.6 

Non-home-based trips 2.7 
Applied Mode 
Choice model for 
Twin Cities 

Minneapolis 
–St. Paul, 
MN 

No RP Mode 2000 Home-based-work trips 12.2 
Non-home-based-work
trips

3.7 

Home-based-other trips 1.9 
Non-home-based-other
trips

2.0 

Denver Regional 
Council of 
Governments
(DRCOG), Applied 
Travel Demand 
Model

Denver, CO Yes Synthetic 
calibration 

Mode 1996 Home-based-work trips, 
low income 

4.0 

Home-based-work trips, 
medium income 

8.0 

Home-based-work trips, 
high income 

16.0 

Home-based-other trips 8.8 
Non-home-based trips 8.4 

Atlanta Regional 
Commission 
(ARC), Travel 
Demand Model 
Applied for 
Mobility 2030 
Study   

Atlanta, GA Yes RP Mode 2000 Home-based-work trips 14.9 
Home-based-other trips 13.5 
Non-home-based trips 3.4 

Mountain View 
Corridor, Applied 

Salt Lake, 
UT

No RP  Mode 1992 Home-based-work trips, 
low income 

1.3 

Table 10.  (Continued).
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Source Location  Existing 
toll
facilities 

Survey
type, 
estimation
method

Choice 
context 

Year of 
data for 
estimation

Segment VOT, 
$/hour 

Orlando, FL Home-based-work trips, 
high income, peak 

9.5 

Home-based-work trips, 
low income, off-peak 

4.0 

Home-based-work trips, 
high income, off-peak 

13.5 

Home-based-other trips, 
low income, peak 

4.0 

Home-based-other trips, 
high income, peak 

7.5 

Home-based-other trips, 
low income, off-peak 

3.0 

Home-based-other trips, 
high income, off-peak 

8.0 

Puget Sound 
Regional Council 
(PSRC), VOT for 
Travel Forecasting 
and Benefits 
Analysis  

Seattle, WA No RP, Traffic 
Choices
Study 

Mode 2000 (RP) 
2006
(Traffic
Choices) 

Home-based-work trips, 
low income 

6.0 

Home-based-work trips, 
medium-low income 

10.9 

Home-based-work trips, 
medium-high income 

16.4 

Home-based-work trips, 
high income 

20.9 

Home-based-other trips 9.7 
Non-home-based trips 15.6 

Validation of the 
Pennsylvania 
Statewide Travel 
Model (2007), TRB 
CD (paper 07-2401)  

Different
locations in 
PA 

No Synthetic 
calibration 

Route & 
Mode

2002 Auto trips 18.5 

The VOT: 
Estimates of the 
Hourly VOT for 
Vehicles in Oregon 
(2006), Oregon 
DOT Policy & 
Economic Analysis 
Unit

Different
locations in 
OR

No Synthetic 
calibration 

Route & 
Mode

2005 Auto trips 16.3 

Zmud, J, Bradley 
M, Douma F, Simek 
C. (2007) Panel 
Survey Evaluation 
of Attitudes and 
Willingness to Pay 
for Toll Facilities   

I-394/I-35W
corridor,
MN 

Yes SP Route & 
Mode

2005-2006
(3 waives) 

Baseline VOT for which 
different additions are 
applied:

9.6 

Household income 
$100K-$125K

+2.1 

Household income 
$125K+

+6.2 

Age under 35 +2.4 
Age 35-45 +1.4 
Age 65+ -2.9 
AM commute trips +3.5 
PM commute trips +0.9 
Other PM trips -2.1 
Work-related trips +3.8 
Shopping, personal 
business trips 

+1.5 

Trip length under 10 
miles 

-1.9 

Trip length over 20 miles +2.3 

Dehghani et al, 
2003

Florida 
Turnpike,

Yes RP/SP Mode 2000 Home-based-work trips, 
low income, peak 

4.5 

Table 10.  (Continued).
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Source Location  Existing 
toll
facilities 

Survey
type, 
estimation
method

Choice 
context 

Year of 
data for 
estimation

Segment VOT, 
$/hour 

(2001) The Value of 
Time and 
Reliability: 
Measurement from 
a Value Pricing 
Experiment

Orange
County, CA 

Route & 
TOD

4.7 

Route & 
Mode

24.5 

Route & 
transponder 

18.4 

Route mode 
&
transponder 

22.9 

Liu, H, and W. 
Recker (2006) 
Estimation of the 
Time-Dependency 
of VOT and its 
Reliability from 
Loop Detector Data  

SR-91,
Orange
County, CA 

Yes RP Route 2001 Auto trips, departure 
time 5-6 am 

19.5 

Auto trips, departure 
time 6-7 am 

24.4 

Auto trips, departure 
time 7-8 am 

28.5 

Auto trips, departure 
time 8-9 am 

28.7 

Auto trips, departure 
time 9-9:30 am 

22.1 

Brownstone et al. 
(2003) The San 
Diego I-15 
Congestion Pricing 
Project 

I-15, San 
Diego, CA  

Yes RP Route 1998 Auto trips 30.0 

Sullivan, E. (2000) 
Continuation Study 
to Evaluate the 
Impacts of the SR-
91 Value-Priced 
Express Lanes 

SR-91,
Orange
County, CA 

Yes RP/SP Route 1999 Auto trips 16.3 

Light, T. (2007) A 
Time-Use Approach 
for Estimating 
Commuter’s VOT,  

American 
Time Use 
Survey 

No RP Mode  2003 Full-time urban worker 5.4 

Urban
Transportation
Economics, Second 
Edition, (2003) 
Chapters 2 & 3  

Different
metropolitan 
areas 

No RP, 
synthetic 

Destination 2003 Auto trips 9.1 

Bertini, R. (2006) 
You are the Traffic 
Jam: An 
Examination of 
Congestion
Measures 

Different
metropolitan 
areas 

Yes Synthetic Route & 
mode

2002 Auto trips 13.5 

Kriger, D. (2007) 
The Cost of Urban 
Congestion in 
Canada: A Model-
Based Approach  

Vancouver 
Edmonton
Calgary 
Winnipeg
Hamilton 
Toronto
Ottawa-
Gatineau 
Montreal
Quebec City  

No Synthetic Mode & 
route

1992-2003 Work trips by auto 24.7-
31.4

(CAD) 
Non-work trips by auto 7.6-9.7 

CAD

Ozbay, K. (2006) 
Theoretical 
Derivation of VOT 
and Demand 
Elasticity: Evidence 
from NJ Turnpike 
Toll Road   

NJ
Turnpike,
NJ 

Yes RP Route, 
Mode,
TOD, 
Destination, 
&
Frequency

2000 Auto trips 15.0-
20.0 

Lam, T, & K. Small SR-91, Yes RP/SP Route 1998 All SR-91 users (auto) 19.2 

Table 10.  (Continued).
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Table 11.  Summary of VOT estimates for trucks and commercial vehicles.

(continued on next page)

Source Location  Existing 
toll
facilities 

Survey
type, 
estimation
method

Choice 
context 

Year of 
data for 
estimation

Segment VOT, 
$/hour 

San Francisco 
County 
Transportation
Authority (SFCTA), 
Regional Pricing 
Model

San
Francisco, 
CA

Yes RP/SP, 
synthetic 
calibration 

Route
type 
(toll vs. 
non-
toll) 

2008 All trucks 30.0 

New York 
Metropolitan 
Transportation
Council (NYMTC), 
Applied Travel 
Demand Model 

28-County 
New York 
Region, NY 

Yes RP, 
synthetic 
calibration 

Route
type 
(toll vs. 
non-
toll) 

1997 Commercial vehicles 60.0 
Trucks 120.0 

Ministry of 
Transportation of 
Quebec (MTQ), 
Travel Demand 
Model for T&R 
Studies

Montreal
Region, QC 

No SP, 
synthetic 
calibration 

Route
type 
(toll vs. 
non-
toll) 

2000-2003 Commercial vehicle 12.0 
(CAD) 

Light truck 24.0 
(CAD) 

Heavy truck 36.0 
(CAD) 

Puget Sound 
Regional Council 
(PSRC), VOT for 
Travel Forecasting 
and Benefits 
Analysis  

Seattle, WA No Synthetic Route 
type 
(toll vs. 
non-
toll) 

2000, 2006 Light trucks 40.0 
Medium trucks 45.0 
Heavy trucks 50.0 

The VOT: Estimates 
of the Hourly VOT 
for Vehicles in 
Oregon (2006), 
Oregon DOT Policy 
& Economic 
Analysis Unit 

Different
locations in 
OR

No Synthetic Route 
type 
(toll vs. 
non-
toll) 

2005 Light trucks 20.4 
Heavy trucks 29.5 

Meyer, M. and L. 
Saben (2006) 
Feasibility of a 
Truck-Only-Toll 
(TOT) Lane Network 
in Atlanta, GA 

Atlanta, GA No Synthetic Route 
type 
(toll vs. 
non-
toll) 

2000 Light trucks 
Heavy trucks 

18.0 
35.0 

North-Central Texas 
Council of 
Governments
(NCTCOG), Travel 
Demand Model 
Applied for T&R 
Studies   

Dallas-Fort
Worth, TX 

Yes Network 
calibration,
synthetic 

Route
type 
(toll vs. 
non-
toll) 

1999 All trucks 12.0 

Atlanta Regional 
Commission (ARC), 
Travel Demand 
Model Applied for 
Mobility 2030 Study   

Atlanta, GA Yes Synthetic 
calibration 

Route
type 
(toll vs. 
non-
toll) 

2000 All trucks 25.0 

Kawamura, K. 
(2000) Perceived 
VOT for Truck 
Operators 

Different
locations in 
CA

Yes SP Route 
type 
(toll vs. 
non-
toll) 

1998-1999 All trucks 23.4 
Private business 17.6 
For hire business 28.0 
Truck load business 25.0 
Less than truck load 
business

22.6 

Hourly pay group 25.4 
Other pay scale 15.1 
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Source Location  Existing 
toll
facilities 

Survey
type, 
estimation
method

Choice 
context 

Year of 
data for 
estimation

Segment VOT, 
$/hour 

Kawamura, K (2007) 
Evaluation of the 
Application of 
Delivery 
Consolidation in the 
U.S. Urban Area 
Using Logistics Cost 
Analysis 

Different
cities 

No Synthetic Route 
type 
(toll vs. 
non-
toll) 

2002 All trucks 28.1 

Wilbur Smith 
Associates (2003) 
The National I-10 
Freight Corridor 
Study 

I-10
Corridor

No RP, 
synthetic 

Route
type 
(toll vs. 
non-
toll) 

2003 All trucks 25.0 

An Economic 
Analysis of 
Segregating Cars 
and Trucks, (2007) 
TRB CD (Paper 07-
1331)   

Different
locations 

No Synthetic Route 
type 
(toll vs. 
non-
toll) 

2007 Light trucks 12.0 
Heavy trucks 50.0 

Survey of Motor 
Carrier Opinions on 
Potential Optional 
Truck Only Toll 
(TOT) Lanes on 
Atlanta Interstate 
Highways. (2007) 
TRB CD (Paper 07-
1664)

Atlanta, GA  Yes SP Route 
type 
(toll vs. 
non-
toll) 

2005 40% with low willingness 
to pay for TOT (5 cents per 
mile) 

3.0 

24% with medium 
willingness to pay for TOT 
(10 cent per mile) 

6.0 

7% with high willingness 
to pay for TOT (30 cents 
per mile) 

18.0 

Bertini, R (2006) 
You are the Traffic 
Jam: An 
Examination of 
Congestion
Measures 

Different
metropolitan 
areas 

Yes Synthetic Route 
type 
(toll vs. 
non-
toll) 

2002 All trucks 71.0 

Table 11.  (Continued).

Source Location  Existing 
toll
facilities 

Survey
type, 
estimation
method

Choice 
context 

Year of 
data for 
estimation

Segment (vehicle class) VOT, 
$/hour 

San Francisco 
County 
Transportation
Authority (SFCTA), 
Regional Pricing 
Model

San 
Francisco, 
CA

Yes Synthetic 
calibration 

Route 2008 SOV, external traffic 15.0 
HOV2 30.0 
HOV3+ 45.0 
Trucks 30.0 

New York 
Metropolitan 
Transportation
Council (NYMTC), 
Applied Travel 
Demand Model 

28-County 
New York 
Region, NY 

Yes RP, 
synthetic 
calibration 

Route 1997 SOV, external traffic 15.0 
HOV2 30.0 
HOV3+ 45.0 
Taxis 30.0 
Commercial vehicles 60.0 
Trucks 120.0 

Ministry of 
Transportation of 
Quebec (MTQ), 
Travel Demand 
Model for T&R 
Studies

Montreal
Region, QC 

No RP/SP, 
synthetic 
calibration 

Mode & 
occupancy 

2000,
2003 (SP) 

Auto 8.0 
(CAD) 

Commercial vehicle 12.0 
(CAD) 

Light truck 24.0 
(CAD) 

Heavy truck 36.0 
(CAD) 

Table 12.  Summary of VOT estimates applied in network assignments.
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Source Location  Existing 
toll
facilities 

Survey
type, 
estimation
method

Choice 
context 

Year of 
data for 
estimation

Segment (vehicle class) VOT, 
$/hour 

Denver Regional 
Council of 
Governments
(DRCOG), Applied 
Travel Demand 
Model

Denver, CO Yes Synthetic 
calibration 

Route 1996 All vehicles, peak 8.0 
All vehicles, off-peak 6.0 

Atlanta Regional 
Commission (ARC), 
Travel Demand 
Model Applied for 
Mobility 2030 
Study   

Atlanta, GA Yes Synthetic 
calibration 

Route 2000 SOV 15.0 
HOV 20.0 
Trucks  25.0 

Puget Sound 
Regional Council 
(PSRC), VOT for 
Travel Forecasting 
and Benefits 
Analysis  

Seattle, WA No RP, Traffic 
Choices
Study 

Route 2000 (RP),  
2006
(Traffic
Choices) 

SOV, home-based work 
trips, low income 

9.6 

SOV, home-based work 
trips, medium-low 
income 

17.6 

SOV, home-based work 
trips, medium-high 
income 

25.7 

SOV, home-based work 
trips, high income 

33.3 

SOV, non-home-based 
Work trips 

10.0 

HOV2, AM peak 27.9 
HOV3+, AM peak 35.8 
Vanpool, AM peak 99.4 
HOV2, Midday 14.5 
HOV3+, Midday 16.4 
Vanpool, Midday 32.4 
HOV2, PM peak 18.9 
HOV3+, PM peak 22.9 
Vanpool, PM peak 54.7 
HOV2, evening 16.0 
HOV3+, evening 16.4 
Vanpool, evening 32.4 
HOV2, night 23.4 
HOV3+, night 31.5 
Vanpool, night 84.5 
Light trucks 40.0 
Medium trucks 45.0 
Heavy trucks 50.0 

Mountain View 
Corridor, Applied 
Travel Demand 
Model

Salt Lake, 
UT

No Network 
calibration,
synthetic 

Route 1992 All vehicles 20.0 

North-Central Texas 
Council of 
Governments
(NCTCOG), Travel 
Demand Model 
Applied for T&R 
Studies   

Dallas-Fort
Worth, TX 

Yes Synthetic  
calibration

Route 1999 Autos 10.0 
Trucks 12.0 

San Diego
Association of 
Governments
(SANDAG), 
Applied Travel 
Demand Model 

San Diego, 
CA

No Synthetic 
calibration 

Route 1995 All vehicles 21.0 

Table 12.  (Continued).
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different studies relate to different years and can only be com-
pared after a scaling of the VOTs to account for inflation and 
income growth as explained in Section 4.5.

It is yet to be fully demonstrated to what extent VOT esti-
mates can be transferred in space (i.e., between regions) and 
in time (i.e., applied to different years). Some general pat-
terns and orders of magnitudes, however, are quite clear, and 
serve as the basis for the set of recommended default VOTs 
provided in the following section.

4.3.2 � Recommended Values for VOT,  
Travel Time, and Cost Coefficients

Based on the review and analysis of the estimated and 
applied VOTs, we have developed default values that can be 
recommended for travel demand models and traffic assign-
ment procedures. It should be understood that these values 
represent something like a common denominator across 
very different regions and model structures. It will always be 
preferable to estimate VOT (and underlying time and cost 
coefficients in the utility functions) based on local RP and SP 
surveys. The suggested values might be helpful as reasonable 
defaults when a local survey or other supporting data are not 
available.

The recommended default VOTs for travel demand models 
(specifically mode and occupancy choice) are presented in 
Table 13. The values are scaled to correspond to the year 2008. 
The underlying time and cost coefficients are also presented 
for each VOT value. Following the prevailing modeling prac-

tice, we assume that travel time is measured in minutes, and 
travel cost (including toll) is measured and coded in cents. 
The values of travel time and cost coefficients intended for 
use in the (mode) utility functions are scaled accordingly. 
The VOT, however, is presented in $/hour units, again, to 
follow the conventional practice.

For HOV vehicles, using scale parameters for VOT of 1.75 
for HOV2 and 2.5 for HOV3+ is suggested. These multipliers 
are somewhat lower than the number of travelers in the party. 
It is believed that it is more realistic than scaling VOT directly 
proportional to the number of travelers, as was assumed in 
many applied models. In particular, for intra-household car-
pools (many of them with children) it is unrealistic to assume 
that the willingness of the all passengers to pay will be equal 
to driver’s willingness to pay.

The recommended default VOTs for multi-class traffic 
assignments are presented in Table 14. Again, following 
conventional practice, VOT values are presented in $/hour 
units. However, the coefficient for cost (including toll) is scaled 
in min/cent units in order to be used as a multiplier for cost 
in the link generalized cost function. Thus, we assume that 
link travel time function is coded in minutes and link cost is 
coded in cents, as in most transportation models.

A word of caution is needed before the default VOTs 
are adopted for network assignments. Whenever possible, 
a consistency between travel demand model and network 
assignment procedures should be held. This means that if 
some travel segments applied in the demand model (like travel 
purposes or income categories) are to be aggregated for the 

Table 12.  (Continued).

Source Location  Existing 
toll
facilities 

Survey
type, 
estimation
method

Choice 
context 

Year of 
data for 
estimation

Segment (vehicle class) VOT, 
$/hour 

Dehghani et al, 
2003

Florida 
Turnpike,
Orlando, FL 

Yes RP/SP Route 2000 All vehicles, peak 12.0 
All vehicles, Midday 6.0 
All vehicles, Night 4.7 

Evaluating the 
effectiveness of toll 
strategies on route 
diversion and travel 
times for specific 
OD-pairs in a 
regional
transportation 
network, 2007, TRB 
CD (Paper 07-0806) 

Orlando, FL Yes Synthetic 
calibration 

Route 2007 All vehicles 15.0 

A Cordon Charge 
for the District Of 
Columbia: A 
Solution for DC’s 
Fiscal Problems and 
Region’s
Congestion? (2007) 
TRB CD (Paper 07-
0806)

Washington,
DC

No Synthetic 
calibration 

Route 2004 All vehicles 13.8 
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Travel purpose Household 
income group  

TOD 
period  

SOV HOV2 (scale 1.75) HOV3+ (scale 2.5) 

VOT, 
$/h  

Time 
coeff, 
1/min  

Cost 
coeff, 
1/cent  

VOT, 
$/h  

Time 
coeff, 
1/min  

Cost 
coeff, 
1/cent  

VOT, 
$/h  

Time 
coeff, 
1/min  

Cost 
coeff, 
1/cent  

Work commute  Low (0-$50K) AM peak  
8.0  -0.025  -0.00 188  14.0  -0.025  -0.00107  20.0  -0.025  -0.00075

PM peak  
7.0  -0.025  -0.00214  12.3  -0.025  -0.00122  17.5  -0.025  -0.00086

Off-peak  
6.0  -0.025  -0.00250  10.5  -0.025  -0.00143  15.0  -0.025  -0.00100

Med ($50K-$100K)  AM peak  
15.0  -0.025  -0.00100  26.3  -0.025  -0.00057  37.5  -0.025  -0.00040

PM peak  
13.5  -0.025  -0.00111  23.6  -0.025  -0.00063  33.8  -0.025  -0.00044

Off-peak  
11.0  -0.025  -0.00136  19.3  -0.025  -0.00078  27.5  -0.025  -0.00055

High ($100K+) AM peak  
22.0  -0.025  -0.00068  38.5  -0.025  -0.00039  55.0  -0.025  -0.00027

PM peak  
20.0  -0.025  -0.00075  35.0  -0.025  -0.00043  50.0  -0.025  -0.00030

Off-peak  
18.0  -0.025  -0.00083  31.5  -0.025  -0.00048  45.0  -0.025  -0.00033

Business, at-
work  

Low (0-$50K) Peak  
12.0  -0.040  -0.00200  21.0  -0.040  -0.00114  30.0  -0.040  -0.00080

Off-peak  
10.0  -0.040  -0.00240  17.5  -0.040  -0.00137  25.0  -0.040  -0.00096

Med ($50K-$100K) Peak  
20.0  -0.040  -0.00120  35.0  -0.040  -0.00069  50.0  -0.040  -0.00048

Off-peak  
17.0  -0.040  -0.00141  29.8  -0.040  -0.00081  42.5  -0.040  -0.00056

High ($100K+) Peak  
28.0  -0.040  -0.00086  49.0  -0.040  -0.00049  70.0  -0.040  -0.00034

Off-peak  
24.0  -0.040  -0.00100  42.0  -0.040  -0.00057  60.0  -0.040  -0.00040

University, 
college  

All Peak  
8.5  -0.030  -0.00212  14.9  -0.030  -0.00121  21.3  -0.030  -0.00085

Off-peak  
6.5  -0.030  -0.00277  11.4  -0.030  -0.00158  16.3  -0.030  -0.00111

School  All All 
4.0  -0.035  -0.00525  7.0  -0.035  -0.003  10.0  -0.035  -0.00210

Shopping, 
escorting, 
personal 
business, 
household 
maintenance, 
medical  

Low (0-$50K) Peak  
6.5  -0.035  -0.00323  11.4  -0.035  -0.00185  16.3  -0.035  -0.00129

Off-peak  
5.5  -0.035  -0.00382  9.6  -0.035  -0.00218  13.8  -0.035  -0.00153

Med ($50K-$100K)  Peak  
11.0  -0.035  -0.00191  19.3  -0.035  -0.00109  27.5  -0.035  -0.00076

Off-peak  
9.0  -0.035  -0.00233  15.8  -0.035  -0.00133  22.5  -0.035  -0.00093

High ($100K+) Peak  
15.0  -0.035  -0.00140  26.3  -0.035  -0.0008  37.5  -0.035  -0.00056

Off-peak  
13.0  -0.035  -0.00162  22.8  -0.035  -0.00092  32.5  -0.035  -0.00065

Leisure, sport, 
entertainment, 
discretionary, 
eating out, 
visiting relatives 
and friends  

Low (0-$50K) Peak  
5.5  -0.030  -0.00327  9.6  -0.030  -0.00187  13.8  -0.030  -0.00131

Off-peak  
4.5  -0.030  -0.00400  7.9  -0.030  -0.00229  11.3  -0.030  -0.00160

Med ($50K-$100K) Peak  
10.0  -0.030  -0.00180  17.5  -0.030  -0.00103  25.0  -0.030  -0.00072

Off-peak  
8.0  -0.030  -0.00225  14.0  -0.030  -0.00129  20.0  -0.030  -0.00090

High ($100K+) Peak  
14.0  -0.030  -0.00129  24.5  -0.030  -0.00073  35.0  -0.030  -0.00051

Off-peak  
12.0  -0.030  -0.00150  21.0  -0.030  -0.00086  30.0  -0.030  -0.00060

Table 13.  Recommended default VOT for travel demand models.
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assignment procedure, the VOT for the aggregate segment 
(vehicle class) should be calculated as a weighted average 
across all included demand segments. This method derives 
the assignment VOTs from travel demand model VOTs, 
and is preferred compared to the default assignment VOTs 
(or any other assignment VOTs established independently 
of the demand model VOTs). The default values should be 
used only if the linkage between the demand model segments 
and assignment vehicle classes is not unambiguous. It can 
be ambiguous, for example, if the demand model does not 
differentiate VOTs by vehicle occupancy and time-of-day 
period (relying on trip purpose, income, and other variables). 
It is essential to differentiate VOTs by vehicle occupancy 
and time-of-day, since the tolls are differentiated by these 
categories.

4.4 � Model Validation, Calibration, 
and Sensitivity Testing

4.4.1 � Dimensions and Data 
for Model Validation

Travel models in the United States (both 4-step and ABM) 
are subject to certain acceptance criteria established by the 
FHWA and FTA. Virtually all of this guidance relates to the 

base year calibration and replication of the most important 
aggregate targets that are established from data independent 
of the model. There is, however, a great deal of variation in the 
practice of travel modeling from region to region. The rigor 
and completeness of the criteria are normally subject to spe-
cific project or policy considerations, and are consequently 
focused on either highway side (matching traffic counts) or 
transit side (matching observed ridership and travel times), 
but rarely both.

It should also be considered that the validation and cali-
bration of a travel model solely on the highway side, with no 
attention paid to the transit side, is problematic even though 
only the highway statistics are the focus of road pricing studies. 
The need for a reasonable transit validation stems from the fact 
that mode choice represents one of the four key travel dimen-
sions (i.e., first-order travel responses to pricing) along with 
route choice, time-of-day choice, and car occupancy choice.

For pricing studies we suggest a comprehensive approach 
to model validation that is based on the following system of 
basic criteria:

•	 Highway validation:
–– Replication of daily traffic counts and daily AADT/

VMT statistics in the study corridor with 0.95 level of 
correlation.

Vehicle class  Household 
income & purpose 
sub-class 

TOD 
period 

VOT, 
$/h  

Cost/toll coefficient for time equivalent 
in generalized cost function, min/cent  

SOV Work trips, 
medium & high 
income  

AM 20.00  0.0300  
PM 18.00  0.0333  
Off-peak  15.00  0.0400  

Other trips and 
incomes  

AM 12.00  0.0500  
PM 10.00  0.0600  
Off-peak  8.00  0.0750  

HOV2 (scale 1.75) Work trips, 
medium & high 
income  

AM 35.00  0.0171  
PM 31.50  0.0190  
Off-peak  26.25  0.0229  

Other trips and 
incomes  

AM 21.00  0.0286  
PM 17.50  0.0343  
Off-peak  14.00  0.0429  

HOV3+ (scale 2.5) Work trips, 
medium & high 
income  

AM 50.00  0.0120  
PM 45.00  0.0133  
Off-peak  37.50  0.0160  

Other trips and 
incomes  

AM 30.00  0.0200  
PM 25.00  0.0240  
Off-peak  20.00  0.0300  

Taxi All All 20.00  0.030 0 
Light trucks and 
commercial 
vehicles  

All All 30.00  0.0200  

Heavy trucks  All All 60.00  0.0100  

Table 14.  Recommended default VOT for multi-class traffic assignments.
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–– Replication of AM period counts (normally, 6:00–9:00 
but can be adjusted to reflect the observed regional con-
ditions) with 0.90 level of correlation.

–– Replication of PM period counts (normally, 3:30–6:30 
but can be adjusted to reflect the observed regional con-
ditions) with 0.90 level of correlation.

–– Replication of Midday off-peak period counts (nor-
mally, 9:00 AM–3:30 PM but can be adjusted to reflect 
the observed regional conditions) with 0.80 level of 
correlation.

–– Replication of travel speed and LOS/congestion levels 
(if the data is available) by time-of-day period with 0.80 
level of correlation.

•	 Transit validation:
–– Replication of the daily synthetic trip matrix from the 

on-board survey (if available) with 0.80 level of correla-
tion at the level of aggregate districts for each time-of-
day period.

–– Replication of daily transit line ridership for the most 
loaded rapid transit lines (commuter rail, LRT), bus 
lines (grouped by corridors), and major station boarding 
counts with 0.80 level of correlation. Focusing on transit 
validation in key corridors where a mode choice shift 
might be expected due to the pricing projects is suggested.

•	 Modal split validation:
–– Replication of the observed modal split from the House

hold Travel Survey by purpose, time of day, and aggregate 
district-to-district OD pairs with 0.80 level of correlation.

•	 Spatial distribution (destination choice) validation:
–– Replication of the observed daily journey-to-work 

patterns from the Population Census by mode and 
aggregate district-to-district OD pairs with 0.90 level of 
correlation.

–– Matching average trip distance and trip length frequency 
distributions extracted from the Household Travel Survey 
(after expansion) and Census data (CTPP tables) by travel 
purpose with a good level of statistical confidence.

Traffic counts should be prepared for major corridors and 
screenlines that are relevant for the project under study. The 
usual practice is to augment the basic set of traffic counts used 
for the regional model validation with additional counts 
collected along the project corridor and for feeder and com-
peting roads. Currently, most regional agencies set the bar for 
model validation in terms of the percent root mean square 
error for highway volumes differently. While the existing 
regional culture represents a good starting point, it makes 
sense to discuss and agree upon exact validation criteria at 
the outset of the project, to ensure that the team understands 
what will be acceptable for all key stakeholders.

For model validation and calibration, it is essential to estab-
lish a compact districting system, which will be used for data 

summaries of mode choice calibration and destination choice 
calibration. The districting system should ideally have not 
more than 15–20 districts that would geographically allow 
for a full capturing of the major traffic flows, corridors, and 
screenlines. District boundaries used for general regional 
modeling can be specifically adjusted to the pricing study or 
project. Remote and irrelevant areas can be combined into 
large districts while in the vicinity of the study area the district 
system should be finer.

A good replication of the observed journey-to-work flows 
remains the cornerstone of travel model validation, and is 
especially important for congestion pricing studies since 
commuting represents the largest travel segment in peak 
periods. In 4-step models, this relates to the home-based-work 
component. In ABMs, this relates to the usual workplace 
choice model. Before any validation or calibration effort is 
undertaken with respect to journey-to-work flows, a compar-
ison of home-interview and census journey-to-work data sets 
at a district level is necessary in order to determine whether 
significant differences exist between datasets. Any differences 
between datasets should be identified and resolved before 
beginning the calibration of the model. In particular, prior 
to a mode choice model calibration, the expanded survey 
data should be extensively compared with census journey-
to-work data in order to understand potential differences 
in data and develop a reasonable set of district-level model 
calibration targets.

The main sources for model validation relate the observed 
statistics for the base year. Consequently, the main calibration 
effort is associated with making the model replicate these 
statistics by way of adjustment of the parameters. This, how-
ever, is not the only important aspect of validation. Another 
potentially useful way to check the model system’s perfor-
mance includes forecasting: either by showing that the model 
performs reasonably when future-year scenarios are modeled 
or by back-casting to an earlier year and comparing results 
to independent data. These options should be explored and 
other useful reasonableness checks should be undertaken and 
documented. This step should be closely intertwined with the 
model application. It is not unusual in practice that a model 
that was well calibrated for the base year without pricing 
would require some adjustments when the pricing projects 
are introduced. The main reason for this can be the discovery 
of an unreasonable sensitivity to pricing that could not be 
detected if the base year network is characterized by a no or 
only a limited number of existing priced facilities.

4.4.2  Region-Level Calibration Procedures

In general, it is a non-trivial task to identify the sources 
of discrepancies that manifest in the final model validation 
against traffic counts and then decide upon the best course 
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of action. The reason for discrepancies can be related to any 
of the model components applied prior to the assignment 
stage: population and employment data; car ownership; tour 
and trip generation; spatial distribution of tours and trips; 
time-of-day choice; mode choice; as well as in the assignment 
parameters themselves. It is generally not possible to diag-
nose the assignment results and conclude what specific fixes 
needed based solely on the detected discrepancy between the 
traffic counts and assigned volumes. The only consistent way 
to screen out the reasons for discrepancy, and to identify the 
model components that should be adjusted accordingly is to 
carefully validate and calibrate (if needed) all sub-models in 
the sequence in which they are applied in the model system. 
The sequential validation and calibration of all sub-models 
may be time-taking compared to such fast fixes as a trip table 
adjustment to traffic counts. This is the most preferable way, 
however, to promote consistency and accuracy throughout 
the entire model system.

The following sequence of the major validation and cali-
bration steps can be outlined, where each subsequent step 
can be undertaken only after the previous step has been 
completed:

•	 The travel generation models (trip and/or tour produc-
tion and attraction components) should be validated and 
calibrated (if needed) to closely match the established aggre-
gate targets. The targets should be segmented by household/
person type and travel purpose as well as by geography. 
Several sources of information on travel generation will 
be combined and consolidated in order to develop reli-
able base-year targets. They include relevant CTPP tables, 
Household Travel Survey (after expansion), data on actual 
employment, etc. Trip and tour rates should match those 
observed in the GPS, traffic generator studies, and other 
available inventories. Generated trips in combination with 
the average trip length should match the regional VMT 
statistics.

•	 The trip distribution (destination choice) models have to 
be validated and calibrated against the statistics observed 
in the Household Travel Survey and/or the CTPP journey-
to-work tables. Calibration criteria include matching aver-
age trip distance, trip length frequency distributions, and 
district-level flows.

•	 The time-of-day choice (peak-spreading) model should be  
validated and calibrated across several dimensions and 
against different sources of information. One routine vali-
dation includes structural comparison of aggregate distribu-
tions of departure times, arrival times, and tour durations 
(that latter is relevant for ABMs only) to the observed dis-
tributions tabulated from the Household Travel Survey for 
each travel purpose. Another set of tests involves validation 
of the resulted trip departure/arrival time distributions for 

highway modes (after application of destination choice, 
time-of-day choice, and mode choice models for all types 
of tours) to the time-of-day distributions observed in traffic 
counts on major screen-lines and along major corridors.

•	 The mode choice model should be validated and cali-
brated against aggregate mode shares developed from the 
expanded Household Travel Survey, and Transit On-Board 
Survey data, as well as against other available independent 
sources of information. In particular, the CTPP tables 
provide good aggregate estimates of mode shores for work 
tours, while the Transit On-Board Survey provides the 
most reliable estimates for the total number and spatial 
distribution of transit trips.

Validation and calibration of all main models should be 
implemented at county, district, and (if necessary) TAZ levels. 
In general, it is always preferable to operate with large-unit 
parameters in model calibration, rather than to introduce 
parameters specific to a smaller geographic unit that might 
result in a model over-specification.

Despite the fact that the model components are validated 
and calibrated one by one, it is essential to have the entire 
model application system in place at this stage, where final 
(feedback) iteration LOS matrices are used and final trip 
tables by mode and time-of-day period are tested to ensure that 
they are consistent with survey data, and also checked against 
screenline traffic flows in order to determine whether further 
adjustments are necessary at a geographic level to better match 
traffic counts. In general, the equilibration procedure itself 
may introduce significant changes in one of the travel dimen-
sions (specifically mode choice) compared to any validation 
or calibration with static LOS variables.

In practical terms, after all model components have been 
validated and reasonably calibrated, there still can be a residual 
level of discrepancy with respect to particular traffic counts 
that is difficult or too time-taking to resolve, either with 
the counts or with the model. This might require trip table 
adjustment to traffic counts. The methodological difference 
between model calibration and trip table adjustment to traffic 
counts should be well understood. Trip table adjustment to 
traffic counts can improve the match further but is problem-
atic for carrying over into future as discussed below.

In general, the adjustment of a trip table to traffic counts 
is a technically effective procedure with a set of methods 
available (in some cases, built-in in the transportation soft-
ware packages), but it should be taken with a necessary level 
of cautiousness. First of all, adjustment of a trip table to 
traffic counts is a fairly mechanical procedure that tends to 
create unrealistic OD patterns (or unrealistic production 
and/or attraction marginals) and can significantly change 
the observed trip-length distribution. While this procedure 
can be somewhat embedded in the aggregate trip distribution 
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structure of a 4-step model in a form of so-called K-factors, it 
is more problematic to integrate trip table adjustments with 
an advanced ABM structure.

Two additional aspects of model validation and calibra-
tion should be taken into account before adjustment to traffic 
counts is employed:

•	 The validation criteria can always be matched by mechan-
ical adjustment of the trip tables to traffic counts or by 
over-specification of the model with multiple constants 
including K-factors for destination choice or trip distribu-
tion and area-specific mode choice constants. We recom-
mend that these methods of calibration are applied with 
caution and adjustment of certain model parameters, only 
if it makes behavioral sense. This calibration process takes 
longer than mechanical adjustment and over-specification 
and may result in a lower level of match, but it is prefer-
able, since the predictive power of the model will be fully 
preserved.

•	 The calibration targets themselves are not perfect and nor-
mally have numerous internal inconsistencies. All types 
of surveys have certain built-in biases, including under
reporting of travel. Different data sources are synthetic and 
relate to different years. By bringing them together to the 
same reference year, it is impossible to fully ensure inter-
nal consistency. For this reason, some discrepancies are 
inevitable and the model cannot match all targets exactly. 
The process of model validation and calibration normally 
includes numerous iterations with improvement of the 
data itself (for example, re-weighting of the Household 
Survey by the commuting pattern observed in the Popula-
tion Census).

It is important to recognize several objective factors that 
require post-model adjustment of the highway trip tables 
produced by the core demand model in order to better rep-
licate traffic counts. These factors can be aggregated into two 
meaningful groups that are important in view of the need for 
application of the procedure for future year forecasts:

•	 Built-in biases in a household survey, like under-reporting 
of short trips and intermediate stops, and the adjustment 
factors (ratio of the adjusted trip table to original trip table 
at the district-to-district level) calculated for the base year 
for this group should be applied for the future years in a 
multiplicative way, accounting for residential population 
growth and assuming that the structural share of the under-
reported trips stays the same over years.

•	 Missing non-residential-population components like 
commercial vehicles’ traffic and tourists’ travel that are not 
strictly linked to the population growth; the adjustment 
factors calculated for the base year for this group should be 

applied for the future years in an additive incremental way, 
i.e., the same absolute addition calculated for the base year 
(difference between the adjusted trip table and original 
trip table at the district-to-district level) is applied for all 
target years, assuming that the underlying activities do not 
grow (or decline) significantly.

Both procedures (multiplicative and incremental) have 
been applied in practice frameworks. They both produce rea-
sonable results that are not dramatically different for regions 
with overall stability or moderate growth of land-use char-
acteristics in future years. It should be noted that in most 
cases where a moderate population and employment growth 
is expected, the additive incremental procedure tends to pro-
duce a slightly more conservative forecast, while the multipli-
cative procedure usually tends to slightly overestimate traffic. 
In view of the need to use the model in a real planning envi-
ronment for pricing analysis, conservatism of the forecasts is 
normally preferred.

4.4.3 � Corridor-Level and Sub-Area-Level 
Calibration Procedures

Local calibration and adjustments represent a frequent step 
of regional model application for a particular study. Even if the 
regional model is well-calibrated and satisfies all the criteria, 
it may need an additional local calibration for application in 
a specific corridor or sub-area where more disaggregate level 
of analysis is undertaken, more detailed data for calibration 
are available, or smaller-scale differences in pricing project 
alternatives are under scrutiny.

For example, while the basic version of the regional model 
should generally be applied to identify the main pricing proj-
ects and alternatives in terms of the layout, number of lanes, 
and base toll rates, the subsequent analysis might focus on 
details of the access ramps or toll discounts by vehicle types 
(SOV, HOV, taxi, commercial vehicle, truck, bus, etc.). For 
the modeling of access ramps, the level of calibration of the 
regional model may not be sufficient to address the details 
needed for this analysis. In particular a reasonable level of 
replication of traffic counts on links for broad time-of-day 
periods like AM, Midday, and PM may not be enough. An  
additional singling out of peak hours within AM and PM peri-
ods, as well as replication of counts on turns, is highly desirable. 
For the analysis of impacts of different discounts by vehicle 
types, an additional calibration effort may be needed to 
ensure a reasonable level of replication of traffic counts by 
vehicle type rather than just total traffic flow.

In particular, the core set of trip tables by vehicle class can 
be adjusted to the subset of local counts in the sub-area under 
the study. Taking into account a limited subset of counts and 
additional network details in the sub-area application, the 
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adjustment can be made to the extent that each traffic count 
is replicated almost exactly. Then, depending on the pro-
portion of the commercial versus residential-based traffic, 
area-specific decision can be made, using either additive or 
multiplicative strategy for future years as discussed above.

4.4.4 � Sensitivity Tests, Risk Analysis,  
and Mitigation

Survey of Reported T&R Forecast Errors

The evaluation of model quality and capabilities is directly 
related to the degree of accuracy and the identification of likely 
sources of error. This section discusses the methods developed 
and applied by rating agencies to eliminate built-in optimistic 
biases and produce more realistic and conservative forecasts.

Uncertainty in demand for tolled roadways compared to 
free highways is compounded by the introduction of more 
unknown variables (like willingness to pay). Yet such new 
understanding can be critical, since private investment gen-
erally depends on cost recovery through toll collection. In 
order to begin to address this clear gap in the literature, Stan-
dard & Poor’s (Bain and Wilkins 2002, Bain and Plantagie 
2003 and 2004, Bain and Polakovic 2005) and Fitch Ratings 
(George, et al. 2003 and George, et al. 2007) produced a series 
of studies that examine the risk and uncertainty of tolled 
highway projects.

Standard & Poor’s (S&P’s) study of traffic forecasts began 
in 2002 with data from 32 toll road projects around the world. 
The sample was then increased to 68 and 87 projects in 2003 
and 2004, respectively. However, in both updates the conclu-
sions remained largely the same.

In the first study, Bain and Wilkins (2002) found that traffic 
forecasts for new toll roads suffered from substantial optimism 

bias, a finding that was supported in the subsequent studies. 
The average ratio of actual-to-forecast traffic volumes in the 
first year of operation was about 0.73 (versus 0.74, 0.76, and 
0.77 in the 2003, 2004, and 2005 studies). Figure 12 shows  
the distribution of forecasting errors in the 2005 update. 
(Comparisons to non-tolled projects are drawn later in this 
section.) Of course, due to the nature of averaging ratios such 
as these, traffic forecasts for toll roads may be over-predicting 
actual volumes by even more than 33% (implied by an actual-
to-forecast ratio of 0.75). A volume-weighted average of 
ratios (essentially the sum of predicted values over the sum 
of actual values) yields a much more robust indicator of the 
average percentage error, reflecting whether an investor will 
win (average >1) or lose (<1) - on average, across projects. 
Essentially, the issue is that the ratios are non-negative and 
bounded by zero, leaving a right-side skew that tends to bias 
averages to the high side. For instance, if predicted-to-actual 
ratios for two projects are 0.5 and 2.0, the average is 1.25, 
suggesting predictions are biased high. If the ratios are first 
inverted and then averaged, the result is again 1.25, but the 
interpretation is that predictions are biased low. Thus, one 
must use caution when dealing with averages of ratios.

Moreover, the 2002 study found that 78% of actual-to-
forecast traffic volume ratios were less than 0.9 while only 12% 
were over 1.05. In the 2003 study, 63% of such ratios were less 
than 0.85 and 12% were over 1.05. Essentially three quarters of 
first-year traffic forecasts for tolled facilities are overestimated 
by 10% or more, suggesting that planners, bankers, and com-
munities should be wary, and modelers need to improve their 
methods.

One of the main diagnostics to come out of the 2002 study 
was S&P’s Traffic Risk Index (TRI). While the exact details for 
its estimation are proprietary in nature (and thus not provided), 
the index attempts to predict the amount of project risk based 
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Figure 12.  Distribution of actual-to-forecast traffic volumes  
(Bain and Polakovic 2005).
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on many project attributes, as discussed later in this section. 
Based on the TRI, Bain and Wilkins (2002) determined a risk 
level (low, average, or high) for each project, and divided its 
discussion by forecast source: those commissioned by banks 
versus those commissioned by others. Figures 13 and 14 show 
the TRI profiles over time.

The findings suggest that actual-to-forecast traffic volume 
ratios in the first year of operation average about 0.9 for low-
risk bank-commissioned projects, and 0.8 for low-risk proj-

ects commissioned by others. Both types of low-risk projects 
had average ramp-up durations of about 2 years (after which 
actual volumes closely match forecasts). For average-risk 
projects, year one volume ratios were found to be 0.8 and 0.65  
for bank- and non-bank-commissioned projects, respectively. 
Ramp-up duration was about 5 years in both cases. However, 
those commissioned by banks ramped-up to about 95% 
of forecast volumes over those first five years, while others 
ramped-up to only 90%. For high-risk projects, the volume 

Figure 13.  Estimated errors in tolled highway projects commissioned by banks  
(Bain and Wilkins 2002).

Figure 14.  Estimated errors in tolled highway projects commissioned by others  
(Bain and Wilkins 2002).
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ratios were just 0.7 and 0.45, respectively, and ramp-up dura-
tions were about 8 years. After ramp-up, bank-commissioned 
projects reached about 90% of forecast volumes while other 
projects reached approximately 80% of forecast. What this sug-
gests is that projects with greater uncertainty (and thus risk) 
underestimate initial traffic volumes by a greater amount, 
on average, experience a longer ramp-up duration (to reach 
stable volumes), and stabilize at lower final traffic volumes  
(versus predictions). Moreover, the magnitude of risk is greater 
for projects not commissioned by banks, which is not so sur-
prising given that banks are much more directly accountable 
for investors’ monies than are public agencies. Moreover, other 
project commissioners (public agencies, interest groups, and 
bidders) may have interests that are best served when predicted 
traffic volumes are high (Bain and Wilkins 2002).

With the 2003 study’s increased sample size, Bain and 
Plantagie (2003) were able to conduct several less aggregate 
analyses. Multiple factors were investigated, but only one with 
significance was found, in distinguishing countries with and 
without a tolling history. The findings suggest that actual-
to-forecast volume ratios in the first year of operations aver-
aged 0.81 in countries with a history of tolling, but just 0.58 
in other countries. Thus, forecast risks appear much higher in 
countries without a history of tolling. This is intuitive, given 
that user adoption will be much faster (thanks to existing  
toll tag and manual payment experiences) and that contractor 
and operator familiarity will be higher. In several U.S. regions 
(e.g., Florida, Southern California, New York, and Houston), 
flat-rate tolling is already well-established; so, in these regions 
it may be reasonable to expect first-year ratios in the neighbor-
hood of 0.8. However, most other U.S. regions may dramatically 
under-perform if more appropriate modeling assumptions are 
not used (particularly for the ramp-up period).

In the 2004 update, Bain and Plantagie (2004) traffic fore-
casts along new tolled highways were compared to those of 
new non-tolled facilities. The sample size was increased to  

87 highway projects, with all data for non-tolled facilities 
coming from Flyvbjerg, et al.’s (2005 and 2006) work. The 
comparisons suggest that new non-tolled roadways exhibit 
little optimism bias, though the same amount of uncertainty 
or spread in the distribution (of volume ratios) remains. 
Figure 15 shows how the two distributions appear similar, 
but with an added –20% optimism-bias shift in the distribu-
tion of tolled road (forecast-to-actual) volume ratios. This 
suggests that, after controlling for the added optimism bias of 
tolled projects, there may be little difference in the accuracy 
of traffic forecasts for tolled and non-tolled projects.

In Standard & Poor’s 2005 update (Bain and Polakovic 
2005), the uncertainty in project ramp-up years was inves-
tigated in greater depth. The expectation is that uncertainty 
falls slightly from opening year forecasts, since traffic demand 
would have an opportunity to stabilize, as drivers learn of 
route alternatives and obtain toll accounts, for example. The 
sample size was just 25 projects for years 1 through 5, and 
the hypothesis was not supported (Bain and Polakovic 2005). 
The mean ratio (of actual-to-forecast traffic volumes) was 0.77 
in year 1, and 0.79 (negligibly higher) in Year 5. These results 
suggest that traffic performance generally remains much less 
than forecast, even into Year 5 of operation. While Vassallo 
and Baeza’s (2007) much smaller sample (of Spanish toll roads) 
identified similar optimism biases, forecast ratios generally 
improved following year one. So there is room for differences 
in average results, due to regional economic conditions, 
marketing campaigns or other factors.

Sources of Risk and Uncertainty

While significant uncertainty in traffic forecasts clearly exists, 
the causes of such uncertainty vary, including the sources of 
forecast error. Numerous studies have identified and examined 
several sources of forecast error (Flyvbjerg, et al. 2005 and 
2006, Bain and Wilkins 2002, George, et al. 2003, George, 

Figure 15.  Distribution of actual-to-forecast traffic volumes for tolled 
and non-tolled projects (Bain and Plantagie 2004).
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et al. 2007), and for the most part, these are similar for tolled 
and non-tolled highways, but differences do exist.

Flyvbjerg, et al. (2005 and 2006), interviewed project man-
agers who identified a variety of sources, including several 
travel demand modeling components. Figure 16 provides 
the percentage of projects, found by Flyvbjerg, et al. (2005 
and 2006), with stated sources of traffic forecasting error, 
for both passenger rail and road projects. The two top-stated 
sources of error for toll-free road projects are estimates of  
trip generation-related factors and land development, though 
trip distribution-factors and the forecasting model (mode 
choice and route choice) are close runners-up.

Zhao and Kockelman (2002) tracked the propagation of 
uncertainty through a four-step travel demand model. They 
controlled the uncertainty of model inputs and parameters, 
and performed 100 simulations of the model. Overall, Zhao 
and Kockelman’s (2002) work suggests that link-flow estimates 
enjoy the same level of uncertainty as inputs and parameters, 
and simple regressions of outputs on inputs (and aggregations 
of inputs) offer very high predictive power, suggesting that 
prime sources of forecast uncertainties can be rather quickly 
deduced (and exploited) for better prediction.

Network attributes can also play a key role in forecast 
reliability. Analysts do not know the actual future network, 
and coded networks are significant simplifications of actual 
networks (generally ignoring local streets, signal timing plans, 
turning lane presence and lengths, etc.). Forecasts that depend 
on future network changes (such as nearby highway extensions) 
tend to be less reliable (Bain and Wilkins 2002). Traffic con-
gestion is also a key. As noted by Bain and Wilkins (2002) and 

Zhao and Kockelman (2002), uncongested networks often 
are more difficult to anticipate flows on, since congestion 
feedbacks distribute traffic more evenly over space and time 
while establishing something like an upper bound (due to 
inherent capacity limitations) on all links. Thus, low-volume 
corridors tend to have greater uncertainty in their forecasts 
(Bain and Wilkins 2002).

Another key source of error in traffic forecasts comes from 
uncertainty in land development patterns (Rodier 2003, 
Flyvbjerg, et al. 2005 and 2006, Land Transport New Zealand 
2006). Rodier’s (2003) application of the Sacramento, Cali-
fornia, travel demand model for year 2000 conditions found 
that about half of the 11% overestimation of VMT was due 
to demographic and employment projections, which serve as 
inputs to the demand models. The other half was due to the 
model itself.

George, et al. (2007) suggest that user fees make a tolled road 
more susceptible to changes in demand caused by economic 
downturns/recessions, toll rate increases, and escalating fuel 
costs. Other special or relatively rare events (e.g., natural 
disasters or acts of terrorism among other events) are often key 
sources of uncertainty as well (George, et al. 2007). Of course, 
such events are difficult to predict, though HLB Decision Eco-
nomics (2004) suggests that the number and duration of reces-
sions in the forecast period should be considered in investment 
grade studies.

Another important consideration in understanding project 
risk is the “tolling culture” of a region (Bain and Wilkins 2002). 
This is essentially the degree to which tolls have been used in 
the past. In nations and regions where tolling has not pre-

Figure 16.  Project manager-stated sources of forecast error for non-tolled facilities 
(Flyvbjerg, et al. 2005).
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viously been used, there is greater uncertainty surrounding 
traffic forecasts. If travelers are accustomed to paying tolls for 
other road facilities, forecasts tend to be much more reliable. 
As noted earlier, this appears to result in 20% greater average 
optimism bias (Bain and Plantagie 2003).

Of course, travel demand model imperfections are a key 
source of error in traffic forecasts. For instance, the robustness 
and heterogeneity (across travelers and trip types) of value of 
travel time estimates are generally ignored, but may be crucial 
in producing accurate forecasts. The use of imported param-
eters (calibrated for other regions or even other countries) can 
also cause much error (Bain and Wilkins 2002).

Facilities enjoying a competitive advantage of some sort also 
tend to offer more reliable forecasts (Bain and Wilkins 2002; 
George, et al. 2007). For instance, forecasts for projects in 
dense, urban networks (with many alternative routes) gener-
ally will be less certain than those for projects with a clear 
competitive advantage over alternatives (e.g., a corridor with 
the only river crossing in a region). Moreover, many privately 
financed projects rely on protection against competition in the 
future. If protection is provided (via non-compete clauses, for 
example), long-run traffic forecasts tend to be more reliable 
(Bain and Wilkins 2002).

Meaningful distinctions can also arise in the context of user 
attributes. Bain and Wilkins (2002) assert that toll facilities 
serving mostly a small market segment of travelers allow for 
more reliable traffic forecasts. This is because smaller markets 
are easier to model than more heterogeneous populations 
(Bain and Wilkins 2002). For example, beltways (orbital style 
facilities) are likely to carry more forecasting risk than radial 
facilities (which typically carry a high share of commuters 
into and out of the city center, for work purposes).

Overall, Bain and Wilkins (2002) indicate seven top drivers 
of forecast failure:

•	 Poorly estimated VOTs,
•	 Economic downturns,
•	 Mis-prediction of future land use conditions,
•	 Lower-than-predicted time savings,
•	 Added competition (e.g., improvements to competing roads 

or the addition of new roads),
•	 Lower than anticipated truck usage, and
•	 High variability in traffic volumes (by time-of-day or day 

of the year).

Bain and Plantagie (2003) added several other top drivers:

•	 Complexity of the tolling regime,
•	 Underestimation of the duration and severity of the ramp-up 

period,
•	 Reliance on a single VOT (as opposed to segmenting user 

groups).

Another rating agency, Fitch Ratings (George, et al. 2003), 
also suggested several of these same drivers, but added that 
the use of a regional travel demand model developed for other 
planning purposes also can cause great error in traffic forecasts.

Relevant Risk Factors and Mitigation Measures  
for Pricing Projects

To review the national and international experience, accom-
modating risk and uncertainty in demand and revenue fore-
casts is an important component of any toll road study. While 
a single best statistical forecast is useful, it lacks the information 
needed for making long-term financial decisions. With the 
great number of assumptions, inputs, and estimated param-
eters entering travel demand models, model outputs can be 
highly uncertain and inaccurate. Neglecting this uncertainty 
(or equivalently, assuming determinism) can invite scrutiny 
from stakeholders, since not all will agree with assumed inputs 
and parameter values (Duthie 2008).

Most analysts, policy makers, and investors agree that it is 
imperative that modelers quantify forecasting risk in a mean-
ingful way (Rodier 2007), and while the financial community 
has understood the need to address risk in toll road studies, 
Kriger, et al. (2006) believe that very few practitioners conduct 
any sort of risk assessment. Some simply verify results by use 
of reality checks (e.g., comparing to older forecasts and using 
simple intuition to verify whether results seem reasonable), 
while others use no verification methods at all.

One key component of risk assessment in model outputs lies 
in explicitly stating all major modeling assumptions (Kriger, 
et al. 2006), making the model specification as transparent as 
possible. If modelers and users understand the implications 
of alternative assumptions, the uncertainty in the forecasting 
process will be better understood.

A relatively common and reasonably effective method for 
accommodating risk in T&R forecasts is the use of sensitivity 
analyses or “stress tests” (Kriger, et al. 2006). Most sensitivity 
analyses rely on the exploration of a very limited set of differ-
ent values for key variables, such as a region’s or neighbor
hood’s population growth rate, values of travel time, and 
planned tolls (Kriger, et al. 2006). Though such analyses 
can provide key insights, many practitioners and financial 
analysts feel that they inadequately reveal the range of pos-
sible outcomes (HLB Decision Economics 2003, Kriger, et al. 
2006). As their name implies, stress tests seek to understand 
the outcomes of relatively extreme conditions, generally to 
anticipate worst- and best-case investment scenarios. In this 
way they help analysts anticipate lower (and upper) bounds on 
project outcomes, but certainly not a distribution of outcomes, 
or probability of financial loss.

Model validation studies offer another method for quanti-
fying uncertainty, by examining how well model forecasts 
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match observed data not used in model calibration (Rodier 
2007). Such studies measure forecast uncertainty directly 
from the observed data and thus require data from two points 
in time: the older data set is used for model estimation and 
calibration while the newer one is used for validation. It can 
be impossible to conduct such tests of models developed from 
recent data, but at least one obtains a sense of the magni-
tudes of errors that can emerge from transferring behavioral 
parameters calibrated on old data to current-year contexts.

Of course, sensitivity testing and model validation studies 
have their limitations. For example, sensitivity tests are quite 
constrained, to typically three or four scenarios. In contrast, 
Monte Carlo simulation techniques more fully explore the 
range of possible outcomes by defining and drawing from 
probability distributions for key inputs. Of course, such tech-
niques also exhibit limitations: They require assumptions of 
input distributions (and their covariances), when these are 
often unknown, and generally more sophisticated program-
ming techniques (to ensure rapid run times for testing a high 
number of scenarios).

Monte Carlo techniques are at the heart of the four-step Risk 
Analysis Process (RAP) used by HLB Decision Economics 
(2003). In Step 1, HLB defines a structure and logic model, in 
order to forecast traffic and revenue on the basis of an array 
of inputs and parameters. In Step 2, central estimates and 
probability ranges are assigned to each relevant input and 
parameter. In Step 3, expert opinions regarding the results of 
Step 2 are obtained, and probability ranges and central esti-
mates are revised. In the final step, Monte Carlo simulation 
techniques are employed, drawing inputs and parameters 
from their respective probability distributions, and traffic and 
revenue probability ranges are derived based on the simulation 
outcomes. This approach allows firms like HLB to determine 
the likelihood that revenue cannot cover the debt service, an 
important criteria for issuance of debt.

As discussed earlier, Zhao and Kockelman (2002) performed 
a similar analysis (for a non-tolled case), using a four-step travel 
demand model for a sub-network of the extensive Dallas-Fort 
Worth region with 118 variable input and parameter values. 
They assigned density functions to the 18 random model 
parameters (13 in trip generation, one in trip distribution, 
two in mode choice, and two in assignment) and four major 
model inputs for each of 25 zones (household counts along 
with basic, retail, and service job counts). This analysis indi-
cated that inputs and trip generation parameter values were 
the most important factors in forecasts of total VMT.

Consistent with such analyses, the National Federation of 
Municipal Analysts (NFMA 2005) formally recommends that 
a range of possible road project and policy outcomes should 
be explored based on different scenarios (or assumptions) and 
varying variables or parameters one at a time is insufficient. 
By assigning realistic probability distributions to parameter 

values and inputs, the probability of a given scenario can 
be understood. The NFMA (2005) guidelines for traffic and 
revenue studies include several highlights: a no-build traffic 
forecast should be produced; a baseline traffic and revenue 
forecast should be produced; sensitivity analyses should be 
performed on inputs (including population, employment, 
and income growth, toll elasticity by consumers, and accel-
eration of the planned transportation network); and debt ser-
vice analysis should be performed.

Another approach is reference class forecasting, as described 
by Flyvbjerg, et al. (2005). This method essentially relies on 
past experiences with a sample of similar projects in order 
to estimate outcome distributions and thus the probability 
of various events occurring. By comparing the forecasts with 
past experience, judgments can be made regarding the validity 
of results. Of course, this is difficult to do without good data on 
a variety of reasonably comparable projects. But it is a useful 
strategy when such data exist.

To determine an investment’s credit rating, credit agencies 
and financial analysts use varied approaches to account for 
revenue forecast risk. For example, Fitch Ratings (George,  
et al., 2003, George, et al. 2007) claims to study the key assump-
tions and inputs of the travel demand model used in creating 
future forecasts, and then considers a range of possible out-
comes associated with each factor in order to develop a stress 
scenario alongside a base scenario (essentially sensitivity test-
ing, but with relatively extreme scenarios). The base case is 
generally more conservative than the base case developed by 
the project sponsor, eliminating any evident forecast optimism. 
The stress case is developed to determine the project’s ability to 
withstand rather severe (but not unreasonable) circumstances 
in which the ability to pay debt service is stressed. Based 
on the results of the stress scenario, an investment rating is 
assigned to the project.

For credit analysis of longer-term traffic forecasts, Bain,  
et al. (2006) suggest taking a conservative approach, reducing 
growth rate expectations and carefully examining future toll 
schedule increases. They also suggest that long-term growth 
rates exceeding 1% and toll increases beyond those suggested 
by reasonable correction for inflation should be viewed with 
caution. While these techniques simplify uncertainty testing 
dramatically and help investors understand the real possibility 
of loss, they do not illuminate the variety (and likelihood) of 
futures that truly exist, and associated investment risk cannot 
be fully understood using such methods.

Comparing the most frequently used analytical techniques, 
sensitivity testing and Monte Carlo simulation, the following 
difference should be understood. Sensitivity testing allows 
for greater understanding of the magnitudes of uncertainty 
in the model. By allowing key model inputs and parameters 
to vary simultaneously, creating multiple possible scenarios,  
uncertainty in traffic and revenue forecasts can be better  
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bounded. Indeed, this appears to be the most common method 
for dealing with uncertainty by credit agencies. However, 
sensitivity testing generally does not provide a probability of 
particular outcomes occurring. Therefore, it can be difficult 
for policy makers to truly understand inherent risks. Monte 
Carlo simulation may be most appropriate to identify a more 
probable set of possible futures. By drawing parameters and 
inputs from reasonable sets of distributions, the probability 
of particular outcomes can be understood.

It should be, of course, taking into account that Monte Carlo 
simulation requires multiple model runs to build a distribu-
tion of the outcomes that is difficult to implement in practice 
since each run of a full regional travel model normally takes 
several hours (or even days). A possible way to overcome 
this technical limitation is to build an auxiliary regression 
of the model outcomes of interest (for example, total traffic 
or revenue) to a set of predetermined input parameters (for 
example, population growth, basic toll rate, capacity of the 
alternative road, etc.) based on several full-model runs that 
would serve as pivot points in the Monte Carlo simulation. 
Then multiple points are added using the simple regression 
model to interpolate between the pivot points. This interpola-
tion is of course very crude and is intended for only estimation 
of the probability distribution around the true model runs.

Secondly, risk mitigation methods are recommended for 
each specific project type and model. The following general 
approach is recommended. At first stage, major risk fac-
tors are identified for each project depending on the project 
scale, network topology, affected population, etc. The follow-
ing approximate check-list of factors should be considered, 
although this list should be built for each project specifically:

•	 Population growth in the relevant project corridor. This 
growth should be compared to the observed tendencies in 
the past and the entire region and the corridor. If the pro-
jected growth is significantly higher than the observed past 
trends, it should be considered as a high risk factor. Creating 
optimistic and pessimistic scenarios with estimated prob-
ability to occur is recommended.

•	 Employment growth in the relevant project corridor. Sim-
ilar to the population growth, the realistic comparisons to 
the observed trends should be made. Each case of growth 
rates higher than the observed trends should be carefully 
substantiated; otherwise high risk is assigned to this factor. 
Creating optimistic and pessimistic scenarios with esti-
mated probability to occur is recommended.

•	 Competing highway and transit projects in the corridor. 
This factor is relevant for the pricing projects that are located 
in the corridors where another significant and competing 
project may take place (including a significant improvement 
of the existing free road or transit service). If this is a realistic 
option, the competing projects should be described, coded, 
and included in the pessimistic network scenarios.

•	 Complementary (feeding) highway projects in the corri-
dor and beyond. This factor is relevant for pricing projects 
that are located in such a way that a substantial share of 
travelers might use this facility in combination with some 
other future projects. It specifically affects such projects and 
policies as HOV/HOT lanes where network connectivity is 
essential. If this is a real factor, the complementary projects 
should be described, coded, and included in the optimistic 
network scenarios.

•	 VOT estimates and related travel time and cost coefficients 
used in the traffic assignment, mode choice, time-of-day 
choice and other models. This is a fundamental behavioral 
parameter in the travel model that always represents a source 
of uncertainty, simply because of the randomness known 
to be inherent to travel behavior. It should be determined 
that the average VOT values applied for each segment 
are reasonable. A high risk is assigned to this factor if the 
VOT value was not estimated, but instead was assumed or 
borrowed. No matter how well structured and segmented 
the model system, a ±20% variation in VOT can generally 
be considered within the 99% confidence interval. For sim-
ple models with poor segmentation, the range should be 
extended to at least ±40%. Variation of VOT also incor-
porates uncertainty associated with real income growth, 
possible economic recession, and other related factors 
(if they are not considered explicitly).

•	 Toll escalation scenarios that may be affected by economic 
conditions or government intervention. Constraints on 
the ability to escalate tolls over years represent a risk factor, 
even if the toll escalation strategy is well defined in the  
contract between the toll road operator and government. 
Normally, it is assumed that the toll rates will automati-
cally grow every year with the GDP, CPI or other index 
(with some floor and ceiling thresholds). In reality, tolls may 
be frozen for several years and reconsidered only inter
mittently. A sensitivity test with tolls updated only every 
10 years is recommended.

•	 Ramp-up period, especially for Greenfield projects and 
policies represents a risk factor that can significantly affect 
the revenue stream for the first years of the project that are 
the least discounted. It is recommended, depending on the 
project type, to establish a realistic ramp-up period, and 
then run a sensitivity test with a longer ramp-up period by 
at least two years.

The risk factors should first be identified and measured 
one at a time. For each factor, it is recommended that at least 
three possible scenarios are formulated (optimistic, average, 
and pessimistic) and probabilities are assigned to each of 
them. The optimistic and pessimistic scenarios do not have 
to be the best and worst possible scenarios. As a matter of 
fact, the absolutely worst and absolutely best scenarios are 
not extremely informative for the risk analysis since they are 
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normally characterized by a very low probability. Instead, 
the optimistic and pessimistic scenarios should capture an 
average of the forecast region that yields approximately a 
half of the cumulative probability, i.e., 25th percentile and 
75th percentile. With respect to the model parameters, the 
average scenario should correspond to the model calibrated 
for the base year with a good level of fidelity.

Depending on the number of risk factors and the model 
run time, two strategies can be applied:

•	 Run the model for each possible combination of the input 
factors and relate the results (T&R forecast) to the joint 
probability of the scenario occurring. The joint probability 
can be calculated as the product of assigned probabilities 
for each factor, assuming the factors are independent; other-
wise a more complicated conditional calculation is needed. 
This is a theoretically preferable method, but it may result 
in an infeasible number of scenarios to test. For example, 
with five factors and three possible states for each of them, 
the total number of scenarios to test will be 35 = 243.

•	 Run the model for several pivot combinations of the input 
factors and use auxiliary regression to interpolate the results 
for the other (non-modeled) combinations as described 
above. It is important for each particular factor state to 
appear at least once in the pivot combinations. For exam-
ple, with the same example of 5 factors (denoted as A, B, C, 
D, and E) and 3 possible states for each of them (denoted as 
1 = optimistic, 2 = average, 3 = pessimistic), the total number 
of states to explore will be 5 × 3 = 15. All these states can be 
covered in three model runs with the following combina-
torial logic. The first run would combine A1, B2, C3, D1, E2; 
the second run would combine A2, B3, C1, D2, E3; the third 
run would combine A3, B1, C2, D3, E1. These three runs 
would normally provide enough information about possible 
interactions between the risk factors versus the base sce-
nario of A2, B2, C2, D2, E2. In order to provide more vari-
ation for the auxiliary regression the base run and three runs 
described above could be complemented by two extreme 
runs: optimistic (A1, B1, C1, D1, E1) and pessimistic (A3, B3, 
C3, D3, E3). These six combinations are normally enough to 
approximate all possible 243 combinations.

4.5 � Adjustment of Travel Cost Inputs 
and Coefficients for Future Years

4.5.1 � Model Input and Coefficient  
Consistency for Different Years

Long-term T&R forecasts for toll roads have brought 
to the fore from the general issue of the proper treatment 
of input cost variables (tolls, parking cost, vehicle operating 
cost, transit fare), and their associated model coefficients 

(used in the mode/route choice utilities) as related to the dif-
ferent years for which models are applied. There are three dif-
ferent general time points relevant to a travel demand model 
and its applications:

•	 Year of the survey implementation (estimation),
•	 Year of the last model calibration (base year), and
•	 Year of model application (future year that might be any 

year after the project opening).

A full consistency between cost related input data and 
corresponding coefficients across these years is required. 
Unfortunately, the current modeling practices tend to obscure 
this point and/or limit it to an accounting for the monetary 
inflation only, which is done by escalation/discounting of the 
cost variables along the time line, while the model coefficients 
are not changed from when the estimation was done. Very rarely 
considered is a systematic adjustment of the model param-
eters, like time and cost coefficients, as well as the resulting 
VOT (beyond the inflation factor). For example, model coef-
ficients estimated in 1995 are used for base year 2005 and 
recalibration process frequently includes only adjustment of  
(mode choice) constants. Additional confusion is associated 
with using income-related variables or variables, where cost is 
scaled by income, along with linearly included time and cost. 
This section outlines a systematic approach to the adjust-
ment of cost variables and associated model coefficients (if 
necessary).

4.5.2  Reasons for Adjustment

There are three major reasons that make an adjustment of 
cost variables and coefficients essential for future years:

•	 Inflation that makes dollars from different years incompa-
rable. This factor alone is comparatively easy to incorpo-
rate through a proper scaling (escalation/discounting) of 
all cost inputs of the model including tolls. A commonly 
used inflation index is CPI and reasonable assumptions can 
normally be made for future years (2.5-4.0%). By using the 
inflation index, all input cost variables can be expressed in 
the base year dollars, which is the preferred practice when 
the model is run for several future years. Alternatively, if 
revenue forecasts are requested in expenditure years (to 
explicitly consider different toll rate escalation agreements), 
the preferred approach can be adjusted through appropriate 
(inverse) scaling of the cost coefficients in the model utility 
expressions.

•	 Real growth in income (above inflation) that affects the 
model coefficients that should reflect changes in travel 
behavior with respect to change in wealth. This effect is 
supposed to be equal to the observed cross-sectional dif-
ferences in travel behavior across travelers from different 
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income groups and could have been fully captured if income 
had been fully included in the utility expressions for all cost 
variables (or better if income had been considered as an 
explicit budget constraint in line with the microeconomic 
theory). However, if the income variable is included as just 
an additional categorized (mode-specific) dummy along 
with time and cost coefficients, it means that income does  
not directly affect VOT (frequently the case with the exist-
ing models), and an adjustment of coefficients is needed. 
There are several commonly used indices for real income 
growth, like GDP per capita (net of CPI) and again assump-
tions can be made for future years (1.5-2.0%). Essentially, 
assumptions/scenarios for the regional (and even corridor-
specific) income growth must be considered for Investment 
Grade Studies, long recognized in toll road industry as one 
of the important factors affecting future toll roads.

•	 Trends in behavior and associated policies (beyond inflation 
and real income growth). This is the most complicated 
factor and is not normally incorporated in travel models  
(including the most advanced activity-based models) despite 
a unanimous agreement among researches and practitio-
ners that trends in behavior are quite strong and should be 
analyzed and eventually included in travel models. How-
ever, the larger and more general issue of “longitudinal” or 
time series analysis is not explored in this research. Instead, 
assumed that many observed trends (like VMT growth 
per capita or growing time pressures that result in higher 
VOT for the same income) can actually be fully or partially 
reduced to cross-sectional effects and captured by explana-
tory variables, as demonstrated with the advanced activity-
based models. Also note that policies or projected trends 
related to fuel and vehicle taxation can be modeled explic-
itly through reasonable forecasting of the operating cost 
variables, as a exogenous inputs to the demand models.

If both the inflation rate and real income growth are neg-
ligible, the model would be perfectly transferable in time and 
would not require any adjustments of inputs or parameters. 
This is probably not true, however, for long-term forecasts 
associated with most T&R studies where inflation and income 
growth indices are compounded over 30-40 years into signifi-
cant multipliers.

4.5.3 � Approaches and Time Horizons  
for Adjustment

If it is assumed that all cost inputs are properly expressed in 
the base year dollars, then inflation is accounted for. Assume 
also that there is a standard structure of the mode/route choice 
utility expression for a certain trip purpose that includes 
some constants (might be income specific), time, and cost 
terms. If the cost variables are not scaled by income, then 

accounting for real growth in income will require adjustment 
of the model coefficients.

Arguably, the most reasonable and most conservative 
assumption is that the VOT (ratio of time to cost coefficient) 
would be growing proportionally to real income. With this 
assumption in mind, the following three adjustment strategies 
can be considered:

•	 Reduce the absolute value of cost coefficients inversely 
to the real income growth index. An equivalent formu-
lation proposed by Adler and Dehghani and used for the 
Tampa Toll Model Application to I-4 Connector Study 
(unpublished draft memo) is based on freezing the model 
coefficients, but discounting the future toll values by the 
total index of inflation and income growth. The additional 
discounting by income growth is just applied to the cost 
itself rather than to the cost coefficient. The behavioral 
assumption behind this technique is that travelers with 
growing income would pay money easier but the sensitivity  
to time savings would be essentially the same. It means that 
they would appreciate 10 min savings in the same way today 
and 30 years from now, but would be ready to pay more for 
it in real dollars. This is probably not the most behaviorally 
appealing approach.

•	 Make the absolute value of time coefficient grow propor-
tionately to the real income. Form the behavioral standpoint 
this assumes that travelers would appreciate 10 min savings 
in the future more than they do today. However, their sensi-
tivity to one dollar increase in cost (in the base year dollars) 
would be the same regardless of the real income growth. 
This seems behaviorally more appealing compared to the 
first approach, but is still not fully convincing.

•	 Change both time and cost coefficients in different direc-
tions controlling for VOT change to be proportional to the 
real income growth. This looks like the most behaviorally  
appealing strategy and can be achieved by the following 
simple transformations: 1) reduce the absolute value of 
time coefficient inversely to the square root of real income 
growth, and 2) make the absolute value of cost coefficient 
grow proportionally to the square root of real income.

We will currently consider the third approach as the base for 
the subsequent discussion, although the first two approaches 
are also practical options. Additionally, the third approach 
can be refined by a more elaborate (weighted) split between 
the time and cost coefficient changes.

4.5.4 � Adjustment Strategies for  
Different Types of Cost Variables

Even before consideration of future year forecasting, it is 
also important to adjust the model coefficients between the 
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estimation and base year. Ideally, these adjustments should 
be made first and before model recalibration for the base 
year, taking into account that the input cost related variables 
will be in the base year dollars. This means that the model 
coefficients should be adjusted based on the combined effect 
of inflation and real income growth between the estimation 
and base year, more specifically:

•	 Reduce the absolute value of time coefficient inversely to 
the square root of real income growth.

•	 Make the absolute value of cost coefficient grow pro-
portionally to the square route of real income, but also 
inversely proportional to the inflation index.

The subsequent adjustments for future years should be 
as described in the previous section assuming that all cost 
inputs are in the base year dollars.

The adjustment strategies for different types of variables 
are summarized in Table 15.

4.6 Evaluation of Pricing Projects

This section describes the role for cost-benefit analysis 
(CBA), and the requirements a comprehensive CBA places 
on the travel demand modeling of tolling. In order to make 
informed decisions, policy makers must be aware of the costs 
and benefits that stem from different projects and policies. 
Accordingly, analysts must be able to produce solid estimates 
of metrics relating to key evaluation criteria. This is particu-
larly important and challenging for policies involving tolled 
roadway alternatives, since accurate revenue forecasts can be 
critical to investor support, and at the same time, traveler 
behavior is made more complex by the presence of tolls and 

different tolling plans. To this end, welfare economics can play 
a central role in identifying and quantifying policy benefits 
based on travel demand model outputs.

CBA is the most common approach for thorough project 
evaluation. Its primary advantage is that all costs and benefits 
accruing over a project’s life are transformed into a single 
measure, facilitating the comparison of distinct policies. In 
order to perform a CBA, all project costs and benefits are 
generally converted into present-dollar values (Small 1999, 
FHWA 2003)]. Most costs are relatively easy to estimate, 
thanks to past project experiences (e.g., construction and 
operation expenditures), although significant cost overruns 
are common—particularly for large public transit projects 
(Flyvbjerg, et al. 2003). Benefits, however, are often less tan-
gible, require application of travel demand models to obtain 
toll revenue and traffic forecasts, and involve the conversion 
of travel time savings, improved travel reliability, and other 
benefits into dollar values.

Once the dollar value of all project impacts is estimated, one 
or more discount rates are used to transform future cash flows 
into present values (Small and Verhoef 2007). The choice of 
such discount rates is critical and can have important impli-
cations for project viability, since many benefits and costs 
may not occur for several years after project completion. The 
U.S. Office of Management and Budget (OMB 2003)] speci-
fies a real (as opposed to nominal) discount rate of 7% for 
all public investments and regulations, which approximates 
the marginal rate of return on private investments. However, 
OMB (2003) suggests that sensitivity analyses of the discount 
rate be performed. Selection of appropriate discount rates is 
discussed in more detail in a later section.

While CBA seeks to place every detail in an economic 
perspective, the assumption that everything can be measured 

Variables / Inputs  Recommended adjustments 
to variable 

Recommended adjustments to 
coefficient

Linearly included cost (toll, parking, 
operating cost, transit fare) 

Express in the base year 
dollars (account for inflation) 

Change inversely to the square root 
of real income growth 

Travel time  Change proportionately to the 
square root of real income growth 

VOT Change proportionately to the real 
income growth 

Cost variable relative to (zonal or 
individual) income  

Change inversely to the square root 
of real income growth 

Zonal or individual income as a separate 
linearly included variable 

Express in the base year 
dollars (account for inflation) 

Zonal or individual income relative to the 
average regional income as a separate 
linearly included variable 

Change inversely to the real income 
growth 

Income group dummy, income-mode-
specific constants, and/or segmentation 
based on absolute thresholds  

Progress thresholds 
proportionally to the real 
income growth   

Income group dummy, income-mode-
specific constants, and/or segmentation 
based on a fixed percentile 

Recalculate percentiles based 
on the progressing of the 
underlying thresholds  

Table 15.  Adjustment strategies for different cost-related variables.
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in monetary terms and that all decision-makers agree on all 
values may not be entirely realistic (Small 1999). CBA methods 
should be viewed as a way to objectively inform policy mak-
ing, but ultimately cannot totally replace expert judgment 
(Small 1999). Another issue is equity: can policies that help 
many individuals by a small amount, and hurt a few a great 
deal, really be supported simply on the basis that the aggre-
gate benefits exceed aggregate costs? Small (1999) argues that 
if these two objections to CBA methods could be alleviated, 
policy making could be reduced to a simple mathematical 
exercise.

Despite its limitations, CBA offers a powerful tool for 
decision makers. The remainder of this section focuses on 
CBA as a means of connecting the decision-making process 
to predictive models for pricing applications. The next section 
describes methods of calculating user benefits and costs, net 
present values, and discount rates. The subsequent section 
illustrates different approaches for selecting toll rates. An 
example application, illustrating the key concepts and meth-
ods described in this chapter, is provided in Appendix A, 
Section A.6.

4.6.1  Benefit and Cost Calculation

Traveler Welfare

In theory and in practice, traveler benefits can be described 
using economic terms like consumer surplus, compensating 
variation, and equivalent variation. While each metric is a 
measure of something slightly different, the idea behind each 
is the same: a change in price or quality affects perceived 
demand and benefits accruing to those already purchasing a 
good (de Jong, et al. 2005). For instance, if the price of travel 
increases on one road and the demand for that road is a 
(decreasing) linear function of price, then the demand curve 
can be drawn as in Figure 17. Some travelers are willing to pay 
more than the actual price, and thus they use that route and 
receive a net benefit equal to the difference between the price 
they were willing to pay and the actual price. The sum of net 

benefits over all travelers is the consumer surplus (de Jong, 
et al. 2005, Small and Verhoef 2007). If the price increases, 
an overall decrease in consumer surplus results, whereas if 
the price falls an overall increase in consumer surplus results 
(this increase corresponds to the two shaded regions in the 
figure). This is the basis of welfare economics.

Generally, there is no simple, single relationship between 
travel demand and travel cost, but transportation modelers 
often turn to simplifying techniques in order to produce such 
estimates. One common technique is the Rule-of-Half (RoH) 
(de Jong, et al. 2005 and 2007, Small and Verhoef 2007). The 
basic concept behind the RoH is if a policy reduces the cost of 
travel, the change in consumer surplus can be estimated as the 
change in cost multiplied by the number of users under the 
old policy, plus one half of the change in the cost multiplied 
by the number of new users. The first part of this is the area 
shaded in gray in Figure 17 and the second part corresponds 
to the area shaded in black. More formally, for a single link, 
the RoH estimate for the change in consumer surplus can be 
computed as follows:

∆CS c c v v vi i i i i i= −( )× + −( )




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Here, ci,0 and ci,1 correspond to the cost on link i before and 
after the policy change, respectively, and vi,0 and vi,1 represent 
the traffic volumes on link i before and after the policy change. 
Since transportation policies typically affect travel times on 
routes, this formula can easily be extended to include changes 
in travel times by using the value of travel time (VOTT). 
Moreover, the total change in consumer surplus is simply 
the sum of changes across all links in the network. Thus, the 
more complete RoH formulation is as follows:
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Here, tti,0 and tti,1 are the before and after travel times on 
link i, and ci,0 and ci,1 are the out-of-pocket costs of travel on 
link i before and after the policy change (where out-of-pocket 
costs can include vehicle operating costs, transit fares, and 
link tolls).

RoH holds exactly if the demand function is linear with 
price and cross-demand effects are also linear (i.e., choice 
alternatives are perfect substitutes). But if the demand func-
tion is more complex (as is generally the case in transport sys-
tems), the RoH only produces a rough estimate of the actual 
change in consumer surplus. In addition, the RoH provides 
the best estimates of consumer surplus for small price changes 
(Small and Verhoef 2007). Furthermore, RoH estimates cannot  
address situations where the set of alternatives changes, as when 

P0

Pnew

Price 

Demand

Figure 17.  Linear demand curve.
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new routes/links are added and/or new modes are made avail-
able (de Jong, et al. 2007). When a new alternative is present, 
its demand under the base scenario can easily be assumed to 
be zero. However, to employ the RoH, one must know the 
price at which demand becomes zero (i.e., the point at which 
the demand curve crosses the axis). With a new alternative, 
this price is unknown, and the assumptions that need to be 
made about this price heavily affect the RoH estimates. So in 
some cases, such as a new tolled road where price changes can 
be dramatic or prior travel costs or times simply do not exist 
(since the new alternative did not exist), the RoH is inappro-
priate and other techniques will be needed.

Due to their behavioral basis and computational tracta-
bility, discrete choice models such as the multinomial logit 
(MNL) and nested logit (NL) have become mainstays in 
travel demand forecasting. With these models, link-level 
demand curves emerge from the application of these models, 
and such behavioral specifications allow analysts to more for-
mally estimate changes in user benefits. Random utility max-
imization (RUM) is the basis for the logit model (McFadden 
1978 and 1981), where the utility that individual i associates 
with alternative a is as follows:

U Via ia ia= + ε (Equation 12)

Here, Via is the systematic component of the utility, as 
parameterized by the analyst, and eia is a random error term 
representing unobserved contributions. In the case of the 
MNL model, eia values are independent and identically dis-
tributed (iid), following a Generalized Extreme Value (GEV) 
type 1 distribution.

For such a model, normalized Logsums of systematic 
utilities provide the basis for consumer surplus calculations. 
When divided by the marginal utility of money, the welfare 
change from one scenario to another can then be computed 
simply as logsum differences between any two scenarios 
(Small and Rosen 1981; Ben-Akiva and Lerman 1985; de Jong, 
et al. 2005; Zhao, et al. 2008)]. The calculation is as follows:
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Here, g denotes the marginal utility of money (γ = − dV

dc
,
 

where c = cost), A represents the set of alternatives, and 
superscripts 1 and 2 refer to before and after conditions, 
respectively. Of course, if the marginal utility of money is not 
constant (i.e., income effects are present), complications will  
arise and special methods are needed (Karlström 1998 and 
2001, Franklin 2006, Small, et al. 2006)] beyond those de
scribed here. Furthermore, the error terms in the two scenar-
ios (i.e., before and after) are assumed to be held constant—or  

can be independent. In other words, an individual’s un- 
observed affinity for alternatives is assumed to be the same—or 
uncorrelated—across scenarios. Zhao et al. (2008) examined 
the consequences of intermediate levels of correlation and 
simulated welfare differences at the level of individuals, 
illustrating how highly variable group-level welfare changes 
can be.

While the MNL model is more common in practice, the 
nested logit has become quite popular as well, since it allows 
for certain useful forms of correlation across alternatives. 
With the NL logit model, the utility expression for individual 
i and alternative a can be formulated as a function of the 
systematic utility and multiple error terms.

, (Equation 14)U V a nia ia in ia= + η + ε ∈

Here, n denotes the set of alternatives that exhibit correlation. 
And the inclusive value, or expected maximum utility, G, for 
nest n can be formulated as follows:
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Here, µn is a scale parameter for nest n’s error component. 
For a model such as this, the welfare change from one scenario 
to another can be written as follows:
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Again, g is the marginal utility of money, superscripts 1 
and 2 refer to before and after conditions, and N is the set of 
all nests in the model specification.

This formulation can easily be extended to models with 
differential effects of users. For instance, if discrete variables 
in the model relate to travelers with different attributes, 
welfare can be computed individually for each traveler type. 
At an extreme, welfare may be computed for each traveler indi-
vidually, which is important as region-wide microsimulation 
has become more widespread. Of course, the more individual 
traveler types that exist, more and more welfare calculations 
are required. But in comparison to the computational effort 
needed to run a complicated model of travel demand, the effort 
required for such welfare calculations is quite minimal.

The use of Logsums in welfare calculations allows for 
a nearly comprehensive measure of net traveler benefits 
(or losses, depending on the case) resulting from different 
transportation policies. While the idea of using Logsums for 
these purposes is nothing new [equations such as these were 
first developed by McFadden (1981) and Small and Rosen 
(1981)], their use in general highway or road pricing project 
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evaluation applications has been somewhat limited [de Jong, 
et al. 2005 and 2007)]. De Jong, et al. (2005, 2007), suggest 
that there is no particular reason for this other than inertia in 
the field. In practice, Logsum measures are not much more 
difficult to compute than other measures (like the RoH). 
In reality, they are easier to compute than traffic flows and 
various other calculations that modelers undertake, and they 
provide an exact measure of user benefits (as long as logit 
assumptions hold). Thus, the Logsum would appear to be  
the most appropriate welfare measure for transportation proj-
ects that rely on logit models for traffic forecasting. Such an 
approach is the basis of current FTA guidance for the assess-
ment of transit New Starts project cost-effectiveness.

It is also important to differentiate nested choice specifica-
tions from downward-conditional/sequential or un-nested/
largely independent model specifications, which are not 
uncommon in practice. The NL model’s nested choice sets 
imply that the Logsum term across lower-level choice alter-
natives appears in the utility function for upper-level choice 
alternatives, interacting with an inclusive value coefficient 
(Ben-Akiva and Lerman 1985). In some models, however, 
choices are not fully nested and lower-level choices are simply 
conditioned upon the outcomes of upper-level choices. For 
instance, many practitioners specify an MNL or gravity-based 
model for destination choice using simply drive-alone travel 
costs and model mode choice separately, conditioned on 
destination choice (recognizing all competing modes’ travel 
costs for each zone pair). In such cases, the mode and desti-
nation choices are not fully integrated; yet it may be tempt-
ing to compute Logsum differences for both models and add 
them to estimate total consumer surplus. Unfortunately, this 
will generally result in a fair amount of double counting. If 
only one choice dimension exists (e.g., mode and destination 
choices are modeled together in a single multinomial specifica-
tion), this is not an issue. But for accurate welfare calculations 
across multiple choice dimensions, Logsums only make sense 
when welfare calculations are consistent with random utility 
maximization across all choice dimensions (as opposed to 
less rigorous, sequential application).

Other Costs and Benefits

Just as user welfare predictions are an essential part of 
project evaluation, so are estimates of project costs: design, 
construction, operations and maintenance. Generally, cost 
estimates are simpler to develop than user welfare, since the 
former are based on straightforward engineering practices 
that apply to all road projects, while the latter depend on 
systems models of travel behavior in response to pricing 
and congestion. Nonetheless, costs remain very important. 
Typically, project costs for a new toll road include right-of-
way acquisition, construction, maintenance, technology, and 

management costs and can average $5 to 10 million per lane-
mile (Litman 2006).

In addition, other benefits and costs exist, including changes 
in crash occurrence and crash severity, changes in noise levels, 
improvements in travel reliability, and emissions impacts. Such 
costs and benefits are not discussed at length here, mostly 
because they are generally relevant in the evaluation of most 
major transportation projects, not just toll roads. However, 
it may be useful to note that there often are perceived safety 
and environmental benefits for tolled roads (Perez and Sciara 
2003). FHWA (2006) provides several tools for the analysis 
of these benefits and costs (including the Sketch Planning 
Analysis Spreadsheet Model (SPASM), the Surface Transpor-
tation Efficiency Analysis Model (STEAM), and IMPACTS. 
Small (1999), Litman (2006) and Small and Verhoef (2007) 
offer detailed discussions of these.

Net Present Value and Discount Rates

In any large-scale transportation project, a variety of costs 
and benefits accrue over a relatively long period of time. 
Performing a cost-benefit analysis requires converting these 
into a single measure, based on the present value of each. 
The present value for any future cash flow is computed by 
converting future values into an equivalent present value by 
discounting. As shown by Weisbrod and Weisbrod (1997) and 
FHWA (2003) the present value of any future cash flow can 
be found by multiplying the future value by a simple factor, 
f, based on the following formula:

f
d

n
=

+( )
1

1
( )Equation 17

where n is the number of years in the future that the cost or 
benefit is observed and d is the discount rate.

By summing all present values, one obtains the Net Present 
Value (NPV) of an investment (FHWA 2003). If the NPV is 
positive, then the investment is one worth pursuing, but if it 
is negative, it is not. Alternatively, one may want to calculate 
the Benefit-Cost (B/C) Ratio as the sum of the present value 
of all project benefits divided by the sum of the present value 
of all project costs (FHWA 2003). A B/C ratio of 1.0 or greater 
is one worth pursuing. Of course, if alternative projects are 
to be compared using both measures, different results may 
follow, since a small project with very high B/C ratio may 
have a small NPV, while a large project with a lower B/C ratio 
may have a relatively high NPV. Of consequence is how ben-
efits and costs are defined, since many costs can be defined 
as negative benefits (e.g., an increase in noise or crashes). If 
one defined everything in terms of benefits (some positive 
and some negative), the B/C ratio would be undefined (since 
costs would be zero). FHWA (2003) recommends that only 
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an agency’s initial investment be included as costs, while all 
other gains and losses be tallied as positive and negative ben-
efits, respectively.

Another useful measure in project evaluation is the Inter-
nal Rate of Return (IRR), which measures the discount rate 
needed in order that a project’s NPV equal zero (Blank and 
Tarquin 1989). In other words, it answers the question of 
what discount rate is needed to break even on an investment. 
Since large infrastructure projects generally have high up-front 
capital costs and benefits that accrue over many years, a higher 
IRR generally indicates a good investment, while a lower IRR 
indicates a poor investment.

Of course, since the present value of any future cash flow 
depends greatly on the chosen discount rate, so do the NPV and 
B/C ratio, and selection of an appropriate discount rate can be 
critical for large investments (Small 1999). However, it is not 
often clear what the appropriate discount rate should be for 
transportation projects. Small (1999) and Small and Verhoef 
(2007) consider two specific rates of particular importance:

•	 The first deals with the time preference of individuals in 
consuming goods, or the social rate of time preference. 
Small (1999) notes that this is often taken to be the real, 
after-tax interest rate one would expect to receive on a 
government bond of about 4%, though Boardman, et al. 
(2006) suggest a lower real, after-tax rate of 1.5%. (The real 
interest rate refers to the interest rate after accounting for 
inflation. This is in contrast to a nominal interest rate, which 
does not account for inflation.)

•	 The second deals with the rate a private investor may 
expect to receive on investments before taxes. Small and 
Verhoef (2007) refer to this as the marginal product of 
capital. Boardman, et al. (2006) recommend a real rate 
at 4.5%, while Small and Verhoef (2007) state that most 
analysts recommend substantially higher real rates closer 
to 9 or 10%.

Many times a single discount rate is chosen by weighting the  
rates described above ([Small 1999, Boardman, et al. 2006, 
Small and Verhoef 2007)]. Boardman, et al. (2006) suggest 
an appropriate weight for the social rate of time preference 
to be the amount of tax-based financing for the project and a 
weight equal to the amount of project financing coming from 
private investors for the marginal product of capital. Other 
times, however, an analyst may follow U.S. Office of Manage-
ment and Budget (OMB 2003) guidelines, which recommend 
a real discount rate of 7%, reflecting OMB’s estimate of the 
average before-tax rate of return to private capital, and which 
suggest a 30-year historical rate of social time preference of 3%. 
The OMB (2003) guidelines also suggest that sensitivity test-
ing of the discount rate always be performed and the chosen 
discount rate clearly reported.

In general, there should be little distinction between choos-
ing discount rates in a non-tolled road project versus a tolled 
one. However, in many tolled projects, project costs are 
leveraged against expected revenues. In such cases, the proj-
ect endures added investment risk, and some literature (see 
Savvides 1994, Hacura, et al. 2001, Poole 2007) suggests that 
added risk requires the use of higher discount rates. How-
ever, the primary purpose of discounting is not to account for 
risk. OMB (2003) offers the following reasons for discounting 
future values: money invested today generally earns a posi-
tive real rate of return over time (i.e., the opportunity cost of 
capital) and people have a time preference for consumption 
(due to future uncertainties and the obvious nature of near-
term gratification).

4.6.2 � Criteria for Evaluation  
of Pricing Projects

Three main criteria are applied for evaluation of pricing 
projects:

•	 Economic welfare,
•	 Generated revenue, and
•	 Vehicular throughput.

In many cases, obtaining the maximum social welfare 
provides a solid basis for toll rate selection since it offers the 
greatest good for the average road user, although it does not 
address the costs borne by non-road users. On the other 
hand, privately operated toll road investors will seek to max-
imize profits. When tolls are under consideration for con-
gestion relief, throughput maximization is often a focus. In 
general, these three selection criteria will result in very different 
toll levels.

If all roads in a network can be tolled, the maximization 
of welfare (as it relates to traveler delay) is actually rather 
straightforward. In this case, the optimal (congestion-based) 
tolls will equal the cost each traveler imposes on all other 
drivers (collectively) on the road or link in question. This 
is the marginal social cost of such travel and presumes fixed 
link capacities. (Of course, if one adds in the costs of tailpipe 
emissions, noise, and crashes, the formulation will differ.) In 
terms of maximizing social welfare, this is a first-best solution. 
However, there are many situations that make first-best tolls 
impractical. When considering tolls on a single road or subset 
of links, first-best tolls clearly do not apply, since first-best 
tolls generally require tolling on most (or all) links (at least in 
a welfare maximizing sense). In general, the marginal cost toll 
on a single road will be higher than the second-best toll. This 
is because marginal social cost tolls on all links represent a 
first-best equilibrium, where net social welfare is maximized. 
If the marginal social cost toll is applied on only a subset of 
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links, leaving all others untolled, the traffic equilibrium will 
enjoy too few users on the tolled routes overall (relative to 
the second-best optimum traffic conditions).

Thus, if marginal cost pricing were used for a single road, 
non-optimal tolls would emerge (from a welfare standpoint). 
First-best tolls may be impractical for a variety of other reasons 
as well. For example, it may not be possible to differentiate 
tolls across users, it may be infeasible to adjust tolls dynami-
cally, and tolls may be set before actual demand is realized 
(Small and Verhoef 2007). Nonetheless, it is still possible to 
attain a welfare-maximizing toll even when first-best condi-
tions do not apply, and much research has been devoted to 
investigating these circumstances. Small and Verhoef (2007) 
examine how many issues can be handled in second-best 
environments.

Similar to the case of welfare maximization, maximizing 
revenues results in distinctions between first- and second-best 
solutions. For instance, very different tolls will arise if all roads 
in a network can be tolled, versus tolling a single road. In 
comparison to an objective of maximizing welfare, Verhoef, 
et al. (1996) show that revenue-maximizing tolls on all links 
can be much better (in terms of overall social welfare) than a 
revenue-maximizing toll on a single link, though it depends 
on the specific conditions of the network being analyzed. 
However, by definition, such tolls cannot produce greater 
welfare gains than when welfare itself is maximized.

Of course, throughput (flow) maximization focuses on  
maximizing traffic flow on the tolled road or along the tolled 
corridor over a period of time (e.g., over a 24-hour day). 
Interestingly, this criterion is the same as maximizing net social 

welfare when the focus is on a single road in isolation and 
both toll level and capacity of the roadway are chosen opti-
mally (Verhoef 2007). In addition, Verhoef (2007) shows that 
the throughput maximizing toll level and capacity (assuming  
capacity is a decision variable as well) is identical to the second-
best welfare maximizing toll and capacity (in the presence of 
unpriced complements and substitutes) when zero-profit/
revenue-neutral capacity expansion is considered for a net-
work. However, because of its reliance on traffic flow, this 
criterion can be quite difficult to apply in practice, since most 
forecasting models rely on static traffic assignment procedures, 
thus neglecting traffic queuing conditions. In such cases, flow 
is usually taken to be the same as demand, and maximizing 
demand on a link in a network can result in crippling conges-
tion and dramatically reduced flows (in contrast to maximized 
flows) upstream of network bottlenecks. While application of 
this objective does not necessarily require DTA procedures, it 
will require models with some recognition of travel times and 
queuing so that reasonable estimates of toll road flows across 
peak times of day can be evaluated.

Overall, it may be best to first evaluate and seek some com-
promise across all three toll selection criteria, in order to pro-
duce a more robust tolling strategy, sensitive to competing 
stakeholders’ interests. In general, selected toll levels should 
be compared to optimal toll estimates under each selection 
criteria. Ratios of anticipated welfare gains, revenues, and flows 
to maximized levels are key results meriting consideration 
and reporting.

An example application illustrating the differences between 
approaches is presented in Appendix A, Section A.6.
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5.1 � Coordination with the  
SHRP 2 C04 Project

The second Strategic Highway Research Program (SHRP 2) 
includes the closely related large-scale project C04 “Improving  
Our Understanding of How Highway Congestion and Pricing 
Affect Travel Demand.” The principal researchers working 
on the NCHRP Project 08-57 are also leading the SHRP 2 
C04 project and are able to closely coordinate these two proj-
ects as one coherent body of research.

The research agenda of the SHRP 2 C04 project demands 
both theoretical and applied perspectives; the research objec-
tives can be encapsulated as follows:

•	 Theory and research: Develop mathematical descriptions 
of the full range of behavioral responses to congestion, 
travel time reliability, and pricing, by highway user types.

•	 Application for modeling: Provide guidance for the incor-
poration of these mathematical specifications into various 
demand-modeling systems in use (and under development), 
recognizing the complex nature of supply-side feedbacks (via 
traffic assignment and simulation techniques).

The SHRP 2 C04 work plan can be conceptualized as a 
series of three interconnected levels of behavioral rigor and 
practical application, along with varying levels of sophisti-
cation and associated inputs in each. Since supply-demand 
interactions are critical for congestion and pricing solutions 
(including network equilibrium), these offer a second dimen-
sion, as reflected in Figure 18.

Level 1 – Behavioral Foundations.    The first level corre-
sponds to behavioral models intended for a deep understand-
ing and quantitative exploration of travel behavior. These 
include many kinds of variables, often explicitly controlled 
under stated-preference settings (e.g., preferred arrival time 
and schedule flexibility) and not all of which can be produced 
by most network/supply-side models (e.g., travel time reli-

ability, particularly in the event of non-recurring incidents). 
These models seek to address the full range of possible short- 
and long-term responses, but also may focus on selective 
choice dimensions (for example, route and departure time 
choices, or home location choice).

Supply-side variables for such models can be based on 
observed and/or generated measures of congestion, reliability, 
and price (via, for example, an SP survey design). Multiple, 
repeated observations can be used for the direct derivation 
of reliability measures. Typically, there is no consideration of 
equilibrium at this stage, and the linkage between the demand 
and supply sides is essentially one-directional (as suggested in 
Figure 18).

Research associated with the widest possible range of behav-
ioral responses is important for the construction of an “ideal” 
behavioral model – free of implementation constraints and 
capable of serving as the starting point for operational models, 
via some simplifying assumptions. In particular, the explor-
atory level of the research will consider dynamics—within-
day, as well as day-to-day variations; different time frames for 
travel adjustments—short-term (which must also account 
for the with effect of information), medium-term and long-
term, as well as the correspondence of the time scale to differ-
ent choice dimensions. For example, in certain situations for 
short-term analysis, route choice might be the only relevant 
dimension, while departure time choice is equally important 
in day-to-day, medium- and long-term responses.

Level 2 – Advanced Operational.    The second level relates 
to relatively advanced, yet operational, tour-based ABMs, 
integrated with state-of-the-art DTA models. These mod-
els allows for the incorporation of a wide range of possible 
short-term and long-term responses that are embedded in 
the choice hierarchy of the model structure. For example, 
a traveler’s acquisition of an E-ZPass or transponder may 
be linked to his/her subsequent choice of payment type (at 
the lower level of the behavioral hierarchy). The integrity 
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of operational models requires that each and every choice 
dimension should be allocated a proper “slot” in the hierar-
chy, with upward and downward linkages to related choices. 
Operational/computing time requirements often limit the 
total number of choice dimensions and alternatives, but this 
source of restriction is lessening with time. Another relevant 
constraint in model application is that all measures of con-
gestion, reliability, and price be compatible with the demand 
model’s specification, and can be generated by the network 
simulation. Moreover, the demand and supply side should 
be integrated in an equilibrium setting, which imposes cer-
tain limitations on how variables like travel time variability 
are generated, since direct methods based on multiple obser-
vations of the same trip typically are generally infeasible in 
application. Consequently, the issue of generating opera-
tional proxies for travel time reliability is one of the focused 
points of the research.

Level 3 – Opportunities for Prevailing Practice.    The 
third level relates to existing model systems used by most of 
MPOs and state DOTs, mostly in the form of aggregate 4-step 
trip-based models. Though rather restrictive in design, such 
models offer opportunities for meaningful and immediate 
contributions to the state of travel demand modeling prac-
tice. While conventional frameworks emphasize short-term 
responses to congestion and road pricing policies (including 
changes in route, mode, and, in some cases departure time 

choices, for each trip segment), road pricing can be addressed 
in trip distribution and even trip generation components 
through generalized cost impedances (or mode choice Log-
sums) and accessibility measures. The conventional model 
framework also allows for some indirect reflection of pric-
ing on long-term choices, including workplace location and 
car ownership. A serious restriction of conventional models 
(also inherited by most current activity-based tour-based 
models) is that these rely on static assignment procedures. 
Static assignments generate only crude average travel time 
and cost variables, and reliability can be implemented only 
through simplified proxies.

The adopted approach for the SHRP 2 C04 research is pred-
icated on pushing the boundary of network models in order 
to achieve greater behavioral sensitivity within the demand 
models, along with a natural integration of all system compo-
nents. While several advanced models and methods presently 
exist, these require special data sets and longer run times, 
along with other use restrictions, many of which are purely 
technical. For example, DTA at a full regional scale is not 
yet realistic, although with ongoing computational advances 
and parallel processing opportunities a dramatic break-
through may be anticipated within the next 5 to 10 years.  
The current constraints on practical applications also place 
limitations on the demand models in terms of possible num-
ber of choice dimensions and numerical realizations in the 
microsimulation process.

Figure 18.  Levels of sophistication in SHRP 2 project.
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It is important to note that each level is not seen as indepen-
dent or disconnected from the others, and we aim to estab-
lish a consistent and holistic conceptual framework, where 
simplified and pragmatic models can be derived from more 
advanced models, rather than re-invented (which is prob-
ably the current state of relationship between travel modeling 
theory and practice). In this way, we believe that the SHRP 2 
C04 project can be successful and complement the NCHRP 
8-57 project in a very important respect: bridging the gaps 
between theory and practice to the extent possible.

The major framework for the discussion of proposed mod-
els primarily considers the full regional model framework, 
although the facility/corridor level models are also consid-
ered. This also has an important consequence for the evalu-
ation and analysis of the existing data sets to be selected to 
support the current research. It is based on the recognition 
that for a deep understanding and proper modeling of con-
gestion and pricing impacts, we need a full framework, with 
chosen and non-chosen alternatives, available to both users 
and non-users, for which a full regional travel data set and 
model is needed. To provide these, it is essential to know at 
the model estimation stage, and to be able to generate at the 
application stage, the LOS variables for non-choices routes, 
modes, time-of-day periods, destinations, etc. This holistic 
framework is generally missing in simplified models and 
conventional travel surveys, which limits their utility in this 
research.

The work under research projects NCHRP 08-57 and 
SHRP 2 C04 was actively coordinated in order to enhance 
these related efforts and avoid duplication. Optimal coordi-
nation between these related projects, offering a maximiza-

tion of product benefits, was achieved by definition of the 
common and exclusive areas as shown in Figure 19.

The primary focus of the NCHRP 08-57 project is on the 
improvement of the general decision-making framework for 
highway pricing (exclusive part addressed in Volume 1) with 
the recognition of applied forecasting models as important 
decision-supporting tools. The primary focus of the SHRP 2  
C04 project is on development of mathematical descrip-
tions of the full range of highway user behavioral responses 
to congestion, travel time reliability, and pricing (exclusive 
part) with the subsequent incorporation into various travel 
demand modeling systems. The NCHRP 08-57 project has a 
more practical and immediate focus, while the SHRP 2 C04 
project relates to more fundamental research issues of travel 
behavior, expecting to extend our capabilities, including devel-
oping methods that can be absorbed in practice, both in the 
timeframe of the NCHRP 8-57 recommendations, as well as 
beyond.

Both projects have in common a framework of applied 
model systems. Ideally, this commonality should be fully 
coordinated in order to provide a link between the funda-
mentals of travel behavior established in SHRP 2 C04 and 
the practical aspects of decision-making on pricing substanti-
ated in NCHRP 08-57. In this sense, the two projects form a 
valuable and coherent body of research with a clear practical 
outcome.

Taking into account the common research part, several 
practical aspects of coordination between the NCHRP 08-57 
and SHRP 2 C04 can be outlined this way.

Both projects are based on the same vision of an advanced 
but ultimately practically implementable travel model for 

General
framework for

making
pricing

decisions

Operational
modeling

tools

Behavioral
analysis of

responses to
congestion and

pricing

Model as decision
supporting tool

Mathematical
description of behavior

NCHRP 08-57

SHRP 2

Planning,
organizational,

institutional,
financial and

legislative factors

Synthesis of
existing practices

and research
directions

Mining available
data sets

Figure 19.  Common and exclusive areas of NCHRP 08-57 and SHRP 2 C04.
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highway pricing studies. This model should include a well-
defined set of features including synthesis of the best practices 
(corresponds to the short-term improvements described in 
Chapter 4) and the most important and realistically projected 
breakthroughs (long-term improvements classified in the 
sub-section that follows).

The conceptual model structure that would serve as the 
core for both research projects will be outlined in two ver-
sions that correspond to two existing conventional modeling 
approaches:

•	 Aggregate trip-based 4-step models. Although most of the 
new large-scale regional models developed/being developed  
after year 2000 have already been activity-based, these 
models still constitute a majority of the applied models on 
the market. It should be recognized, however, that while 
the conventional model structure has many limitations, 
it does allow for numerous improvements, especially for 
lower-level choice dimensions (route and mode). Using 
the SHRP 2 project terminology introduced in Figure 15, 
only the third level of sophistication can be incorporated 
in this model structure.

•	 Activity-based tour-based microsimulation models. These 
models are now rapidly becoming accepted in practice in 
major metropolitan regions, including regions undergoing 
comprehensive pricing studies (San Francisco, New York, 
Denver, Atlanta, Seattle, Los Angeles). This model struc-
ture offers numerous additional opportunities that corre-
spond to the second level of sophistication. Among them 
are advantages of individual microsimulation (practically 
any level of deterministic and/or probabilistic segmenta-
tion of users), as well as a better framework for capturing 
upper-level choices (daily activity patterns and schedules, 
transponder acquisition, car ownership, etc.).

The conceptual model structure can have many specific 
technical details depending on the pricing project (as dis-
cussed in Chapter 4). In practical terms, and taking into 
account that most of the comprehensive pricing studies con-
sider multiple project alternatives, it makes sense to make 
an effort to prepare a modeling tool that could serve a wide 
range of pricing studies rather than a single predetermined 
study. From this point of view, two principal types of studies 
can be distinguished:

•	 Area/Cordon and other global regional pricing studies 
where multiple facilities are considered in a certain sub-
area. For these studies, mode choice, time-of-day choice, 
as well as upper-level (trip-frequency related) choices are 
in the focus. These pricing forms are frequently non-trip-
based, defined instead as a daily charge or access fee (for 
multiple trips), which makes activity-based models espe-

cially appealing for these studies, since the principal limita-
tions of 4-step model structure have become an obstacle for 
the analysis.

•	 Intercity and corridor-specific pricing studies where 
a single facility is considered with possible multiple 
cross-section design, access, vehicle eligibility, and lane  
management/pricing form alternatives, including dynamic 
(state-dependent) pricing. For these studies, the route choice 
dimension, specifically a binary choice between managed 
lanes and general-purpose lanes, represents the core issue. 
Vehicle occupancy and time-of-day choice dimensions are 
also important if the corresponding pricing forms (HOV/
HOT lanes, congestion pricing) are the focus of the study. 
Mode choice might be a secondary issue, if a strong transit 
alternative (or integration of BRT in the managed lane) 
is considered. Upper-level choices that relate to trip fre-
quency are normally less affected. In practical terms, and 
taking into account that the pricing form itself is a per-trip 
charge, it makes trip-based models competitive for these 
projects.

Both projects, NCHRP 08-57 and SHRP 2 C04, are in 
agreement regarding the major breakthrough directions 
that can form the long-term model improvement program 
for highway pricing studies. In the following section, these 
directions are identified and the possible approaches that will  
be further explored in the framework of the SHRP 2 C04 
project area are outlined.

5.2 � Breakthrough Directions  
on the Demand Side

The most promising directions for the improvement of 
road pricing models are shown to be associated with advanced 
ABMs and advanced network simulation tools (DTA and 
micro-simulation). Certain significant improvements, how-
ever, can also be incorporated within the conventional 4-step 
modeling framework. More specifically, breakthroughs in the 
following critical areas are needed to provide for the incorpora-
tion of improved model features and components essential for 
a full and accurate analysis of road pricing projects.

•	 Heterogeneity of road users with respect to their VOT and 
willingness to pay. This requires a consistent segmenta-
tion throughout all of the demand modeling and network 
simulation procedures to ensure compatibility of implied 
VOTs. In addition to an explicit segmentation, random 
coefficient choice models represent a promising tool for 
capturing heterogeneity.

•	 Proper incorporation of toll road choice in the general 
hierarchy of travel choices in the modeling system. Addi-
tional travel dimensions (such as whether to pay a toll, 
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car occupancy, and payment type/technology), and associ-
ated choice models should be properly integrated with the 
other sub-models in the model system.

•	 Accounting for reliability of travel time associated with 
toll roads. The incorporation of travel time reliability in 
applied models requires quantitative measures that could 
be modeled on both demand and supply sides.

•	 More comprehensive modeling of time-of-day choice 
based on the analysis of all constraints associated with 
changing individual daily schedules.

•	 More comprehensive modeling of car occupancy related 
decisions, including differences in carpool types (planned 
intra-household, planned inter-household, and casual) 
and associated VOT impacts.

•	 More advanced traffic simulation procedures such as DTA 
and microsimulation, and better ways to integrate them 
with travel demand models.

5.2.1 � Approaches to Accounting for  
Heterogeneity of Highway Users

Heterogeneity of road users with respect to their willing-
ness to pay for travel time savings (expressed VOT) and 
higher reliability (value of reliability or VOR) has long 
been a focus of research and practice of travel modelers. 
Conceptually, VOT has two components: lost participation 
in activities, and the undesirability of travel per se. Most 
logit mode choice models use simple representations and 
assumptions about VOT, typically a single value. Two pri-
mary means of addressing the heterogeneity of travelers’ 
values of time are:

•	 Use of segmentation, in which the time-of-day, mode choice, 
and assignment procedures (and potentially other compo-
nents) are all fully consistent, and in which a single aver-
age VOT is assumed within each segment. This approach is 
commonly used in practice.

•	 Application of probabilistic distributions of VOT instead 
of single deterministic values, which similarly demands 
consistent treatment across the time-of-day, mode choice, 
and assignment procedures. This approach provides far 
greater behavioral fidelity, but has rarely been used in 
travel demand forecasting practice.

Explicit segmentation by VOT has been applied in many 
mode choice and toll road choice models and has also been 
incorporated in trip distribution and destination choice 
models through the use of mode choice Logsums as imped-
ance measures. It is uncommon, however, to carry this seg-
mentation through the trip assignment stage, since this leads 
to a proliferation of trip tables and an accompanying increase 
in the amount of time consumed by the assignment process.

Additional segmentation also tends to dampen price sen-
sitivity, since a typical sigmoid response curve, like the logit 
model, has the steepest (most elastic) part in the middle, while 
the ends are quite flat. Stated otherwise, aggregation across 
different segments tends to yield average utilities in the 
middle of the curve, and consequently to overestimate price 
sensitivity. Explicit segmentation can be an effective way to 
improve the accuracy of the model, while keeping to a simple 
analytical form.

There are, however, drawbacks to the use of segmenta-
tion. First, the number of segments may quickly become 
infeasible if the segmentation is applied across all dimen-
sions simultaneously. Secondly, and more importantly, even 
the most elaborate segmentation cannot include all possible 
situational variables that create significant additional varia-
tion of VOT within each ideally homogeneous segment. For 
example, a worker may exhibit a different willingness to pay 
when they have only a short time to get to and participate in 
an important business meeting than the average willingness 
to pay of this worker. In addition, another source of VOT 
variation is that a significant number of workers may have 
full or partial reimbursement of their travel costs by their 
employer or client.

The limitations on segmentation make the probabilistic 
approach to VOT more attractive. Recent theoretical advances 
in random coefficients (or mixed) logit model estimation 
make it a plausible option for modeling road-pricing choices. 
The random coefficient logit form directly represents the 
situation where the values of time and underlying utility coef-
ficients for travel time and cost are assumed to be randomly 
distributed, rather than deterministic. As a result, the need 
for segmentation is reduced. Random coefficient estimation 
capabilities are already available in some commercial estima-
tion software such as ALOGIT and LIMDEP.

However, there are also significant complications asso-
ciated with the estimation and implementation of random 
coefficient logit models. Specification of these models, and 
analysis of model estimates, requires considerably more effort 
than is required for traditional closed forms. In addition, 
the implementation of these models is also different than 
application of standard logit models and requires additional 
effort. While the random coefficient models might provide 
greater behavioral realism, use of this leading edge approach 
will require significantly more effort and an increase in the 
commitment of resources.

In many regional models, the segmentation used in travel 
demand choice models, such as time-of-day and mode choice,  
is frequently inconsistent or even contradictory to the assign-
ment procedures used. For example, travel models are nor-
mally segmented by purpose while vehicle classes in assignment 
relate to occupancy only. The need to evaluate road pricing 
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policies presents additional complications and may exacerbate 
VOT inconsistency issues.

The objective behind the optimal segmentation structure is 
to treat VOT consistently across all choices, while avoiding an 
excessive proliferation of travel segments and vehicle classes. 
As noted earlier, additional segmentation of the behavioral 
choice models in the activity-based framework is less onerous 
than in conventional 4-step models, but complicating issues 
associated with the multiplication of vehicle classes in the 
assignment procedure are shared by both activity-based and 
conventional models.

The choice of the number of vehicle occupancy categories 
in the assignment procedure should be based on the expected 
nature of HOV/pricing policies to be modeled. When signifi-
cant projects with specific HOV3+ lanes or pricing policies 
are expected, it generally would require explicit segmentation 
of trip tables by SOV, HOV2, and HOV3+ classes. Otherwise, 
collapsing of all HOV categories together can be adopted. 
Even in the absence of specific traffic restrictions or pricing 
policies, however, a better segmentation by vehicle occu-
pancy can be beneficial to capture differential VOT.

In order to avoid a proliferation of segments in the assign-
ment step, it may be possible to combine those segments or 
trip tables with similar VOT. This aggregation should also con-
sider additional vehicle classes associated with non-passenger 
travel such as heavy and light commercial trucks. A final deci-
sion about the aggregation of demand or trip tables can only 
be made after statistical estimation of all VOT and occupancy-
related coefficients.

It should be understood, however, that any conceivable seg-
mentation of VOT by trip purpose, income group, time of day 
and household/person characteristics will not entirely solve 
the problem since there is a great deal of situational variability 
within each segment (and even for the same person during the 
course of the day). Typical forecasting models, such as logit 
and probit choice models, assume a normal or bell-shaped 
distribution around the estimated parameters. If the actual 
shape of the distribution is not bell-shaped (symmetric), the 
forecasts are biased, particularly at higher price levels.

There are several practical ways to statistically estimate 
VOT distributions. Probably the simplest approach is based 
on SP surveys with multiple observations (experiments) for 
each person and trip. These surveys can be used to obtain 
individual-level estimates that can be then used to construct 
the distribution shape. More complex techniques include the 
estimation of mixed (random coefficients) logit model and 
latent class models. Both approaches have strengths and 
weaknesses. They can also be effectively combined.

While significant progress has been made in estimation 
methods and software (that essentially make estimation of a 
probabilistic VOT available), a bigger challenge is associated 
with the operational incorporation of VOT distributions in 

applied travel models. The following possible ways to incor-
porate distributed VOT have been identified:

•	 Use the VOT distribution for definition of VOT segments 
and then employ multi-class assignments and segmented 
models with average VOT estimated for each segment.

•	 Employ a microsimulation technique that is already embed-
ded in ABMs, where each person trip is assigned a specific 
VOT from the distribution. These (probabilistic) VOT val-
ues are saved for each trip and then serve as an important 
parameter when individual trips are converted into seg-
mented trip tables for a conventional static assignment, or 
even as single agent attributes when linked to a possible 
DTA or traffic microsimulation method.

In the two following sub-sections, we discuss technical 
details of deterministic travel segmentation that accounts for 
heterogeneity that is observed, and probabilistic segmenta-
tion through continuous distributions of model parameters 
that accounts for unobserved heterogeneity.

5.2.2 � Travel Segmentation  
(Observed Heterogeneity)

This sub-section is based on the recent synthesis and 
interim findings from the SHRP 2 C04 project. Significant 
progress has been made in recent years to better understand 
how motorists value their time while driving. The two key 
attributes to consider when identifying and segmenting travel 
markets are VOT and VOR.

Another long-term gap in understanding and modeling 
congestion and pricing is associated with poor segmentation 
of population and travel. It has generally been recognized by 
both researchers and practitioners that the profession should 
move away from crude average VOT estimates (and other 
related behavioral parameters) obtained from aggregate anal-
yses (Hensher and Goodwin 2005).

There are a significant number of research works provid-
ing insights into behavioral mechanisms and statistical evi-
dence on heterogeneity of highway users across different 
dimensions. Although income and trip purpose have been 
traditionally used in many models as the main factors that 
determine VOT, VOT is also a function of many other vari-
ables in reality. In fact, in many cases, income and trip pur-
pose might not even be the most important factors, especially 
when situational factors and time pressure come into play 
Spear (2005), Vovsha, et al. (2005).

A variety of traveler and trip type dimensions are impor-
tant. The main groups are:

•	 Socio-economic segments of population. These character-
istics are exogenous to all activity and travel choices that 
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are modeled in the system. The corresponding dimensions 
can always be applied for any model either for full segmen-
tation or as variables in the utility function.

•	 Segmentation of activities. These characteristics are exog-
enous to travel choices but endogenous to activity-related 
choices. Thus, in the model system, it should be ensured 
that the corresponding activity choices are modeled prior 
to the given model; otherwise they cannot be used for 
model segmentation.

•	 Travel segmentation. These characteristics are endogenous 
to the system of travel choices. In the mode estimation they 
have to be carefully related to the model structure to ensure 
that all dimensions/variables used in each particular model 
have been modeled prior in the model chain.

The socio-economic segmentation of the traveler popula-
tion should address the following characteristics:

•	 Income, age, and gender. A higher income is normally 
associated with higher VOT (Brownstone and Small 2005, 
Dehghani, et al. 2003), along with middle-age female sta-
tus (Mastako 2003, Travel Demand Model Development 
for T&R Studies in the Montreal Region 2003).

•	 Worker status. Employed persons (even when traveling for 
non-work purposes) are expected to exhibit a higher VOT 
compared to non-workers because of the tighter time con-
straints (PB Consult 2005).

•	 Household size and composition. Larger households, 
with children, are more likely to carpool and take advan-
tage of managed lanes (Stockton, et al. 2000; Vovsha, et al. 
2003).

The segmentation of activities may best address the  
following list:

•	 Travel purpose. Work trips and business-related trips 
normally are associated with higher VOT as compared 
to non-work purposes (Dehghani, et al. 2003, NYMTC 
Transportation Model and Data Initiative 2004, Travel 
Demand Model Development for T&R Studies in the Mon-
treal Region 2003). Airport trips are another frequently 
cited trip purpose with relatively high VOT (Spear 2005). 
The list of special trip purposes with high VOT might also 
include escorting passengers, visiting place of worship, 
medical appointment, and other fixed-schedule events 
(theater, sport event, etc). A deeper understanding of the 
underlying mechanisms for such behavior is valuable, 
including combinations of schedule inflexibility, low trip 
frequency, and situational time pressure.

•	 Day of week: weekday versus weekend. There is statistical 
evidence that VOT for the same travel purpose, income 

group, and travel party size on weekends is systematically 
lower than on weekdays, including some examples of posi-
tive travel utility associated with long discretionary trips 
(Stefan, et al. 2007). It is yet to be determined if these 
differences can be explained by situational variables or if 
there is an inherent weekend type of behavior different 
from the regular weekday behavior. In any case, whether 
directly or as a proxy for situational time pressure, it would 
be useful to test the differences statistically. The positive 
utility of travel manifests itself most notably in choice of 
distant destinations for discretionary activities on week-
ends (sometimes with a sightseeing component). This issue 
should be explored, however, to determine if this is actu-
ally correlated with tolerance to congestion delays and 
unwillingness to pay tolls.

•	 Activity/schedule flexibility. Fixed-schedule activities are 
normally associated with higher VOT for trips to activ-
ity because of the associated penalty of being late; this has 
manifested itself in many previous research works when 
VOT for morning commute proved to be higher compared 
to the evening commute. Probably a similar mechanism 
(high penalty of being late) creates higher VOT estimates, 
as it does for trips to airports reported. Schedule flexibility 
will also be an important factor for non-work activities; a 
trip to a theater might exhibit a high VOT while shopping 
might be more flexible.

•	 Situational context: time pressure versus flexible time. 
This is recognized as probably the single most important  
factor determining VOT that has yet proven difficult to 
measure and estimate explicitly, as well as to include in 
applied models (Spear 2005, Vovsha, et al. 2005). There  
is evidence that even a low-income person would prob-
ably be willing to pay a lot for travel time savings if he/she  
is in danger of being late to a job interview or is escorting  
a sick child. This factor is correlated with the degree of 
flexibility in the activity schedule (inflexible activities, 
trips to airport, fixed schedules, and appointments will 
be the activities most associated with time pressure), but 
does not duplicate it. It might be expected that even for a  
high income person traveling to the airport, the VOT might 
not be that high if this person has a 4-hour buffer before 
the departure time. With ABMs we could use the number 
of trips/activities implemented by the person in the course 
of a day, as well as the associated time window available 
for each trip/activity as an instrumental proxy for time 
pressure.

The segmentation of travel characteristics may best address 
the following list:

•	 Trip frequency. More regular trips, and their associated 
costs, may receive more (or less) formal consideration than 
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those that occur infrequently. For example, a $1.50 for auto 
trip to work may be perceived as $3.00 per day (assuming a 
symmetric toll) and $60 per month, thus receiving special 
consideration. This perceptional mechanism is likely very 
different for infrequent and irregular trips where the toll is 
perceived as a one-time payment. For intercity trips, trav-
elers’ recognition of the return trip is not obvious, since it 
may occur on a different day.

•	 Time-of-day. Prior research confirms that AM and PM 
peak periods are generally associated with a higher VOT, as 
compared to off-peak periods. In particular, it seems this 
may be the result of more commute trips in these periods 
and/or higher congestion levels. In addition to that, AM 
travelers (mostly commuters) are more sensitive to travel 
time and reliability than PM commuters (who mostly are 
returning home) (Brownstone, et al. 2003). However, few  
have explored how these phenomena relate to schedule 
flexibility, or how time-of-day factors impact VOT for non-
work trips. One may reasonably speculate that a model that 
explicitly accounts for reliability and schedule constraints 
would not need an additional differentiation by time-of-
day periods.

•	 Vehicle occupancy and travel party composition. While a 
higher occupancy normally is associated with higher VOT 
(though not necessarily in proportion to party size), it 
is less clear how travel party composition (for example, 
a mother traveling with children, rather than household 
heads traveling together) affects a party’s VOT.

•	 Trip length or distance. Interesting concave functions 
have been estimated for commuters’ VOT (Steimetz and 
Brownstone 2005). For short distances, VOT is compara-
tively low, since travel time is insignificant and delays 
are tolerable; for trip distances around 30 miles, VOT 
reaches a maximum. However, for longer commutes, 
VOT decreases again since they presumably have chosen 
residential and work places fully understanding that long-
distance commuting will be necessary. Additionally, in 
the context of mode choice, strong distance-related posi-
tive biases have been found for rail modes in the presence 
of congestion [as a manifestation of reliability (NYMTC 
2004)] and carpools (since carpools are associated with 
extra formation time).

•	 Toll payment method. This is an important additional 
dimension that has not yet been fully explored. Changes 
in toll policies implemented by the Port Authority of 
New York and New Jersey convincingly showed that the 
introduction of E-Z Pass attracted a significant new wave 
of users despite a relatively small discount (Evaluation 
Study of PANYNJ Time of Day Pricing Initiative 2005). 
In the same way researchers regard perceived time versus 
actual time differently, they should also probably consider 
perceived value of money in the context of pricing. Bulk 

discounts and other non-direct pricing forms should be 
modeled at the daily pattern level rather than trip level. 
It is also important to understand congestion impacts on 
entire daily patterns, rather than by single trips, including 
an analysis of daily time budgets and trade-offs made to 
overcome congestion (including work from home, com-
pressed workweeks, compressed shopping, moving activi-
ties to weekends, etc.).

•	 Congestion level that has an impact on travelers’ percep-
tion of time. There is a growing body of evidence that VOT 
(and willingness to pay) depends on the level of congestion  
(Wardman, et al. 2009, NCHRP Report 431 1999). In par-
ticular, a mark-up value of 2.0–2.5 was reported when VOT 
in highly congested conditions was compared to free-flow 
conditions. The concept of perceived highway time differ-
entiated by congestion levels is discussed in Section 5.2.4 as 
one of the practical ways to account for the effects of reli-
ability on demand. Congestion levels are correlated with 
time-of-day periods though there are certain specifics of 
AM and PM periods beyond just the level of congestion. 
For example, most of the commute trips in AM period are 
outbound trips to work that are characterized by a con-
strained schedule. Most of the trips in PM period (as well as 
in off-peak period) are more flexible in terms of departure 
and arrival time.

In model formulation, estimation, and application, it is cru-
cial to follow a conceptual model system design and to obey 
consistent rules of application of those variables that are exoge-
nous to the current model. For example, if TOD model is placed 
after mode and occupancy choice, the mode and occupancy can 
be used as the TOD model segmentation. However, time of day 
in this case cannot be used for segmentation of the mode and 
occupancy choice models. If the order of models is reversed 
(TOD choice before mode & occupancy choice) the segmenta-
tion restrictions would also be reversed. When different models 
are estimated, it is essential to keep a conceptual model system 
(or at least a holistic framework) in mind to make these models 
compatible and avoid endogeneity-exogeneity conflicts.

It should be understood that these dimensions cannot be 
simultaneously included in operational models, as explicit 
segments in a Cartesian combination. With a 4-step model 
framework, this would immediately result in an unfeasibly 
large number of trip tables. The ABM framework is more 
flexible, and, theoretically, can accommodate any number of 
segments. They are, however, still rather limited in practical 
terms by the survey sample size (normally several thousands 
of individuals) that quickly wears thin for multidimensional 
segments. There are, however, other ways to constructively 
address segmentation in operational models that we can con-
sider. These include flexible choice structures with parameter-
ized probabilistic distribution for parameters of interest (for 
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example, VOT), as well as aggregation of segments by VOT 
for assignment and other model components that are espe-
cially sensitive to dimensionality.

It should also be understood that VOT represents only 
one possible behavioral parameter, and that it is essentially 
a derived one. In most model specifications and correspond-
ing estimation schemes, VOT is not directly estimated, but 
rather derived either as the ratio of the time coefficient to 
cost coefficient (in simple linear models as specified in Sec-
tion 2.2 as the marginal rate of substitution between time 
and cost (in a general case). Thus, very different behaviors 
can be associated with the same VOT. For example, both 
time and cost coefficients can be doubled which leaves the 
VOT unchanged; however, this would be a manifestation of 
very different estimated responses to congestion and pricing. 
Large coefficients will make the model more sensitive to any 
network improvement or change in costs, while smaller coef-
ficients will make it less sensitive.

One of the most detailed VOT segmentation analyses of 
the type described in the previous sub-section was carried out 
for the Netherlands National Value of Time study (Bradley 
and Gunn 1991), which used 10 simultaneous segmentation 
variables. A similar approach was used for national studies in 
the United Kingdom and Sweden.

All else being equal, a more detailed segmentation typi-
cally tends to dampen the overall price sensitivity across the 
population, since a typical sigmoid response curve, like the 
logit model, has the steepest (most elastic) part in the middle, 
while the ends are quite flat, and market segmentation tends 
to move distinct groups away from the middle.

Travel market segmentation is principally different with 
AB models implemented in a microsimulation fashion 
compared to aggregate 4-step models. Practically speak-
ing, AB models using microsimulation methods do not 
have limits in terms of segmentation. They can incorpo-
rate all of the dimensions listed, and the only constraint 
that should be taken into account is the ability to estimate 
VOT (i.e., time and cost coefficients) for each segment with 
the available data. Essentially, the model estimation results 
will dictate the segmentation in the model application. 
A population synthesis procedure embedded in an ABM 
provides a list of household and persons with all variables 
available in PUMS, ACS, or other source that are used as a 
seed micro-sample.

Travel segmentation with a 4-step model is constrained in 
the model application by the set of household and person 
variables available in the population distribution and sub-
sequently by the number of trip tables that would be fea-
sible in the trip distribution and mode choice models. This 
constraint, though technical in nature, severely limits the 
segmentation that actually can be applied in a 4-step model-
ing process. For example, let’s consider a maximum feasible 

number of segments as 100. This limit will be quickly reached 
with the following Cartesian combination:

•	 4 trip purposes (home-based work, home-based school, 
home-based other, non-home-based),

•	 3 income groups (low, medium, high).
•	 4 car ownership groups (zero car, cars fewer than workers, 

cars equal to workers, cars greater than workers), and
•	 2 time-of-day periods (peak, off-peak).

There is practically no way to include such variables as 
age, gender, or person status in a 4-step model on top of the 
basic variables listed above. It is also theoretically impossible 
to incorporate situational variables or variables that relate to 
schedule constraints. There are several limited reserves where 
the segmentation of a 4-step model can be improved. One 
of them represents a compromise between the segmentation 
applied in trip distribution versus segmentation applied in 
mode choice. Trip distribution could be applied with a lim-
ited number of segments (say, 96 segments resulted from the 
variables listed above, or even less). Then, for the mode choice 
stage, additional segmentation could be applied on the popu-
lation side (relevant for home-based trips only) that could 
include gender, person type, or any other variable. The addi-
tional segmentation relates only to the trip origin zones and 
does not require a separate trip distribution for each segment. 
In mode choice application, it is assumed that the origin zone 
proportions for the additional segments are uniform across 
all destinations. Thus, each trip-distribution segment can be 
quickly split into sub-segments before mode choice.

Another option is to specifically single out travel segments 
that are characterized by a very high willingness to pay (trips 
to airports, business trips during the day, etc.) and model 
them separately with identification of the strongest trip gen-
erators on an individual basis.

5.2.3 � Probabilistic Distribution of VOT  
and VOR (Unobserved Heterogeneity)

Explicit segmentation can be an effective way to improve 
the model while keeping it in a simple analytical form. How-
ever, there are several strong arguments in favor of probabi-
listic treatment of VOT instead of or in addition to explicit 
segmentation.

First, the number of segments quickly becomes infeasible 
if segmentation is applied across all dimensions simultane-
ously. This is especially apparent with conventional, 4-step 
modeling techniques, which require replication of full OD 
tables for each combination of segmentation variables (or at 
least for each distinct value of VOT) for static network traffic 
assignment. Such detailed travel market segmentation can be 
much more effectively incorporated in the ABM framework, 
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where each simulated individual and trip can effectively be 
modeled as having its own levels of VOT (and VOR). The 
same may be the case for the newest generation of DTA and 
traffic microsimulation models.

Secondly, even if maximum possible segmentation is 
implemented, a travel model cannot include all possible situ-
ational variables that create significant additional variation 
of VOT within each (seemingly homogeneous) segment. For 
example, when driving for an important business meeting 
with very little time available to reach his or her destination, 
a worker can exhibit a higher willingness to pay than the aver-
age for the same person. The same can be said about a mother 
driving home to attend to a sick child. Also, a not insignifi-
cant (but generally unknown) percentage of commuters may 
have a full or partial reimbursement of their travel cost by the 
employer. These sources of additional variation are poorly 
captured in travel surveys, if at all. This means that the proba-
bilistic approach of explicitly estimating VOT distributions is 
bound to be more realistic and more accurate.

For example, a recent SP study of users of the new MnPASS 
HOT lane facility (Zmud, et al. 2007), used a survey method 
to explicitly estimate each respondent’s individual VOT, and 
found much more variation across the sample than could be 
captured through observable segmentation variables alone.  
The observed distribution resembled the log-normal distri-
bution Ben-Akiva, et al. (1993) pioneered an econometric 
approach to directly estimate the parameters of such log-
normal VOT distributions from typical SP and RP data sets. 
This research was done as part of a study for Cofiroute of 
proposed tolls on the French national motorways, and the 
resulting distributed models were applied using a customized 
multi-user-class static assignment routine. Now, 15 years 
later, there are a variety of approaches and software available 
for estimating and applying such models.

Random Coefficients (mixed) logit model estimation 
(already available in commercial software like ALOGIT or  
LIMDEP or BIOGEME) has become a practical tool for 
modeling choices related to road pricing. The random coef-
ficient logit form directly corresponds to the situation where 
VOT and underlying utility coefficients for travel time and 
cost are assumed to be randomly distributed, rather than 
deterministic (taking single mean values).

Since mixed logit requires (computationally intensive) 
numeric integration for calculation of the choice probabili-
ties, this is a certain problem for applying it in an aggregate 
4-step model that predicts and accumulates fractional prob-
abilities. This problem can be overcome by effective numeric 
integration. For ABMs based on microsimulation, the situa-
tion is even simpler, since there is no need to calculate choice 
probabilities. Random utilities can be directly simulated 
from their distributions and then the alternative with the 
maximum utility would be chosen. This technique eliminates 

the disadvantages of non-closed form choice models (like 
probit or mixed logit) and makes them just as convenient as 
standard logit models in application. In the current research, 
special attention will be given to the incorporation of mixed 
logit models (with distributed VOT and VOR) in both micro
simulation and aggregate model frameworks. Note that mixed 
logit models can also incorporate systematic market segmen-
tation, using interaction terms to parameterize (or segment) 
the distribution according to observed variables.

Small, et al. (2005) provide an interesting example of the 
estimation of a binary model of choice between a toll and a 
non-toll route that accounts for the heterogeneity of travel-
ers with respect to VOT (as well as VOR). In this formula-
tion, the non-toll route served as the reference alternative 
with zero utility while the toll route utility included a con-
stant term, various transformations of cost and time differ-
ences between the routes, as well as a measure of travel time 
unreliability. The constant term was specified as a random 
parameter dependent on such variables as gender, age, and 
household size. The cost and time coefficients were specified 
as random parameters interacting with income and trip dis-
tance. In this way, the model was able to capture a significant 
observed heterogeneity (through variables that differentiate 
the distribution of constant term and time/cost coefficients), 
as well as residual unobserved heterogeneity through the 
specification of the random component of the constant, and 
time/cost coefficients. The utility structure of the model of 
this type can be written in the following general way:

U xsn sn snk nk nk
= + +∑α β ε ( )Equation 18

where

	 s	=	segments by income, travel purpose, person type, etc,
	 n	=	observations (instances of choice),
	 k	=	independent variables like travel time and cost,
	xnk	=	�values of the independent variables for each obser-

vation,
	as	=	constant that is assumed to be a random,
	bsk	=	�coefficients for time and cost that are assumed to be 

random, and
	en	=	random disturbance term.

The random constants are specified in the following way:

α α ϕ ξsn sl nl n

l

y= + +∑ ( )Equation 19

where

	 l	=	�variables for capturing observed heterogeneity (like 
gender and age),

	ynl	=	values of the variables for each observation,
	 –a	=	fixed component (generic alternative-specific bias),
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	jsl	=	coefficients capturing observed heterogeneity, and
	xn	=	random term capturing unobserved heterogeneity.

The random coefficients are specified in the following way:

β β γ ζskn k skm nm n
m

z= + +∑ (Equation 20)

where

	 m	=	�variables capturing observed heterogeneity (like 
income and distance),

	znm	=	values of the variables for each observation,
	

–
bk	=	fixed components (generic coefficients),

	gskm	=	coefficients capturing observed heterogeneity,
	 zn	=	random term capturing unobserved heterogeneity.

The model was estimated based on the combined RP and 
SP data sets for the California State Route 91. The authors 
reported significant observed and unobserved heterogeneity 
among travelers that affects the forecast; a proper accounting 
for this heterogeneity could enhance the political viability of 
pricing. In modeling terms, this means that a combination of 
an explicit segmentation (to account for the observed hetero
geneity) with probabilistic VOT distribution (to account for 
unobserved heterogeneity) is essential.

Randomly distributed VOT has been already incorporated 
in the new version of practical ABM developed for San Fran-
cisco (Figure 20); see Section 6.1.

Various ways and levels of highway user segmentation can 
be considered. The central question is to find a right balance 
between the explicit (observed) heterogeneity (full or par-

tial segmentation of the model coefficients) and unobserved 
heterogeneity (making some of these coefficients random). 
For random parameters, different distribution shapes (for 
example symmetric versus skewed-to-the-left/right VOT dis-
tributions) can be explored.

From the technical standpoint, randomized VOT is com-
paratively simple to apply and it does not affect the model run 
time. This option, however, is only available with an ABM 
since it requires an individual microsimulation framework.

5.2.4 � Additional Travel Dimensions  
and Choice Models

In order to more faithfully capture the effects of road 
pricing options, it will be necessary to address additional 
travel dimensions, such as the choice of whether to pay a toll 
charge, or the choice of payment type. These choices reflect 
the willingness of travelers to make tradeoffs between mon-
etary costs and travel time savings. Current modeling prac-
tice and research provide examples of how these two travel 
dimensions have been incorporated:

•	 Binary route type choice (toll versus non-toll) can be incor-
porated at the lower level in the mode choice hierarchy, as 
has been implemented in the Montreal model. Introduc-
tion of pre-route choice in the mode choice model, and cor-
responding enhancements to the subsequent assignment 
procedures, allows for better accounting of the LOS on toll 
roads and associated drivers’ perception through toll-road 
bias, reliability, and other components in the utility function.

•Each traveler samples from a V.O.T. distribution, based on their income (Inverse of the lognormal cumulative density function) ($1-$30) 
•The non-work V.O.T. is set to 2/3 of the work V.O.T. 
•The same V.O.T. is used for all choice models 

Figure 20.  Randomized VOT applied in San Francisco model.
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•	 Car occupancy choice (carpool formation mechanism) 
can be incorporated either as part of mode choice at the 
intermediate level (in the auto nest and before pre-route 
choice) or as an activity-type decision at the tour/trip gen-
eration stage. There are also several important differences 
in formation intra-household and inter-household car-
pools that should be taken into account through different 
modeling techniques.

•	 Payment type/vehicle equipment choice depending on the 
pricing form and technology can be incorporated in the 
model system as a lower level in mode choice or time-of-
day choice. Representation of a payment type/technology 
may be essential if several toll-collection technologies with 
different roadway LOS effects are planned to co-exist for 
the same facilities.

The estimation of models considering the route type and 
payment type choice dimensions requires a specific and aug-
mented set of data. Ideally, the binary pre-route choice model 
is estimated as part of the mode choice model though an inde-
pendent or sequential estimation (first, pre-route choice and 
then mode choice carrying pre-route choice log-sums up).

Intra-household and inter-household carpools are gener-
ally modeled in different ways. Intra-household carpools with 
respect to fully joint tours for non-mandatory activities can be 
modeled explicitly from the tour generation stage. For these 
tours the travel party size is predetermined by the household 
composition and joint-tour participation model with the sub-
sequent direct implication for mode choice. For example, if 
a tour is generated with three participants, SOV and HOV2 
modes are automatically made unavailable for this tour (there 
still can be a choice between HOV3, transit, non-motorized, 
and taxi modes). For other tours that are either individual or 
joint (but not modeled explicitly), intra-household carpools 
are accounted implicitly at the mode choice stage through 
household size, composition and Daily Activity Pattern vari-
ables. For example, for work tours, SOV, HOV2, and HOV3 
can be available but such variables as number of workers and 
school children (or work and school tours) would work in favor  
of HOV2/HOV3 indicating intra-household carpools and 
escorting arrangements. Intra-household carpools are gener-
ally not extremely sensitive to the HOV LOS characteristics.

Inter-household carpools can generally be modeled only 
implicitly through mode choice. The probability of inter-
household carpools to occur does not relate to the household 
composition, but rather to opportunities to find permanent 
partners (frequently other workers) with a similar schedule 
and OD location on the way. Inter-household carpools are 
more frequent for longer distances, commuters with perma-
nent schedules, and commuting to employment centers like 
CBD. These carpools are typically more sensitive to the HOV 
LOS characteristics since exclusive HOV lanes or HOT lanes 

with better levels-of-service than mixed flow lanes may make 
travelers seek joint travel arrangements. In a mode choice 
framework, these variables are tested statistically in the HOV 
mode utility functions.

Choice of payment type (including acquisition of tran-
sponder) has been recognized as an important dimension 
for travel segmentation that is currently missing in almost 
all travel models including the most advanced activity-based 
models. However, the recent RP surveys of toll users on the 
existing facilities have clearly shown that travel patterns (and 
the underlying willingness to pay) of cash users are very dif-
ferent from transponder holders (Yan and Small 2000). In 
particular, transponder holders are characterized by a higher 
trip frequency, different trip purpose mix, high percentage of 
symmetric commuters (using the same toll facility for both 
trip directions), and higher car occupancy. The introduc-
tion of a transponder acquisition model (that is essentially a 
mid-term travel decision relating to a set of mobility choices) 
would allow for an effective segmentation of highway users, 
and consequently yield better results for both choice mod-
els and traffic assignments. This is essential for T&R forecast 
studies of highway facilities where manual and ETC toll col-
lection technologies coexist.

5.2.5 � Incorporation of Travel  
Time Reliability

Quantification of Travel Time Reliability

There is a growing body of research and statistical evi-
dence, as well as model estimation results, indicating that 
travelers’ perception of toll roads and willingness to pay is 
not a simple consideration of average time and cost com-
pared to the individual VOT. Willingness to pay for toll roads 
is also influenced by many other attributes, such as the reli-
ability or predictability of travel times through management 
of roadway capacity, or improved safety through vehicle class 
restrictions such as trucks.

In particular, travel time reliability associated with toll 
roads has been recognized as a particularly strong factor, 
and may be as important as, or in certain contexts more 
important than, average time savings in determining traveler 
choice. Willingness to pay for reductions in the day-to-day 
variability of travel time is referred to as VOR. One of the 
most important strategic directions for improvement of 
travel models today is the measurement of highway time reli-
ability and its impact on travel choices. Several published and 
ongoing research projects like NCHRP Project 8-64, NCHRP 
Report 618, SHRP 2 C04, SHRP 2 L04, as well as FHWA 
guidance are devoted to reliability issues.

There has been a considerable body of research regarding 
the fundamental issues that reflect definition of travel time 
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reliability, its measurement, as well as the computation and 
treatment of travel time reliability in modeling tools. The 
suggested reliability measures have been put in the context 
of effectiveness related to transportation projects, policies, as 
well as the entire highway system performance.

In general, there are four possible methodological 
approaches to quantify reliability suggested in either research 
literature or already applied in operational models:

•	 (Indirect measure) Perceived highway time by congestion 
levels. This concept is based on statistical evidence that in 
congestion conditions, travelers perceived each minute 
with a certain weight (NCHRP Report 431 1999, Axhausen,  
et al. 2006, Levinson, et al. 2004, MRC and PB 2008). Per-
ceived highway time is not a direct measure of reliability 
since only the average travel time is considered though it is 
segmented by congestion levels. It can, however, serve as a 
good instrumental proxy for reliability since the perceived 
weight of each minute spent in congestion is a consequence 
of associated unreliability. Additionally, it can be mentioned 
that VOT for different congestion levels does not only 
include proxies for reliability, but also psychological effects 
that congestion is more onerous than free-flow travel. For 
example, a traveler may full well know that he/she will have 
to sit in highly congested conditions, but perceives the time 
differently than time spent in free-flow conditions.

•	 (First direct measure) Time variability (distribution). 
This is considered the most practical direct approach that 
has received considerable attention in recent years. This 
approach assumes that several independent measurements 
of travel time are known, which allow for travel time dis-
tribution formation and calculation of some derived mea-
sures like buffer time (Small, et al. 2005, Brownstone and 
Small 2005, Bogers, et al. 2008). One important technical 
detail with respect to generation of travel time distributions 
is that even if the link-level time variations are known, it 
is a non-trivial task to synthesize the OD-level time distri-
bution (reliability “skims”) because of the dependence of 
travel times across adjacent links due to mutual traffic flow.

•	 (Second direct measure) Schedule delay cost. This approach 
has been adopted in many research works on individual 
behavior in academia (Small 1982, NCHRP Report 431 
1999). According to this concept, direct impact of travel  
time unreliability is measured through cost functions (pen-
alties expressed in monetary terms) of being late (or early) 
compared to the planned schedule of the activity. This 
approach assumes that the desired schedule is known for 
each person and activity in the course of the modeled period. 
This assumption, however, is difficult to meet in practical 
model setting.

•	 (Third direct measure) Loss of activity participation util-
ity. This method can be thought of as a generalization of 

the schedule delay concept. It is assumed that each activ-
ity has a certain temporal utility profile and individuals 
plan their schedules to achieve maximum total utility over 
the modeled period (for example, day) taking into account 
expected (average) travel times. Then, any deviation from 
the expected travel time due to unreliability can be associ-
ated with a loss of participation in the corresponding activ-
ity (or gain if travel time proved to be shorter) (Supernak  
1992, Kitamura and Supernak 1997, Tseng and Verhoef  
2008). Recently this approach was adopted in several 
research works on DTA formulation integrated with activ-
ity scheduling analysis (Kim, at al. 2006, Lam and Yin 
2001). Similar to the schedule delay concept, however, this 
approach suffers from the data requirements that are dif-
ficult to meet in practice. The added complexity of esti-
mation and calibration of all temporal utility profiles for 
all possible activities and person types is significant. This 
makes it unrealistic to adopt this approach as the main 
concept for current research, however, it should be con-
sidered in future research efforts.

Detailed analysis of all four approaches with application 
examples can be found in Appendix A, Section A.3. A good 
example of the time variability measure was presented in Small, 
et al. (2005). The adopted quantitative measure of variability 
was the upper tail of the distribution of travel times, such as the 
difference between the 80th and 50th percentile travel times; 
see Figure 21. The authors argue that this measure is better 
than a symmetric standard deviation, since, in most situations, 
being late is more crucial than being early, and many regular 
travelers will tend to build a “safety margin” into their depar-
ture times that will leave them an acceptably small chance of 
arriving late (i.e., planning for the 80th percentile travel time 
would mean arriving late for only 20% of the trips).

The choice context included binary route choice between 
the Managed (tolled) Lanes and General Purpose (free) lanes 
on the section of SR-91 in Orange County, CA. The survey 
included actual users of the facility and the model was esti-
mated on the mix of RP and SP data. The variation of travel 
times and tolls was significantly enriched by combining RP 
data from actual choices with SP data from hypothetical sit-
uations that were aligned with the pricing experiment. The 
distribution of travel times was calculated based on the inde-
pendently observed data. The measures were obtained from 
field measurements on SR-91 taken at many times of day, on 
11 different days. It was assumed that this distribution was 
known to the travelers based on their past experience. Reli-
ability, as defined above, proved to be valued by travelers as 
highly as the median travel time.

Numerous variations of this approach based on travel 
time distribution have been proposed. For example, a 95% 
buffer time threshold was suggested in (CSI 2005) and some 
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additional measures of distribution asymmetry and skew 
were explored in Bogers, et al. (2008). In the ongoing SHRP 2 
Project C04, different variability measures are currently being 
investigated with respect to their impact on travel demand.

Incorporation of Travel Time Reliability  
in Operational Models

One principal problem that hampers making this approach 
operational is that it requires the explicit modeling of travel 
time distributions, as well as making assumptions on how 
travelers acquire information about the random variability 
they experience. DTA and micro-simulation tools are crucial 
for the direct assessment of travel time variability, since static 
assignment can only predict average travel times. However, 
application and calibration of these dynamic microsimula-
tion traffic assignment procedures at the regional level has 
not often been performed. This principal issue needs both 
theoretical development and more practical experimenta-
tion with the available tools and approaches, even if they are 
currently operational in small networks only. This issue is 
in the focus of another SHRP 2 project L04, “Incorporating 
Reliability Performance Measures in Operations and Plan-
ning Modeling Tools,” as well as several research projects 
currently underway in Europe (ITS 2008).

There are, however, several possible practical steps for 
inclusion of instrumental proxies for reliability measures in 

operational travel models. They include the recent experi-
ence with estimation of VOT by congestion levels (NCHRP 
Report 431 1999, Wardman 2009) and such measures as 
amount of congestion delay versus free-flow time applied in 
the Ottawa travel model (Ottawa TRANS 2007) as well as 
volume-over-capacity ratios as applied in the Seattle travel 
model (Appendix A, A.1.1.10).

A summary of possible instrumental proxies for indirect 
measurement of travel time reliability available with a con-
ventional static assignment technique is shown in Table 16. 
These simplified measures could be included in both 4-step 
models and ABMs.

A more detailed discussion on the simplified operational 
approaches of this type can be found in Appendix A, Section 
A.3.2 in the context of perceived highway time.

5.2.6 � Modeling Time-of-Day Choice  
and Peak Spreading

Time-of-day choice has always been the weakest part of 
travel models, but this model is essential for forecasting con-
gestion pricing schemes. There has been significant progress 
in modeling techniques for time-of-day choice achieved 
recently and documented in several research synthesis efforts, 
as well as incorporated in the first advanced models applied 
in practice. The following discussion identifies the important 
features of the new time-of-day choice models and provides 
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Figure 21.  Travel time variability measure.

Core measure Link attribute scaling factors* OD-skim contraction  
Volume over Capacity (V/C) 
ratio

Number of lanes Average weighted by distance 
(mean or 50th, 60th, 70th, 80th

percentile)  
Highway facility type 
Network location (bottleneck) 

Delay compared to free-flow 
condition 

Number of lanes Sum weighted by length 
Highway facility type 
Network location (bottleneck) 

Travel time differentiated by 
congestion levels 

Number of lanes Sum weighted by length 
Highway facility type 
Network location (bottleneck) 

* Accounts for probability and impact of accidents and traffic instability

Table 16.  Instrumental proxies for travel time reliability.
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recommendations on their estimation and incorporation 
within the structure of the modeling system:

•	 The new generation of time-of-day models is character-
ized by a high level of temporal resolution. These models 
can predict trip distribution by 30–60 min intervals (or 
even less if necessary). This is a major breakthrough com-
pared to the conventional technique associated with broad 
(3 hours or longer) time-of-day periods. This advance 
in practice proved to be possible by hybridizing discrete 
choice modeling and duration modeling techniques. The 
results of the time-of-day choice model can be aggregated 
by broad time-of-day periods in order to provide compat-
ibility with conventional period-specific static assignments. 
They can be more effectively used, however, in combina-
tion with DTA/microsimulation tools since these tools rely 
on demand (trip tables) stratified by fine time slices that 
can be effectively provided by the new time-of-day models. 
Even within the conventional static assignment framework, 
it can be beneficial to distinguish between the sharpest peak 
hour and shoulders within each peak period (AM and PM) 
to better portray impacts of congestion pricing.

•	 Modeling theory indicates that the best placement of time-
of-day choice model is between destination choice (trip 
distribution) and mode choice. This means that time-of-
day choice should operate with mode choice Logsums as 
explanatory variables, and mode choice should operate 
with period-specific travel times and cost. This approach 
is essential if both mode shifts and peak spreading effects 
are significant. For corridors and areas where substantial 
mode choice shifts are not expected, time-of-day choice 
model can be placed after mode choice (and normally 
applied for highway trips only). This means that the time-
of-day choice model would operate with highway travel 
times and tolls as variables. In both cases, it is absolutely 
essential to apply equilibrium feedbacks to ensure that the 
peak spreading effects are consistent with congested travel 
time and cost estimates.

The new generation of time-of-day choice models can be 
applied in both 4-step and ABM frameworks. While there 
are many important similarities in model structure, there are 
also some principal differences that should be understood:

•	 Time-of-day choice in the 4-step trip-based model frame-
work is applied for each trip segment separately. It is lim-
ited to the trip table segmentation embedded in the trip 
generation and distribution structure (by trip purpose, 
income group, car ownership, etc.). In particular, it is 
applied for each commuting direction (outbound and 
inbound from home) separately. As a result, AM peak 
spreading effects is modeled independently of PM spread-

ing effects, and with no explicit control or consistency with 
the resulting implications for work duration.

•	 Time-of-day choice in the activity-based tour-based model 
framework is applied for each tour and preserves a consis-
tency across all sequential trips in the tour and associated 
activities. It can also incorporate such important addi-
tional variables as person work status (full-time workers 
versus part-time workers) and household composition 
(presence of children, etc.). It is applied for the entire com-
muting tour (or round trip) in a process that ensures a 
logical linkage between changing AM and PM departure 
time. It allows for the explicit control of the duration of 
work or other activities.

A detailed description of the advanced time-of-day choice 
models with enhanced temporal resolution is included in 
Appendix A, Section A.4.

5.2.7  Modeling Car Occupancy

Several additional factors come into play if pricing or traf-
fic restrictions are differentiated by car occupancy. Differ-
ent forms of HOV/HOT lanes have been recently applied 
in many studies and valuable experiences have already been 
accumulated, as well as a significant body of research and 
model estimation works published. In this regard, the SHRP 2  
C04 project is cooperating with the ongoing NCHRP proj-
ect 8-36B, Task 52 “Changes in Travel Behavior/Demand 
Associated with Managed Lanes.”

Understanding and modeling of the usage of HOV/HOT 
lanes must be rooted in an understanding of the behavioral 
mechanisms associated with formation of carpools. The mod-
eling of carpools has suffered from a long-term stereotype 
and practice of considering HOV always as part of an indi-
vidual mode choice. In reality, there are several important 
factors related to carpooling that cannot be handled in the 
individual mode choice framework:

•	 Carpool formation mechanism (intra-household or inter-
household) and availability of HOV for each person trip. 
The assumption made in most existing models that HOV 
is available for every person/trip is a naïve one, and one 
that may well ruin the estimation of the model (Vovsha, 
et al. 2003).

•	 Extra time associated with carpooling (collecting and distrib-
uting passengers), especially for inter-household carpools 
(Burris and Appiah 2004).

As a result, travelers’ perception of HOV/HOT lanes may 
even go far beyond the mode choice framework. If extensive 
HOV/HOT sub-networks are created and strong pricing poli-
cies promoting carpooling are applied, this might work as a 
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behavioral push for changing travel and activity habits toward 
more frequent joint travel arrangements, through the synchro-
nization of commuter schedules, as well as other activities.

There has been a very intensive research effort during 
recent years to better understand and explicitly model joint 
travel from the carpool formation stage (Vovsha, et al. 2003,  
Vovsha and Petersen 2005). Several innovative models of 
joint travel have been incorporated in operational ABM sys-
tems developed for Columbus, OH, and the Lake Tahoe Area, 
as well as those being developed for Atlanta, GA (already fully 
estimated and available for analysis), San Francisco Bay Area, 
San Diego, CA, and Phoenix, AZ.

Operational classification of carpools for analysis and 
modeling include the following dimensions:

•	 Formation mechanism (intra-household, inter-household 
planned, inter-household casual),

•	 Travel party composition (adults only, adults with children),
•	 Directionality (one-way versus two-way), and
•	 Carpool associated with joint participation in the same 

activity versus pure travel arrangements (pick-up and/or 
drops-off).

A detailed description of the advanced car occupancy and 
joint travel models is included in Appendix A, Section A.5.

5.3 � Breakthrough Directions on  
the Network Simulation Side

5.3.1 � Network Assignment Models and  
Algorithms in the Context of Pricing

Previous studies addressing user heterogeneity issues in 
the context of Static User Equilibrium (SUE) assignment for 
the evaluation of road pricing schemes can be classified into 
two categories:

•	 Multi-class approach, in which the entire feasible VOT range 
is divided into several predetermined intervals according 
to a discrete VOT distribution, path travel attributes (e.g., 
monetary cost), or some socio-economic characteristics 
(such as different income levels). Examples of these include  
the work of Florian (1998) and Yang, et al. (2002). Effective 
multi-class SUE assignment procedures are included in all 
commercially available transportation planning packages 
like TransCAD, EMME, and CUBE.

•	 The second category, which has remained mostly in the 
realm of theoretical research, recognizes VOT to be con-
tinuously distributed across the population of trips. For 
example, Leurent (1993) proposed that a cost versus time 
equilibrium is achieved when every trip-maker, with his/
her own VOT, chooses a path that minimizes his/her own 

generalized cost. The method of moving successive aver-
ages (MSA) was adapted to solve for the cost versus time 
equilibrium with consideration of elastic demand in a 
static assignment model. In a seminal paper, Dial (1997) 
proposed the static bi-criterion user equilibrium traffic  
assignment model with continuous VOT to predict path 
choice and associated total arc flows. This model can be 
reduced to a variational inequality (VI) problem and solved 
by existing VI algorithms, such as the generalized Frank-
Wolfe algorithm. Dial’s approach, based on a restricted 
simplified decomposition framework, assigned every trip 
to a path with the minimum generalized cost with respect 
to that trip-maker’s VOT, resulting in a large, possibly infi-
nite, number of trip classes in a simultaneous equilibrium. 
Whereas Leurent’s cost versus time (CVT) equilibrium 
model considered elastic demand, and only one criter
ion (i.e., travel time), to be flow dependent; Dial’s model 
assumed fixed demand and allowed both criteria to be 
flow dependent. Marcotte and Zhu (1997) and Marcotte 
(1999) considered the problem of determining an equilib-
rium state resulting from the interaction of infinitely many 
classes of customers, differentiated by a continuously dis-
tributed class specific parameter.

Only the first category (multi-class) has been used (and 
only to a limited extent) in practice, although the continuous 
approach is more general and affords more flexibility in terms 
of behavioral modeling. The most common approach in 
practice is to ignore heterogeneity altogether; static (capacity-
restrained) user equilibrium assignment incorporates tolls as 
a link attribute, strictly additive along the route. Assignment 
then is performed on the basis of a generalized cost (or time) 
which combines travel time and toll into a single scalar by 
multiplying the toll by a constant value of time; shortest path 
calculations in the assignment procedure are then based on 
this generalized cost instead of the original time attribute.

Even in the most advanced ABMs applied for pricing stud-
ies in practice in San Francisco, New York, and Montreal, user 
classes in the assignment procedures were defined strictly by 
vehicle type and occupancy (to account for network prohibi-
tions), but with no differentiation by VOT within each class 
(details can be found in Appendix A, Section A.1.2). This is in 
a stark contrast to the behavior-related segmentation of the 
demand models that have many purpose and income specific 
segments, and in the case of San-Francisco models, even a 
distributed VOT within each segment.

Any differentiation of tolls (by vehicle type, occupancy, or 
time of day) in current practice, using commercially available 
SUE software, requires a multi-class assignment with a full 
segmentation of trip OD tables. This frequently leads to the 
problem of an impractically large number of trip tables, and 
a lack of convergence in the assignment process, especially 
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when users are segmented by VOT. Certain ad hoc modifi-
cations of the link performance functions may be applied to 
approximate distance-based, time-based, or even congestion-
dependent pricing forms. However, the latter two types start 
pushing the boundaries of applicability of SUE principles 
underlying the static assignment process. Static assignment 
models cannot accommodate other (non barrier toll) pricing 
forms, such as a daily user charge, entrance-exit-based charges, 
or discounts and exemptions. It is also well recognized that 
static assignment is unsuitable to model network perfor-
mance for time varying demand and to capture the effect 
of operational strategies that entail queuing associated with 
toll collection or spillback from bottle-neck capacity con-
straints, which affect the variability of travel times through 
the network.

It is now generally recognized in the transportation mod-
eling community that a full evaluation of tolls and pricing 
schemes in congested metropolitan context requires the fol-
lowing features be part of the network simulation procedure:

•	 Consideration of time-variation (within day) of traffic 
demand and during peak-periods, which calls for a dynamic 
analysis of the demand and flows in the network,

•	 Adoption of a network-level perspective, rather than indi-
vidual facility, because of the need to consider traffic dis-
tribution across paths in a network in response to prices,

•	 Realistic representation of congestion phenomena and 
queuing,

•	 Representation of operational aspects associated with mea-
sures that combine lane/facility access, vehicle eligibility, 
and pricing (e.g., HOT lanes), and

•	 Consistent representation of user responses to prices in the 
short-, medium-, and long-terms.

The limitations of SUE assignment models in this regard 
are generally beyond the reach of “patches” that could be 
implemented to provide reasonable tools for the evaluation 
of pricing schemes. Nonetheless, some guidance to practice 
in the near-term might be beneficial in certain regards, for the 
following modeling issues (addressed also in Section 4.2.5):

•	 Formulating a standard practice for multi-class assignment 
to address traveler heterogeneity (e.g., vehicle type, occu-
pancy, and VOT),

•	 Developing a set of best practices for network coding rules, 
toll-equivalent representation of volume-delay functions, 
and treatment of toll plaza delays.

Dynamic Traffic Assignment (DTA) techniques consti-
tute a natural approach to meet the above requirements for 
the evaluation of pricing schemes. In particular, simulation-
based DTA methods, in which the traffic network perfor-

mance is captured through the simulation of vehicular flows 
through the network links and junctions, provides realis-
tic depiction of the time-varying evolution of traffic pat-
terns, congestion, travel times, and delays in all parts of the 
network. Furthermore, particle-based (traveler or vehicle) 
simulation, in which individual travelers and/or vehicles are 
represented and moved through the network, offers consid-
erable flexibility to retain a disaggregate modeling approach 
for behavioral modeling (on the demand/activity side) all 
the way through the assignment process. Such assignment 
models may actually simulate the flow of traffic at two levels 
of resolution:

•	 Microscopic. All driving maneuvers are modeled as indi-
vidual agents (lane changing, car following, etc.), at a level 
of detail which may not always be warranted for opera-
tional planning and pricing applications.

•	 Mesoscopic. Individual particles are tracked and moved 
according to speeds consistent with macroscopic (network) 
relations, subject to various queuing and processing rules 
reflecting the prevailing traffic controls at junctions.

Recognizing the need for mesoscopic simulation-based 
assignment tools, FHWA released about three years ago the first 
such tool for use by MPOs and state agencies, DYNASMART-P,  
developed at the University of Maryland by a member of the 
NCHRP Project 8-57 research team. Recent improvements in 
the software have allowed application to very large networks, 
such as those of the Southern California Area Government 
(SCAG) with over 68,000 links and up to 3 million vehicles 
in the network at any given time, and that of the Baltimore 
Metropolitan Region, which includes about 50,000 links, and 
is in actual use by the Baltimore Metropolitan Council staff. 
However, the version released by FHWA is limited in terms 
of the pricing schemes that may be evaluated, as well as in 
terms of allowing only a single VOT.

Developments at the University of Maryland and North-
western have led to the following additional model features:

•	 Consideration of virtually any type of pricing scheme, 
including those based on real-time sensing of traffic con-
ditions (state-dependent, both reactive and anticipatory),

•	 A novel algorithm to find a bi-criterion (time, cost) DTA 
with user heterogeneity represented by a continuously-
distributed VOT,

•	 Explicit consideration of travel time reliability in the user 
response function (route choice),

•	 Incorporation of higher-order choice dimensions, includ-
ing mode choice and departure time choice in the response 
of users, which can be equilibrated as well. The latter capa-
bility was illustrated in a recent evaluation for FHWA of 
the impacts of integrated corridor management programs 
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in the CHART corridor network between Washington, DC, 
and Baltimore (Zhou, et al. 2007).

Micro-assignment techniques, coupled with meso-level 
modeling of traffic interactions, allow representation of a 
much wider variety of vehicle and traveler types than tra-
ditional assignment. While commercially/publicly available 
software may not be ready for large-scale detailed micro-
assignment with heterogeneous users, research and test ver-
sions suggest that this gap is rapidly closing. However, while 
the algorithmic and software aspects may see significant 
advances, the behavioral underpinnings for capturing users’ 
responses to pricing remain incomplete, especially regard-
ing evolution of users’ attitudes, preferences and behavior 
over time.

There appears to be growing acceptance of DTA tools by 
the practicing community, and increasingly by user agencies, 
notwithstanding some of the confusion that may result from 
the growing number of commercial offerings with compet-
ing claims and sometimes inconsistent terminology. As such, 
simulation-based DTA has emerged as the platform of choice 
for the evaluation of tolling schemes, and for delivering and 
translating advances in behavioral modeling into integrated 
tools for producing practical results and forecasts. In addi-
tion to some of the above-noted real-world applications of 
DYNASMART-P, several other applications are underway 
using a variety of DTA-like tools.

For example, team members Kockelman, et al. (2005) and 
Boyles, et al. (2006) have demonstrated the use of Trans-
CAD’s dynamic assignment approximator for the Dallas-Ft. 
Worth network, as compared to microscopic assignment by 
a (research) package called VISTA, using over 50,000 links 
along with tolls (and homogeneous user assumptions). This 
research resolved important questions involving demand 
profiling/smoothing and comparisons of assignment results 
obtained with different methods. In addition, Citilabs’ new 
version of CUBE Voyager contains a dynamic assignment 
module, which will be examined under this research project. 
Other entries in this category include DYNAMEQ, intended 
as a companion to EMME. Furthermore, developers of traf-
fic microsimulation software (AIMSUN, VISSIM) are add-
ing modules for mesoscopic simulation with assignment. As 
noted previously, however, applicability to pricing evalua-
tion remains limited by the inability to include a large num-
ber of user classes in a practical multiclass procedure. For 
this reason, the advance noted earlier in terms of bi-criterion 
assignment with continuous VOT distribution is especially 
promising.

It is difficult to point to near-term improvements for DTA 
without consideration of specific software and capabilities. 
Advances in the underlying methodology are likely to include 
the following:

•	 Incorporating endogenous pricing mechanisms whereby 
prices are set according to prevailing traffic conditions 
(this has already been demonstrated in DYNASMART-P).

•	 Addressing major vehicle types (auto, commercials, trucks), 
vehicle occupancy (SOV, HOV2, and HOV3+), and VOT 
segments that correspond to the categories defined in the 
demand models.

•	 More effective and seamless integration with upstream 
demand/activity models.

5.3.2 � Heterogeneity of Users in Traffic  
Network Assignment and Simulation

Accounting for heterogeneity of road users at the network 
simulation (route choice) stage follows directly from the 
manner in which user heterogeneity is reflected in the general 
choice context. As explained previously, we account for dif-
ferent VOT across users either through explicit segmentation 
or by applying probabilistic distributions in order to eliminate 
significant aggregation biases associated with using the average 
VOT. Because different shortest path trees must be calculated 
for different VOT, the computational burden of introducing 
VOT classes in the network assignment stage can be significant 
and may effectively preclude practical applications for real-size 
regional networks. Furthermore, a large number of classes will 
lead to significant and non-trivial difficulties in finding a con-
vergent solution to the equilibration problem.

Recent advances in the algorithms for finding bi-criterion 
paths in large-scale networks open the way to effectively 
account for heterogeneity of road users in both static and 
dynamic assignment frameworks. This stems from the fact 
that for each OD pair there is always only a limited subset of 
so-called “extreme efficient” paths in the bi-criterion space 
“time-cost” for the entire range of VOT. A path is considered 
“extreme efficient” if it is Pareto-optimal and also lying on 
the boundary of the convex hull of points corresponding to 
the time and cost skims for the Pareto-optimal paths. With 
a reasonable assumption regarding the VOT distribution of 
users, approximate route choice probabilities can be calcu-
lated in a computationally effective way even for large DTA 
applications; see Mahmassani, et al. (2005). The concept of 
extreme efficient paths is illustrated in Figure 22. For sim-
plicity, three extreme efficient paths and two other Pareto-
optimal paths were assumed.

If a probabilistic distribution of VOT for users was assumed, 
then the probability of choosing one of the three extreme effi-
cient paths can be associated with the fraction of users that 
belong to one of the following VOT intervals:

1.	 Users with 0 ≤ VOT < w1 will use route 1,
2.	 Users with w1 ≤ VOT < w2 will use route 2, and
3.	 Users with w2 ≤ VOT will use route 3.
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The breakpoints w1, w2 can be calculated for the set of 
extreme efficient paths in such a way that the following con-
dition holds:
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In the bi-criterion parametric optimum path-finding algo-
rithm developed by Mahmassani, et al. (2005), the range of 
VOT values over which a particular efficient (time-dependent)  
tree (all-to-one) remains optimal for a given destination node 
(centroid) is determined. The ranges cover the continuum of 
possible VOT values. A major advantage of this procedure 
is that the solution and the computational effort are entirely 
independent of the shape of the underlying VOT distribu-
tion. In addition, considerable flexibility is afforded at the 
route choice/assignment stage because different distributions 
of VOT across the population could be used, and sensitiv-
ity analysis with regard to this distribution could be readily 
conducted. Furthermore, the evolution of VOT over time, 
through the effect of repeated experience in the system and 
preference shifts over time, can be accommodated in the 
assignment framework.

This parametric shortest path algorithm forms the back-
bone of a bi-criterion simulation-based dynamic assignment 
procedure that has been developed and tested by Lu, et al. 
(2006). The algorithm has been successfully applied as an 
extension to DYNASMART-P to a large corridor network, 
along I-95 connecting Washington, DC, to Baltimore.

The framework of this algorithm turns out to provide a very 
general solution to address heterogeneity not only in terms of 
VOT, but also in terms of value of reliability [e.g., in the speci-
fication of Small, et al. (2005) for route and departure time 
choice]. As such, Lu and Mahmassani (2007) have extended 
the framework to incorporate: (1) other choice dimensions, 
e.g., departure time; and (2) sensitivity to additional attri-
butes, e.g., reliability and schedule delay (in a non-additive 
generalized cost structure).

The study team thus firmly believes that integration of 
advanced behavioral model constructs, that include the 
key short- and medium-term choice dimensions of users in 
response to dynamic pricing, congestion, and unreliability 
of travel time, with the network performance modeling side 
within reach using the simulation-based DTA platforms that 
have started to appear in practice. Because the bottleneck in 
applying the findings from behavioral models to forecast-
ing the impact of pricing and other operational measures in 
actual networks lies on the network modeling side, and espe-
cially in its ability to handle very large networks with detailed 
time-varying link attributes, the study team proposes to 
push the boundaries on the extent of providing operational 
realism within state-of-the-art dynamic network modeling 
platforms. The work by Mahmassani, et al. (2005) provides a 
proven and highly promising direction to alleviate such con-
straints and achieve a greater extent of integration than previ-
ously envisioned as possible for large-scale networks.

Because our concern is with operational tools that could be 
used in practice as soon as possible, the development on the 
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Figure 22.  Extreme efficient paths.
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network side will consider integration within existing frame-
works that have a base of application to real networks. The keen 
interest that agencies have for evaluation of pricing and other 
intelligent management strategies provides an opportunity 
for complementing the set of tools available to these agencies 
through the use of simulation-based dynamic modeling tech-
niques. These may be used either as stand-alone or in coordi-
nation with the existing model system in use at these agencies.

5.3.3 � Perspective of Using TRANSIMS  
for Highway Pricing Projects

The TRansportation ANalysis and SIMulation System 
(TRANSIMS) is a set of travel modeling procedures designed 
to meet the state DOTs’ and MPOs’ need for more accurate 
and more sensitive travel forecasts for transportation planning 
and emissions analysis. TRANSIMS is a microsimulation-
based modeling environment that provides spatial and tempo-
ral resolution of activity and travel patterns at unprecedented 
levels for planning applications, investment decisions, and air 
quality conformity analysis. Because TRANSIMS is designed 
to simulate and track travel by individuals, the benefits to and 
impacts on different geographies and travel markets could be 
evaluated as well. Furthermore, TRANSIMS has the capability 
to evaluate highly congested scenarios and operational changes 
on highways and transit systems.

TRANSIMS is based on four primary modules:

•	 Population Synthesizer that creates list of individual 
households and persons,

•	 Activity Generator that estimates activities for households/ 
persons and plans trips satisfying those activities,

•	 Route Planner that assigns trips to (multi-modal) time-
dependent routes, and

•	 Traffic Microsimulator of all individual vehicles, transpor-
tation systems, and resulting traffic in a given study area.

Development of TRANSIMS was an important break-
through in travel demand modeling, although there are still 
aspects and unresolved problems within the TRANSIMS 
framework that should be addressed in order to make the sys-
tem operational and applicable for practical planning needs. 
At the time of original development in years 1995–2000, 
TRANSIMS differed from previous travel demand forecast-
ing methods (4-step models) in its underlying concepts and 
structure. These differences include a detailed representa-
tion of persons and households; a consistent and continu-
ous representation of time; time-dependent routing; and a 
person-based microsimulator. These advances are producing 
significant changes in the travel forecasting process.

From the perspective of today’s state of the art and practice 
in travel demand modeling that has been moved significantly 

from the 4-step paradigm toward activity-based models since 
1995, it is important to properly position TRANSIMS in 
the overall framework of progress made in the profession 
in the past 15 years, and to identify the most effective ways 
to integrate TRANSIMS into the modeling practice now. 
In particular, the following aspects of the relationship of  
TRANSIMS to other advance modeling practices should be 
understood:

•	 The first two components of TRANSIMS (Population Syn-
thesizer and Activity Generator) directly correspond to the 
same components of microsimulation in an ABM. The prog-
ress made in the activity-based modeling field in this respect 
can be directly incorporated in TRANSIMS applications. In 
practical terms, TRANSIMS can be integrated with any of the 
existing activity-based models in a pilot application.

•	 The third and forth components of TRANSIMS (Route 
Planner and Traffic Microsimulator) relate to the meso-
scopic and microscopic aspects of traffic network simula-
tions. In particular, any of the mesoscopic tools described 
in the previous sub-sections can be considered for a route-
planner (essentially route choice). The traffic microsimu-
lator of TRANSIMS has most of the fundamental features 
comparable with the other traffic microsimulation algo-
rithms (car-following rules, line changing rules, etc.). The 
unique feature of the TRANSIMS software that remains 
important is its ability to microsimulate traffic at a regional 
scale, achieved by an extensive multiprocessing.

From the travel demand modeling standpoint, the major 
component of TRANSIMS is the Activity Generator that 
predicts a list of activities (and consequently trips) for each 
household and person. This component corresponds to the 
Trip Generation stage in aggregate 4-step travel demand mod-
els and Individual Daily Activity-Travel Pattern in activity- 
based microsimulation models. The Activity Generator of 
TRANSIMS, however, follows a completely different model-
ing paradigm compared to the conventional models. Rather 
than model activity/travel agenda of households and persons 
explicitly by means of such functional forms as statistical 
regression or choice models that link the household compo-
sition and other independent variables to the list of activities, 
Activity Generator of TRANSIMS essentially expands the 
observed activity patterns by matching the modeled house-
holds to surveyed households in the base year.

Substitution of analytical and parametric modeling by the 
expansion-of-the-observed-behavior paradigm puts a great 
deal of importance on the matching method, since this method 
should incorporate the most important structural factors and 
dimensions defining the household travel behavior. This is 
done in TRANSIMS by means of the CART algorithm that 
allows for classification of the surveyed households into 
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groups with similar travel behavior based on a predetermined 
set of criteria (for example, trip frequency, activity duration, 
travel time, etc.). While comparing the TRANSIMS Activity 
Generator to the conventional models (4-step and especially, 
activity-based) the following should be taken into account:

•	 The number of trips implemented by a household is not 
only a function of the household composition, but also a 
function of the density of potential attraction around the 
residential place, as well as its accessibility to attractions in 
a broader sense. In conventional models, this is accounted 
by introduction of area-type indicators and various acces-
sibility measures into the regression models and choice 
utility functions. In the TRANSIMS framework, spatial 
variability of travel behavior can be taken into account by 
using zonal variables like residential density. However, there 
is a general problem with adding the spatial dimension to 
the CART algorithm. A really effective set of location-
based categories could include around 10–20 types. Thus, 
a regional household survey of normal size (4–5 thousand 
households) would quickly wear very thin by using all 
demographic and spatial dimensions with a significant 
residual variation for end-nodes.

•	 Conventional demand models have interpolation and 
extrapolation properties by combining several variables 
in the utility expressions. Thus, if a high-income house-
hold with three workers and two children, residing in some 
particular location, has not been observed in the survey, it 
can be “interpolated” by combination of properties perti-
nent to three workers, two children, and the location. The 
“expansion-of-observed-behavior” paradigm does not have  
the interpolation ability and is applicable only in a case 
where the synthetic population is structurally close to 
the surveyed population. There is a similar extrapolation 
problem when forecasts should be done for a future year 
when one can expect a very different mix of households for 
some newly-built zones.

•	 Recent research on travel behavior has shown that there 
is a strong impact of the location of mandatory activities 
(work, school) on the number of non-mandatory activities 
and trips implemented by the person and entire house-
hold. In particular, longer commuting tends to reduce the 
number of other independent tours and trips. This has led 
to a significant re-consideration of the structure of con-
temporary demand models where trip/tour generation 
and distribution stages are now closely intertwined. While 
using travel time as a dependent variable may partially 
account for this factor, there is still a gap between genera-
tion of activities and their location in TRANSIMS.

Recognition of these problematic aspects has given rise to 
the integration of more flexible approaches to demand gener-

ation in first applications of TRANSIMS, basically borrowed 
from the recent experience with activity-based models. To 
date the TRANSIMS models have been tested with data from 
Dallas, Texas, and Portland, Oregon.

The Portland test case is important because it was the first 
time in which multi-modal microsimulation of traffic, using 
time-dependent paths, has been attempted at the regional 
level for a problem of this size. General objectives of the proj-
ect were:

•	 To demonstrate how existing four-step model trip tables 
can be disaggregated by time of day, routed, and micro-
simulated,

•	 To develop methods and a set of recommended practices 
for network construction, attribute variables, and stabili-
zation methods,

•	 To demonstrate the feasibility of implementing relatively 
simple activity-based modeling components, using an 
adaptation of existing trip-based models,

•	 To develop a system of feedback between the time-
dependent network service attributes and the demand-
side activity-based model components,

•	 To develop and document methodologies for implemen-
tation as well as lessons learned in the process.

The conceptual design of the TRANSIMS-Portland model-
ing system is shown in Figure 23. TRANSIMS model included 
the four core components with some modifications. In  
particular, the Activity Generator included a tour-based loca-
tion choice model, and a mode preference model was placed 
between the Activity Generator and multi-modal Router. In 
addition to the model core components, there are several 
paths for feedback in the design.

The Population Synthesizer can be termed an “unqualified 
success,” as its fundamental design has been imitated by sev-
eral subsequent activity-tour-based transportation and land 
use modeling projects. The population synthesizer uses three 
controlled attributes (household size, income, and age of head 
of household) and generates additional uncontrolled attri-
butes for households sampled in the U.S. Census’s Public Use 
Microdata Sample (PUMS). The study team demonstrated 
that this method provides a good fit to the distributions of 
uncontrolled attributes, such as worker status and auto
mobile ownership.

The Activity Generator utilized the CART method to draw 
representative activity patterns directly from Metro’s house-
hold interview survey, based on a match between survey 
households and those in the synthetic population. These 
activity patterns had all of the dimensions of the survey (travel 
party composition, activity purpose, time of day, location and 
travel mode). To resolve the problematic issues mentioned 
above, subsequent model steps were then applied in order to 

Assessing Highway Tolling and Pricing Options and Impacts: Volume 2: Travel Demand Forecasting Tools

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/23427


94

replace some of these activity pattern attributes with choices 
that are more probable for the synthetic traveler, taking into 
consideration the implied space-time constraints that their 
itinerary presents.

A subcomponent of the Activity Generator is a tour-based 
location choice module that selects the locations of activity 
stops in the pattern sequence and considers both the “size” of 
the opportunities at alternative activity locations as well as the 
impedance between activity stops and the travel impedance 
from activity stops to the home locations of the synthetic trav-
eler (“rubber banding” method). The project team was able 
to demonstrate that the specification of an existing trip-based 
destination choice model could be borrowed and adapted to 
this tour-based modeling choice with the addition of just four 
calibration constants and district-level workplace attraction 
balancing, achieving surprisingly good fit at the aggregate level.

The mode preference model was designed to be applied at 
the tour level, borrowing a specification from Metro’s exist-
ing trip-based model and using zonal aggregate skims. The 
design also featured a second stage in which a limited num-
ber of travelers who had both feasible automobile and pub-
lic transit choices would make a more detailed comparison, 
using time-dependent highway and transit path data from 
the TRANSIMS Router.

A method was developed for calibrating the tour-level 
mode preference model using observed trip modes as target 
values. In addition, feedback methods were conceptualized 
and tested. Among these methods was the time-based com-
parison of routed paths with itinerary paths, the results of 
which may trigger feedback to prior model components (e.g., 
refine mode selection, choose new starting times, choose dif-
ferent activity location, choose a new activity pattern).

In general, TRANSIMS-Portland application has proven 
that a successful incorporation of activity-based demand mod-
eling approach in the TRANSIMS framework is possible. It  
makes TRANSIMS a generally viable and potentially attrac-
tive framework for pricing projects where there is sufficient 
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Route Attributes 
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Track 1 

Figure 23.  Conceptual design of TRANSIMS-Portland modeling system.

data to support it. FHWA plans several activities to support 
both the development of TRANSIMS and further research 
into TRANSIMS applications. TRANSIMS is made available 
under the NASA Open Source Agreement. For more informa-
tion on TRANSIMS visit http://tmip.fhwa.dot.gov/transims.

5.4 � Integration of Demand Model 
and Network Simulation

5.4.1 � Essence of Equilibrium and Possible 
Feedback Options

Methods to integrate ABM and DTA through activity  
scheduling/rescheduling procedures will be specifically 
explored in the course of the SHRP 2 C04 and L04 projects. 
A preliminary conceptual framework for achieving individ-
ual level integration between an ABM and DTA is suggested 
in Figure 24. While conceptual schemes for inter-relating 
behavior and network models can be formulated, actual 
integration at an operational level entails considerable chal-
lenges, and judicious modeling and software decisions to 
enable such integration.

The key notion of integrated models is the need to achieve 
compatible and mutually consistent levels of analysis detail 
between the demand side on one hand, and the network 
modeling side on the other. Integrated models must retain 
the richness carried by the individual model components and 
not lose information (e.g., through aggregation) in the vari-
ous transfers of information that take place within a model 
framework. For example, after generating an activity pattern 
in a tour-generation disaggregate process, assigning these 
outcomes in a trip-based static assignment loses much of 
the information provided in the behavioral model that could 
inform the route choice simulation.

Integrated modeling of behavior and network perfor-
mance for the evaluation of pricing schemes is best achieved 
by a consistent and mutually compatible representation 
of the decision-making entities in the network. In other 
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words, the fact that individual particles are represented in 
micro-assignment techniques provides a natural integrating 
mechanism with the demand side. Hence, particle-based, or 
disaggregate DTA, is a central element in developing inte-
grated approaches. An important mechanism is to allow the 
loading of entire trip chains onto the network instead of just 
individual trips. This capability was illustrated for a rela-
tively small network (Abdelghany and Mahmassani 2003) 
in an integrated model of trip timing and activity sequenc-
ing that is solved to equilibrium consistently with a dynamic 
assignment of the resulting choices. For the evaluation of 
pricing schemes and reliability improving measures, incor-
poration of short-term adjustments in trip timing is a criti-
cal capability.

5.4.2 � Incorporation of Reliability  
in Network Equilibrium

Incorporation of travel time reliability in the feedback 
mechanisms is not a trivial problem in application, since the 
travel time reliability measure in itself require several itera-
tions with variable demand and supply conditions. The reli-
ability measure can be introduced in the generalized cost 
function of route choice (in addition to average travel time 
and cost as described in the Appendix A, Section A.3.1). 
Then, the route generalized cost (or separate time, cost, and 
reliability skims) can be used in the mode choice and upper  
level models. This technique, however, would only address 
one iteration feedback of (previously generated) reliability on 

average travel demand. The fact that both demand and supply 
fluctuations affect reliability creates a certain complication. In 
other words, the equilibration scheme should incorporate the 
process of generation of reliability measure itself.

These issues represent a cutting edge research agenda. The 
recently started SHRP 2 L04 project “Incorporating Reli-
ability Performance Measures in Operations and Planning 
Modeling Tools” will specifically address these aspects. The 
general suggested structure that could resolve these issues 
is presented in Figure 25. The key technical feature of this 
approach is that the very top and bottom components (aver-
age demand and average travel time) are preserved as they 
function in the conventional equilibration scheme while the 
reliability measures are generated by pivoting off the basic 
equilibrium point.

Distribution of travel times is essentially modeled as a com-
position of three sets of probabilistic scenarios: 1) demand 
variation scenarios, 2) network capacity scenarios, and 3) 
network simulation scenarios. Each set of scenarios has its 
own group of factors that cause variation. The final distribu-
tion of travel times is generated as a Cartesian combination of 
the demand, capacity, and simulation scenarios.

It is essential to have a static demand-supply equilibrium 
point (between the average demand and supply) explicitly 
modeled for two reasons, the need to:

•	 Define the basic travel demand patterns from which the 
variation (scenarios) can be pivoted off.
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Figure 24.  Integration of ABM and DTA.

Figure 25.  Feedback with  
reliability measures.
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•	 Provide the background level of fragility of traffic flows 
from which the probability of breakdowns can be derived.

Average demand is a function of both average travel time and 
reliability (through measures like buffer time). It is assumed 
that average demand, and the corresponding equilibrium 
point, are simulated separately for each season (if seasonal vari-
ation is substantial), day-of-week (if there is a systematic varia-
tion across days of week), and time-of-day period conditions, 
though there is a linkage across the demand generation steps 
for different periods of a day (especially if an advanced Activity-
Based model is applied). The demand fluctuation scenarios are 
created by application of several techniques (like Monte-Carlo 
variation) and auxiliary models (like special events model) 
described in the subsequent sections.

In addition to feeding back the resulted average travel times 
and reliability measures to the average demand generation 
stage (i.e., having a global feedback), two additional (internal) 
feedback options should be considered:

•	 First internal feedback of scenario-specific travel times 
through route choice adjustments in the network simula-
tion procedure. In this feedback, travel demand, and net-
work capacity is considered fixed. However, route choice 
can change from iteration to iteration because of the factors 
associated with traffic control, incidents, individual varia-
tion of driving habits, as well as dynamic real-time pricing. 
The network simulation can also incorporate probability of 
flow breakdown. In the course of the SHRP 2 L04 research, 
the corresponding network simulation algorithm and route 
choice feedback mechanism will be established first. Then, 

this module will be employed within the demand-supply 
equilibrium framework (second internal feedback and 
global feedback).

•	 Second internal feedback of travel time distributions (and 
any derived measure of reliability) to the demand scenario 
through schedule adjustments of trip departure times. In 
this feedback, the demand scenario in terms of trip gen-
eration, distribution, and mode choice is considered fixed 
while the trip departure time can change from iteration to 
iteration as the result of travel time fluctuations modeled 
by the network capacity and network simulation scenarios. 
The purpose of this feedback is to stabilize trip departure 
times for each demand scenario. This feedback is applied 
within the global equilibrium loop.

The details of demand generation process and its sensitiv-
ity to reliability measures depend on the type of travel demand 
model. The ABM framework represents a more promising 
counterpart to microscopic and mesoscopic network simu-
lation models because of its more compatible temporal res-
olution. Advanced ABMs in practice already operate with  
30–60 min demand slices, while traditional 4-step models oper-
ate with broad 3–4 hour periods. Additionally, 4-step models 
can only produce aggregate zone-to-zone flows. Thus, any 
demand response to reliability will be identical for all trips 
within the same segment. In contrast, ABMs are based on 
individual microsimulation. This opens a way to implement 
feedback on an individual level, where additional individual 
variation can be taken into account. Also, the utility coefficients 
in microsimulation models can be effectively randomized tak-
ing into account individual variation of VOT and VOR.
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This chapter is focused on a detailed review and analysis 
of four model improvement case studies that were imple-
mented in order to prepare for actual pricing studies. The 
following four studies and corresponding model improvement 
efforts are:

•	 Improvement of the San Francisco ABM for different 
pricing studies,

•	 Improvement of the New York ABM for (area) pricing 
study,

•	 Application of DTA for analysis of pricing in the Baltimore-
Washington corridor, and

•	 Improvement of the Los Angeles 4-step model for different 
pricing studies.

These particular studies were chosen for this research 
since they included a substantial level and range of model 
improvements, designed and implemented to address variety 
of pricing forms and project types. The studies and model 
structures applied are characterized by a wide range of plan-
ning and modeling issues that illustrate the general modeling 
principles described in Chapter 4, and many of the advanced 
model features described in Chapter 5.

6.1 � Improvement of the San Francisco 
ABM for Pricing Studies

6.1.1 � General Model Structure 
and Phased Improvement

Model System Structure and Incorporation of Pricing

The San Francisco County Transportation Authority 
(SFCTA) received a grant from the FHWA Value Pricing Pro-
gram in 2006 to study the feasibility of implementing conges-
tion pricing in downtown San Francisco. Congestion pricing 
is the charging of user fees for drivers on congested routes 
or in congested areas, with goals of reducing congestion for 

those who choose to pay the fee and improving alternatives 
to driving during peak periods for those who choose not to.

SF-CHAMP is an ABM that has been used in practice in 
San Francisco for several years. The model structure is shown 
in Figure 26. Prices enter the model as network LOS variables, 
which are a product of skimming the network by each of five 
time periods (Early AM, AM Peak, Midday, PM Peak, and 
Night). The LOS variables are used directly in tour and trip 
mode choice, and peak spreading for auto trips. The LOS vari-
ables are represented as mode choice Logsums in destination 
choice and time-of-day choice models and in the full-day tour 
pattern model for work tours, where the destination is known. 
LOS variables are represented as destination choice Logsums 
for choices where the destination is unknown, such as genera-
tion of discretionary activities and auto ownership choice. 
The transformation of price into Logsums ensures that the 
sensitivities to price are based on appropriate traveler sensi-
tivities to cost and preference for travel by auto versus other 
competitive modes as expressed in mode-specific constants 
and household/person variables. Because toll costs are 
skimmed from transport networks, the entire system must be 
iterated several times, with feedback of skims input to the next 
iteration of the models, in order for estimated demand to sta-
bilize (converge). To reduce Monte Carlo variability, the entire 
system is run five times with several iterations of feedback 
within each run, and the results are averaged.

In order to support the San Francisco Mobility and Pric-
ing Study, the SF-CHAMP model was extended to forecast the 
travel behavior of all residents of the 9-county Bay Area, rather 
than just residents of San Francisco County. The expansion 
allows all residents of the region to be modeled in a consis-
tent manner using the more sophisticated structure of the 
SF-CHAMP model—an important enhancement for a study 
where a key market is persons living in other counties and trav-
eling to downtown San Francisco.

In addition to the geographic expansion to the 9-county 
Bay Area, the models were enhanced to include the ability to 

C h a p t e r  6

Pilot Studies for Demonstration 
of Improved Tools
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Figure 26.  RPM-9 model structure.
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evaluate cordon pricing and area pricing scenarios at all levels 
of the decision-making structure. Specifically, this includes 
the addition of a choice of whether or not to pay a toll to enter 
the pricing area, the use of a VOT distribution rather than 
average VOT, and supporting enhancements. After calibrat-
ing, these models were used for Phase 2 of the Mobility and 
Pricing Study.

A final set of Phase 3 models was then created to better 
capture time-of-day shifts expected due to pricing. The Phase 
3 models incorporate the information gained from a stated 
preference survey of persons making auto trips to downtown 
San Francisco. After implementing these improvements, the 
model was calibrated to match observed data at a regional 
level, with a particular focus on San Francisco trips.

The resulting models are termed the 9-County Regional 
Pricing Model (RPM-9).

Generalized Cost Assignment in CHAMP 3

For initial study analysis, the one-county CHAMP 3 model 
was modified to use generalized cost highway path-building, 
rather than time-only path-building. The generalized cost 
function is:

GenCost Time Occupancy= + 0 04 12. � � Distance Toll+(( )
(Equation 22)

In this equation, the 0.04 factor converts from cost in 
cents to minutes, using an equivalent of $15/hour. The auto 
operating cost is 12 cents per mile, and toll costs are specified 
in cents. All costs throughout the model are in 1990 dollars 
or cents. The division of cost by auto occupancy is new in 
RPM-9 and allows for the sharing of costs among passen-
gers. The auto operating cost is not divided by occupancy 
because doing so would force the model to predict higher 
shared ride shares for longer trips, a result that is not seen in 
the observed data.

Expansion to 9-County Area

The development of RPM-9 began by modifying the 
existing CHAMP 3 models to cover the entire 9-county Bay 
Area. In many cases, such as the application of mode choice 
models, the same models are applied and calibrated for the 
9-county area, only with the removal of a restriction that 
they apply to only San Francisco residents. In some ways, this 
makes the entire model system simpler because there is no 
longer a need to combine the regional results from the MTC 
model with the SF-CHAMP results. However, to achieve this 
regional scope, there were a number of changes that needed 
to be made. Most of these changes involved resolving incon-
sistencies between the detailed data that are available only 

within San Francisco, and the more general data available for 
the entire 9-county area.

6.1.2 � Model Structure Improvement 
for Choice of Tolls

In addition to the expansion to the 9-County area, the 
behavioral structure of the Phase 2 model was extended to 
include a choice of tolls. The model updates made as part of 
that extension are discussed in this section.

Networks

The highway networks are coded in equivalent manner as the 
networks for the Phase 1 CHAMP 3.1 models, with one addi-
tional field indicating if the toll should be treated as a “value 
toll” and included as a separate alternative in the choice models. 
Specifically, the network fields related to tolling are:

•	 TOLLEA_DA – Cost of tolls to single-occupant vehicles in 
the Early AM;

•	 TOLLEA_SR2 – Cost of tolls to shared-ride 2 vehicles in 
the Early AM;

•	 TOLLEA_SR3 – Cost of tolls to shared-ride 3+ vehicles in 
the Early AM;

•	 TOLLAM_DA – Cost of tolls to single-occupant vehicles 
in the AM Peak;

•	 TOLLAM_SR2 – Cost of tolls to shared-ride 2 vehicles in 
the AM Peak;

•	 TOLLAM_SR3 – Cost of tolls to shared-ride 3+ vehicles in 
the AM Peak;

•	 TOLLMD_DA – Cost of tolls to single-occupant vehicles 
in the Mid-Day;

•	 TOLLMD_SR2 – Cost of tolls to shared-ride 2 vehicles in 
the Mid-Day;

•	 TOLLMD_SR3 – Cost of tolls to shared-ride 3+ vehicles 
in the Mid-Day;

•	 TOLLPM_DA – Cost of tolls to single-occupant vehicles 
in the PM Peak;

•	 TOLLPM_SR2 – Cost of tolls to shared-ride 2 vehicles in 
the PM Peak;

•	 TOLLPM_SR3 – Cost of tolls to shared-ride 3+ vehicles in 
the PM Peak;

•	 TOLLEV_DA – Cost of tolls to single-occupant vehicles 
in the Evening;

•	 TOLLEV_SR2 – Cost of tolls to shared-ride 2 vehicles in 
the Evening;

•	 TOLLEV_SR3 – Cost of tolls to shared-ride 3+ vehicles in 
the Evening;

•	 VALUETOLL_FLAG – Binary flag indicating whether or 
not trips traversing this link should be included in the toll 
alternative in the choice models.
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All costs are coded in 1990 cents. The value toll flag is 
important because it distinguishes between the congestion 
pricing tolls and the background tolls on the Bay Area bridges. 
Just because someone is willing to pay a toll to cross the 
Golden Gate Bridge does not necessarily mean that they are 
also willing to pay a toll to enter the downtown area. A trip is 
only included in the toll alternative if it traverses a link where 
both the value toll flag and the toll for that time period and 
auto occupancy are greater than zero. If the flag is set to zero, 
then the toll is still paid, but it is included in the utility equa-
tion of the no-toll alternative.

Highway shortest paths are built based on the generalized 
cost (Equation 22). Two separate sets of highway skims are 
built. The toll skims are allowed to use any link in the net-
work, subject to the normal HOV restrictions. The no-toll 
skims are prevented from using links where the toll and the 
value toll flag are both greater than zero. The no toll skims 
include three tables: time, distance, and cost of bridge tolls. 
The toll skims include four tables: time, distance, cost of 
bridge tolls, and cost of value tolls. The value tolls need to be 
skimmed separately such that the availability of toll alterna-
tives can be determined, and such that incremental value toll 
costs can be set to zero for area pricing scenarios.

Car Availability, Tour Generation, and Time-of-Day

No changes were necessary to the vehicle availability, tour 
generation, or time of day models in order to accommo-
date the revised behavioral structure. Changes were made to 
achieve better calibration results, however, that are discussed 
in that section.

Tour Destination Choice

The tour destination choice and workplace location choice 
models are integrated with the tour mode choice models, 
and use the mode choice Logsum as the primary measure of 
impedance. Therefore, no further changes were required for 
them to be sensitive to congestion pricing scenarios.

Tour Mode Choice

The tour mode choice models were re-structured to allow 
for a more realistic behavioral response to the types of scenar-
ios that will be evaluated in the Mobility and Pricing Study. 
Figure 27 shows the tour mode choice nested structure used 
by CHAMP 3. This structure is limiting in two ways: First, 
there is no explicit choice of whether or not to pay the toll, 
and second it does not necessarily capture differences in cost 
or toll across auto occupancy. The auto driver alternative in 
CHAMP 3 is exposed to the drive-alone skims, and the auto 
passenger alternative is currently exposed to the shared ride 
2 skims. In reality, some drivers would be exposed to shared 
ride skims, and some passengers would be exposed to shared 
ride 3+ skims. When the scope of the model was limited to 
San Francisco County without tolling, this was not an issue, 
but in a region that includes high-occupancy vehicle lanes 
and toll discounts for carpools, there are some cases where 
it is limiting.

To overcome these issues, RPM-9 uses the nested structure 
in Figure 28. This structure includes a choice of Drive Alone, 
Shared Ride 2, or Shared Ride 3+ for greater consistency with 
the skims. It also includes a choice of toll or no-toll as a sub-
nest on each auto alternative. The nesting coefficients for the 
non-motorized, auto, and transit nests remain at 0.72, and 
the nesting coefficients on the toll nests are set to 0.50. The 
resulting product of the nesting coefficients at the lowest level 
is 0.36, a value consistent with what is typically observed in 
toll modeling. The utility equations for the toll and no-toll 
alternatives are the same as the driver and passenger utility 
equations in the existing model, except that they also include 
the costs of tolls. The coefficients on toll cost are set to the 
same as the coefficients other out-of-pocket costs.

The nature of the highway skims is such that the toll skims 
will include a valid path for all OD pairs, but the no-toll skims 
might not. That is, if it is impossible to reach a TAZ without 
paying a value toll, then the no-toll pathfinder will not find a 
path, and the no-toll alternative will not be available. While 
the toll skims will always have a valid path, the toll alternative 
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Figure 27.  CHAMP 3 tour mode choice nested structure.
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should only be available when toll is a distinct alternative. To 
meet these criteria, the following rules are defined:

•	 DA No-Toll is available as long as a valid DA path can be 
found;

•	 SR2 No-Toll is available as long as a valid SR2 path can be 
found;

•	 SR3+ No-Toll is available as long as a valid SR3+ path can 
be found;

•	 DA Toll is available if the DA value toll is greater than zero;
•	 SR2 Toll is available if the SR2 value toll is greater than 

zero; and
•	 SR3+ Toll is available if the SR3+ value toll is greater 

than zero.

These rules are in addition to the existing availability rules: 
DA not available if it is a 0-vehicle household or age is less 
than 16. For the congestion pricing scenario, it is expected 
that for most OD pairs, either the toll or the no-toll alter-
native will be available, but not both. The exception to this  
rule is trips that pass through the congestion pricing area but 
have the option of avoiding the toll and still reaching their 
destination. Even though the side-by-side choice of toll ver-
sus no-toll is not common, it is still important that the appro-
priate alternative be selected in the tour mode choice because 
that choice will serve as the basis for subsequent models.

Toll costs and parking costs are divided by auto occupancy 
to reflect the sharing of costs among all occupants. Auto oper-
ating costs are not shared among occupants, because doing so 
would result in a model that predicts higher carpooling rates 
for longer trips, a result not typically observed in reality.

The format of the skims also requires that the walk and bike 
travel times be a function of the distance in the toll skims, 
rather than the non-toll skims. This will ensure that travelers 
are not restricted from choosing the non-motorized modes 
because a toll is imposed.

Intermediate Stop Location Choice

The intermediate stop choice models previously used the 
extra time to a stop as the measure of impedance. This extra 
time is calculated as origin to stop time plus stop to destina-
tion time minus origin to destination time. In the CHAMP 3 
models, the extra time is specific to the chosen tour mode. 
During the calibration of CHAMP 3, an extra distance term 
was introduced such that the models could be calibrated to the 
average observed trip distance without becoming too sensitive 
to changes in travel time.

For the RPM-9 models, the intermediate stop location 
choice model was further enhanced to consider the extra 
toll cost, both of bridge tolls and value tolls. The intermedi-
ate stop models use only the toll skims, such that any zone 
can be reached. With this approach, if the tour mode is toll, 
then an intermediate stop that would normally require a 
toll of the same cost can be reached for no additional cost. 
In the event that the intermediate stop alternative requires 
paying a value toll both on the origin to stop and on the 
stop to destination legs of the tour, then an addition cost 
is incurred. If the tour mode is no-toll, then an intermedi-
ate stop that involves paying a toll could still be reached, 
the cost of paying the toll would be included in the utility. 
This latter case dictates that individual trip modes can be 
toll trips, even though the main tour mode was originally 
chosen as no-toll.

Trip Mode Choice

With the restructuring of the tour mode choice model, the 
trip mode choice model receives one of six possible tour modes 
for auto trips: DA No-Toll, DA Toll, SR2 No-Toll, SR2 Toll, 
SR3+ No-Toll, or SR3+ Toll. The trip mode choice model 
assigns each trip in the tour a trip mode in one of the same 
six categories. It is not required that all trips on a tour have 
the same trip mode, or match the tour mode. The nested 
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Figure 28.  RPM-9 tour mode choice nested structure.
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structure for the revised trip mode choice model is identical to 
the nested structure of the tour mode choice model shown in 
Figure 28. The upper level nesting coefficients are 0.7 and the 
toll nesting coefficients are 0.5.

Table 17 shows the availability constraints used to con-
vert from tour to trip modes. The auto occupancy at the tour 
level represents the maximum auto occupancy, so at the trip 
level SR2 tours can have DA trips, but not vice-versa. These 
availability constraints are defined such that the choice of toll 
or no-toll at the tour level is non-binding. This non-binding 
approach is necessary for two reasons.

First, not all trips on a toll tour are expected to cross the toll 
cordon. For example, consider a commuter driving from Palo 
Alto to downtown San Francisco for work and paying the toll 
to enter the pricing area. The tour is clearly a toll tour, and 
the inbound commute is clearly a toll trip. If the toll is only 
paid on the inbound direction, then the return trip is a no-toll 
trip. If the commuter stops on the way home in Menlo Park 
for a softball game, the trip from Menlo Park to Palo Alto is 
a no-toll trip.

Second, it is possible for individual trips on no-toll tours to 
cross the toll cordon. Consider a commuter driving from the 
Sunset district to the Presidio for work. This commute does 
not enter the tolling area and is a no-toll tour. However, after 
work the traveler drives to the financial district to meet friends 
for happy hour. This stop is in the pricing area and subject to 
tolling, so that trip is a toll trip.

The trip mode choice model alternatives are also subject to 
the skim-based availability rules equivalent to the tour mode 
choice rules. Specifically, these are:

•	 DA No-Toll is available as long as a valid DA path can 
be found;

•	 SR2 No-Toll is available as long as a valid SR2 path can be 
found;

•	 SR3+ No-Toll is available as long as a valid SR3+ path can 
be found;

•	 DA Toll is available if the DA value toll is greater than zero;
•	 SR2 Toll is available if the SR2 value toll is greater than 

zero; and
•	 SR3+ Toll is available if the SR3+ value toll is greater 

than zero.

As in tour mode choice, these availability rules ensure that 
in most cases, either the toll or no-toll alternative will be avail-
able, but not both. Both might be available in cases where the 
trip neither starts nor ends in the pricing area, but has the 
option to go through it. In these few cases, forcing the tour 
mode to be toll to avoid penalizing travelers twice for paying 
the same toll might be considered.

The toll cost coefficients used in the trip mode choice 
model are the same as the out-of-pocket cost coefficients.

Highway and Transit Assignments

For each time period, the highway assignment models read 
the following eight person trip tables:

•	 DA;
•	 SR2;
•	 SR3+;
•	 Trucks and commercial vehicles;
•	 DA Toll;
•	 SR2 Toll;
•	 SR3+ Toll; and
•	 Trucks and commercial vehicles with toll.

After converting the trip tables to vehicle trips, these trip 
tables are assigned using a multi-class highway assignment. 
The impedance is the same generalized cost function used for 

Trip Mode Tour Mode
DA

No-Toll 
SR2

No-Toll 
SR3+

No-Toll 
DA
Toll

SR2
Toll

SR3+
Toll

Walk Bike Walk-
Transit 

Drive-
Transit 

DA  No-Toll X X 
SR2 No-Toll X X X X X X 
SR3+No-Toll X X X X X X X X 
DA  Toll X X 
SR2 Toll X X X X X X 
SR3+ Toll X X X X X X X X 
Walk X X X X X X X X X X 
Bike X 
Walk-Local X X 
Walk-Muni X X 
Walk-
Premium

X X 

Walk-Bart X X 
Drive-
Premium

X 

Drive-BART X 

Table 17.  Trip modes allowed for each tour mode.
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skimming, which includes both the cost of bridge tolls and the 
cost of value tolls. Any HOV restrictions are maintained as is 
done in the current model. Beyond these HOV restrictions, the 
toll trip tables are able to traverse any links. The no-toll trip 
tables will be restricted from traversing links where the value 
toll flag is greater than zero, and the toll for that occupancy and 
period is greater than zero. These results are consistent with the 
paths resulting from skimming. Additional classes of users are 
introduced for the model’s area pricing mode, as discussed in 
that section.

The introduction of toll nests did not warrant any changes 
to the transit assignment models.

Non-Resident Trips

Non-resident trips, including commercial vehicles, exter-
nal trips, and visitor trips are not subject to the same behav-
ioral framework as normal personal travel. Instead, for each 
of these components, a binary logit choice model was devel-
oped to split the trip tables into toll and no-toll trips. Visitors 
and external trips use a $15/hour VOT. Commercial vehicles 
use a $30/hour VOT.

Distributed VOT

The Phase 2 models were enhanced to include VOT dis-
tributions, rather than using fixed average VOT for each 
income class. In a mode choice model, value-of-time is not 
an explicit model coefficient, but implied from the ratio of 
the time coefficient and the cost coefficient. Therefore, there 
are three possible ways to incorporate a distributed VOT in 
a mode choice model—using a distributed time coefficient, 
using a distributed cost coefficient, or using distributed values 
of both.

The utility of money should vary with income, as well as 
with personal circumstances. It makes sense that a single 
person earning $60,000 per year would have a different 
utility for money than someone trying to raise a family of 
four on the same income. It also makes sense for those two 
individuals to have very different utilities of time, where 
one traveler may need to make it to his child’s soccer game, 

and another may have no specific time restrictions. From 
a practical standpoint, however, it is not clear what greater 
effects varying the time coefficient might have, particularly 
on the user benefit calculations required for New Starts 
analysis. Since it is safer to vary only the cost coefficient, 
that approach is taken for RPM-9.

Structurally, a work VOT and a non-work VOT are 
selected for each individual when the work location choice 
model is run. These VOT are written with the person record 
in the output file. All remaining models read these VOT 
and use them in combination with the in-vehicle time 
coefficient, to calculate the cost coefficient for the model 
being run. In this way, each individual has a single VOT 
for work and a single VOT for non-work that are consistent 
across all models.

The method for determining VOT (in 1990 dollars) for 
each person is:

•	 Divide the household income by the number of full-time 
household workers plus half the number of part-time 
household workers. If there is less than one worker in 
the household, do not divide. The result is the household 
income per worker.

•	 Divide the household income per worker by 2,080 hours 
to get the average wage rate per worker for that household.

•	 Construct a log-normal VOT distribution where the 
mean is half the wage rate for that household, and the 
sigma is 0.25. Draw from this distribution to obtain  
the work VOT.

•	 Calculate the non-work VOT as 2/3 the work VOT.
•	 Impose a minimum of $1/hour and a maximum of  

$50/hour.
•	 For persons less than 18 years old, impose a maximum of 

$5/hour.
•	 An option is provided in RPM-9 to use the standard, average 

VOT for each income group. Table 18 shows a comparison 
of these averages, and the average of the distributed values. 
The model was calibrated using the distributed VOT, so it 
is not clear what effect the standard values would have on 
the calibration results.

•	 VOT distributions for different population and travel 
segments are shown in Figure 30 through Figure 35.

Purpose Income Range Non-Distributed
VOT (1989 $/hr) 

Distributed
VOT (1989 $/hr) 

Work $0-30k $3.61 $3.66
$30-60k $10.82 $8.19
$60k+ $18.03 $16.53 

Non-Work $0-30k $2.40 $2.49
$30-60k $7.21 $5.46
$60k+ $12.02 $11.45 

Table 18.  Comparison of average distributed VOT  
with non-distributed.
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Figure 30.  VOT distribution for children.

Figure 31.  VOT distribution for adults in households  
with income $0–30k.

Figure 32.  VOT distribution for adults in households  
with income $30–60k.
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Figure 33.  VOT distribution for adults in households  
with income $60k1.

Figure 34.  Work VOT distribution for all persons.

Figure 35.  Non-work VOT distribution for all persons.
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Area Pricing Logic

Two basic schemes are under consideration for how to oper-
ate a pricing system. A cordon approach would require that 
autos pay a toll any time they traverse a toll link. If a driver 
entered the pricing area three times in one day, he would  
be required to pay the toll three times. The second possible 
scheme is an area pricing approach: once the toll is paid 
by a vehicle, that vehicle can enter or exit the pricing area an 
unlimited number of times throughout the day. The mecha-
nism to model the area pricing approach is discussed here.

A binary flag is included in each of the control files to 
specify if the area pricing mode should be used. If set to 
zero, the standard cordon pricing method is used. The 
model does not allow for a mix of the two approaches; it is 
one or the other.

The basic approach is that tours are sorted first in priority 
order, then in chronological order. The first time a traveler 
enters the pricing area, she must pay the full toll. For all sub-
sequent travel, there is no toll charged. Changes to the indi-
vidual models for area pricing are outlined below.

Workplace Location Choice.    The workplace location 
decisions are assumed to be at the top of the hierarchy, so 
there is no difference from the cordon pricing mode.

Tour Generation.    The tour generation models are respon-
sible for writing the tour records in priority order for each per-
son. The work or school tour is always first, followed by all 
other tours in chronological order.

Tour Mode and Destination Choice.    The tour mode 
and destination choice program read the tours in priority 
order, as written by tour generation. The program stores a 
variable to keep track of when the person ID changes. Within 
the tours made by a single person, if any previous tour has 
chosen a toll mode, a flag is set indicating that the value toll 
was already paid. If this flag is true, the cost of value tolls in 
the toll alternative is zero. The rules of operation are:

•	 First (highest priority) tour of the day sees the full toll cost.
•	 If a toll mode is chosen, subsequent tours for that same 

person have the value toll cost coefficient set to zero. This 
means that he can go anywhere, for zero additional toll. 
The coefficient is changed instead of the cost itself, because 
the toll cost is used to determine if the toll alternative is 
available. If the toll cost > 0, then the alt is available.

•	 If a person has already paid and the toll alternative is avail-
able (with zero toll cost), the non-toll alternative becomes 
unavailable. The non-toll alternative is unavailable because 
it is dominated. There is no reason to incur extra time 
avoiding toll links if there is no need to.

Intermediate Stop Location Choice.    The intermediate 
stop location models read the already paid flag created by the 
tour mode choice models and apply the logic:

•	 If a tour has already paid, the toll cost coefficient is set to 
zero. Intermediate stops on that tour can stop anywhere 
for no additional charge.

•	 If tour has not already paid, but the tour mode is toll, then 
the toll cost coefficient is set to zero, and intermediate 
stops can occur anywhere for no additional charge. This is 
distinct from the case above, because the first tour of the 
day, where the toll must be paid at the tour level.

Trip Mode Choice.    In trip mode choice, the individual 
trips on each tour are processed chronologically. The costs 
are treated normally until the first trip is found that pays the 
toll. After that point, the value toll costs are zero. Switching is 
allowed at the trip mode choice level, either from a toll tour 
mode to a no-toll trip mode, or from a no-toll tour mode to 
a toll tour mode. The specific logic for area pricing in trip 
mode choice is:

•	 If the tour is coded as already paid and a toll alternative is 
available, then any no-toll alternatives are not available, 
and the value toll cost coefficient is set to zero.

•	 For the first tolled tour of the day (toll tour mode, but already 
paid is false), the individual trip paying the toll is identified. 
Each trip is processed in the order that they occur. The ini-
tial trip/trips see the full cost until one chooses a toll trip 
mode. Subsequent trips are given a value toll cost coefficient 
of zero and treated as having already paid.

•	 Following the choice of modes, any auto trips that have 
already paid the toll are segregated into separate trip tables 
such that they can be assigned separately.

Non-Resident Trips.    The non-resident trip tables are split 
into toll, non-toll, and already paid, just like the residents. The 
toll/no-toll choice uses simple logit models, where the VOT 
is $15/hour for external and visitor trips, and $30/hour for 
commercial trips.

In these aggregate models, it is not possible to explicitly 
track which trips have paid and have not. Instead, the cost 
coefficients are divided by the average number of times that 
the same traveler is expected to enter the pricing area in a 
day. Lacking any observed data, the model uses the following 
assumptions:

•	 External travelers enter once per day,
•	 Visitors enter twice per day, and
•	 Commercial vehicles enter twice per day.
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Note that these entries are only the number of inbound 
trips, assuming that exiting the pricing area is free. Following 
the choice of the toll or no-toll alternative, the toll trips are 
split into two trip tables for those who have to pay the toll in 
assignment, and those who have already paid it. This split is 
done by dividing by the number of entries per day.

Assignment.    For consistency with the choice models, four 
additional user classes are introduced to the highway assign-
ment process, bringing the total to 12. The new classes are:

•	 DA Already Paid;
•	 SR2 Already Paid;
•	 SR3+ Already Paid; and
•	 Trucks and Commercial Vehicles Already Paid.

These new classes are necessary to avoid further penalizing 
the vehicles that have already paid the toll. The methods for 
assigning the trip tables are:

•	 No Toll trips are assigned using the full cost and are not 
allowed to use any links with a value toll on it.

•	 Toll trips are assigned using the full cost, but are permitted 
to use any links.

•	 Already paid trips are assigned with zero cost of any value 
tolls and are permitted to use any links.

Feedback Implementation

Previous CHAMP models did not include feedback from 
assignment to the demand models. They were just run once, 
based on pre-skims created from assigning MTC trip tables. 
This approach was adequate for many applications, but is lim-
iting for the Mobility and Pricing Study. A goal of congestion 
pricing is to reduce congestion. While travelers with a low 
VOT are less likely to drive to the pricing area, some travelers 
with high VOT may be more likely to drive to the pricing area 
if the travel time savings compensate for the cost. The only 
way to account for this effect is to feed the travel times from 
the final assignment back to the skimming process and re-run 
the models. The details of the RPM-9 feedback approach are 
described here.

Several research presentations on the topic of feedback 
were reviewed. Each involves some empirical tests for a  
specific model system and attempts to evaluate what approaches 
work well for that model. The goal is a method that converges 
to a stable result in a relatively small number of iterations. 
The presentations discuss three main topics:

•	 How to measure convergence,
•	 How to combine iterations to achieve convergence, and
•	 How many iterations to run.

Slavin, et al. (2007) found that averaging link flows using 
the method of successive averages seems to work well. Boyce, 
et al. (2007) advocated averaging trip tables instead of link vol-
umes, and found that a constant weight on each new iteration 
works well. Gibb and Bowman (2007) worked on the Sacra-
mento model and used an approach where they started with 
a small sample in the demand models for early iterations and 
increased the sample sizes with later iterations. Vovsha, et al. 
(2008) advocated averaging both trip tables and network vol-
umes based on the experience with the New York model. The 
approaches presented found generally good convergence in the 
range of 4-10 iterations, with declining returns for increases in 
the number of iterations. They all emphasized that their results 
are not necessarily transferable and that they should be tried 
with a specific model system to see what works best.

Given this information, the following approach was imple-
mented for RPM-9. The approach may be modified as the 
model is tested and used if its behavior warrants.

1.	 Call all of the initialization scripts, and run the first 
assignment using MTC trip tables (implemented in run-
Model.bat).

2.	 Run an iteration of the demand models and assignments, 
given a specified iteration number, weight for combining 
the previous and next iterations, and sample rate (imple-
mented in runIteration.bat). Each iteration includes the 
following steps:

–– Each iteration runs everything from the highway skims 
through the highway assignment.

–– The core models are run with the specified sample 
rate. They are run six times and averaged, since there 
is little incremental cost given the distribution across 
multiple machines.

–– At the end of the iteration, the link volumes of the result-
ing networks are averaged with the link volumes on the 
input network using the weights specified.

–– A report is written (to feedback.rpt) showing the differ-
ences in the assignment results and the differences in the 
trip tables.

–– The averaged networks are renamed to serve as the 
basis for skimming for the next iteration, and the trip 
table is copied for comparison after the next iteration.

–– All other files are over-written during the next iteration.
3.	 RPM-9 runs a fixed number of iterations. Using a fixed 

number should make scenarios more comparable if results 
fluctuate a bit from iteration to iteration. It runs four itera-
tions with the parameters shown in Table 19.

4.	 On the first iteration, there is zero weight given to the 
previous assignment, because it is based on the MTC trip 
tables, not the SF-CHAMP trip tables. On the final itera-
tion, the networks are still averaged, but the final assigned 
networks are kept.
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6.1.3 � Model Estimation  
and Structural Changes

After the interim Phase 2 models were completed, the 
RPM-9 was further enhanced to more realistically capture 
travelers’ time-of-day responses to pricing, an important 
consideration for the study team. At the same time, the 
tour generation models and vehicle availability models were 
modified to account for the potential suppression of trips due 
to pricing, and the VOT distributions were estimated from 
stated preference survey data.

SP Survey

In July and August 2007, Resource Systems Group 
administered a survey of travelers driving to downtown San 
Francisco. The SP survey was designed to help understand 
traveler’s response to a potential entry fee into the down-
town area. A total of 663 respondents completed a series of 
experiments, where they traded off cost, shifted their trip 
time, or changed to transit. The full report is available in 
RSG (2007).

Model Sequencing

The sequencing of time-of-day choice within the travel 
models is a classic chicken-and-egg problem. When choosing a 
time-of-day, one might expect that travelers would consider the 
travel time between their origin and destination for the mode 
they have chosen. For example, auto trips might be likely to 
shift out of the peak due to congestion, but transit trips might 
be likely to shift into the peak due to the higher frequency of 
transit service. Accounting for this would require knowledge of 
both mode and destination. Similarly, when choosing a mode, 
travelers might consider their origin, destination, and depar-
ture time. Finally, when choosing a destination, travelers may 
be sensitive to mode and departure time.

One approach to resolving this issue would be to build a 
joint mode, destination, time-of-day choice model. Such a 
model, however, would have a large number of alternatives, 
and likely be unwieldy and difficult to calibrate. Another good 
approach, and the one used here, is to assert a priori logical 
sequencing of choices, and to use Logsums from downstream 
models in the upstream choices. The project team believes 

that the most logical sequencing of these three choices within 
the RPM-9 framework is:

1.	 Destination choice,
2.	 Time-of-day choice, and
3.	 Mode choice

To accomplish this sequencing, the time-of-day choice 
model uses mode choice Logsums for the time-of-day alter-
natives being considered. The destination choice model could 
use time-of-day Logsums as a measure of impedance between 
zones, but this would break the traditional understanding of 
how a destination choice model works and enter a level of 
theoretical abstraction with which the project team was not 
comfortable. Instead, the destination choice model works by 
starting from initial simulated times-of-day for each tour and 
choosing a destination by considering the mode choice Log-
sums for that initial time-of-day. The time-of-day model then 
replaces the initial time-of-day with the actual chosen time-of-
day. The only purpose of the initial simulated time-of-day is 
to provide a basis for destination choice, so the details of how 
those are determined are not particularly important. In this 
case, the old time-of-day model from CHAMP 3 is run, which 
provides a simulated distribution equivalent to the actual dis-
tribution. In this way, the chicken-and-egg problem is resolved 
and the models operate in a consistent manner.

The final sequencing of all models is:

1.	 Choose a workplace location, assuming an AM peak 
departure, PM peak return, and autos greater than or 
equal to workers.

2.	 Choose the vehicle availability, considering the destination 
choice Logsum at home, at work, and the mode choice 
Logsum between home and work.

3.	 Run tour generation, with consideration for the destina-
tion choice Logsum at home, at work, and the mode choice 
Logsum between home and work.

4.	 Determine the initial simulated time-of-day using the 
CHAMP 3 time-of-day model.

5.	 Choose primary destinations for non-work tours, con-
sidering the initial simulated time-of-day and the mode 
choice Logsum.

6.	 Choose the tour time-of-day for all tours, considering 
the chosen destination, and mode choice Logsums.

Iteration Sample Rate Weight for Previous Link 
Volumes

Weight for Current Link 
Volumes

1 8 0 1 
2 4 0.5 0.5
3 2 0.67 0.33
4 1 0.75 0.25

Table 19.  Averaging parameters for each feedback iteration.
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7.	 Choose the tour mode, considering the chosen destination 
and chosen time-of-day.

8.	 Choose locations for any intermediate stops.
9.	 Run trip mode choice given previously chosen primary and 

intermediate destinations, previously chosen times-of-day, 
and the previously chosen tour mode.

10.	 Assign highway and transit trips.
11.	 Run the trip time-of-day model (explained in more detail 

below) to allocate auto trips to more detailed sub-periods.

Tour Time-of-Day Choice

For each tour, the tour time-of-day choice model chooses 
the departure time from home, and the departure time from 
the primary destination. The time periods used are the five 
periods consistent with the skims:

•	 Early AM (EA): 3:00-5:59 AM,
•	 AM Peak (AM): 6:00-8:59 AM,
•	 Midday (MD): 9:00 AM-3:29 PM,
•	 PM Peak (PM): 3:30-6:29 PM, and
•	 Evening (EV): 6:30 PM – 2:59 AM.

The return time period must be the same as or later than the 
departure time period. Therefore, the model has 15 alternatives:

•	 EA to EA,
•	 EA to AM,
•	 EA to MD,
•	 EA to PM,
•	 EA to EV,
•	 AM to AM,
•	 AM to MD,
•	 AM to PM,
•	 AM to EV,
•	 MD to MD,
•	 MD to PM,
•	 MD to EV,
•	 PM to PM,
•	 PM to EV, and
•	 EV to EV.

This structure is equivalent to the old time-of-day models, 
except that it is applied for all tours, not just for the primary 
tour of the day. Tours are scheduled first in priority order, then 
in temporal order. Therefore, if there is a work or school tour, 
that is scheduled first, followed by any other tours, then any 
work-based sub-tours. If there is more than one other tour, 
they are scheduled in the order they occur in the initial sim-
ulated times-of-day. Secondary tours are subject to the time 
constraints imposed by previously scheduled tours, thus pre-
venting any overlap. For example, if a work tour has already 

been scheduled for the AM to PM, then another tour that is 
being scheduled can occur in the AM to AM or the PM to PM 
or the PM-EV, but it cannot occur in the MD to PM or EA to 
EV because that would conflict with the work tour. Sub-tours 
must be within the bounds of their parent tour.

Trip Time-of-Day Choice

The trip time-of-day model determines a detailed departure 
time for each auto trip. Within the peak periods, the resolution 
is half-hour periods. Outside of the peaks, more aggregate 
periods are used. In addition to the highway travel time and 
cost for each sub-period, the model considers the amount of 
shift from the desired departure time.

This model structure corresponds to the format of the stated 
preference survey, where respondents were asked about a 
recent trip they made to downtown San Francisco, and what 
they would do if prices were imposed for different time periods: 
shift before the pricing period, shift after the pricing period, 
or switch to transit. For example, if the desired departure time 
is 8:00 AM, and the alternative being considered is a 9:00 AM 
departure, then the shift is 60 minutes.

Figure 36 shows the effect of time shifts on the utility 
function.

When the trip time-of-day model was implemented within 
the RPM-9 model stream, it is run after the trip mode choice 
model, not jointly with mode choice as in the estimation above. 
It is run using half-hour periods in the peaks, a one-hour buffer  
at the edge of the peaks, and more aggregate periods in the off 
peaks. The temporal alternatives are:

•	 EA300: 3:00–4:59 AM,
•	 EA500: 5:00–5:59 AM,
•	 AM600: 6:00–6:29 AM,
•	 AM630: 6:30–6:59 AM,
•	 AM700: 7:00–7:29 AM,
•	 AM730: 7:30–7:59 AM,
•	 AM800: 8:00–8:29 AM,
•	 AM830: 8:30–8:59 AM,
•	 MD900: 9:00–9:59 AM,
•	 MD1000: 10:00–10:59 AM,
•	 MD1100: 11:00 AM–1:29 PM,
•	 MD130: 1:30–2:29 PM,
•	 MD230: 2:30–3:29 PM,
•	 PM330: 3:30–3:59 PM,
•	 PM400: 4:00–4:29 PM,
•	 PM430: 4:30–4:59 PM,
•	 PM500: 5:00–5:29 PM,
•	 PM530: 5:30–5:59 PM,
•	 PM600: 6:00–6:29 PM,
•	 EV630: 6:30–7:29 PM, and
•	 EV730: 7:30 PM–2:59 AM.
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The model considers the tour time-of-day, and requires that 
the chosen trip time-of-day be within 1 hour of the tour time. 
For example, a trip whose tour time is AM peak can choose 
EA500, any alternative within the AM peak, or MD900.

To deal with the shift variables appropriately, a desired 
departure time is chosen for each trip from the observed dis-
tribution of departure times within each main period. Once 
this desired time is chosen, then a shift can be calculated for 
any alternative.

Travel times for each alternative are derived by:

1.	 Starting from the loaded highway networks output from 
assigning trips for the five main periods.

2.	 Factoring the main period volumes into sub-period vol-
umes using constant factors on all links, derived from 
traffic counts.

3.	 Factoring the main period tolls into sub-period tolls using 
factors specified by the user. This allows the user to model 
a higher toll for the peak-of-the-peak.

4.	 Skim the shortest paths for each sub-period based on 
these factored networks.

The detailed temporal distribution for factoring is derived 
from traffic counts, as shown in Figure 37. Hourly traffic 
counts were available on state highways from Caltrans, and 
15 minute counts were available for a cordon around the pric-
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Figure 36.  Effect of time shift on utility.

Figure 37.  Diurnal traffic count distribution.
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Variable Coef. Std. Err.
z
Parameter Prob > z 

95% Interval Conf.
(lower & upper
bounds)

Mean
cost0_30 -0.2884 0.0456 -6.33 0.000 -0.3777 -0.1990
cost30_60 -0.1968 0.0193 -10.20 0.000 -0.2346 -0.1590
cost60_100 -0.1661 0.0151 -11.02 0.000 -0.1956 -0.1365
cost100p -0.1349 0.0119 -11.33 0.000 -0.1582 -0.1115
shift_earl~r -0.0126 0.0012 -10.85 0.000 -0.0149 -0.0103
shift_later -0.0206 0.0022 -9.53 0.000 -0.0248 -0.0164
delay_1_5 -0.0127 0.0062 -2.07 0.039 -0.0248 -0.0007
delay_1_10 -0.0050 0.0063 -0.79 0.430 -0.0173 0.0073
transitWalkTime -0.0307 0.0044 -6.95 0.000 -0.0393 -0.0220
transitDriveTime -0.0307 0.0111 -2.75 0.006 -0.0525 -0.0088
transitFreq -0.0166 0.0071 -2.34 0.019 -0.0304 -0.0027
transitXfers -0.2434 0.0889 -2.74 0.006 -0.4176 -0.0693
transitDrive -0.4426 0.1639 -2.70 0.007 -0.7637 -0.1214
bart -0.0180 0.1659 -0.11 0.914 -0.3432 0.3072
caltrain 0.2834 0.1889 1.50 0.133 -0.0868 0.6537
muniMetro -0.0851 0.1653 -0.52 0.607 -0.4091 0.2388
prepeak 0.2987 0.0891 3.35 0.001 0.1241 0.4733
postpeak -0.5271 0.1013 -5.20 0.000 -0.7257 -0.3286
transitAlt -0.2223 0.2014 -1.10 0.270 -0.6170 0.1725
travel_time -3.9231 0.2338 -16.78 0.000 -4.3813 -3.4649
Standard Deviation 
travel_time 0.8709 0.3215 2.71 0.007 0.2408 1.5010
Ratios to Mean In-Vehicle Time 

Walk Time 1.06 
Drive Time 1.06 
Transfers 8.42 
Wait Time 3.49 

Constants
Prepeak -10.34 
PostPeak 18.24 
Transit 7.69 
Bart 0.62 
CalTrain -9.81 
Muni Metro 0.34 

Time Coefficient Statistics 
Median -0.01978 exp(coef) 
Mean -0.0289 exp(coef + sd^2/2) 
Standard Dev -0.03079 mean * sqrt(exp(sd^2) -1) 

VOT  by Income Group Median Mean 
0-30k $4.12 $6.01 
30-60k $6.03 $8.81 
60-100k $7.15 $10.44 
100k+ $8.80 $12.86

Table 20.  Trip time-of-day mixed logit estimation results.

ing area. The downtown counts were shifted somewhat from 
the regional counts, so the detailed downtown area counts 
were adjusted to better match the regional distribution.

VOT Estimation

The SP data were also used to estimate VOT distributions for 
use throughout the model stream. This was done by estimating 
a joint mode and departure time choice model, except with 
mixed logit, rather than nested logit. Mixed logit is important 
in this case because it allows the user to estimate a distribution 
on a coefficient, rather than just the mean value. In this case, a 
distribution was estimated on the travel time variable, assert-
ing a lognormal form. The cost coefficients are estimated as 

standard, nondistributed coefficients segmented by income. 
The resulting model is shown in Table 20. The most important 
result of this estimation is the mean and median VOT shown 
at the bottom of the table.

When the estimated VOT distributions are plotted as log-
normal functions the curves are the shapes shown in Figure 38. 
These distributions are used in RPM-9 and replace those used 
in the Phase 2 models.

6.1.4  Model Calibration

After implementing the structural changes, RPM-9 was 
calibrated to match observed data for the 9-county area. 
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Figure 38.  VOT distributions estimated from mixed logit.

Period Percent in Peak
Hour

EA 46.3%
AM 34.8%
MD 15.4%
PM 33.7%
EV 17.3%

Table 21.  Revised 
peak-hour  
percentages for 
assignment.

The following section discusses the calibration process, final 
model coefficients, and comparisons to observed data.

The calibration targets were derived from the 2000 Bay Area 
Travel Survey (BATS 2000). They are generally in the same 
format as the targets used to calibrate CHAMP 3, but are not 
restricted to only San Francisco residents.

An extended set of traffic counts was used to validate 
the highway assignment results. The previous CHAMP 3 
count database included 1,091 counts, all within San Fran-
cisco. An extended database was created with an additional 
617 counts in the remaining eight counties. These counts 
are from the Caltrans hourly count database, for the years 
1998 through 2000. SFCTA staff coded each count to the 
network links.

Additional observed transit data were provided by MTC, 
and are the same as those used to calibrate the 2000 base year 
for the MTC model. These data include boarding counts for 
each transit operator in the region.

Previous (CHAMP 3) calibration efforts focused on miti-
gating the initial under-prediction of highway volumes at a 
system-wide level. Building upon that successful calibration, 
the RPM-9 calibration moved to the next level, and focused 
on calibrating to bridge volumes and screenline volumes by 
time-of-day. In mitigating this issue, a number of modifica-
tions were made to the model system:

•	 Updated the factors used to convert from the total period 
volume to the hourly volume within the period based on 
recent traffic counts. Table 21 shows the revised peak hour 
percentages used for assignment.

•	 To balance the above change, and maintain appropriate 
congested travel speeds, introduced an adjustment factor 
of 1.2 applied as a product to the volumes in the volume-
delay functions.

•	 Upgraded Embarcadero, Sunset, and Great Highway to 
super-arterials, reflecting divided medians and lower 
cross traffic.

•	 Converted Golden Gate Bridge and Bay Bridge from Area 
Type 3 (urban) to Area Type 1 (CBD), reflecting their 
narrow lanes and lower speed limits.

•	 Converted the Bay Bridge Toll Plaza to Facility Type 5 
(ramp), reflecting a lower capacity at the plaza.

•	 Shifted commercial vehicle and internal-external trips 
in the markets that cross the Bay Bridge or Golden Gate 
Bridge out of the peak periods.

6.1.5  Conclusions

The SCFTA case study demonstrates how an ABM can 
provide clear advantages over trip-based models in the anal-
ysis of pricing policies. The limitations of trip-based models 
(lack of policy sensitivity and insufficient market segmenta-
tion) can be overcome with more advanced models such as 
SF-CHAMP. There are, however, a number of issues that 
remain to be addressed by ABMs in practice. First, this 
model, like most ABMs, relies on static equilibrium high-
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way assignment algorithms. It is common knowledge that 
such techniques fail to adequately address congestion due 
to their lack of ability to reflect queuing. One of the advan-
tages of priced facilities (particularly dynamically priced 
facilities) is that they offer more reliable travel times than 
competing congested facilities where the variability of travel 
time can be quite onerous. We need better tools to reflect 
reliability and address the value of reliability on travel deci-
sions. The impacts of pricing on long-term choices such as 
vehicle ownership, workplace location, residential location, 
and ultimately firm location need to be better understood. 
Most ABMs are based on cross-sectional data and unable 
to fully capture the long-term behavior associated with the 
introduction of pricing policies. Hopefully as more poli-
cies become implemented, more data will be available to 
improve this critical aspect of travel demand models.

6.2 � Improvement of the New York 
ABM for Manhattan Area  
Pricing Study

6.2.1  Objectives of the Study

Area Pricing Concept in New York

This section reviews the demand modeling that has been 
done with adaptations of the New York ABM for the planning 
and analysis of New York City’s PlanNYC and its congestion 
pricing component in particular. The modeling of a Conges-
tion Pricing Zone (CPZ), or a proposed area pricing concept 
for the Manhattan CBD similar to the London pricing scheme, 
began with work done for the New York City Partnership in 
2005 and evolved in the subsequent modeling in support of the 
development of the City of New York’s long range transporta-
tion investments plan or “PlanNYC 2030” in 2006-2007. In 
this work, and in the subsequent Pricing Commission review 
phase mandated by the New York state assembly its approval of 
the City’s submittal of an Urban Partnership Agreement grant 
application in mid-2007, the new York ABM was adapted and 
refined to assess congestion reduction and other transporta-
tion impacts associated with various proposed pricing options, 
as well as for alternative strategies aimed at achieving similar 
levels of congestion reduction for travel to, from, and within 
Manhattan.

The nature and variety of pricing forms and policies con-
sidered in the study represented a real challenge from the 
modeling standpoint. To accomplish this, a number of 
modeling enhancements and refinements to the standard 
New York ABM platform were developed and applied to sup-
port the estimation of impacts on different traveler markets 
and various transportation system performance measures. 
These modeling improvements allowed for better under-
standing of the likely behavioral responses to the changes in 

road pricing and congestion levels associated with Manhat-
tan congestion management programs.

The congestion pricing, tolling, and other congestion miti
gation strategies that required evaluation and modeling for 
New York City’s planning comprised a fairly wide range 
and challenging set of transportation policies and actions 
as described in the next section. The modeling and evalua-
tion of these pricing alternatives and other policies needed 
to address a spectrum of related transportation issues, within 
the complexity of the New York Metropolitan Region, 
including many that are unique in comparison to the other 
metropolitan regions. In particular, the following aspects 
were of primary importance:

•	 Transit service to and from Manhattan is extremely devel-
oped from most areas of the region. The current transit share 
in commuting to and from Manhattan is close to 80%. As 
such, transit represents a very good alternative to the auto for 
commuters and other travelers to Manhattan, but since most 
of the transit lines are already crowded in peak hours, very 
little transit capacity is available to accommodate additional 
riders who might be influenced to switch from driving due 
to congestion pricing.

•	 Existing auto commuters to the CBD represent a special 
market that needs to be well understood before any policy 
could be seriously considered. Some of them (although 
not the majority) may be considered “captive” users for 
either of two reasons. For most of the existing auto com-
muters, surveys have shown that employer and other 
subsidies are prevalent with respect to parking cost, tolls, 
and vehicle operating cost, making the use of a car com-
pelling. In addition to these drivers, the most substan-
tial share of auto commuters to CBD comes from “outer 
boroughs” of New York City, where transit service from 
these areas is the most limited, without walk to subway or 
commuter rail options.

•	 Residence of commuters and other travelers to Manhattan 
is important since some other pricing policies are differ-
entiated by the place of residence. From this point of view, 
three major segments could be distinguished: 1) residents 
of Manhattan who contribute to intra-Manhattan reverse 
commuting out of Manhattan, 2) residents of other four 
New York City boroughs who contribute to relatively short 
commute trips to Manhattan, and 3) residents of outer sub-
urbs from four states (New York, New Jersey, Connecticut, 
and Pennsylvania) who contribute to longer commute trips 
to Manhattan.

Congestion Pricing Zone (CPZ)

Geographically, the Manhattan CPZ was defined as part of 
Manhattan South of 60th Street; see Figure 39. This definition 
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was more conservative compared to the previously imple-
mented (preliminary) study where the border was at the 86th 
street. The CPZ has several portals (bridges and tunnels) con-
necting it to the rest of the metropolitan region. They can be 
grouped in the following way:

•	 Tolled bridges and tunnels of the Metropolitan Transit 
Authority (MTA),

•	 Tolled bridges and tunnels of the Port Authority of New 
York and New Jersey (PANYNJ), and

•	 Free bridges of the New York City (NYC).

In addition to the set, there are the Harlem River bridges 
that are not directly connected to CPZ, but are still relevant 
choices for some travelers to and from Manhattan.

6.2.2 � Modeled Options for Area  
Congestion Pricing

Main Area Pricing Options  
and Other Strategies Modeled

The study considered a wide spectrum of pricing forms 
and policies where each scenario was defined as a combina-
tion of the following main characteristics:

•	 Type of charge. Alternatives included daily fee paid once 
a day regardless of the number of trips to CPZ (i.e., daily 
permit) and (recurrent) toll paid for each trip.

•	 Rate charged. Alternatives were formulated in terms of the 
amount charged, flat versus variable tolls by time of day, 
pricing schedule (12 hours, 24 hours, etc.), and toll off-

Figure 39.  Manhattan CPZ and existing bridges and tunnels.
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set (full or partial credit) for travelers who already paid a  
creation toll on one of the MTA or PANYNJ tolled cross-
ings. Sub-alternatives included surcharges for non-EZ-
pass vehicles (based on license plate reads) and surcharges 
for taxi trips.

•	 Northern boundary of CPZ. Alternatives included 86th 
St. and 60th St.

•	 Policy for intra-zone trips. Alternatives included free, dis-
counted, and full-fee options for staying in CPZ.

•	 Policy for through trips. Alternatives included providing 
a free peripheral route around CPZ on FDR Drive and 
Rt. 9A or charging on it.

•	 Trip direction charged at cordon crossings. Alternatives 
included 2-way (inbound and outbound) tolls and 1-way 
(inbound only) tolls.

•	 Differentiation by vehicle type. Alternatives included dif-
ferent specific toll schemes for trucks and taxis compared 
to the base fee for auto.

In the course of the study, several additional pricing 
and congestion-mitigation strategies were formulated and 
required modeling:

•	 Higher tolls on existing tolled Manhattan crossings (MTA 
and PANYNJ).

•	 Introduce tolls on the currently free Manhattan bridges. 
Alternatives included a subset of four East River free 
bridges or all Manhattan bridges (including Harlem River 
and Henry Hudson).

•	 License Plate Rationing. Alternatives included different 
ways to impose prohibitions on entry to CPZ by vehicle 
license plate number. They included either 10% or 20% of 
vehicles for each day.

•	 Parking Policies. Alternatives included reduction in free 
parking permits for City employees (targeted zones in CPZ) 
and elimination of Manhattan resident parking tax rebates.

The main characteristics of the CPZ scheme are summarized 
in Table 22. The initial plan has undergone a substantial revi-

sion with regard to such characteristics as the North boundary, 
direction of charge, imposing of intrazonal charge, providing a 
free periphery, charging taxis, and license plate rationing.

Modeling Challenges Associated with Area Pricing

The ABM developed for the New York Metropolitan 
Transportation Counsel (NYMTC) and first deployed for 
planning in 2001 was used as the modeling platform for the 
area pricing study. Some of the pricing forms studied could 
be addressed adequately with little or no modification of the 
model, due to the structural advantages of the NYMTC ABM 
and its ability to model individual household, person, and tour/
trip records in the microsimulation fashion. For those pricing  
features that required new methods to be introduced, the ABM 
structure allowed for the addition of incremental improve-
ments in a natural and consistent way. For example, for the 
license plate rationing options, in which the number of vehicles 
in each household is modeled endogenously and auto avail-
ability for each member of the household is explicitly evalu-
ated in the mode choice model, it was possible to introduce new 
controls to test these strategies that mirror the logic of actual 
travel decision-making, in this case focused on the initial stage 
of modeling intra-household car allocation and subsequent 
use by affected households. In this sense, the ABM and the 
microsimulation implementation of it contributed both to 
the generation of more reliable estimates of impacts than a 
conventional aggregate model could, as well as offered the 
ability for the planner to report and explain these responses 
logically, and in considerable detail for specific travel markets 
of concern, e.g. low-income population, residents of specific 
neighborhoods, and tour types.

Another important advantage of the NYMTC ABM is that it 
considers travel tours as units for mode, destination, and time-
of-day choice decisions. This ensures realism and consistency 
of the modeled choices. It is fundamentally different from 
the trip-based models that do not recognize internal linkages 
across the trips in the same tour and can result in conflicting 
choices of modes and destinations for different trips made by 

Characteristic Initial plan Final recommendation 
Daily fee or toll per trip Daily fee Daily fee 
Duration 12 hours (6 AM – 6 PM) 12 hours (6 AM – 6 PM) 
Flat or variable & amount Flat $8 Flat $8 
North boundary 86th St. 60th St. 
Direction of charge 2-way In-bound 
Intrazonal charge Yes No 
Through trips Free periphery No free periphery 
Toll offset Yes Yes 
Taxis Free $1 trip charge 
License Plate Rationing 
surcharge

None Yes 1$ 

Table 22.  Characteristics of the CPZ.
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the same person as parts of the same tour. In the context of area 
pricing, this consistency of the NYMTC ABM was of primary 
importance since it allowed for capturing impacts of pricing 
applied for one time-of-day period (for example, the AM peak 
period) on the other periods of the day (for example, PM when 
the return commuting mostly occurs).

Aside from the ABM issues, special network methods were 
also developed to address the single fee policy feature of area 
congestion pricing, i.e., a one-time charge or permit to travel 
to or within the charged zone for some designated period of 
time, in contrast to the simple toll transaction-based charges 
that are easily implemented, for both network skimming and 
assignment by means of toll link attributes. While a full and 
logical implementation to address this unique aspect of an area 
charging fee would be possible in the ABM structure that oper-
ates with entire day individual patterns, due to time and budget 
limitations, a simple scaling of cordon link fee tolls, reflecting 
daily trip frequencies for different tour types, was applied.

A related, but even more difficult issue, was the need to 
consider and credit tolls paid on existing tolled crossings into 
Manhattan, such as those operated by PANYNJ and MTA. For 
example, in some scenarios, the policy to be tested might be an 
$8 cordon fee, but with the $5 EZ-pass toll paid at the Lincoln  
Tunnel credited, the effective cost for a driver using the tun-
nel to enter the CPZ would be only $3. Using link-based tolls 
with the standard highway network procedures found in exist-
ing modeling platforms requires various configurations of 
dummy links for these toll increments associated with crossing 
the cordon and reflecting the upstream tolls. Corresponding 
procedures were developed, generally resulting in a realistic 
representation of the policy with respect to costs that travelers 
would consider in their destination, mode, and route choice. A 
more robust implementation may be the application of node to 
node based toll algorithms, not yet tested in this application.

As part of this work, aspects of the available data and ele-
ments of the modeling technology that could be further refined 
to increase the precision and level of confidence of the forecasts 
have been identified. These included more specific methods 
of representing and modeling a complex system of cordon 
fees and tolled crossing credits, as well as time-of-day choice 
model sensitive to tolls and congestion levels, and responsive-
ness to specific parking policies and pricing. These additional 
enhancements could be implemented within the New York 
ABM and could serve to further increase levels of confidence in 
the planning forecasts, as well as to possibly support an invest-
ment grade level of T&R forecasting and analysis.

6.2.3  Structure of the NYMTC ABM

General Model System Structure

The NYMTC ABM represents an advanced structure that 
is based on tour-based and activity-based modeling principles 
applied in a micro-simulation fashion. This model allows for 

detailed and behaviorally realistic analysis of traveler responses 
to pricing.

The NYMTC ABM structure is presented in Figure 40 [see 
also NYMTC (2004) for a more detailed technical description]. 
It has four major modules applied consecutively with possible 
feedbacks involving all or some of the modules:

•	 Tour generation that includes household synthesis, auto 
ownership, and tour frequency choice models,

•	 Tour mode and destination choice that includes pre-mode 
choice between motorized and non-motorized travel, pri-
mary destination choice, entire tour mode combination 
choice, stop-frequency choice, and stop-location choice,

•	 Time-of-day choice and pre-assignment processor that 
include tour time-of-day allocation for outbound and 
inbound directions, and aggregation tours and stops micro-
simulation results to mode and time-of-day period trip tables,

•	 Traffic and transit network simulations (assignments) 
that are implemented by mode and vehicle class, by time-
of-day periods.

The first three modules are implemented as fully-disaggre-
gate micro-simulation procedures working with individual 
records for the synthesized population (households, persons, 
tours). The last module is currently based on standard aggre-
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gate (zone-to-zone) assignment algorithms. The application 
software supports numerous feedbacks to be implemented 
until equilibrium is reached. LOS skims after the last stage can 
be fed back to the mode and destination module, as well as to 
the tour-generation components through accessibility indices.

The tour-generation module of NYMTC ABM model 
consists of three successive models that include a household 
population synthesizer, an auto-ownership model, and a tour-
frequency choice model. The household synthesis is based on 
the predetermined socio-economic controls (number of house-
holds, population, labor force, and income) for each zone. The 
auto ownership choice model is applied for each household 
and is sensitive to the household characteristics and residential 
zone accessibility by auto and transit respectively. The tour-
frequency model is implemented at the person level. There are 
three person types and six travel purposes that yield 13 tour fre-
quency models taking into account that children cannot make 
tours to work, at work or university tours; and non-working 
adults cannot make tours to work or at work. Each model 
is essentially a multinomial logit construct having three choice 
alternatives (no tours, one tour, two or more tours). The set of 
the tour-frequency models is ordered and linked in such a way 
that choices made for some purposes and household members 
have an impact on the other choices of the same person, as well 
as for the other household members.

The mode and destination module starts with a pre-mode 
choice step, where each tour is assigned to either motorized 
or non-motorized mode of travel. Density of non-motorized 
attractions is essentially a log-sum from the subsequent  
destination-choice model for non-motorized travel with 
individual attractions available in a 3-mile radius around 
the tour origin. If the motorized option is chosen, then the 
motorized branch of the algorithm is activated. First the 
mode and primary destination choice for the entire tour is 
modeled (without intermediate stops). It can be thought of 
as a nested structure where destination choice comes at the 
upper level of the hierarchy, while mode choice is placed at 
the lower level conditional upon the destination choice.

The motorized destination choice model has been cali-
brated by eight purposes (six original purposes with additional 
subdivision of work tours by three income categories). In the 
microsimulation framework, the destination choice model is 
applied as a doubly constrained construct (either fully con-
strained or relaxed constrained). Constraining the destination 
ends is achieved by removing the chosen (taken) attraction 
from the zonal size variable after each individual tour simu-
lation. For fully-constrained mandatory purposes (work, 
school, university), an entire attraction unit is removed. For 
relaxed constrained non-mandatory purposes (maintenance, 
discretionary, at work), only a part (0.5) of the attraction unit 
is removed.

The mode-choice model has been estimated for six purposes 
as a nested logit construct with differential nesting depend-

ing on the purpose. In most cases, drive-alone and taxi modes 
proved to be in separate nests, while transit and shared-ride 
mode were nested in different combinations.

In the next stage of the motorized branch of the application, 
intermediate stops are modeled conditional upon the chosen 
mode and primary destination for the tour. Stops are modeled 
by means of two linked choice models: stop frequency and 
stop-location. The stop-location model includes a zonal stop-
density size variable that is similar to the attraction size vari-
able. The composite log-sum from the stop-location model is 
used in the upper level stop-frequency model.

The stop-frequency model has been calibrated for six pur-
poses as a multinomial logit construct. After having consid-
ered observed stop frequencies from the survey (it was found 
that an absolute majority of tours do not have more than one 
stop on each leg of the tour ( 90-95%, depending on the tour 
purpose), a decision was made to limit the number of choice 
alternatives to the following four: 1 = no stops on either out-
bound or inbound direction; 2 = one outbound (from home) 
stop leg, no inbound (return home) stops; 3 = no outbound 
stops, one inbound stop, and 4 = one stop on each direction.

The stop-location choice model is also a multinomial 
logit construct. Similar to the destination-choice model, 
the stop-location model requires a procedure for selecting 
a limited subset of relevant zones (for both model calibra-
tion and application) in order to reduce the computational 
burden. For the stop-location model, however, both the OD 
of the tour are known from prior processing, thus effective 
rules were applied to build a spatial envelope that reflects the 
observed stop patterns.

The current version of the NYMTC ABM has a simple time-
of-day model based on a set of predetermined time-of-day 
distributions segmented by travel purpose, mode, and des-
tination area. One of the identified for further enhancement 
of the NYMTC ABM includes replacement of the time-of-day 
distribution with a time-of-day choice model sensitive to per-
son, household, and LOS variables. Currently, time-of-day 
allocation is followed by trip-level mode choice (in most cases 
predetermined by the entire-tour mode) and a pre-assignment 
processing procedure that aggregates the microsimulation results 
and constructs mode-specific and period-specific trip tables.

Segmentation and Level of Network Details

The basic version of NYMTC ABM, which was used as the 
platform for the model improvements implemented for the 
pricing analysis, has the following main structural dimensions:

•	 Eleven travel modes (drive alone, shared ride-2, shared 
ride-3, shared ride-4+, transit (including bus, subway, and 
ferry) with walk access, transit with drive access, commuter 
rail (with transit feeder lines) with walk access, commuter 
rail with drive access, taxi, school bus (for tours to school 
only), and walk (the only non-motorized mode),
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•	 More than 100 population segments including a Carte-
sian combination of three household income groups (low, 
medium, high), four household car-sufficiency groups 
(without cars, cars fewer than the number of workers, cars 
equal to workers, cars greater than workers), and three 
person types (worker, non-working adult, child),

•	 Six travel purposes including work, school, university/ 
college, household maintenance (shopping, banking, escort-
ing children, visiting a doctor), discretionary activity 
(leisure, entertainment, visiting relatives and friends, eating 
out), and non-home-based sub-tours originated and ended 
at work (as a special segment),

•	 Two freight traffic components that are characterized by 
a distinctive value of time and willingness to pay: heavy 
trucks with 3+ axles and light trucks (commercial vehicles) 
with 2 axles.

•	 Four time-of-day periods (AM peak 6:00–10:00, midday 
10:00–16:00, PM peak 16:00-20:00, and night 20:00–24:00, 
0:00–6:00).

•	 Six vehicle classes applied in the multi-class highway 
assignment including SOV, HOV-2, HOV-3+, light trucks 
and commercial vehicles, heavy trucks, and external auto 
trips to, from, and through the region are allocated by 
vehicle occupancy.

The New York Region (28 counties in New York, New Jersey, 
and Connecticut) has a very large and complex transportation 
network that is a substantial modeling challenge in develop-
ment of the NYMTC ABM [see NYMTC (2004) for more 
details]. To address this, the highway network has the following 
main dimensions and characteristics:

•	 Very large size including 4,000 traffic zones and 52,800 links 
of the following major types: 4,950 high-level limited access 
(highway, freeway) facilities, 26,385 major arterials, 10,765 
collector and other (local) facilities, 10,694 centroid and 
external connectors;

•	 Unidirectional/dualized coding;
•	 Conflated network geography and topology based on 

detailed GIS street network;
•	 Classified by 21 link types for specification of lane capacities, 

free-flow speeds, and volume-delay functions; and
•	 Includes high-occupancy-vehicle lanes and numerous 

existing toll facilities.

6.2.4 � Application Assumptions and Model 
Adjustments for Area Pricing

Within the limited time framework of the recent planning 
feasibility stage of the area pricing study, the NYMTC ABM 
was applied in a simplified version with limited functionality 
across several dimensions compared to the potential func-

tionality that the ABM microsimulation framework could 
provide. The main simplifying assumptions and limitations 
of the applied approach are discussed.

Fixed Transit LOS

The transit network, line itineraries, and frequencies, as well  
as other components of transit LOS, were considered fixed and  
were not improved across the compared alternatives. As the 
London area-pricing experiment has shown, the LOS on bus 
lines was significantly improved as the result of congestion 
relief, which made transit an even more attractive option in 
the presence of road tolls. This important additional feedback 
would be included in the model structure in a next stage of 
study. Another important factor is that the New York tran-
sit system has also reached the capacity limit for many lines 
serving CBD in the peak periods. Thus, additional modal shift 
from private auto to public transit should be accompanied by 
a realistic enhancement of the transit system and consideration 
of the LOS problems that stem from the train congestion and 
crowding in transit vehicles. As one policy option, the reve-
nue generated from the area pricing could be effectively used 
for cross subsidizing the transit improvements. This aspect 
would also be considered in a next stage of study.

Fixed Time-of-Day Distributions

The current time-of-day model was used with no specific 
improvement. The current time-of-day model is based on a set 
of predetermined distributions developed for expected depar-
ture time and duration of activity for various travel segments. 
Although the developed set of distributions is very detailed 
(more than 60 different combinations are considered by travel 
purpose, mode, and destination), and is characterized by a 
very good statistical fit to the observed data and traffic counts, 
it (in its current form) is not sensitive to pricing and does 
not include toll or any other travel cost variable that would 
explain the choice. Development of a new version of the time-
of-day choice model that will include pricing as an explana-
tory variable is underway. For this current stage of the study, 
travel impacts of pricing were captured mostly with respect to 
the destination choice, mode choice, and route choice.

Simplified Use of Certain LOS variables

The available basic version of the mode and destination 
choice models used time-of-day-specific LOS variables (travel 
time and cost) in a simplified way. Mode and destination 
choice for mandatory activities (work, school, and university) 
were based exclusively on the AM peak travel times and cost 
(reversed commuting in the PM period was assumed to have 
exactly the same LOS). Contrary to that, mode and destination 
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choice for non-work travel purposes (maintenance, discretion-
ary, and also at-work) was based exclusively on the Midday 
off-peak travel times and cost. As a result of this simplification, 
pricing applied in the AM or Midday period with the basic ver-
sion of NYMTC ABM would directly affect the mode and 
destination choice, as well as subsequent route choice in the 
assignment procedures for these periods. Pricing applied in 
the PM and Night period, however, would mostly affect route 
choice in these periods with no direct impact on the mode and 
destination choice. To overcome these limitations at the current 
stage, several modifications to the basic version were made. In 
particular, highway skims for each travel purpose were blended 
according to the actual mix of time-of-day distributions for 
each travel segment. Bi-directional tolls were introduced in  
the destination choice and mode choice utilities.

Model Application Scheme

The model application scheme is shown in Figure 41. The 
scheme was applied for the base year scenario (without area 
pricing) and then to the alternative pricing scenarios. Each 
pricing scenario was simulated for the entire day under regu-
lar workday conditions and travel behavior.

The model chain for each pricing scenario started with 
the same fixed set of initial calibrated trip tables, list of syn-

thetic households with the predicted number of autos owned 
by each household, and list of travel journeys (tours) gen-
erated by each household and person. These components 
were simulated once for the base scenario without tolls, and 
then re-used for simulation of each of the pricing scenar-
ios to ensure comparability of the results across scenarios. 
The basic chain of models that were re-run for each scenario 
included: initial assignment and skimming, mode and desti-
nation choice, time-of-day distribution, and final assignments 
(route choice).

The base version of the NYMTC ABM was refined in terms 
of time-of-day choice periods applied for network simulation 
and LOS variables. The standard 4-hour PM period (4:00 PM – 
8:00 PM) was split into two 2-hour periods: 4:00 PM – 6:00 PM 
and 6:00 PM–8:00 PM. This was essential for modeling pric-
ing alternatives with charging time between 6:00 AM and 
6:00 PM. This resulted in five time-of-day periods instead of 
the original four.

For traffic simulation and skimming of tolls, a combina-
tion of network and matrix techniques was employed (see 
Table 23).

For trips from the outside areas to CBD, as well as for tra-
versal trips from outside to outside areas that cross CBD, pric-
ing charges were skimmed from the link tolls coded for each 
entry on the cordon line. For internal trips within the pricing 

Initial calibrated trip tables

Assignments & skimming by TOD periods

 Blended skims across 5 TOD periods for
 6 purposes and 3 OD groups

 Pre-mode choice 
 Tour destination
 Mode
 Stop frequency & location

TOD distribution

Final assignments by TOD periods

 Households
 Auto ownership
 Tour generation

Fixed

Tolls by TOD

Figure 41.  New York ABM application for pricing studies.

Trip origin Trip destination
In the pricing area Outside the pricing area 

In the pricing area Imputed toll in the skim 
matrix

Outside the pricing area Network skim (cordon 
crossing)

Network skim (cordon 
crossing)

Table 23.  Representation of tolls in area pricing scheme.
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area, link tolls cannot be applied, so for these trips the charge 
was imputed to the corresponding part of the matrix skim. 
Trips from CBD to outside areas were not tolled according to 
the area-pricing concept described earlier. Technically, trips 
within the pricing area and outgoing trips from the pricing 
area are distinguished by the time threshold for free driving 
in CBD (5 min or so). It is assumed that for trips from CBD 
outside, 5 min will be enough to reach the cordon line.

For each travel purpose in daily models of destination 
choice and mode choice, blended highway skims across all 
time-of-day periods weighted by the actual time-of-day dis-
tribution were applied. Transit skims are impossible to blend 
in general because of the discrete nature of transit availability 
parameters. Transit skims for each travel purpose were chosen 
based on the most representative time-of-day period for each 
purpose (AM for Work, University, and School; Midday for 
Maintenance, Discretionary, and At-Work) as implemented 
in the base version of the NYMTC ABM.

In order to model toll offsets assumed in certain pricing 
scenarios with credits for tolls paid at the existing PANYNJ 
and MTA tolled facilities, special dummy links connecting 
the existing facility to the pricing area with reduced fees 
were introduced.

Special provisions were made for better modeling taxi trips, 
which represent one of the major sources of traffic in the Man-
hattan CPZ. The pricing options evaluated included differen-
tial charging policies applied to taxis (from a full exemption to 
reduced or even full charge). For this reason, taxis were singled 
out as a special segment at the network simulation stage. Trip 
tables for taxis were added as a separate vehicle class to multi-
call assignments in addition to the existing six vehicle classes, 
which made seven vehicle classes.

Modeling of Daily Fee

One of additional advantages of the advanced micro- 
simulation approach essential for daily area pricing is that it 
allows for a proper scaling of the charge for those travelers (and 
associated vehicles) that implement multiple trips to and from 
the pricing area in the course of the day. At the current stage of  
the study, average scaling factors for each time-of-day period 
were applied. The following scaling factors were calculated 
based on the average observed number of trips to the priced area 
per individual for each period when the given trip occurs:

•	 AM peak – 0.92
•	 Midday – 0.87
•	 PM peak – 0.88
•	 Night – 0.93

These adjustment factors were applied for all link toll values 
in the network, as well as for the imputed parts of the toll skim 

matrices for the corresponding period of a day. Overall, adjust-
ment factors proved to be close to 1. This means that most of 
the auto travel to, from, and within the pricing area is associ-
ated with a only one tour (by vehicle) per day. This is quite 
reasonable for trips to and from CBD. For internal trips within 
the pricing area, it should be noted that the majority of them 
are made by transit and non-motorized modes. Thus, two or 
more auto tours of the same person are rarely made by auto.

 Micro-simulation with calculation of the scaling factors for 
each person (vehicle) individually is the next stage of study. 
A more advanced approach is shown in Figure 42 on the left 
side compared to the currently applied scaling factors (on the 
right side).

The advanced approach is based on individual scaling 
coefficients calculated for each person based on the actu-
ally implemented number of trips to CPZ as modeled at the 
previous iteration. The individual toll scale can take a value 
of 1, ½, 1⁄3, . . . 1/n, depending on the number of trips (n) to 
CPZ made by the modeled person in the micro-simulation 
process. These individual scales affect tour and trip time-of-
day choice and mode choice, as well as route choice in the 
assignment procedure. This technique can be most effec-
tively incorporated within the iterative equilibrium frame-
work where several inner iterations are implemented with 
a fixed set generated for each person and fixed destination 
for each tour.

6.2.5 � Application Assumptions  
and Model Adjustments  
for License Plate Rationing

License plate rationing is a travel management policy that 
represents a challenge to modelers. The essence of license 
plate rationing is that a certain percentage of vehicles (10% or 
20%) are subject to a no-drive to CBD ban based on the last 
digit of license. This type of policy cannot be addressed with a 
4-step model, but an advanced micro-simulation framework 
opens a way to effectively model it.

The corresponding modeling technique essentially falls 
into the general category of individual parameter variation, 

Tour Generation
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Figure 42.  Daily area pricing equilibrium.
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one of the most powerful advantages of micro-simulation. In 
contrast to the aggregate 4-step models where any variation in 
parameters requires an explicit segmentation of the entire trip 
table by all combined categories, micro-simulation allows for 
any variation in individual parameters, either in the form of 
predetermined categorized segmentation or randomly draw-
ing from a distribution accounting for situational variability. 
It can be incorporated at practically no cost in terms of model 
complexity. The individual parameter variation technique can 
be applied to any behavioral parameter used in the demand 
model. For example, it can be applied to VOT as described 
in the San Francisco ABM application for pricing studies in 
Section 6.1.

In the context of license plate rationing, the individual 
parameter variation principle is applied through the House-
hold Auto Availability model (see Figure 43).

In the micro-simulation model run, for each household 
some cars are randomly tagged as unavailable for travel to 
CPZ based on the rationing policy that defines the proba-
bility of disabling a car. This affects the household car suf-
ficiency variable (number of cars minus number of workers) 
that has a strong impact on mode choice, as well as on choices 
of frequency and location of intermediate stops for the 
given tour. In the model application at this stage assume 
there is no impact on tour frequency choice and primary 
tour destination choice. This makes the comparison across 
scenarios easier since the same subset of tours with the des-
tination in CPZ that are affected by the rationing is fixed. 

Using a household car-sufficiency variable rather than 
person-car availability allows for an accounting of inter-
changeable vehicle allocation and use within the house-
hold. A behavioral aspect of license plate rationing that is 
not currently modeled (and yet to be explored) is whether 
the travelers could adjust their weekly schedules in view of this 
policy and re-plan their trips to CPZ on the days where their 
cars are available.

6.2.6 � Aggregation of Model Output 
for Analysis

The NYMTC model provides a very detailed output of the 
micro-simulation procedure where all activities and travel 
are described for each of the 20 million persons residing in 
the region. At the current stage of the study, several aggregate 
statistics that are of primary importance for analysis of the 
area pricing impacts and comparison across pricing alterna-
tives are the focus. The calculated aggregate measures can be 
broken into two main categories:

•	 Network-based statistics that are skimmed from the net-
work simulations (traffic assignments)

•	 Matrix-based statistics that are calculated based on the 
produced OD trip tables

Each of the groups of measures (network-based and trip-
table-based) is initially calculated for each of the five time-
of-day periods (AM, Midday, early PM, later PM, and night) 
and then summarized for the entire day. The network-based 
statistics provide insights into traffic impacts and conditions. 
They are complemented by the trip-table-based statistics that 
describe the mode and destination choice impacts including 
transit modes and activity participation levels by destination.

The network-based statistics are calculated for each of the 
14 super-zones defined for the project. Additionally, it was 
decided to single out such important and critical network 
facilities as the bridges and tunnels connecting the Manhattan  
CBD area with the other NYC boroughs and New Jersey, 
which formed a 15th group, as well as a cordon line (periph-
ery) to form a 16th group. This allowed for tracing impacts on 
pricing, specifically on the modes congested bottleneck facili-
ties, as well as for analysis of possible consequences of the 
free-periphery scenarios on congestion along the cordon line 
itself. The resulting 16 basic network components were mutu-
ally exclusive and collectively exhaustive with respect to the 
regional geography, and they constituted one of the main levels 
of analyses for which a set of reports was routinely produced for  
each model scenario analysis. These reports also were used as 
inputs to the analysis of the environmental impacts. In addition 
to the predefined 16 basic network parts, some smaller local 
sub-network components were analyzed to provide examples 
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Figure 43.  New York ABM application for license 
plate rationing.
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of area pricing impacts in different parts of the region. The 
network-based statistics were also segmented by vehicle types 
(SOV, HOV2/taxi, HOV3+, external autos, trucks, and com-
mercials). The following characteristics were calculated for 
each of the 16 geographical components of the network and 
by each of the vehicle types:

•	 Total vehicle miles traveled (VMT)
•	 Total vehicle hours traveled (VHT)
•	 Average speed (miles/hour) as a ratio of VMT to VHT
•	 Total revenue generated from toll facilities coded as toll 

links (except for intra-CBD charges)

The matrix-based statistics were calculated for each of the 
14×14=196 OD pairs between super-zones. This allowed for 
detailed level of analysis of modal shifts and impacts on the 
total and mode-specific number of trips made to each des-
tination. These statistics were also used to provide inputs to 
the analysis of area-pricing impacts on commercial activity 
and development in CBD. The mode trip tables produced by 
the adapted NYMTC model are segmented by seven highway 
vehicle types (SOV, HOV2/taxi, HOV3+, trucks, commer-
cials, eternals, and taxis) and four transit modes (transit with 
walk access, transit with drive access, commuter rail with 
walk access, and commuter rail with drive access). The fol-
lowing characteristics were calculated for each of the 196 OD 
pairs and 10 modes:

•	 Number of trips;
•	 Mode share (number of trips made by the mode divided by 

total number of trips); and
•	 Total revenue generated from area pricing not coded as 

toll links (intra-CBD charges).

However, even the aggregate super-zone level for both  
network-based and matrix-based statistics provide a great level 
of detail that is useful for professional analysis, but is too strat-
ified for presentation of the area-pricing impacts to a wider 
audience. Further aggregation was needed to provide focused 
insights into the most important aspects of area pricing and 
comparing across the pricing alternatives. This additional level 
of aggregation included the following segments:

•	 For network-based statistics:
–– Entire regional network
–– CBD (pricing area)
–– Bridges and tunnels between CBD and the other areas
–– Cordon line (periphery)

•	 For matrix-based statistics:
–– Total regional trips
–– Trips to CBD

In additional to the basic outputs described above that 
were automatically generated for each pricing alternative, 
several additional reports were generated to highlight some 
specific features of the scenarios studied. One of them included 
area pricing impacts on mode choice for work commuters to 
CBD segmented by income group. This was especially useful to  
provide a preliminary monitor for equity-related issues associ-
ated with highway pricing. Other useful measures were obtained 
from the tabulation of revenue generated by area pricing versus 
revenue generated by the existing toll facilities in the region. 
This was useful to illustrate the overall revenue balance in the 
region including (possible) negative impacts of the pricing 
applied in CBD on patronage of the existing toll facilities. 
Additionally, several useful statistics such as time-average 
time-saving per auto commuter trip were calculated by com-
bining network-based and matrix-based data.

6.2.7  Technical Lessons Learned

Variable Bi-Directional Tolls

From the experience of modeling different pricing options 
with the NYMTC BPM, an important general issue has emerged 
that could only partially be resolved at this preliminary stage 
of study since it was not in a focus of the area pricing study 
itself. This issue relates to how, within an ABM framework, to 
properly model tolls collected in both directions of travel when 
the tolls are differentiated by time-of-day and directions. This 
is increasingly a realistic situation, especially with newer forms 
of pricing like dynamic pricing, where toll rates and schedules 
are flexible and demand-responsive.

Consider a scenario where in the outbound (from home) 
direction (to CBD) commuters have to pay $5 in the AM peak 
period and $3 in the off-peak period, while in the inbound 
direction (from CBD) they have to pay $4 in the PM peak 
period and $1 in the off-peak period. In reality, and depend-
ing on the combination of outbound and inbound time-of-
day periods, the travelers will have to pay either $9 or $7 or 
$6 or $4 for the round trip. The differential cost will affect 
traveler choices including route choice, mode choice, time-
of-day choice, and destination choice (if flexible). Only route 
choice in the highway network can be considered indepen-
dent by directions. The other choices are essentially based on 
the entire-tour time and cost.

However, it is difficult to ensure that all sub-models of the 
travel model would see the true toll value for each demand 
segment. With a trip-based 4-step model, it is impossible to 
ensure a reasonable level of behavioral realism across choices of 
mode, time-of-day, and destination. A trip-based 4-step proce-
dure essentially breaks tours into disconnected outbound and 
inbound trips that are considered independently. Depending 
on the time-of-day period and direction the model will apply 
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tolls of $5, $3, $4, or $1. The true toll values of $9 or $7 or $6 
or $4 for the round trip can never be applied. With a tour-
based ABM, it is still a non-trivial task to ensure a full consis-
tency across all travel dimensions, but a much more realistic 
approximation can be achieved. Behavioral realism in this 
context is primarily achieved by a tour-level bi-directional 
time-of-day choice and mode choice that consider all pos-
sible combinations of outbound and inbound tolls. It is also 
essential to implement traffic simulations with the corre-
sponding level of temporal resolution (1 hour or even less) 
to inform the time-of-day choice model on the variable toll 
rates and congestion levels.

Toll Differentiation by Payment Type  
and Individual Discounts

Another important general issue relates to the proper incor-
poration of various toll discounts by payment type (including 
cash, EZ-pass, and transponder that are substantially differ-
entiated in the pricing policies of the toll facilities in the New 
York region), individual discounts for residents of the pricing 
zone and/or low-income people, as well as different credit-
based pricing forms and employer-provided reimbursement 
policies with respect to tolls and parking. From the modeling 
perspective, all these measures and policies result in the need 
to consider multiple segments of the traveling population, 
each with different actual tolls experienced and perceived. It 
is (in principle) impossible to address these segments with an 
aggregate 4-step model.

The ABM micro-simulation platform, however, pro-
vides a solution to the multitude of possible actual tolls with 
individual discounts. It can be done through the individual 
parameter variation technique that was successfully applied 
for license plate rationing and probabilistic VOT. Individual 
parameter variation can be used in a similar way for all types 
of payment media and individual discounts if their distri-
bution is known and can be parameterized for the modeled 
population. The ability to incorporate probabilistically dis-
tributed parameters is one of the most powerful features of 
micro-simulation. The alternative to individual parameter 
variation (and the only possible way with aggregate 4-step 
models) is an explicit model segmentation approach that 
quickly runs into an infeasible number of segments.

6.2.8  Conclusions

The NYMTC ABM is a powerful, flexible, and adaptable 
tool for modeling various pricing scenarios. Most of the pric-
ing forms modeled in the framework of the current study 
would have been impossible to evaluate with an aggregate 
trip-based 4-step model. In the preliminary study, as well 
as in future possible studies, the multiple advantages of the 

ABM structure for modeling highway pricing scenarios can 
be exploited in terms of the following categories of model 
features:

•	 Tour-based structure that is essential for the full account-
ing, in a consistent and coherent way, of tolls collected in 
both directions by TOD periods. This is, however, con-
ditional upon a level of temporal resolution that would 
match the details of pricing schedules. Network simula-
tions and modeled time-of-day periods of the standard 
NYMTC ABM version were modified to match those of 
the pricing strategies. In particular, the broad 4-hour PM 
period that is specified as 4:00 PM–8:00 PM in the base 
version of the NY ABM was broken into two sub-periods: 
4:00 PM–6:00 PM and 6:00 PM–8:00 PM. Since variable 
pricing schemes are frequently a focus of pricing studies, 
it is essential to have a large set of period-specific simu-
lations, ideally, hourly assignments or a full-day DTA, in 
order to address different pricing schedules.

•	 Micro-simulation of individuals that allows for the proba-
bilistic variation of individual parameters including: VOT, 
car rationing by license plate, toll discounts associated with 
different payment types and/or population groups. In addi-
tion to this aspect of micro-simulation model processing, a 
fully disaggregate structure of the model output proves to be  
extremely convenient for the reporting, analysis, and evalu-
ation of the pricing scenarios, in particular the screening of 
winners and losers, and for equity analysis across different 
population groups.

•	 Entire day individual activity pattern that provides a con-
sistent modeling of non-trip based pricing options such 
as a daily area pricing fee. In this regard, some advanced 
model equilibration schemes can be considered that 
incorporate individual-level scaling for multiple trips to 
the priced area. The essence of the advanced approach is 
that the toll scaling can be linked to the modeled number 
of trips to the priced area made by each person.

6.3 � Modeling User Response  
to Pricing with DTA:  
Baltimore-Washington Corridor

6.3.1  Description of the Study

Analysis and prediction of user response to highway pricing 
in conjunction with integrated corridor management strategies 
requires application of a new generation of demand modeling 
and network analysis tools. This study describes the develop-
ment and application of a multidimensional simulation-based 
dynamic micro-assignment system that incorporates indi-
vidual trip-maker choices of travel mode, departure time, and 
route in multimodal urban transportation networks. These 
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travel choice dimensions are integrated in a stochastic utility 
maximization framework that considers multiple user decision 
criteria such as travel time, travel money cost (i.e., road toll 
and transit fare), schedule delay, as well as travel time reli-
ability. Based on a multidimensional network representa-
tion, an efficient time-dependent least-cost path algorithm 
is adapted to generate an intermodal route choice set that 
recognizes time-dependent mode transfer costs and feasi-
ble mode transfer sequences. A case study based on a large-
scale multimodal transportation network adapted from the 
Baltimore-Washington corridor is presented in this section 
to illustrate capabilities of the methodology and provide 
insight into the potential benefit of the integrated conges-
tion management strategies.

In order to attain the potential of integrated congestion 
management strategies, it is essential to have tools and methods 
that are responsive to the needs of the problem environment 
and to the opportunities offered by emerging ITS technologies. 
It is essential that these methods be based on an integrated plat-
form representation of the various components of the corridor 
transportation system, and that it provides seamless move-
ment of vehicular and person flows across these components. 
Such representation cannot be achieved by juxtaposition of 
models developed separately for individual system elements, 
but must be built on a common network framework. Further
more, these methods should be dynamic and capture the 
variation of flows over the course of the day, thereby requiring 
a rich representation of mode and departure time choice deci-
sions of trip-makers. To generate a realistic route choice set in 
multimodal networks, the path-finding algorithm should be 
able to realistically account for several practical aspects such 
as park-and-ride options, waiting at switching places, turning 
movements at traffic intersections, as well as feasible mode 
transfer sequences. Moreover, as the fundamental demand 
input for applying simultaneous dynamic departure time and 
route choice models, travelers’ preferred departure (arrival) 
time pattern should be estimated and updated using available 
data sources to support sound evaluation of demand manage-
ment strategies in actual transportation networks.

To meet these challenges, this study describes the devel-
opment and application of a multidimensional simulation-
based dynamic micro-assignment modeling approach for 
multimodal urban transportation networks. The next sec-
tion provides a problem statement, followed by discussion of its 
conceptual framework and underlying traveler decision model 
for joint mode and departure time choice. After addressing 
multimodal network representation issues and presenting an 
iterative solution algorithm for solving the dynamic trip assign-
ment problem, this study proposes a two-stage procedure to 
estimate the unobserved preferred arrival time pattern infor-
mation. Various capabilities of the advanced traffic analysis 

system are illustrated using a large-scale multimodal network 
along the Baltimore-Washington corridor.

6.3.2  Problem Statement

The following notation is used to represent variables in the 
problem formulation and solution algorithm:

	 i 	=	origin zone index, i∈I
	 j 	=	destination zone index, j∈J
	 m 	=	travel mode index, m∈M
	 T 	=	�total duration for which assignments are to be 

made (analysis period)
	 τ	=	�departure time interval index, τ =1, 2, . . . , T
	 PAT	=	�preferred arrival time interval index, PAT=1, 

2, . . . , T
	 t 	=	aggregation time interval index

	 k	=	superscript for path
	 ri,j,PAT	=	�number of travelers from origin i to destination j 

with the preferred arrival time interval PAT
	 rτi,j	=	�number of travelers from origin i to destination j 

with the departure time interval τ
	 rτ,m,k

i,j,PAT 	=	�number of travelers from origin i to destination j 
with the preferred arrival time interval PAT, depart-
ing in time interval t with mode m and route k

	V τ,m,k
i,j,PAT =	� systematical disutility for an alternative from 

origin i to destination j with the preferred arrival 
time interval PAT, departing in time interval τ 
with mode m and route k

GT τ,m,k
i,j , TT τ,m,k

i,j , TC τ,m,k
i,j , TTSDτ,m,k

i,j = path generalized travel 
time, travel time, travel money cost (e.g. road toll 
and transit fare) and travel time reliability (in 
terms of standard deviation), respectively, from 
origin i to destination j departing in time interval τ	
with mode m and route k

AAT τ,m,k
i,j,PAT , SDτ,m,k

i,j,PAT , SDE τ,m,k
i,j,PAT , SDLτ,m,k

i,j,PAT  = actual arrival time, 
schedule delay, early schedule delay and late sched-
ule delay, respectively, of an alternative from 
origin i to destination j with the preferred arrival 
time interval PAT, departing in time interval τ 
with mode m and route k

Prτ,m,k
i,j,PAT 	=	�probability of individual from origin i to destina-

tion j with the preferred arrival time interval PAT 
choosing alternative (t,m,k)

Consider an urban transportation network G(N,A) consist-
ing of |N| nodes, |A| directed arcs, multiple origins i ∈ I, and 
destinations j ∈ J. The analysis period of interest, taken as the 
planning horizon T, is discretized into small intervals 1, . . . ,T. 
The time-dependent zonal demand ri,j,PAT over the study hori-
zon represents the number of individual travelers from zone i to 
zone j with preferred arrival time (PAT). Information on exist-
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ing transit service in the network is also given, with M denoting 
the set of available modes. Three modes are considered in this 
study: drive alone, shared ride, and transit. The transit system, 
which includes train and BRT, is modeled in terms of its routes 
and stop locations, scheduled departure times at the start-
ing terminal, the operating fare structure, and the parking 
cost at the park-and-ride facility. For a home-to-work inter-
modal trip, commuters first park their cars at park-and-ride 
stations and then ride a train or a bus to work place. An 
alternative in the travelers’ choice set is considered as a  
path k that departs from origin i at time t to destination j 
by mode m, which has a preferred arrival time PAT. With no 
loss of generality, the following discussion focuses on home-
based intermodal commuters who drive alone on the first 
segment of their trips.

6.3.3  Conceptual Framework

Multidimensional Simulation-Based Dynamic 
Micro-Assignment System

The dynamic traveler assignment problem in multimodal 
transportation networks consists of determining the number 
of travelers for each alternative and the resulting temporal-
spatial loading of vehicles. To this end, several models are sys-
tematically integrated to address emerging challenges in the 
deployment and use of DTA methodologies to support ICM 
planning and operations decisions. The system features the 
following three components: (1) traffic simulation (or supply) 
component, (2) traveler behavior component, and (3) path 

processing and traveler assignment component. A traffic simu-
lator, namely DYNASMART-P (Mahmassani 2001), is used to 
capture the traffic flow propagation in the traffic network and 
evaluate network performance under a given set of intermodal, 
departure time, and route decisions made by the individual 
travelers. Given user behavior parameters, the traveler behavior 
component aims to describe travelers’ mode, departure time, 
and route selection decisions in a stochastic utility maximiza-
tion framework with multiple evaluation criteria. The third 
component is intended to generate realistic route choice 
sets and to perform stochastic network loading for solving the 
traveler assignment problem.

Figure 44 depicts the multidimensional simulation-based 
dynamic micro-assignment conceptual framework. The 
detailed implementation steps of this framework can be found 
in Zhou, et al. (2008). These can be summarized as follows:

•	 Step 1: Prepare network flow pattern and performance 
(congestion, reliability, pricing, and schedule delay), as well 
as traveler individual characteristics (user’s preference on 
time, schedule delay, and mode);

•	 Step 2: Generate alternatives based on generalized costs 
obtained from Step 1 and augment into a multidimen-
sional choice set based on a time-dependent intermodal 
least-cost path algorithm;

•	 Step 3: Determine an auxiliary choice probability based on 
a discrete choice model (e.g., logit-based model) for each 
traveler to find his/her alternative from a multidimensional 
choice of mode, departure time, ridesharing, and route 
combinations;

Network flow pattern and performance
(Average travel time, travel time standard

deviation, and travel cost)

Traveler characteristics
(Preferred arrival time, and value

of time)

Travel decision-making process
(Mode choice, departure time choice, ridesharing choice, and route choice)

Stochastic User Equilibrium network micro-assignment

Mesoscopic network flow simulation

Multidimensional choice set generation
(Time-dependent intermodal least-cost path algorithm)

Figure 44.  Conceptual framework for multi-dimensional  
network model.
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•	 Step 4: Select alternatives following SUE conditions based 
on a micro-assignment approach;

•	 Step 5: Obtain network flow pattern and performance using 
a mesoscopic network simulation tool and feedback to Step 1 
until an equilibrium network flow pattern is reached.

Multidimensional Choice Process

To investigate a wide range of integrated congestion manage-
ment strategies in a multimodal corridor, it is essential to use 
a rich and policy-sensitive representation of traveler behavior. 
This study uses a discrete choice model to represent a stochastic 
joint traveler departure time, mode, and route choice process. 
An empirically calibrated model of departure time choice has 
been adapted to explicitly account for several important attri-
butes of travel alternatives, including travel time, early and late 
schedule delay, and travel time reliability. To extend the above 
model to allow mode choice options, mode-specific constant 
terms Constm are added into the utility function to incorporate 
all of the characteristics of the traveler and the travel mode not 
explained by modeled variables. The mode-specific dummy 
variables are estimated based on a data set from a household 
activity survey conducted in the study area.

For each traveler with i, j, PAT, the systematic disutility 
equation is

V Const GT SDEi j PAT
m k

m i j
m k

i, ,
, ,

,
, ,

,
τ τα α= + +1 2� � jj PAT

m k
i j PAT

m kSDL,
, ,

, ,
, ,τ τα+ 3 �

(Equation 23)

where a1, a2, a3 are disutility coefficients for generalized 
travel time, early schedule delay, and late schedule delay, 
respectively.

Variability of travel time is an important measure of service 
quality for travelers, and reliability of travel time is a measure of 
many ICM benefits, such as HOV and HOT strategies. Thus, a 
realistic travel decision model should incorporate the reliability 
criterion. Recall that a common way of linking travel cost with 
travel time in a utility function is through VOT. Similarly, VOR 
can be used to quantify travel time reliability. This study con-
siders the travel time standard deviation (TTSD) as a measure 
of reliability, so the travel reliability equals to TTSD × VOR in 
terms of dollar cost. To facilitate the conversion of travel time 
reliability and the interface of the mode choice model with the 
shortest path calculation, this study combines the path travel 
time (TT), travel money cost (TC), and travel time reliability 
into a generalized travel time (GT) term, that is,

GT TT TC TTSDi j
m k

i j
m k

i j
m k

i j
m

,
, ,

,
, ,

,
, ,

,
,τ τ τ τ= + + ,,

,
, ,

,
, ,

,

k

i j
m k

i j
m k

i j

VOR VOT

TT TC TTSD

�( )
= + +τ τ τ,, ,

,
, ,

,
, ,

m k

i j
m k

i j
m k

VOT VOT

TT TC VOT T

� �β
τ τ

( )
= + + TTSDi j

m k
,
, ,τ β�

(Equation 24)

where b is reliability ratio defined as

β = VOR

VOT
(Equation 25)

The travel time standard deviation measure in this study is 
defined as the standard deviation of the path travel time for 
paths departing at different travel time aggregation intervals 
but within the same departure time interval. The aggregation 
interval refers to the time interval over which travel time and 
cost measures are averaged and used by the time-dependent 
shortest path algorithm to calculate the shortest path tree. 
Given a path k with mode m from the shortest path calcula-
tion module, time-dependent link travel time, turning delay, 
mode-switching delay from simulation results, this proposed 
system computes the mean path travel time and the corre-
sponding standard deviation for path k at departure time 
interval t by backtracking path k from its origin and evalu-
ating experienced path travel times for different departure 
times within the same departure time interval τ.

Depending on the specification of the distribution of the 
random utility component, a stochastic joint mode, depar-
ture time, and route choice model could lead to a wide range 
of probability forms, such as a path-size logit model in the  
context of multimodal route choice and an ordered generalized 
extreme value model in the context of departure time choice. 
By assuming random error terms are independently identi-
cally distributed Gumbel variables, the choice probabilities for 
each alternative (τ, m, k) corresponds to the usual unordered 
multinomial logit choice function:

Pri j PAT
m k i j PAT

m k

i j PA

Exp V

Exp V
, ,
, , , ,

, ,

, ,

τ
τ

=
( )

TT
m k

km

τ

τ

, ,( )∑∑∑
(Equation 26)

Note that more elaborate model forms and structures 
could be used, because the approach is fully micro-based at 
the individual traveler level. The use of a standard MNL form 
entails no loss of generality of the procedure.

Network Representation and 
Intermodal Path Finding Algorithm

In this study, a single integrated multidimensional network 
is used to represent multimodal networks with the following 
link types: regular non-toll links, regular toll links, HOV links, 
HOT links, and transit links. A transit link could be further 
classified as a regular bus, BRT, or rail link. For each link, a 
travel-cost vector and a travel-time vector are defined to spec-
ify the cost charged and travel time, respectively, for travelers 
with mode m traversing this link departing at time interval t. 
Travel time on auto links are generated from traffic simula-
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tion. The simulator uses a hybrid (mesoscopic) approach to 
capture the dynamics of vehicular traffic flow, thus vehicles 
(passenger cars and buses in this study) are moved individually 
according to prevailing local speeds, consistent with macro
scopic flow relations on links. On the other hand, travel time of 
a rail link is predetermined by the given train timetable, and the  
travel time of BRT along a link equals the travel time of the 
corresponding auto link(s) on which passenger cars and buses 
are simulated.

To designate certain types of links for travelers using dif-
ferent modes, a link pricing structure is imposed as shown in 
Table 24. Specifically, drive alone travelers are not allowed to 
use HOV links, and they need to pay tolls for driving on HOT 
links. Shared ride passengers can use regular links, HOV, or 
HOT links without paying any toll, and they are charged only 
on regular toll links. Only park-and-ride travelers can use tran-
sit links by paying fares, and the auto-mode users in the traffic 
assignment process are not allowed to access transit links.

In calculating shortest paths in transportation networks, 
a traffic movement penalty dimension can be added into the 
network structure to efficiently model time-dependent turn-
ing delay and movement prohibitions. Based on an efficient 
network representation technique for intermodal shortest 
path calculation, this study also uses the movement pen-
alty dimension to capture switching delay at mode transfer 
points. Specifically, the waiting time for an intermodal trav-
eler is the time between his/her arrival at the terminal and the 
arrival of the next train/bus that serves the chosen transit line, 
and the waiting time is associated to a turning penalty from 
an auto link to its subsequent train/BRT link.

Another important task in intermodal shortest path calcu-
lation is how to generate viable transfer mode sequences. For 
example, park-and-ride travelers for home-to-work trips in 
the morning need to park their cars before riding the transit 
system, so walking to their final destinations is the only alter-
native left after they get off buses/trains. In this case, mode 
sequences such as auto→transit→auto and transit→auto are 
infeasible for this type of morning commuter.

Figure 45 illustrates the network representation used in this 
study for generating candidate feasible routes for the above type 
of commuter. This simple network contains auto and transit 
links in parallel along the corridor from origin i to destination j. 
For mode transfer movements, only allowed ones are displayed, 
such as 1→2→3, 2→4→5, 4→6→7. Three transit→auto 

transfer movements, 3→4→6, 5→6→8, 7→8→9, are dis-
abled. These movements might be enabled when calculating 
feasible routes for other types of travelers. Without preventing 
these movements, the paths calculated from the shortest path 
algorithm might contain non-feasible mode sequences as dis-
cussed above. To generate park-and-ride route choice set, the 
candidate routes must end with transit links in the network. To 
this end, the movement from auto links to the destination zone 
connector is not permitted when calculating shortest paths for 
park-and-ride travelers, and a feasible path has to use transit 
links to reach the centroid of the final destination zone. Specif-
ically, movements 6→8→j, 8→9→j are prevented; movement 
7→8→j is allowed and must be incorporated in any viable path 
to destination j.

After setting up the necessary movement costs, the above 
intermodal network representation allows travelers to select 
alternative park-and-ride sites to reach the final destination, 
corresponding to path i→2→4→5→6→7→8→j using trans-
fer node 4 and path i→2→4→6→7→8→j using transfer 
node 6 in the example. In addition, a transit-only path is also 
available, i→2→3→4→5→6→7→8→j, and connectors at 
the OD ends can be viewed as walking arcs.

Given time-dependent link travel times and movement 
turning delays as a result of the traffic simulation, time- 
dependent link costs, and mode-transfer delays, a deterministic 
time-dependent shortest path algorithm is used to find time- 
dependent least-cost paths between each OD pair for each mode 
at each departure time interval. When calculating cost for each 
mode, the link pricing and movement penalty schemes in the 
network are reset accordingly for mode-specific restrictions.

Travelers Regular link Regular toll 
link

HOV link HOT link Transit link 

Drive Alone 0 Toll ∞ Toll ∞
Shared Ride 0 Toll 0 0 ∞
Intermodal 0 Toll ∞ Toll Fare

Table 24.  Link pricing schemes for different modes of travelers.

Figure 45.  Intermodal network representation for 
park-and-ride trips.
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6.3.4 � Multidimensional Dynamic Stochastic 
User Equilibrium Formulation

Daganzo and Sheffi (1977) defined the SUE condition in 
urban transportation networks as follows: no user can reduce 
his/her perceived travel time by unilaterally changing routes. 
To incorporate travelers’ behavior in joint mode, departure 
time, and route choice, the SUE condition is extended to  
the dynamic context for multimodal network and define 
time-varying multimodal stochastic user equilibrium as 
follows:

Definition 1: DMSUE
For each OD pair (o,d), and for each preferred arrival time 
PAT, no traveler can reduce his/her perceived generalized 
travel cost/disutility by unilaterally changing mode, depar-
ture time, or route.

An alternative, i, in the travelers’ choice set, I, consists of 
a route k that departs from origin o at time τ to destination d 
by mode m with preferred arrival time PAT. Based on the 
weak law of large numbers, a choice probability Pri can be 
obtained through alternative flow ri, ∀ i ∈ I, divided by total 
OD demand, qo,d,PAT, as shown in Equation 27:

Pr (Equation 27)i
i

o d PAT

r

q
i I= ∀ ∈

, ,

,

The choice probability, Pri, ∀ i ∈ I, is generally defined as 
a function of the network path flow pattern r. Since a math-
ematical representation of traffic flow dynamics and an ana-
lytical path cost function of network flows are not readily 
available in the DTA context, this study applies the simulation- 
based approach by using a mesoscopic network traffic  
simulator to evaluate a given network flow pattern and 
to obtain corresponding average experienced travel time, 
travel time standard deviation, terminal transfer times, and 
costs.

The time-varying SUE condition can be stated mathe-
matically as:

r q r i Ii o d PAT i= × ( ) ∀ ∈, , Pr , (Equation 28)

Therefore, the time-varying SUE problem of interest can 
be formulated as the following fixed point problem that is a 
dynamic extension of the fixed point formulation technique 
typically adopted for static SUE Models:

r q r∗ = × ∗( )Pr (Equation 29)

By solving the resulting system of nonlinear equations, a 
set of alternative flows rp is found, which is also the solu-
tion of the time-varying SUE problem (i.e., rp would satisfy 
the condition stated in Equation 28). However, explicit solu-
tion of these equations is not typically undertaken for large 
networks, for which it would not be practical. Alternatively, 
iterative solution procedures (along the lines of Figure 44) 
are commonly used for this purpose.

6.3.5  Solution Algorithm

Figure 46 presents a heuristic iterative procedure for solv-
ing the stochastic intermodal dynamic traveler assignment 
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Figure 46.  Solution algorithm for stochastic user 
equilibrium DTA.
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problem with joint intermodal and departure time choice. 
The procedure adds the intermodal path choice dimension 
to the current algorithm of DYNASMART-P. The main steps 
of the solution algorithm are:

Step 0: Initialization
Let iteration number n=1. Based on a set of initial link and 

node travel attributes, find an initial feasible shortest path set 
for each mode and each departure time in the multimodal 
network. Perform a stochastic network loading using the 
paths set. Generate the set of mode-departure time-path flow 
solution r i j PATi j PAT

m k n

, ,
, , , , .τ[ ] ∀=1

Step 1: Traffic simulation
Under the set of mode, departure time, and path assign-

ment ri j PAT
m k n

, ,
, ,τ[ ] , simulate the assigned vehicles between each 

OD pair for each departure interval t and each mode m.

Step 2: Computing time-dependent intermodal shortest 
paths

Use the given transit schedule to determine the mode-
transfer delay. Given time-dependent link travel time, travel 
cost (including link tolls and transit fares), and mode-
transfer delay, the intermodal time-dependent least-cost 
path algorithm finds the minimum cost path in the multi
dimensional network for each feasible mode sequence  
at each departure time between the trip origin i and the 
destination j.

Step 3: Path probability calculation
Given path travel time and travel cost, calculate the sched-

ule delay and travel times reliability associated with each path. 
Compute the utility of choice alternatives and determine the 
corresponding probabilities based on the multinomial logit 
choice model (Equation 27). This generates the auxiliary 
mode-path flows yi j PAT

m k n

, ,
, ,τ[ ] .

Step 4: Update of path assignment
Use a predetermined move size from the method of suc-

cessive average (MSA) to find the new departure time mode-
path flow pattern:

r r
n

yi j PAT
m k n

i j PAT
m k n

i j, ,
, ,

, ,
, ,

,
τ τ[ ] = [ ] ++1 1

i ,,
, ,

, ,
, ,

(

PAT
m k n

i j PAT
m k n

rτ τ[ ] −[ ]{ }
Equation 300)

Step 5: Convergence criterion
Check the number of cases N for which 

r ri j PAT
m k n

i j PAT
m k n

, ,
, ,

, ,
, , .τ τ δ[ ] − [ ] ≤+1

If N < W, convergence is achieved, where d and W are pre-
specified parameters.

If convergence is attained, stop. Otherwise, set n = n + 1 and 
go to Step 1.

6.3.6 � Estimation of Preferred Arrival Time 
(PAT) Pattern

The preferred arrival time pattern estimation problem 
aims to find PAT pattern ri,j,PAT for each OD pair (i,j) using a 
two-stage procedure. Given historical OD demand informa-
tion and archived link measurements, the first stage estimates 
time-dependent vehicular OD demand matrix. The estimated 
dynamic vehicular OD demand matrix is loaded into a DTA 
program to generate a network path flow pattern, describ-
ing average travel time TT τ

i,j, travel cost TC τ
i,j, and travel time 

reliability TTSDτ
i,j from origin i to destination j departing at 

time interval t. The estimated vehicular OD demand matrix 
at the first stage is converted to a time-dependent traveler OD 
demand matrix rτi,j by considering the existing mode shares in 
the study area.

Given estimated travel time, cost, and schedule delay from 
the first stage, the second stage utilizes a departure time choice 
probability function to calculate the probability of travelers 
from OD pair (i,j) with preferred arrival time PAT choosing 
departure time τ:

Pri j PAT
i j PAT

i j PAT

Exp V

Exp V
, ,

, ,

, ,

τ
τ

τ

π

( ) =
( )

( )∑
((Equation 31)

This gives the following measurement equation:

r r i ji j i j PAT i j PAT
PAT

i j, , , , , , ,Pr , ,τ
ττ ε= × ( )+ ∀∑ ττ (Equation 32)

where ei,j,τ is the error term in estimating the PAT pattern 
from the given departure time pattern.

If preferred arrival time probability information Pr
__

i,j,PAT is 
available from historical survey data or other planning applica-
tions, then a linkage can be established between the unknown 
PAT distribution pattern and the target PAT pattern.

Pr ,, ,
, ,

, ,
, ,i j PAT

i j PAT

i j PAT
PAT

i j PAT

r

r
i j= + ∀

∑
ξ ,, (PAT Equation 33)

where ξi,j,PAT is the error term in estimating the PAT pattern 
from historical information.

To find the number of trips from zone i to zone j with the 
preferred arrival time interval PAT, an optimization problem  
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can be constructed to minimize (1) deviation between esti-
mated and target realized departure time patterns and  
(2) deviation between estimated and target preferred arrival 
time probability. By assuming the above random error terms 
are independently normal distributed with zero mean, the 
objective function can be expressed in terms of least-square 
combined deviations, leading to the optimization problem:

Min r ri j PAT
PAT

i j PAT i j
i j

, , , , ,
,

Pr∑ × ( ) −



τ τ

,,

, ,

, ,

, ,Pr

τ
∑

∑
+ −









2

w
r

r
i j PAT

i j PAT
PAT

i j PAT

ii j PAT

i j PATr i j PAT

, ,

, , , , , (

∑

≥ ∀

2

0s.t. Equationn 34)

Several multi-objective optimization techniques can be 
applied here to determine the weight w, and standard non-
linear optimization algorithms, such as the projected gradient 

algorithm, can be applied to solve the nonlinear optimiza-
tion problem. The proposed PAT pattern estimation problem  
has |I| × |J| × T unknown variables, and for each OD pair, the 
mapping function (Equation 31) can provide T linear measure-
ments. However, the choice probability vector Pri,j,PAT(τ) could 
be correlated to each other at different departure times. To 
identify a unique solution and reduce estimation uncertainty, it 
is necessary to add a priori information about the PAT pattern.

6.3.7  Experimental Results

Scenario Design

Figure 47 depicts the test network used in this study, which 
consists primarily of the multimodal corridor network between 
Washington, DC and Baltimore, MD. This network includes 
two interstate freeways, namely Interstate 95 and Washington- 
Baltimore Parkway (MD 295), part of state highway U.S. Route 29 
and U.S. Route 1 as well as part of the MARC train system. 

Figure 47.  CHART corridor network with MARC train system and BRT on HOT lanes.
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The corridor network contains 111 OD demand zones, and 
the corresponding zonal scheme is extracted from an existing 
transportation planning data set that covers the Greater Wash-
ington, DC area. The dynamic OD demand table in the study 
network is calibrated using a historical static planning OD table 
and archived time-dependent link flow observations, and the 
resulting OD trip distribution pattern shows high volume of 
OD trips along corridors I-95 and MD 295 in the study area. 
Two transit systems were considered in this study. One is the 
MARC Train—Camden Line between Washington, DC and 
Baltimore, MD; the other one is a hypothetic BRT system run-
ning on hypothetic HOT lanes along the I-95 from Baltimore, 
MD to Washington, DC. The planning horizon is selected to 
cover the morning peak period (4:00 AM to 11:00 AM) with 
the first two hours as a warm-up period and last hour as the 
clean-up period. In the experiments, the departure time inter-
val is set to 15 minutes. The VOT is $20.00/h, and the reliability 
ratio is 1.31.

To evaluate congestion management strategies target-
ing intermodal choice and departure time choice, there are 
12 scenarios in this study shown in Table 25.

The do-nothing case (Scenario 0) is defined as the following:

(1) � Departure time pattern is generated based on estimated 
PAT pattern and travel time from One-Shot simulation 
results;

(2) � Mode share is generated from mode-specific travel time 
from one-shot simulation results;

(3) � No BRT on the HOT lanes.

Scenarios 1–3 are defined to test different ICM strategies, i.e., 
mode choice, departure time choice, and joint mode and depar-
ture time choice. Scenarios 4–6 are designed for BRT on HOT 
lane with different ICM strategies. Scenarios 7, 10, and 11 intro-
duce various BRT operational strategies under ICM strategies 
such as accessibility, fare, and frequency policies. Scenarios 8–9 
test peak spreading policy under ICM strategies. Scenario 12 
shows peak spreading and toll policies under ICM strategies.

Two sets of BRT access point schemes are considered in 
the experiment:

•	 Limited access: Point-to-point express line, no intermedi-
ate stop (Scenarios 4–6, and 9–12); and

•	 Adequate access: Routing line with two intermediate stops 
at Elkridge and Jessup (Scenario 7).

Two sets of BRT frequencies are designed in the experiments:

•	 Low frequency: 5 minutes headway (Scenarios 4–7, 9–10, 
and 12); and

•	 High frequency: 2 minutes headway (Scenario 11).

There are three kinds of monetary cost in experiments:

•	 HOT Toll: toll for drive along using HOT lanes is 40 cents/
mile for Scenarios 1–11, and 80 cents/mile for Scenario 12;

•	 Driving Cost: driving cost is 30 cents/mile (in terms of gas, 
repairs, maintenance, and depreciation); and

•	 Transit Fare: fare for BRT and Train is $2.00 per passenger 
for Scenarios 4–7, 9, and 12, and $4.00 per passenger for 
Scenarios 10–11.

To compare the results and demonstrate the user travel 
behavior in response to highway pricing under integrated 
congestion management strategies among different cases, the 
Measures of Effectiveness (MOE) of interest are:

•	 Average travel time,
•	 Average schedule delay,
•	 Average travel time standard deviation,
•	 Average utility,
•	 Mode share, and
•	 Departure pattern.

Networkwide MOE and critical OD pair MOE are used 
in experimental analysis. The critical OD pairs include six 
OD pairs along the I-95 corridor that starts from Baltimore 
and ends at Washington, DC. The MOE at critical OD pairs 
can be used to evaluate the performance of the BRT line on  
HOT lanes along the I-95 corridor and the intermodal 
choice-related ICM strategies.

PAT Estimation and Flexible Work Hour Policy

Figure 48 shows the networkwide average travel time 
and arrival time pattern from the assignment results and 
the estimated PAT pattern for the entire network, based on 
the proposed estimation method with a target PAT pattern. The 
unit of travel time is minute, and the PAT and arrival time 
distributions are re-scaled to fit into the same figure.

Clearly, network travel time significantly increases after 
7:30 am, and the realized arrival time pattern increases 
smoothly and reaches the peak at 8:00 am. In contrast, the 
estimated PAT has a slowly changing pattern with its peak 
at 8:30 am. The estimated PAT pattern is quite sensitive to 
the temporal distribution of the target PAT pattern, since 
the realized departure times only contain limited informa-
tion about the unobserved departure time choice process. 
More importantly, desirable arrival times are determined by 
complex activity choice and activity scheduling processes; 
estimating PAT patterns still calls for more data collection 
and demand modeling effort in order to provide accurate 
target PAT information based on actual survey samples.
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Scenario
# Scenario Mode

choice 

Departure
time

choice 

Peak
spreading 

HOT
Toll

BRT
line

BRT
access 
points

BRT
Fare 

BRT
Frequency

0
Do-nothing case (imperfect 
information to users, limited 
knowledge)

1
Information and HOT use 
(mode choice) Yes Low

2
Demand management
strategies with estimated PAT
(departure time choice)

Yes Low

3

Integrated congestion 
management targeting HOT
use with estimated PAT (joint 
mode and departure time 
choice)

Yes Yes Low

4
BRT + Information and HOT
use (same as 1 + BRT) Yes Low Yes Limited Low Low

5
BRT + Demand management
strategies with estimated PAT
(same as 2 + BRT) 

Yes Low Yes Limited Low Low

6

BRT + Integrated congestion 
management targeting HOT
use with estimated PAT
(same as 3+ BRT) 

Yes Yes Low Yes Limited Low Low

7

BRT + Integrated congestion 
management targeting HOT
use with estimated PAT 
(same as 3+ BRT + more 
BRT access points) 

Yes Yes Low Yes Adequate Low Low

8

Integrated congestion 
management targeting HOT
use with estimated PAT+ 
peak spreading (same as 3 + 
peak spreading) 

Yes Yes Yes Low

9

BRT + Integrated congestion 
management targeting HOT
use with estimated PAT + 
peak spreading (same as 
3+BRT+peak spreading) 

Yes Yes Yes Low Yes Limited Low Low

10 

BRT + Integrated congestion 
management targeting HOT
use with estimated PAT + 
Transit fare policy (same as 3 
+ BRT + increased fare) 

Yes Yes Low Yes Limited High Low

11 

BRT + Integrated congestion 
management targeting HOT
use with estimated PAT + 
Transit fare and frequency 
policy (same as 3 + BRT + 
increased fare and frequency)

Yes Yes Low Yes Limited High High

12 

BRT + Integrated congestion 
management targeting HOT
use with estimated PAT  + 
peak spreading + Increased 
HOT toll ( Same as 3 + BRT
+ peak spreading + increased
HOT toll)

Yes Yes Yes High Yes Limited Low Low

Table 25.  Scenarios for congestion management.
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The PAT pattern above is estimated in a fixed work hour 
condition, where the travel time comes from the one-shot sim-
ulation results. To further investigate more aggressive demand 
spreading strategies, generate a PAT pattern by assuming a 
more flexible work hour policy as shown in Figure 49.

Analysis of Experimental Results

This section shows MOE (Table 26), improvement 
(Table 27), and traveler choice behavior for critical OD pairs 
and network-wide for each scenario (Figures 50 and 51).

Based on these results, the following observations can be 
made regarding the critical OD pairs. ICM strategies such as 
demand management, multimodal information dissemination  
that targets modal choice, especially HOT and HOV use, as well 
as peak spreading, have good potential to improve the cost and 
reliability of travel, by reducing travel time as well as allowing 
users to exert greater control over their travel schedules. Addi-
tionally, the hypothetical BRT line on HOT lanes considered in 
this corridor can serve travel demand for the critical OD pairs 
of interest, especially between the Baltimore and Washington, 
DC, areas, as it attracts a considerable number of travelers to the  
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Figure 48.  Estimated network-wide PAT pattern.
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Scenario 
# Scenario 

Avg 
Travel 
Time
(min) 

Avg 
Schedule

Delay 
(min) 

Avg 
Travel 
Time
Std
Dev 

Avg 
Utility

0 Do-nothing case (imperfect information to 
users, limited knowledge) 89.7 56.0 32.7 33.5 

1 Information and  HOT use (mode choice) 73.2 41.0 24.9 25.8 

2 Demand management strategies with 
estimated PAT (departure time choice) 69.0 40.0 31.2 24.7 

3
Integrated congestion management targeting 
HOT use with estimated PAT (joint mode and 
departure time choice) 

65.8 36.6 27.7 23.1 

4 BRT + Information and HOT use (same as 1 
+ BRT) 51.8 38.9 17.6 19.2 

5 BRT + Demand management strategies with 
estimated PAT (same as 2 + BRT) 58.0 37.4 28.4 20.8 

6
BRT +Integrated congestion management 
targeting HOT use with estimated PAT (same 
as 3+ BRT) 

52.3 35.7 22.8 19.2 

7
BRT + Integrated congestion management 
targeting HOT use with estimated PAT  (same 
as 3+ BRT + more BRT access points) 

61.4 43.3 27.8 23.0 

8
Integrated congestion management targeting 
HOT use with estimated PAT+ peak 
spreading (same as 3 + peak spreading)  

59.3 39.4 12.6 22.3 

9
BRT + Integrated congestion management 
targeting HOT use with estimated PAT + peak 
spreading (same as 3+BRT+peak spreading) 

50.9 37.6 18.6 19.8 

10 

BRT + Integrated congestion management 
targeting HOT use with estimated PAT + 
Transit fare policy (same as 3 + BRT + 
increased fare)  

60.5 39.1 30.5 21.8 

11 

BRT +Integrated congestion management 
targeting HOT use with estimated PAT + 
Transit fare and frequency policy (same as 3 
+ BRT + increased fare and frequency) 

58.5 36.5 29.8 20.8 

12 

BRT + Integrated congestion management 
targeting HOT use with estimated PAT  + 
peak spreading + Increased HOT toll ( Same 
as 3 + BRT  + peak spreading + increased 
HOT toll)  

49.5 40.7 16.2 20.9 

Table 26.  MOE for critical OD pairs.
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Scenario
# Scenario

Avg 
Travel 
Time
(min)

Avg 
Schedule

Delay
(min)

Avg 
Travel 
Time
Std
Dev

Avg 
Utility 

0 Do-nothing case (imperfect information to 
users, limited knowledge) 

1 Information and  HOT use (mode choice) 18.4% 26.8% 23.9% 23.0%

2 Demand management strategies with 
estimated PAT (departure time choice) 23.1% 28.6% 4.6% 26.3%

3
Integrated congestion management targeting 
HOT use with estimated PAT (joint mode and 
departure time choice) 

26.6% 34.6% 15.3% 31.0%

4 BRT + Information and HOT use (same as 1 
+ BRT) 42.3% 30.5% 46.2% 42.7%

5 BRT + Demand management strategies with 
estimated PAT (same as 2 + BRT) 35.3% 33.2% 13.1% 37.9%

6
BRT +Integrated congestion management 
targeting HOT use with estimated PAT (same 
as 3+ BRT) 

41.7% 36.3% 30.3% 42.7%

7
BRT + Integrated congestion management 
targeting HOT use with estimated PAT  
(same as 3+ BRT + more BRT access points) 

31.5% 22.7% 15.0% 31.3%

8
Integrated congestion management targeting 
HOT use with estimated PAT+ peak 
spreading (same as 3 + peak spreading)  

33.9% 29.6% 61.5% 33.4%

9
BRT + Integrated congestion management 
targeting HOT use with estimated PAT + peak 
spreading (same as 3+BRT+peak spreading) 

43.3% 32.9% 43.1% 40.9%

10 

BRT + Integrated congestion management 
targeting HOT use with estimated PAT + 
Transit fare policy (same as 3 + BRT + 
increased fare)  

32.6% 30.2% 6.7% 34.9%

11 

BRT +Integrated congestion management 
targeting HOT use with estimated PAT + 
Transit fare and frequency policy (same as 3 
+ BRT + increased fare and frequency) 

34.8% 34.8% 8.9% 37.9%

12 

BRT + Integrated congestion management 
targeting HOT use with estimated PAT  + 
peak spreading + Increased HOT toll ( Same 
as 3 + BRT  + peak spreading + increased 
HOT toll)  

44.9% 27.3% 50.5% 37.6%

Table 27.  MOE for critical OD pairs (% improvement).
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Figure 50.  MOEs for critical OD pairs.
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transit mode; however, many of those may be diversions from 
HOV users. In conjunction with demand spreading strategies, 
the BRT line with more access points improves travel time, 
travel time reliability, and utility for critical OD pairs between 
Baltimore and Washington, DC.

Figure 52 and Figure 53 along with Tables 28 and 29 pro-
vide network-wide MOEs. Clearly, the benefit of targeted 
ICM strategies could be greater for certain OD pairs than for 
others, depending on relative location and corridor orienta-
tion, hence the higher rate of benefit for selected critical OD 

pairs. If many OD pairs do not have access to transit or HOV 
options, network-wide mode shares exhibit small changes, 
even though selected OD pairs might experience meaningful 
impacts. BRT lines with a sufficient number of access points, 
in conjunction with demand spreading strategies, can signifi-
cantly improve the network-wide system performance under 
the present assumptions.

Figure 54 through Figure 62 show the mode-specific depar-
ture patterns for critical OD pairs to represent users’ choice 
of mode, departure time, and route in response to highway 
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Figure 51.  Mode shares of different choice dimensions for critical OD pairs.
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Figure 53.  Mode shares of different choice dimensions for critical OD pairs.

Scenario 
# Scenario 

Avg 
Travel 
Time
(min) 

Avg 
Schedule

Delay 
(min) 

Avg 
Travel 
Time
Std
Dev 

Avg 
Utility

0 Do-nothing case (imperfect information to 
users, limited knowledge) 23.7 18.8 6.4 9.6

1 Information and  HOT use (mode choice) 21.2 18.9 4.8 9.0 

2 Demand management strategies with 
estimated PAT (departure time choice) 20.0 17.2 4.5 8.3

3
Integrated congestion management targeting 
HOT use with estimated PAT (joint mode and 
departure time choice) 

20.3 17.5 4.5 8.4 

4 BRT + Information and HOT use (same as 1 
+ BRT) 23.1 19.7 5.5 9.6

5 BRT + Demand management strategies with 
estimated PAT (same as 2 + BRT) 21.9 18.5 4.7 9.1 

6
BRT +Integrated congestion management 
targeting HOT use with estimated PAT (same 
as 3+ BRT) 

21.1 17.7 4.5 8.7

7
BRT + Integrated congestion management 
targeting HOT use with estimated PAT  (same 
as 3+ BRT + more BRT access points) 

17.8 14.7 5.1 7.2 

8
Integrated congestion management targeting 
HOT use with estimated PAT+ peak 
spreading (same as 3 + peak spreading)  

16.4 14.3 1.5 8.6

9
BRT + Integrated congestion management 
targeting HOT use with estimated PAT + peak 
spreading (same as 3+BRT+peak spreading) 

16.0 14.0 2.4 8.5 

10 

BRT + Integrated congestion management 
targeting HOT use with estimated PAT + 
Transit fare policy (same as 3 + BRT + 
increased fare)  

22.1 16.8 4.5 8.6

11 

BRT +Integrated congestion management 
targeting HOT use with estimated PAT + 
Transit fare and frequency policy (same as 3 
+ BRT + increased fare and frequency) 

21.9 16.7 4.1 8.5 

12 

BRT + Integrated congestion management 
targeting HOT use with estimated PAT  + 
peak spreading + Increased HOT toll ( Same 
as 3 + BRT  + peak spreading + increased 
HOT toll)  

18.4 17.2 2.7 8.2

Table 28.  Network-wide MOE for different intermodal and demand 
spreading strategies.
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Scenario
# Scenario 

Avg 
Travel 
Time
(min) 

Avg 
Schedule

Delay 
(min) 

Avg 
Travel 
Time
Std
Dev 

Avg 
Utility 

0 Do-nothing case (imperfect information to 
users, limited knowledge) 

1 Information and  HOT use (mode choice) 10.5% -0.5% 25.0% 6.3% 

2 Demand management strategies with 
estimated PAT (departure time choice) 15.6% 8.5% 29.7% 13.5%

3
Integrated congestion management 
targeting HOT use with estimated PAT (joint 
mode and departure time choice) 

14.3% 6.9% 29.7% 12.5% 

4 BRT + Information and HOT use (same as 1 
+ BRT) 2.5% -4.8% 14.1% 0.0%

5 BRT + Demand management strategies 
with estimated PAT (same as 2 + BRT) 7.6% 1.6% 26.6% 5.2% 

6
BRT +Integrated congestion management 
targeting HOT use with estimated PAT 
(same as 3+ BRT) 

11.0% 5.9% 29.7% 9.4%

7

BRT + Integrated congestion management 
targeting HOT use with estimated PAT  
(same as 3+ BRT + more BRT access 
points)

24.9% 21.8% 20.3% 25.0% 

8

Integrated congestion management 
targeting HOT use with estimated PAT+ 
peak spreading (same as 3 + peak 
spreading)  

30.8% 23.9% 76.6% 10.4%

9

BRT + Integrated congestion management 
targeting HOT use with estimated PAT + 
peak spreading (same as 3+BRT+peak 
spreading) 

32.5% 25.5% 62.5% 11.5% 

10 

BRT + Integrated congestion management 
targeting HOT use with estimated PAT + 
Transit fare policy (same as 3 + BRT + 
increased fare)  

6.8% 10.6% 29.7% 10.4%

11 

BRT +Integrated congestion management 
targeting HOT use with estimated PAT + 
Transit fare and frequency policy (same as 
3 + BRT + increased fare and frequency) 

7.6% 11.2% 35.9% 11.5% 

12 

BRT + Integrated congestion management 
targeting HOT use with estimated PAT  + 
peak spreading + Increased HOT toll ( 
Same as 3 + BRT  + peak spreading + 
increased HOT toll)  

22.4% 8.5% 57.8% 14.6%

Table 29.  Network-wide MOE % improvement.
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Figure 54.  Mode-specific departure pattern for critical OD pairs – Scenario 6.
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Figure 55.  Mode-specific departure pattern for critical OD pairs – Scenario 7.
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Figure 56.  Mode-specific departure pattern for critical OD pairs – Scenario 8.
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Figure 57.  Mode-specific departure pattern for critical OD pairs – Scenario 9.
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Figure 58.  Mode-specific departure pattern for critical OD pairs – Scenario 10.
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Figure 59.  Mode-specific departure pattern for critical OD pairs – Scenario 11.
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Figure 60.  Mode-specific departure pattern for critical OD pairs – Scenario 12.
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Figure 61.  Mode-specific departure pattern for critical OD pairs.
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Figure 62.  HOT departure pattern for critical OD pairs – Scenarios 9 and 12.
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pricing, peak spreading, and BRT operations with integrated 
congestion management strategies. Scenarios 8, 9, and 12 
illustrate that travelers adjust departure times under peak 
spreading, highway toll, and other ICM strategies, which 
improve MOEs for network-wide and critical ODs signifi-
cantly, as shown in Table 27 and Table 29. Moreover, accord-
ing to Figure 62, the number of travelers in the HOT lanes 
decreases with an increase in the toll, whereas additional LOV 
travelers are attracted to the HOT lanes when the toll is lower, 
consistent with a priori expectations.

6.3.8  Conclusions

This study presents a practical dynamic traveler assign-
ment model to simultaneously capture mode and departure 
time choice dynamics and to address several unique modeling 
needs of highway pricing and integrated congestion manage-
ment benefit analysis and strategy design. Many important 
deployment issues in applying existing DTA based traffic anal-
ysis systems for ICM support have been discussed. One par-
ticular focus is on how to represent multimodal networks with 
park-and-ride options and how to find feasible candidate 
paths that can capture time-dependent mode transfer costs. 
To provide the critical demand input in the above traveler 
assignment model, this study uses estimated network flow 
patterns and an empirically calibrated stochastic departure 
time choice model to jointly reconstruct the preferred arrival 
time demand information. A case study using a large-scale 
multimodal transportation network data set is presented to 
illustrate the dynamic intermodal transportation analysis 
system. Future research needs to systematically incorporate 
features such as heterogeneous users in response to dynamic 
tolls, integrating more realistic travel decision models, as well 
as developing efficient heterogeneous intermodal shortest 
path algorithms.

6.4 � Improvement of the Los Angeles 
4-Step Model for Pricing Studies

6.4.1 � Objectives of the Study and  
Short-Term Model Enhancements

This section describes enhancements proposed for the 
Los Angeles Metropolitan Transportation Agency (LAMTA) 
regional travel demand model. These enhancements have 
been designed with the goal of improving the sensitivity of 
the model to road pricing, particularly HOT lanes.

At the onset of the Congestion Pricing Study, we identi-
fied several areas where the LAMTA regional model could 
be improved for use in the pricing analysis. One primary 
and ongoing concern at the agency was the poor valida-

tion of the 2000 model estimates to observed traffic counts. 
Other concerns included the lack of speed feedback and 
consequent reliance on off-model procedures to establish 
congested speeds, and potentially inappropriate sensitiv-
ities of the mode choice model to tolls and the levels of 
service offered by tolls roads, HOT lanes, and HOV lanes. 
We also identified the absence of truck and bus volumes 
from the highway assignments as a potential shortcoming, 
particularly given the needs of EcoNorthwest’s toll optimi-
zation program. Finally, we noted an inconsistency between 
the highway assignment and the mode choice model related 
to the treatment of HOV trips.

As part of the development of the draft Concept of Opera-
tions (ConOps) Plan for the Harbor Freeway and El Monte 
Busway HOT Lane Implementations, a limited number of very 
short-term enhancements were introduced during the summer 
of 2008. Since the ConOps plan required current (2008) model 
forecasts, the short-term improvements focused primarily on 
improving the validation of the highway assignment. This 
validation was undertaken at two levels: a year 2000 regional 
highway validation, based on the most recent observed traffic 
volumes; and a 2008 validation, focused on the two ConOps 
plan corridors.

The following discussion summarizes the main short-term 
model enhancements:

Person Trip Tables

The LAMTA mode choice model takes as input the person 
trip tables developed by the Southern California Association 
of Governments (SCAG). We found that one of the primary 
reasons for the poor highway validation was related to incon-
sistencies between LAMTA and SCAG on how their mode 
choice models are applied. In particular, the Tranplan version 
of the SCAG model added some serve passenger trips to the 
home-based school drive alone trips, independently of the 
mode choice model. The rationale for these added trips is 
that they were excluded from the trip generation estimation, 
due to the way in which trip purposes were originally defined. 
Because these serve passenger trips are not accounted for in the 
LAMTA model, the end result is a low estimate of vehicle trips. 
Not surprisingly, the LAMTA highway validation showed that 
most screenlines were under-estimated. To compensate for 
the lack of the serve passenger trips, correction factors were 
applied to the home-based other and non-home-based per-
son trip tables. These factors were developed by comparing the 
LAMTA and SCAG AM and MD vehicle trip tables, and com-
puting the ratio of SCAG to LAMTA trips on a district basis. 
The regional statistical areas (RSAs) were used as the districts. 
District interchanges with less than 10,000 vehicle trips were 
not factored. A review of the computed factors showed that 
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approximately 97% of all the interchanges were factored  
by less than 10%. Use of the factored trip tables significantly 
improved the highway validation. Table 30 compares the 
highway validation of the SCAG and LAMTA models. Note 
that the LAMTA estimates include all the short-term model 
improvements discussed here and not just the factored trip 
tables.

Volume-Delay Functions (VDF)

The LAMTA model uses the standard BPR function for 
non-freeway links, and a modified BPR function (Highway 
Capacity Manual 2000) for freeway links (shown in Figure 1).  
The standard BPR function dates from the time when the pre-
vailing assignment technique was iterative capacity restraint. 
It was generally found that this technique worked best when 
the speeds for the first iteration were those that occur at 
LOS C. Therefore, application of the standard BPR function 
requires that the link capacities represent LOS C capacity, 
referred to as practical capacity, so that when volume equals 
practical capacity, the speed would equal LOS C speed. The 
LAMTA model applied a factor of 0.75 (UROAD factor) 
to the coded network capacities when calculating congested 
speeds, which is understood to be a conversion from the ulti-
mate capacities (LOS E) coded on the network to practical 
capacities. However, the assignment methodology currently 
used by LAMTA is an equilibrium assignment, with initial 
speeds assumed to be free-flow speeds. An examination of 
the forecast speeds shows that the model tends to underesti-
mate speeds as a function of the estimated highway volume. 
The model also tends to over-assign the freeways and under-
assign arterials.

The short-term solution consisted of addressing the alloca-
tion of volumes by facility-type. We found that using the arte-

rial VDF implemented in the Tranplan version of the SCAG 
model helped to achieve a better split between freeways and 
arterials. This function is labeled “revised non-freeway” in 
Figure 63.

The proposed solution for the second phase of the HOT lane 
study is to implement volume-delay functions consistent with 
LOS E capacities and free-flow speeds, and discontinue use of 
the UROAD factor. The HCM 2000 recommends parameters 
for the BPR function for freeways and arterials as a function of 
free-flow speed, speed at capacity, and signal density (Exhib-
its C30-1 and C30-2). These recommendations were adapted 
to LAMTA facility types and area types as shown in Table 31 
and Table 32. It is anticipated that the use of these curves will 
improve the speed forecasts, a critical need once speed feedback 
is implemented. It will also help to improve consistency with 
the travel time estimates produced by the Toll Optimization 
Model.

Compared to the curves currently used by LAMTA, the 
HCM 2000 curves are generally “flatter” for V/C ratios lower 
than 1.0 and steeper for V/C ratios over 1.0 (see Figure 64).

Input Speeds

Since the model currently operates without speed feed-
back, the split between HOV and mixed flow lanes is largely 
determined by the assumed input speeds, and particularly 
the speed differential between the two competing facili-
ties. We examined the average input speeds assumed for 
the HOV lanes, and decreased the peak period HOV speeds 
by approximately 5 mph. Other coded input speeds were 
also revised, particularly select freeway speeds less than 
10-15 mph on average for the entire 3-hour peak period. 
On the ConOps study corridors, input speeds were manu-
ally smoothed to avoid changes in speed on sequential links 
without intermediate entry/exit ramps or lane changes. The 

Location Observed 
Volume 

SCAG
Volume 

%
Error 

LAMTA 
Volume 

%
Error 

1 LA - s/o SR-134  1,375,704  1,459,158 6%  1,335,598  -3% 
2 LA - LA River  2,414,174  2,531,360 5%  2,339,937  -3% 
3 LA - s/o Century Freeway  1,402,915  1,327,068 -5%  1,202,463  -14% 
4 OR - Santa Ana River  1,678,439  1,720,908 3%  1,541,472  -8% 
5 OR - LA County Line  1,502,817  1,766,953 18%  1,650,567  10% 
6 SB/RIV - e/o SR-83  887,627  886,843 0%  851,815  -4% 
7 SB - s/o I-10  690,725  746,600 8%  671,321  -3% 
8 LA - San Gabriel Valley  1,084,601  1,118,466 3%  1,052,905  -3% 
9 SB/RIV - Redlands/Moreno 

Vly 
 422,814  417,178 -1%  413,109  -2% 

10 VEN - LA County Line  398,798  407,316 2%  387,713  -3% 
11 VEN - Camarillo  191,444  224,095 17%  210,858  10% 
12 RIV - Palm Springs  130,410  132,433 2%  142,730  9% 
13 SB - Victor Valley  122,202  123,194 1%  129,649  6% 
14 RIV - n/o SR-74  151,954  205,324 35%  160,229  5% 
15 OR - s/o Junction I-5 & I-405  618,840  666,584 8%  703,710  14% 

Table 30.  Screenline validation.
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Figure 63.  Original and revised VDF curves.

Facility Type Curve ID
Free-Flow

Speed
BPR Parameters

Coefficient Exponent

Freeway F75 75 0.39 6.30

Freeway F70 70 0.32 7.00

Freeway F65 65 0.25 9.00

Freeway F60 60 0.18 8.50

Freeway F55 55 0.10 10.00

Arterial - low signal density A50L 50 0.34 4.00

Arterial - med signal density A50M 50 0.74 5.00

Arterial - low signal density A40L 40 0.38 5.00

Arterial - med signal density A40M 40 0.70 5.00

Arterial - med signal density A35 35 1.00 5.00

Arterial - med signal density A30 30 1.20 5.00

Table 31.  HCM 2000 recommended parameters for BPR curve.

Facility Type

Free-Flow Speed Corresponding VDF 

Area Type Area Type

CBD URB 
SU
B

MN
T

RU
R

CBD URB SUB MNT RUR 

Freeway 72 72 72 72 72 F70 F70 F70 F70 F70 

Major/Expressway 20 30 35 40 50 A30 A35 A40L A50M A50L

Primary 20 30 35 40 50 A30 A30 A35 A40M A50M

Secondary 20 25 30 35 50 A30 A30 A30 A35 A40M

HOV2 72 72 72 72 72 F70 F70 F70 F70 F70 

Centroid Connector 15 20 25 35 50 A30 A30 A30 A30 A30 

Ramps 40 40 40 40 40 A40L A40L A40L A40L A40L

HOV3 72 72 72 72 72 F70 F70 F70 F70 F70 

Toll 72 72 72 72 72 F70 F70 F70 F70 F70 

Table 32.  Proposed LAMTA VDF curves and parameters.
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speed adjustment process was guided by speed and volume 
data gathered from PeMS for the two study corridors. These 
speed adjustments are meant to be temporary; eventually 
the speed feedback mechanism will determine the appropri-
ate input speeds.

Toll Choice Utility

The availability of a toll mode was determined in part by 
the length of the trip and the time savings relative to the best 
non-toll path. It was reformulated this way so that now toll 
mode availability is solely a function of the presence of a toll 
path. Furthermore, the utility of a toll mode is now a func-
tion of the length of the trip, in addition to time and cost. The 
intent is to discourage, but not prohibit, very short trips from 
using the toll roads.

Carpool Choices

The current LAMTA model considers two carpool choices, 
two-person carpools (SR2), and three or more person car-
pools (SR3+). The latter choice was formulated into two 
independent choices, as SR3 and SR4+. This choice set allows 
studying the option of tolling SR3 carpools while allowing 
SR4+ carpools to travel for free on the HOT lanes. The mode 
choice model will be recalibrated to SR4+ targets obtained 
from the SCAG home interview survey during the second 
phase of model development tasks.

Vehicle Classes

The mode choice model splits the auto trip tables into 
HOV-eligible and non-HOV-eligible trips. This classifica-
tion is based on the availability of a HOV path, the length of 
the trip, and the time savings on the HOV lane. The original 
intent was to allow only HOV-eligible trips to use the HOV 

lanes. In the current version of the model, however, the HOV 
and non-HOV trip tables are summed prior to assignment. 
The script was modified so that the HOV classification is car-
ried forward, and only HOV-eligible trips are assigned to the 
HOV facilities. This results in a total of seven (7) auto vehicle 
classes, instead of the three (3) previously used. The elemen-
tal modes, facility type restrictions, and resulting vehicle 
classes are shown in Table 33.

Traffic Counts

The screenline traffic count data was carefully reviewed. 
These count data are collected by SCAG and posted on their 
highway network. LAMTA posts the equivalent location rel-
ative to the LAMTA highway network. A few of the LAMTA 
equivalent locations were corrected and supplemented the 
data with a limited number of HOV lane counts. It was 
observed that SCAG’s screenline validation ignored, in 
some instances, the HOV lanes, so these and a few other 
missing facilities were added to the screenlines. This ensures 
a more equitable comparison of SCAG and LAMTA screen-
line volumes.

The interim model that resulted from the implementation 
of these short term enhancements was used to forecast traffic 
for the two ConOps study corridors, Harbor Freeway and El 
Monte Busway, as well as for Caltrans’ EIS. For the remainder 
of the Congestion Pricing Study, the model will be further 
enhanced with the full set of improvements identified at the 
onset of this project. These model enhancements are the sub-
ject of the remainder of this section:

•	 Reformulation of the auto choices and utility functions in 
the mode choice model,

•	 Improvements to the highway assignment step,
•	 Implementation of speed feedback from highway assign-

ment to mode choice, and
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•	 Incorporation of a time-of-day/peak spreading choice 
model.

6.4.2 � Auto Choices and Utility Functions  
in Mode Choice

The auto choices in the mode choice model are currently 
specified as shown in Figure 65. For the sake of clarity, only 
the choices in the two-person carpool nest are shown; similar 
choices would exist for each carpool mode. In this model, 
the options labeled HOV represent trips allowed to use the 
carpool lanes. Although depicted as a sub-nest of the mode 
choice model, these options are not actual probabilistic 
choices. Instead, a set of rules determine whether the trips on 
any given OD pair are allowed to use the HOV lanes.

It was proposed to reformulate the model so that all of the 
choices would be probabilistic, with utilities expressed as a 
function of travel time, travel cost (parking cost, operating 
cost, and toll cost), and a distance term that discourages short 

trips from using the toll roads or HOV lanes. The utilities and 
choice availabilities will no longer be a function of time or 
distance thresholds, because these thresholds can sometimes 
result in unintuitive model responses to LOS attributes. The 
cost coefficients will be stratified by income level, and pos-
sibly also by toll versus non-toll costs. The utilities will also 
include an alternative-specific constant stratified by income 
level, to capture unobserved attributes.

One important issue is to determine whether costs are 
shared among members of a carpool and the degree of sharing. 
In reality, some carpoolers share costs while others do not. And 
some costs are more likely to be shared than others. The issue 
is what cost does a tripmaker perceive when making a mode 
choice decision, since this affects the characteristics of trips 
that choose the carpool modes. If it is assumed that operating 
costs are shared, then all else equal the average trip distance of 
a carpool will be higher than the average trip distance of drive 
alone trip. While it was observed that carpools tend to travel 
longer distances, cost-sharing may over-estimate trip lengths, 
when combined with the shorter travel times expected when 
using HOV lanes. It is expected that the SP survey data will 
provide some guidance on the extent of cost sharing; however 
it may be limited to the sharing of toll costs. As a first step, we 
propose to share toll and parking costs among carpool users, 
but not vehicle operating costs. Therefore the toll and parking 
costs will be divided by the average vehicle occupancy. This will 
be revised if needed depending on the SP survey results.

Previous analyses of HOV and express lane usage, con-
ducted in Houston and San Diego, have shown that these 
facilities tend to carry a smaller proportion of short distance 
trips than general purpose freeway lanes. It is likely that this 
is also the case in Los Angeles, where some of the HOV lanes 
are barrier or buffer-separated from the mixed-flow lanes, 
with more limited opportunities for access and egress. Also, 

Mode Occupancy Toll? HOV? Restricted 
Facility
Types

Vehicle Class # 

Drive Alone One No No Toll, HOV 
(all)

Free Mixed 
Flow

1

Drive Alone Toll One Yes No HOV (all) Toll Drive 
Alone

4

SR2 No Toll No 
HOV

Two No No Toll, HOV 
(all)

Free Mixed 
Flow

1

SR2 No Toll HOV Two No Yes Toll, HOV3+ Free HOV2 2 
SR2 Toll No HOV Two Yes No HOV (all) Toll Carpool 7 
SR2 Toll HOV Two Yes Yes HOV3+ Toll HOV2 5 
SR3+ No Toll No 
HOV

Three or
more

No No Toll, HOV 
(all)

Free Mixed 
Flow

1

SR3+ No Toll HOV Three or
more

No Yes Toll Free HOV 3 

SR3+ Toll No HOV Three or
more

Yes No HOV (all) Toll Carpool 7 

SR3+ Toll HOV Three or
more

Yes Yes Toll HOV 6 

Table 33.  Vehicle classes and facility usage.

Auto Choice

Drive
Alone

Shared
Ride3+

Shared
Ride2

Free Toll

HOV Non
HOV

HOV Non
HOV

Figure 65.  Auto choices in the 
existing mode choice mode.
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during peak hours carpools need to cross over four or five 
lanes of bumper-to-bumper traffic in order to access the 
HOV lanes; this may be impractical and cumbersome when 
the freeway portion of the trip spans only a few interchanges. 
The proposed distance penalty function would apply only to 
trips less than 2.5 miles in total length.

One remaining outstanding issue is the absence of house-
hold size effects in the mode choice model, particularly as they 
relate to the probability of choosing a carpool mode. Spe-
cifically the issue is whether, by assuming no household size 
effects, the model will overestimate the probability of choos-
ing 3-person and 4-person carpools. The person trip tables are 
currently not stratified by household size. Therefore, in order 
to account for household size effects it would be necessary to 
develop a trip table segmentation sub-model, applied prior to 
or concurrent with the mode choice model.

6.4.3  Improvements to Highway Assignment

Truck and Bus Volumes

It was proposed to include truck trips and bus vehicle vol-
umes in the highway assignment step. Ignoring these vehicle 
flows creates inconsistencies between the results of the regional 
model and the Toll Optimization Model that will be used to 
study the effects of various toll policies. In corridors where 
truck and/or bus volumes are significant, ignoring their pres-
ence could materially influence optimal tolls and the corre-
sponding projected revenues. Truck trip tables for 2000, 2010, 
and 2030 were obtained from SCAG’s most recent version of 
the truck model. CSI reviewed and adjusted the validation of 
trucks to the study facilities. Bus volumes on selected corri-
dors can be summarized from the LAMTA transit network. 
The truck trip tables will be loaded as additional vehicle classes, 
while the bus volumes will be preloaded.

Generalized cost

The current LAMTA assignment process is based on travel 
time impedances only. It was propose to implement gener-
alized cost functions, as shown in the equation below. The 
objective is to have more consistency between the generalized 
costs used by the mode choice model, which include time and 
tolls, and the impedances used during highway assignment.

Generalized Cost Time
Toll

VOT
lk l

lk

k

Equatio= + ( nn 35)

where l refers to links and k refers to user classes.

6.4.4  Speed Feedback Implementation

In order to study the impact of road pricing on highway 
traffic volumes, it is necessary to expose the mode choice 
model to travel times consistent with the results of highway 

assignment. To accomplish this consistency, it was proposed 
to feed travel times from highway assignment back to net-
work skimming and mode choice. Furthermore, it was pro-
posed to iterate between assignment and mode choice until 
the traffic volumes are stable.

To implement speed feedback and model convergence, 
several issues need to be addressed.

Model Run Times

At a minimum, the entire model sequence will need to 
be run twice. It is more likely that three or four iterations 
will be required to achieve stable volumes. Typically tests for 
stability are limited to the AM Peak and MD periods, because 
they provide the data for deriving peak and off-peak skims. 
Even if highway assignments are limited to these two peri-
ods while reaching stability, the total model run time will be 
doubled or even tripled. Therefore strategies for reducing run 
time need to be considered.

Feedback Implementation

In terms of the mechanics of implementing speed feedback, 
a program that checks for model convergence (link and/or 
trip table based) and re-starts the model sequence needs to be 
developed. These checks and logic cannot be implemented in 
Tranplan. One possibility would be to develop a program in 
Fortran. A more attractive option would be to re-implement 
the highway assignment step in Cube (Voyager or TP+). 
Cube reads Tranplan matrices and networks. While it cannot 
write a Tranplan binary network, it can write a fixed-format 
text file that Tranplan can use to build the network (needed 
for subsequent skimming). The stability checks can be per-
formed in a Cube script, obviating the need for stand-alone 
executables. More importantly, the highway assignment step 
can be distributed among several processors, significantly 
reducing model run time. The distributed application can be 
easily adapted to the number of processors available, whether 
in a single machine or across multiple units.

Feedback Method and Convergence

It is proposed to base the speed feedback on link volume 
averages, as shown in Figure 66. The averaging will be per-
formed using the method of successive averages (MSA). Other 
averaging procedures, such as those described by Boyce (2007), 
will be explored should MSA prove to converge too slowly.

Link flow convergence will be checked using Percent Mean 
Root Square Error (RMSE), for all links on the network and 
also for the HOV/HOT links separately. It is understood that 
stable link flows do not necessarily imply stable trip tables or 
stable transit ridership. Due to the integer nature of the Tran-
plan matrices, only limited tests of stability can be performed 
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on the trip tables output by the mode choice program. The 
convergence of some of the mode trip tables, globally and/
or as a function of the number of trips per OD pair, can be 
tracked. The RMSE limit used to signal convergence will be 
established by examining the model convergence behavior 
over several iterations.

6.4.5  Time of Day and Peak Spreading Model

One of the first-order effects of congestion pricing on travel 
behavior is to shift trips across times of day, primarily from 
the peak hours to less congested, and therefore less expen-

sive, travel hours. In order to examine the aggregate effects 
of these time-of-day shifts on vehicle flows, a time-of-day 
(TOD) model will be implemented within the regional model. 
The proposed TOD model will replace the existing Factoring 
model that operates with Production-Attraction (PA) and OD 
factors. The TOD model structure is shown in Figure 67.

The TOD model will be structured as a multinomial logit 
model. The TOD choice set must respond to the needs of 
the HOT lane evaluations, in particular the need to differ-
entiate the peak hour from the shoulders of the peak period. 
The desired minimum number of time-of-day alternatives 
is shown in Table 34. It is, however, possible to develop and 

PK/OP Input 
Speeds 

s 1 

Person Trip 
Tables 

Highway and 
Transit Skims 

Mode Choice 

PA/OD 
Factoring 

AM & MD 
Highway 

Assignment 
f i 

Convergence? 
Average Link 

Volumes 
PM & NT 
Highway 

Assignment 

Transit 
Assignment 

End 

PK/OP Speeds 
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Figure 66.  Model system flow with speed feedback.
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Figure 67.  Time-of-day choice model implementation.
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Choice Duration 
(hours)

Relation to Current 
Model Periods 

Pre AM Peak 1 
AM Peak Period AM Peak 1 

Post AM Peak 1 
Midday 6 Midday Period 
Pre PM Peak 1.5 

PM Peak Period PM Peak 1 
Post PM Peak 1.5 
Night 11 Night Period 

Table 34.  Minimum set of  
time-of-day periods.

implement a model with a finer time-of-day resolution, for 
example, one-hour intervals, with little or no additional effort. 
These TOD choice models have been developed and applied in 
Columbus, Atlanta, and San Francisco Bay Area ABMs. These 
ABMs are tour-based, microsimulation models, but the struc-
ture of the TOD model can be applied in an aggregate, trip-
based framework. In a tour-based framework, the TOD model 
simultaneously chooses departure time from home, arrival 
time back at home (end of the tour), and tour duration. In a 
trip-based framework, the trip tables would be in production/
attraction format, so that the trips could be decomposed into 
outbound (e.g., AM commute) trips and inbound (e.g., PM 
commute) trips. TOD choice could be applied to these two 
trips separately, that is, independent of each other. Alterna-
tively, the model could simultaneously predict the outbound 
(home to activity) trip departure time and the inbound (activ-
ity to home) trip departure time.

The utility of any given time period would be expressed 
relative to a reference period, chosen for convenience to be 
the start of the day. Continuous shift variables measure the 
separation between the reference time period and any given 
time period. Explanatory variables, such as travel time or 
travel cost, are interacted with these shift variables, and with 
a duration variable that essentially links the departure and 
arrival periods. For example, for the case of simultaneous 
outbound and inbound trip scheduling, the utility function 
could be specified as follows:

U p q tt tt p tt tt

q

p q
p

p q
q

p q,( ) = + + × +( )× + × +( )
× +

α α β β

ββpq
p qtt tt q p× +( )× −( ) (Equation 36)

where
	 p	=	departure time period for the outbound trip,
	 q	=	�departure time period for the inbound trip,
	 ttp	=	�outbound trip travel time (when departing 

from home in period p),
	 ttq	=	�inbound trip travel time (when departing from 

the non-home activity in period q),
	 αp, αq	=	�period-specific constants, to be estimated and 

calibrated, and
	βp, βq, βpq	=	travel time coefficients, to be estimated.

The two shift variables are p and q, and the duration 
variable is (q–p). In Equation 36 it is assumed that the 
reference time period is zero for both trips. Explanatory 
variables may interact with any or all of the shift/dura-
tion variables. If outbound trips are scheduled indepen-
dently of inbound trips, then the utility function would 
have terms corresponding to only one trip direction, and 
the duration terms drop out. Models will be developed for 
each trip purpose (HBW, HBU, HBO and NHB). Possible 
explanatory variables include travel time, travel cost (tolls), 
income level, trip mode, trip length, and other origin and/
or destination related effects. The models will be estimated 
with combined RP/SP data, obtained from the SCAG 2000 
Home Interview Survey and the LAMTA HOT Lane Stated-
Preference Survey.

The model will exhibit peak spreading if either times or 
costs are varied with departure time. Note that it is not neces-
sary to predict travel times (or costs) for each possible depar-
ture time; several departure times may share the same travel 
time and/or cost. Period-specific highway assignments will 
be performed for a subset of the time periods shown in Table 
34 to obtain the necessary travel times for estimating and 
applying the TOD model. To reduce the number of highway 
assignments, we will assume that the PM travel times are the 
transpose of the AM travel times.

One possible way to implement the TOD model is shown in 
Figure 67. The initial trip tables, originally obtained from the 
SCAG regional model, are already segmented into peak and 
off-peak trips. This initial segmentation is carried through 
mode choice. After mode choice, the peak and off-peak auto 
trip tables are added to create total daily auto trips by sub-
mode. Then the TOD choice model is applied to the daily 
auto trip tables. Highway assignments are performed for the 
three AM time periods and the Midday time period. To feed 
back travel times to the mode choice model, link volumes 
for the entire peak period were averaged (as before). To feed 
back travel times to the TOD model, volumes for each indi-
vidual time period (three AM periods and a midday period) 
were averaged. It is proposed to examine the model’s conver-
gence behavior at the level of the entire AM time period, as 
well as for each individual AM hour.

A second possible implementation could be to split the 
TOD model into two parts; first would be a choice between 
the four aggregate periods (AM/MD/PM/NT) and second a 
peak spreading choice, applied within each of the two peak 
periods. The first level choice would take place after mode 
choice, while the second peak spreading choice would take 
place after the model has converged. To iterate at this point 
between time of day and assignment to achieve consistent 
speeds may be chosen.

The potential advantage of this second approach is a 
reduction in the number of highway assignments performed 
in each model run, and therefore a reduction in model run 
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time. This approach is also more consistent with the way in 
which the model has been validated to date. It is possible 
that moving towards hour-length assignments will require 
adjustments to the volume-delay functions and more exten-
sive model validation; this second approach would avoid this 
additional effort.

The TOD choice model will not be applied to the transit 
and non-motorized trip tables. For these trips, using fixed 
diurnal factors will be continued.

Note that the fraction of the total demand that occurs in the 
peak period (AM and PM) may change after applying the TOD 
choice model. Therefore the person trip tables used to apply 
the mode choice model in the feedback loops are constructed 
by adding the period-specific trip tables for all modes.

6.4.6  Calibration and Validation

The TOD choice model will be calibrated to targets devel-
oped from the SCAG regional home interview survey. The 
targets will consists of the proportion of trips, by mode and 
trip purpose and direction (home to work versus work to 
home, for example) observed during the periods shown in 
Table 34. It may also be helpful to compare these targets to 
SCAG’s time of day model estimates.

The model will be validated by comparing observed ver-
sus estimated traffic counts during the modeled time-of-day 
periods. A database of period-specific traffic counts has not 

yet been identified. It may be possible to obtain these data 
from SCAG, Caltrans or LADOT. Alternatively, data for 
selected freeways may be obtained from the PeMS database. 
There are already recent, detailed traffic counts for the two 
study corridors, I-10 and I-110, for both the mixed flow and 
HOV lanes, for a regular weekday in 2008.

6.4.7  Conclusions

A trip-based 4-step model in combination with conventional 
static assignment represents a modeling tool of a limited capa-
bility compared to more advanced ABMs and DTA described 
in Sections 6.1-6.3. There are, however, many ways to improve 
4-step models and bring them to a level that would allow for 
reasonable model sensitivities to different pricing projects and 
policies in practical terms. The model improvements described 
here for the LAMTA model in the context of the pricing stud-
ies described are generally applicable for most existing 4-step 
models. The check-list of the most important model fixes and 
structural improvements in this trip-based framework includes 
a revision of the model structure and network procedures to 
incorporate differential tolls and vehicle occupancy categories 
(including an inclusion of occupancy as the lower-level sub-
choice in the mode choice structure), improved time-of-day 
choice (peak-spreading) model sensitivity to congestion pric-
ing, and an extensive model calibration on the highway side to 
match the observed traffic counts.
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This research has provided an extensive analysis and syn-
thesis of travel forecasting, best practices, as well as opera-
tional research approaches to the modeling highway pricing 
projects. The conclusions and recommendations are summa-
rized below in four major groups:

•	 Existing practices and identified gaps,
•	 Recommended short-term improvements,
•	 Major long-term improvements and strategic directions, and
•	 Suggestions for future research.

7.1 � Existing Practices  
and Identified Gaps

The review and analysis of the travel models and network 
simulation tools applied for T&R studies in practice has 
revealed a highly diverse picture, with a large proportion of 
simplified methods commonly applied, along with a growing 
number of applications of more advanced modeling tools. 
The following main conclusions can be made regarding the 
general tendencies observed and the identified gaps where 
improvements are needed:

•	 There is a great deal of variation in approaches. In most 
cases, the model applied for the highway pricing project 
was essentially a quite modest modification of the existing 
regional model available for the study. Thus, limitations 
and deficiencies of the existing regional model were inevi-
tably adopted for the study.

•	 In most cases, only route itinerary (assignment) and binary 
route type choice (toll versus non-toll) models were employed 
for comparison and evaluation of pricing alternatives. This 
achieves reasonable results under the assumption that 
pricing would not affect mode choice, time-of-day choice, 
distribution of the origins and destinations of travel, or 
travel generation. While this simplification might be in 
some cases acceptable for intercity highways, it is difficult 

to defend for most analysis of pricing in metropolitan and 
urban settings.

•	 Pricing effects on trip distribution have been incorpo-
rated by using mode choice Logsums as the measure of 
accessibility in destination choice or gravity-type dis-
tribution models. The use of mode choice Logsums in 
gravity models needs to be tested for validity. Unlike in 
the logit destination choice framework, where appropri-
ate elasticities with respect to cost are expected when 
reasonable Logsum parameters are used, it is not clear 
that doubly constrained gravity models behave appro-
priately to changes in LOS variables such as the intro-
duction of tolls.

•	 In some cases there is an inconsistency between the travel 
times and costs used for mode choice models, trip distri-
bution, and assignment, in that the costs and travel times 
that reflect priced conditions are used in mode choice, and 
generated in assignment, while the toll costs do not enter 
the impedance function used for distribution. This is the 
case when travel times are fed back from a generalized cost 
assignment into a distribution model that is a function of 
travel times only.

•	 In a few cases utility functions in multinomial or nested 
logit mode choice models are miss-specified. Undesirable 
specifications include toll utilities that are a function of 
both the toll alternative travel time and travel time sav-
ings with respect to the free alternative. This type of speci-
fication may result in counter-intuitive results when the 
LOS attributes change on either the toll or the free routes. 
Another potentially problematic specification is the use 
of thresholds, such as making the toll alternative available 
only if it meets a pre-defined minimum time savings goal. 
The nesting coefficients on these models sometimes result 
in models with unreasonably high elasticity to toll, or time 
differences when the toll diversion is examined at the root 
level of the model (where they are comparable with the 
elasticity of route type binary choice models).

C h a p t e r  7

Conclusions and Recommendations  
for Further Research
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•	 There is no consensus whether road pricing costs should be 
shared among vehicle occupants, and if so how. Most mod-
els either assume that the full toll cost is either borne by all 
occupants or that it is equally shared among the occupants. 
Some models differentiate between cost sharing for HBW 
trips and cost sharing for other purposes. Sharing road 
pricing costs among vehicle occupants makes carpools less 
cost-sensitive, an assumption that may be acceptable for 
work trips, but is questionable for other purposes, where 
the majority of carpools are among members of the same 
household and oftentimes include minors.

•	 In some regional modeling systems that were specifically 
modified for congestion pricing projects, peak-spreading 
models were applied. Trip-based 4-step models are normally 
based on time-of-day (peak) factors that are not sensitive 
to relative congestion levels at different periods of the day. 
AMBs can offer a better framework where peak-spreading 
effects are captured by time-of-day choice sub-model.

•	 Peak-spreading or time-of-day models are sensitive to dif-
ferences in travel times by time of day, but not to differ-
ences in toll costs by time of day. This may be simply a 
result of the few localities where road pricing costs vary by 
time of day combined with the lack of observed data suf-
ficient to estimate appropriate model parameters.

•	 Very few models to date have incorporated all trip and 
tour-level dimensions in a consistent way, and there have 
not yet been any practical examples of the incorporation 
of pricing impacts on the day-level, mid-term, and long-
term choices, even with the activity-based models that have 
recently come into use.

•	 Almost all models, including ABMs, are characterized by a 
significant discrepancy between the user segmentation by 
VOT in the demand model compared to network simula-
tion. While at the demand modeling stage, segmentation 
normally includes several trip purposes, income groups, 
car occupancy, and time-of-day periods; network simula-
tions are characterized by a limited segmentation. Traffic 
assignments are implemented by periods of the day and 
for multiple vehicle classes that typically include vehicle 
type and occupancy. Trip purposes and income groups, 
however, are blended together before assignment, creating 
strong aggregation biases with respect to VOT.

•	 There are also discrepancies in the cost functions used to 
build best paths between the network simulations used to 
build travel time and cost matrices for the demand mod-
els and the network simulations used to assign trips to the 
highway network. Best paths for the demand model may be 
built on the basis of travel time only, while the assignment 
is performed on the basis of generalized cost, or vice-versa.

•	 In almost all modeling efforts where route type choice  
(toll vs. non-toll) was involved, a problem of inconsistency 
between the generated trip tables for toll-users and their 

assignment onto the highway network was reported. This 
“leakage” of toll users in the network simulation can be 
significant and constitutes a non-trivial analytical problem 
that requires special modeling efforts to resolve.

•	 Most models attempt to equilibrate supply and demand 
by feeding back travel times and cost from the assignment 
step to the trip distribution or mode choice steps. In most 
cases, feedback is executed for a fixed number of iterations, 
so convergence is not necessarily guaranteed. This may be 
particularly problematic when forecasting under conditions 
of high population growth, where congestion effects may be 
far more pronounced than in the base calibration year.

•	 Most models break down the network simulation into four 
broad time periods, typically AM Peak (2 to 4 hours long), 
Midday, PM Peak (2 to 4 hours long) and Night, and are 
therefore able to compute LOS differences by time of day 
only at this level of aggregation. Only one of the regional 
models reviewed performs the network simulation at a 
finer time of day disaggregation.

7.2 � Possible Short-Term  
Improvements

The short-term improvements summarized in this section 
are primarily applicable to trip-based 4-step models. A trip-
based 4-step model, in combination with conventional static 
assignment, represents a modeling tool of a limited capabil-
ity compared to more advanced ABMs and DTA. Although 
the major strategic directions for improvement of models are 
strongly associated with a new generation of advanced ABMs 
and network simulation tools like DTA, there are many 
practically useful steps that can be taken to improve 4-step 
models, as well as simple ABMs, in order to better prepare 
them for T&R forecasting and ensure reasonable model sen-
sitivities to different pricing projects and policies in practical 
terms. The following main recommendations can be made:

•	 A travel model to be applied for highway pricing studies 
should comply with a minimal set of structural require-
ments. Foremost among these is reasonable model sensi-
tivities to tolls across all travel dimensions that could be 
affected by pricing actions to be studied, including: route 
choice, mode (and car occupancy) choice, trip distribu-
tion, and time-of-day choice. Across all these choices, a 
reasonable level of segmentation and correct VOT esti-
mates (with the necessary aggregations) should be applied.

•	 The demand model should be segmented by at least four to 
five travel purposes and three to four income groups, with 
VOT specific for each combined segment. An additional 
step that can be effective is to apply differential travel time 
coefficients by segments, and consequently make VOT 
values differentiated by network congestion levels. This in 

Assessing Highway Tolling and Pricing Options and Impacts: Volume 2: Travel Demand Forecasting Tools

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/23427


155   

effect represents a simple proxy for measures of travelers’ 
aversion to congestion (other than average travel times 
alone), including a lack of reliability associated with con-
gested facilities.

•	 Network procedures that incorporate differential tolls and 
vehicle categories relevant to the pricing study are neces-
sary. The traffic assignment should incorporate and distin-
guish relevant vehicle classes (auto, commercial vehicles, 
trucks, taxis, etc.) with corresponding average VOT per 
class. The multi-class assignment technique is supported 
in all major transportation software packages (TransCAD, 
EMME, and Cube) and can be further applied to differen-
tiate between VOT groups within the same vehicle class. If 
tolls or vehicle eligibility are differentiated by vehicle occu-
pancy (HOV/HOT lanes) the auto vehicle class should be 
additionally segmented by the relevant occupancy catego-
ries (SOV, HOV2, HOV3, etc.).

•	 It is highly recommended (although it is not an absolute 
requirement in the early stages of pricing studies) to incor-
porate a binary route type choice model (toll versus non-
toll facility), either as a lower-level, sub-nest in mode 
choice or as a pre-assignment procedure. This sub-model 
allows for capturing a toll bias associated with the percep-
tion of a superior level of reliability and safety of the toll 
facility, as well as provides for better (non-linear) speci-
fications of the tradeoffs between travel time savings and 
extra costs.

•	 It is essential for congestion pricing studies to include an 
improved time-of-day choice (peak-spreading) model 
sensitive to congestion levels and pricing. Although the 
trip-base 4-step model structure is not as flexible as ABM 
structure in addressing time-of-day choice factors, it can 
incorporate a time-of-day choice model with a fine level 
of temporal resolution (1 hour or less) that would roughly 
correspond to the outbound and inbound components of 
a tour-based time-of-day choice model applied separately 
for each trip segment.

•	 There are a growing number of applications where mode 
and/or occupancy choices are included. In several cases, 
mode, occupancy, and binary route type choices were 
combined in one multi-level nested logit choice model 
structure, where occupancy and route type choice served 
as lower-level sub-choices. These improvements can be 
implemented and are equally relevant for both 4-step 
models and ABMs.

•	 It is essential to equilibrate the demand model (at least mode 
choice and route type choice) and the highway assignment 
to ensure that the results correspond to (or at least approxi-
mate) a stable equilibrium solution. It is more difficult to 
include the trip distribution (and other sub-models like 
time-of-day choice and/or trip generation) in the global 
equilibrium, which can require multiple iterations and 

special averaging algorithms. However, it is essential to 
eventually ensure a reasonable level of convergence of the 
entire model system. Recent experience with the New York 
ABM has shown that effective strategies of equilibration, 
based on a parallel averaging of trip tables and LOS skims, 
can achieve a reasonable level of convergence in three to 
four global iterations, even in one of the largest and most 
congested regional networks.

•	 Network simulations should be carefully validated and cali-
brated to replicate period-specific traffic volumes, as well as 
period-specific LOS attributes. In this regard, the prevailing 
practice of model validation by daily traffic counts has to 
be replaced with more extensive and elaborate validation/ 
calibration by four to five time-of-day periods.

•	 There are many reserves for improvements that relate to a 
better understanding and incorporation of rules of finan-
cial world. Many of them relate to the way in which a model 
is used, rather than to its structure per se. These include 
more thorough procedures for assessing non-modeled days 
(weekends and holidays) and time-of-day periods (if the 
model does not cover an entire weekday), as well as explicit 
consideration of possible ramp-up dynamics during the 
first several years of the project. The model structure and 
output should be made to produce the necessary inputs 
to the Financial Plan. Of special importance is the issue of 
quantification of risk factors. Risk analysis essentially rep-
resents an important strategic direction with many aspects 
that have yet to be explored by travel forecasters. Some 
simplified procedures, however, are based on the possible 
scenarios for main input factors can be applied even with 
a simple travel model.

7.3 � Major Long-Term Improvements 
and Strategic Directions

The main avenues for improvement of modeling tools 
applied for pricing studies are seen to be associated with the 
advanced ABM framework on the demand side and DTA on 
the network simulation side. ABMs provide clear advantages 
over trip-based models in the analysis of pricing policies. In 
particular, such known limitations of trip-based models as a 
lack of policy sensitivity and insufficient market segmenta-
tion can be overcome with these more advanced models. The 
main advantages of ABM structure for modeling highway 
pricing scenarios can be categorized according to the follow-
ing model features:

•	 Tour-based structure that is essential for accounting for 
tolls applied by both directions by time-of-day periods, in 
a consistent and coherent way. This is, however, condi-
tional upon obtaining a level of temporal resolution that 
matches the details of pricing schedules. Since variable 
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pricing schemes are frequently the focus of pricing studies, 
it is essential to have a large set of period-specific simula-
tions, ideally, hourly assignments (or a full-day DTA as  
a better option as discussed below) in order to address dif-
ferent pricing schedules.

•	 Microsimulation of individuals that allows for probabilis-
tic variation of individual parameters including VOT, car 
rationing by license plate, toll discounts associated with dif-
ferent payment types and/or population groups. In addition 
to that, a fully disaggregate structure of the model output 
is extremely convenient for reporting, analysis, and evalu-
ation of the pricing scenarios, in particular for screening 
winners and losers, and for equity analysis across different 
population groups, etc.

•	 Entire-day individual activity pattern that allows for a 
consistent modeling of non-trip pricing options, such as 
a daily area pricing fee.

There are, however, a number of issues that remain to be 
addressed by ABMs in practice. First, most ABMs continue to 
rely on static equilibrium highway assignment algorithms. It 
is common knowledge that such techniques fail to adequately 
address congestion due to their lack of ability to reflect queu-
ing. One of the advantages of priced facilities (particularly 
dynamically priced facilities) is that they offer more reliable 
travel times than competing congested facilities where the 
variability of travel time can be quite onerous. From this per-
spective, the integration of an ABM and DTA in one coherent 
modeling framework represents one of the most important 
strategic directions for the field.

The advanced and flexible microsimulation modeling par-
adigm embedded in ABM and DTA structures opens a con-
structive way to include many recent theoretical advances in 
applied operational models. The following main aspects and 
directions were identified in this research:

•	 Heterogeneity of road users with respect to their VOT and 
willingness to pay. This requires a consistent segmenta-
tion throughout all of the demand modeling and network 
simulation procedures to ensure compatibility of implied 
VOTs. In addition to an explicit segmentation, random 
coefficient choice models represent a promising tool for 
capturing heterogeneity.

•	 Proper incorporation of toll road choice in the general 
hierarchy of travel choices in the modeling system. Addi-
tional travel dimensions (such as whether to pay a toll, 
car occupancy, and payment type/technology) and asso-
ciated choice models should be properly integrated with 
the other sub-models in the model system. The impacts of 
pricing on long-term choices such as vehicle ownership, 
workplace location, residential location, and ultimately 
firm location need to be better understood. Most ABMs 

are based on cross-sectional data and are unable to fully 
capture long-term behavior associated with the introduc-
tion of pricing policies. Hopefully, as more policies become 
implemented, more longitudinal data will be available to 
improve this critical aspect of travel demand models.

•	 Accounting for reliability of travel time associated with toll 
roads requires the incorporation of travel time reliability 
in applied models with quantitative measures that can be 
modeled on both demand and supply sides.

•	 More comprehensive modeling of time-of-day choice based 
on the analysis of all constraints associated with changing 
individual daily schedules.

•	 More comprehensive modeling of car occupancy related 
decisions, including differences in carpool types (planned 
intra-household, planned inter-household, and casual) 
and associated VOT impacts.

•	 More advanced traffic simulation procedures such as 
DTA and microsimulation, and better ways to integrate 
them with travel demand models. In this regard, future 
research needs to systematically incorporate features 
such as heterogeneous users in response to dynamic tolls, 
and develop efficient heterogeneous intermodal shortest 
path algorithms.

Many of these research topics are being addressed in 
ongoing NCHRP and SHRP 2 projects. Incorporation of the 
results of these studies in models applied for highway pricing 
studies in practice represents an important challenge for the 
transportation modeling profession.

7.4 � Suggestions for Future Research 
in Adjacent and Related Areas

Highway pricing issues are closely intertwined with many 
general aspects of highway planning and modeling. The fol-
lowing list of topics deserving of further investigation are 
either directly related to the modeling of pricing or are indi-
rectly related to adjacent research areas that interact strongly 
with pricing:

•	 Effects of pricing on environmental quality and energy 
consumption. These measures are important in assessing 
the overall pricing benefits.

•	 Emerging automatic methods for the collection of infor-
mation on highway volumes, speeds, and reliability. These 
new sources of information can be effectively used for gen-
eral model improvement.

•	 Model development strategies for small MPOs. In general, 
it is almost impossible to outline a decent and defend-
able analytical procedure for T&R forecasting without a 
regional travel model. Simplified sketch-planning tools 
can be applied at the initial phases of project development 
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to make a go/no-go decision, as well as to narrow the scope 
of possible alternatives. As the pricing project progresses 
to the phases of Environmental Impact and Investment 
Grade Studies, however, more substantial modeling work 
must be done. This represents a challenge for small MPOs 
that do not have sufficient modeling staff and resources to 
deploy an advanced regional ABM or DTA.

•	 Household and person travel time and cost budgets. It is 
known and well established in the micro-economic the-
ory that the willingness to pay for any product (includ-
ing travel time savings) is a strong function of the overall 
time and budget constraints. From this perspective, VOT 
cannot be explained for a particular trip, tour, or even 
travel day without taking into account the bigger picture 
of household and person behavior for a longer period of 
time. This aspect is still missing in almost all travel models, 
including the most advanced ABMs.

•	 Time scales for traveler responses to different pricing 
schemes. An important additional aspect of modeling 
traveler responses to congestion and pricing relates to dif-
ferent time scales associated with different measures. The 
range of possible relevant time scales extends from a nearly 
instantaneous response (like changing a route as the result 
of real-time travel information or choice of a dynamically 
priced lane based on the current toll and congestion level 
on the general-purpose lanes) to the long-term effects 
(observed only in 20–30 years) like changes in population 
residential location or business activities.

These particular topics have been identified in many pric-
ing studies as deserving attention and came up frequently in 
the discussions of the project team with the panel of experts. 
This can be future research aimed at advancing the theory 
and practice of modeling road pricing.

Assessing Highway Tolling and Pricing Options and Impacts: Volume 2: Travel Demand Forecasting Tools

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/23427


158

Abdelghany, A. F. and H. S. Mahmassani (2003) Temporal-Spatial 
Microassignment and Sequencing of Travel Demand with Activity- 
Trip Chains. In Transportation Research Record: Journal of the 
Transportation Research Board, No. 1831, Transportation Research 
Board of the National Academies, Washington, D.C., pp. 89–97.

Adler, T. and R. C. Schaevitz (1989) Modeling the Effects of Design 
and Operating Policies on Toll Road Volumes, in Paying the Toll: 
National Perspectives on Toll Road Development Conference Pro-
ceedings, University of California, Irvine.

Adler, T., W. Ristau, and C. Falzarano (1999) Traveler Reactions to 
Congestion Pricing Concepts for New York’s Tappan Zee Bridge. 
In Transportation Research Record: Journal of the Transporta-
tion Research Board, No. 1659, TRB, National Research Council, 
Washington D.C., pp. 87–96.

Adler, T., W. Olsen, and Y. Dehghani (2004) A Facility-Level Model 
of Peak Spreading. Presented at the 83rd Annual Meeting of the 
Transportation Research Board, Washington D.C.

Adler, T., Y. Dehghani, M. Doherty, J. Klodzinski, and W. Olsen (2005) 
A Multi-Period Toll Mode Choice Model for Florida’s Turnpike 
Enterprise. Proceedings of the 10th TRB Transportation Planning 
Applications Conference, Portland, OR.

Adler, T., Y. Dehghani, M. Doherty, and W. Olsen (2007) Florida’s 
Turnpike State Model: Development and Validation of an Inte-
grated Land Use and Travel Forecasting Model. Presented at the 
86th Annual Meeting of the Transportation Research Board, 
Washington D.C.

Appiah, J. (2004) An Examination of Factors Affecting High Occupancy/ 
Toll Lane Demand. Master’s Thesis. Department of Civil Engineer-
ing. Texas A&M University.

Axhausen, K., S. Hess, A. Konig, G. Abay, J. Bates, and M. Bierlaire 
(2007) State of the Art Estimates of the Swiss Value of Travel Time 
Savings. Presented at the 86th Annual Meeting of the Transportation 
Research Board, Washington D.C. (CD-ROM)

Bain, R. and Wilkins M. (2002) The Credit Implications of Traffic Risk 
in Start-Up Toll Facilities: Appendix – Traffic Risk Index. Stan-
dard & Poor’s, McGraw-Hill International (UK) Ltd., London, 
September.

Bain, R. and Plantagie, J.W. (2003) Traffic Forecasting Risk: Study 
Update 2003. Standard & Poor’s, McGraw-Hill International (UK) 
Ltd., London, November.

Bain, R. and Plantagie, J.W. (2004) HYPERLINK “http://www.people.hbs.
edu/besty/projfinportal/S&P_Traffic_Risk_2004.pdf ” Traffic Fore-
casting Risk: Study Update 2004. Standard & Poor’s, McGraw-Hill 
International (UK) Ltd., London, October. 

Bain, R. and Polakovic, L. (2005) Traffic Forecasting Risk: Study Update 
2005: Through Ramp-Up and Beyond. Standard & Poor’s, McGraw-
Hill International (UK) Ltd., London, August. 

Bates, J., Polak, J., Jones, P., and Cook, A. (2001) The Valuation of 
Reliability for Personal Travel, Transportation Research, Vol. 37E, 
191–229.

Ben-Akiva, M. and S. Lerman (1985) Discrete Choice Analysis: Theory 
and Application to Travel Demand, MIT Press, Cambridge, Mas-
sachusetts.

Blank, L. T. and A. J. Tarquin (1989) Engineering Economy, 3rd edition, 
McGraw-Hill, New York.

Boardman, A. E., D. H. Greenberg, A. R. Vining, and D. L. Weimer 
(2006) Cost-Benefit Analysis: Concepts and Practice. Prentice Hall, 
Upper Saddle River, NJ.

Bogers, E. A. I., Van Lint, H.W.C. and Van Zuylen, H.J. (2008) Reliabil-
ity of Travel Time: Effective Measures from a Behavioral Point of 
View. In Transportation Research Record: Journal of the Transporta-
tion Research Board, No. 2082, Transportation Research Board of 
the National Academies, Washington, D.C., pp. 27–34. 

Boyce, D., O’Neil, C.R., and Scherr, W. (2007) “New Computational 
Results on Solving the Sequential Procedure with Feedback” pre-
sented at the 11th TRB National Planning Applications Confer-
ence, Daytona Beach, FL, May.

Boyles, S., S. Ukkusuri, S. T. Waller, and K. Kockelman. (2006) A Com-
parison of Static and Dynamic Traffic Assignment Under Tolls:  
A Study of the Dallas-Fort Worth Network. Proceedings of the 
85th Annual Meeting of the Transportation Research Board. 
Washington, D.C.

Boyce, D., O’Neil, C.R., and Scherr, W. (2007) “New Computational 
Results on Solving the Sequential Procedure with Feedback” pre-
sented at the 11th TRB National Planning Applications Confer-
ence, May 2007, Daytona Beach, Florida.

Boyles, S., S. V Ukkusuri, S. T. Waller, and K. Kockelman (2006a) 
“Examining the Benefit of Accounting for Traffic Dynamics in 
Congestion Pricing Applications.” Meeting Compendium of the 
Transportation Research Board’s 85th Annual Meeting, Washing-
ton, D.C.

Boyles S., S. Ukkusuri, S. T. Waller, and K. Kockelman (2006b) “A 
Comparison of Static and Dynamic Traffic Assignment under Tolls 
in the Dallas-Fort Worth Region.” Proceedings of the Transporta-
tion Research Board Specialty Conference: Innovations in Travel 
Modeling, Austin, Texas.

Bradley, M., and H. F. Gunn (1991) A Stated Preference Analysis 
of Values of Travel Time in the Netherlands. In Transportation 

References

Assessing Highway Tolling and Pricing Options and Impacts: Volume 2: Travel Demand Forecasting Tools

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/23427


159   

Research Record 1285, TRB, National Research Council, Washing-
ton, D.C., pp. 78–88.

Bradley, M., M. Ben-Akiva, and D. Boldic (1993) Estimation of Travel 
Choice Models with Randomly Distributed Values of Time. Trans-
portation Research Record 1413, TRB, National Research Council, 
Washington, D.C., pp. 88–97.

Brownstone, D., A. Chosh, T. F. Golob, C. Kazimi, and D. Van Amelsfort  
(2003) Drivers’ Willingness-to-Pay to Reduce Travel Time: Evi-
dence from the San-Diego I-15 Congestion Pricing Project, Trans-
portation Research, 37A(4), pp. 373–388.

Brownstone, D., and K. A. Small (2005) Valuing Time and Reliability: 
Assessing the Evidence from Road Pricing Demonstrations, Trans-
portation Research, 39A, pp. 279–293.

Burris, M. W., and Pendyala, R. M. (2002) Discrete Choice Models of 
Traveler Participation in Differential Time of Day Pricing Pro-
grams, Transport Policy, Vol. 9, pp. 241–251.

Burris, M., and Appiah, J. (2004) An Examination of Houston’s Quick-
Ride Participants by Frequency of QuickRide Usage. In Transpor-
tation Research Record: Journal of the Transportation Research Board, 
No. 1864, Transportation Research Board of the National Acad-
emies, Washington, D.C., pp. 22–30.

Burris, M., K. Konduru and C. Swenson (2004) Long-Run Changes 
in Driver Behavior Due to Variable Tolls. Presented at the 83rd 
Annual Meeting of the Transportation Research Board, Washing-
ton, D.C.

Cambridge Systematics Inc., Mark Bradley, ECO Northwest,  
MORPACE Int. (2007) PSRC 2006 Household Activity Survey 
Analysis Report. Report prepared for Puget Sound Regional 
Council, April.

Cambridge Systematics, Inc. (2005) Traffic Congestion and Reliability: 
Trends and Advanced Strategies for Congestion Mitigation. Final 
Report. Prepared for Federal Highway Administration by Cam-
bridge Systematics, Inc. with Texas Transportation Institute.

Daganzo, C. F. and Y. Sheffi (1977). On Stochastic Models of Traffic 
Assignment. Transportation Science, Vol. 11, pp. 253–274.

Dehghani, Y. and W. Olsen (1999) Potential Pitfalls in Forecast-
ing Travel Demand for Toll Roads: Experience in the U.S. and 
Oversees. Presented at the 78th Annual Meeting of Transporta-
tion Research Board, Washington, D.C.

Dehghani, Y. T. Adler, T. Doherty, and R. Fox (2003) Development of 
a New Toll Mode Choice Modeling System for Florida’s Turnpike 
Enterprise. In Transportation Research Record: Journal of the Trans-
portation Research Board, No. 1858, Transportation Research Board 
of the National Academies, pp. 9–17.

de Jong, G., M. Pieters, A. Daly, I. Graafland, E. Kroes, and C. Koopmans  
(2005) Using the Logsum as an Evaluation Measure: Literature and 
Case Study. Working Paper WR-275-AVV, RAND Europe, Pre-
pared for AVV Transport Research Centre.

de Jong, G., A. Daly, M. Pieters, and T. van der Hoorn (2007) The Log-
sum as an Evaluation Measure: Review of the Literature and New 
Results. Transportation Research Part A, 41, pp. 874–889.

Dial, R. B. (1997) Bicriterion Traffic Assignment: Efficient Algorithms 
plus Examples. Transportation Research B, Vol. 31, pp. 357–379.

Dornan, D. (2006) Moving Beyond the Interstate Era. Tollways, Spring 
2006, pp. 47–64.

Douma, F., J. Zmud, and T. Patterson (2006) Pricing Comes to Minne-
sota: Attitudinal Evaluation of I-394 HOT Lane Project. Presented 
at the 85th Annual Meeting of the Transportation Research Board, 
Washington D.C.

Duthie, J. (2008) Implications of Uncertain Future Network Perfor-
mance on Satisfying Environmental Justice and Tolling. Doctoral 

dissertation, Department of Civil, Architectural, and Environmen-
tal Engineering, University of Texas, Austin.

Enright, D. J. (2006) The Chicago Skyway Sale: An Analytical Review. 
Tollways, Autumn 2006, pp. 3–15.

Erhardt, G. D., Koppelman, F. S., Freedman, J., Davidson W. A., and 
Mullins, A. (2003) Modeling the Choice to Use Toll and HOV 
Facilities. In Transportation Research Record: Journal of the Trans-
portation Research Board, No. 1854, Transportation Research Board 
of the National Academies, Washington, D.C., pp. 135–143.

Falzarano, C. S. and C. Szeto. (2003) Analysis of Impacts of Pricing on 
Tacoma Narrows Bridge In Proceedings of the 9th TRB Application 
of Transportation Planning Methods Conference, Baton Rouge.

FDOT (2003) 2002 Transportation Costs. Office of Policy Planning, 
Florida Department of Transportation.

FHWA (2003) Economic Analysis Primer. Federal Highway Adminis-
tration. Available at www.fhwa.dot.gov/infrastructure/asstmgmt/
primer.pdf.

FHWA (2006) Surface Transportation Efficiency Analysis Model 
(STEAM). Federal Highway Administration. Available at http://
www.fhwa.dot.gov/steam/links.htm.

Flyvbjerg, B., N. Bruzelius, and W. Rothengatter (2003) Megaprojects 
and Risk: An Anatomy of Ambition, Cambridge University Press, 
Cambridge, UK.

Florian, M. (2008) Network Equilibrium Models for Analyzing Toll 
Highways, Working Paper, INRO website. 

Franklin, J. P. (2006) The Equity Effects of Roadway Tolls: An Applica-
tion of Hicksian Welfare Measures with Income Effects. Paper pre-
sented at the 11th International Conference on Travel Behaviour 
Research, Kyoto, Japan, August, pp. 16–20.

George, C., W. Streeter, and S. Trommer (2003) Bliss, Heartburn, and 
Toll Road Forecasts. Project Finance Special Report, Fitch Ratings, 
November. 

George, C., S. Trommer, M. McDermott, G. Zurita, C. Lewis, L. Mon-
nier, W. Streeter, E. Lopez, and C. Fuenalida (2007) Global Toll 
Road Rating Guidelines. Criteria Report, Fitch Ratings, March.

Gibb, J., Bowman, J. L. (2007) Convergence of an Activity-Based Travel 
Model System to Equilibrium: Experimental Designs and Findings. 
Presented at the 11th TRB National Planning Applications Confer-
ence, May 2007, Daytona Beach, FL.

Gilroy, L. C. (2007) NTTA’s Proposal for SH-121, Is it Better than 
Cintra’s? Commentary provided by the Reason Foundation. 
Accessed April 2008 from http://www.reason.org/commentaries/
gilroy_20070511.shtml.

Golob, T. F., Kitamura, R., and Supernak, J (1997) A Panel-Based Eval-
uation of the San Diego I-15 Carpool Lanes Project. Chapter Four 
in T.F. Golob, R. Kitamura, and L. Long, eds., Panels for Trans-
portation Planning: Methods and Applications, Boston, Kluwer 
Academic Publishers, pp. 97–128.

Golob, T. F. (2001) Joint Models of Attitude and Behavior in the Evalu-
ation of the San Diego I-15 Pricing Project Transportation Research 
Part A, Vol. 35, pp. 495–514.

Golob, J. M., and Golob, T. F., (2001) Studying Road Pricing Policy 
with Panel Data Analysis: The San Diego I-15 HOT Lanes. In 
Travel Behavior Research: The Leading Edge, Pergamon, Oxford, 
pp. 869–883.

Hacura, A., M. Jadamus-Hacura, and A. Kocot (2001) Risk Analysis in 
Investment Appraisal Based on the Monte Carlo Simulation Tech-
nique. The European Physical Journal B, 20, pp. 551–553.

Hagen, L., et al. (2006) Revised Methodology for Collecting Origin-
Destination Data, CUTR Technical Report, University of South 
Florida, Tampa, FL, February.

Assessing Highway Tolling and Pricing Options and Impacts: Volume 2: Travel Demand Forecasting Tools

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/23427


160

Hensher, D. (2007) Joint Estimation of Process and Outcome in Choice 
Experiments Involving Attribute Framing. Working Paper ITLS-
WP-07-04, Institute of Transport and Logistics Studies, The Uni-
versity of Sydney, March.

Hensher, D. A., and P. Goodwin (2003) Using Values of Travel Time 
Savings for Toll Roads: Avoiding Some Common Errors, Trans-
port Policy.

Hess, S., M. Bierlaire, and J. Polak (2005) Estimation of Value of Time 
Using Mixed Logit Models, Transportation Research, Vol. 39A, 
pp. 221–236.

Hess, S., Polak, J. W., Daly A, and Hyman, G. (2007) Flexible Substitu-
tion Patterns in Models of Mode and Time of Day Choice: New 
Evidence from the UK and the Netherlands. Transportation, 34(2), 
pp. 213–238.

Highway Capacity Manual (2000). TRB, National Research Council, 
Washington, D.C.

Humphrey Institute of Public Affairs, University of Minnesota, and 
NuStats (2005) I-394 MnPass Project Evaluation Attitudinal Panel 
Survey – Wave 1: Final Report, prepared for the Minnesota DOT.

Humphrey Institute of Public Affairs, University of Minnesota, and 
NuStats (2006) I-394 MnPass Project Evaluation Attitudinal Panel 
Survey – Wave 2: Final Report, prepared for the Minnesota DOT.

ITS (2008) Multimodal Travel Time Variability. Final Report for DfT 
(Department for Transport). Institute for Transportation Studies 
University of Leeds, Imperial College London, John Bates Services.

Jacobs, D. and G. Spitz (2006) How to Do an Origin and Destination 
Survey in a Cash-and-Electronic Toll Collection Environment. In 
Journal of the International Bridge, Tunnel and Turnpike Associa-
tion, Winter.

Karlström, A. (1998) Hicksian Welfare Measures in a Nonlinear Ran-
dom Utility Framework. Working Paper, Department of Infra-
structure and Planning, Royal Institute of Technology, Stockholm, 
Sweden.

Karlström, A. (2001) Welfare Evaluations in Non-Linear Random Util-
ity Models with Income Effects. In Travel Behaviour Research: The 
Leading Edge, D.A. Hensher, ed., Pergamon, Oxford, UK.

Kim, H., J.-S. Oh, and R. Jayakrishnan (2006) Activity Chaining Model 
Incorporating Time Use Problem and Its Application to Network 
Demand Analysis. Presented at the 85th Annual Meeting of the 
Transportation Research Board, Washington, D.C. (CD-ROM).

Kitamura, R., and J. Suparnak (1997) Temporal Utility Profiles of 
Activities and Travel: Some Empirical Evidence. In Stopher, P., 
Lee-Gosselin, M. (Eds.), Understanding Travel Behavior in Era of 
Change, Elsevier, pp. 339–350.

Kockelman, K. and Charles River Associates (2006) Safety Impacts and 
Other Implications of Raised Speed Limits on High-Speed Roads. 
National Cooperative Highway Research Program (NCHRP) Final 
Report 17-23. Transportation Research Board, Washington, D.C.

Kockelman, K, T. Waller, P. Gulipalli, S. Kalmanje, A. Karoonsoonta-
wong, and S. Ukkusuri (2005) Application of Credit-Based Con-
gestion Pricing in Texas: Operational Considerations and Impacts. 
Research Report 0-4634-1, Texas Department of Transportation, 
Center for Transportation Research, The University of Texas at 
Austin, Austin, TX.

Kriger, D. (2005) Traffic and Revenue Forecasting for Roads and 
Highways: Concerns, Methods and a Checklist for Practitioners. 
Resource paper presented at the Expert Forum on Road Pricing 
and Travel Demand Modeling, USDOT, Washington, D.C.

Kriger, D., S. Shiu, and S. Naylor (2006) NCHRP Synthesis 364: Estimat-
ing Toll Road Demand and Revenue: A Synthesis of Highway Prac-
tice. Transportation Research Board of the National Academies, 
Washington, D.C.

Lam, T. C., and K. A. Small (2001) The Value of Time and Reliability: 
Measurement from a Value Pricing Experiment. Transportation 
Research, 37E (2-3), pp. 231–251.

Lam, W., and Y. Yin (2001) An Activity-Based Time-Dependent Traffic 
Assignment model. Transportation Research B, 35B, pp. 549–574.

Leurent, F. (1993) Cost Versus Time Equilibrium Over a Network, 
HYPERLINK “http://ideas.repec.org/s/eee/ejores.html” European 
Journal of Operational Research, Elsevier, vol. 71(2), December, 
pp. 205-221.

Levinson, D., K. Harder, J. Bloomfield, and K. Winiarczyk (2004) 
Weighting Waiting: Evaluating Perception of In-Vehicle Travel 
Time under Moving and Stopped Conditions. In Transportation 
Research Record: Journal of the Transportation Research Board, 
No. 1898, Transportation Research Board of the National Acad-
emies, Washington, D.C., pp. 61–68.

Litman, T. (2005) London Congestion Pricing: Implications for Other 
Cities. Victoria Transport Policy Institute.

Litman, T. (2006) Transportation Cost Analysis: Techniques, Estimates 
and Implications. Victoria Transport Policy Institute. Victoria, BC, 
Canada. Accessed June 2008 from http://www.vtpi.org/tca/.

Lu, C-C and H. S. Mahmassani (2007) Heterogeneous Users and Vari-
able Road Pricing: Model and Algorithm for the Bi-Criterion 
Dynamic User Equilibrium Problem on Large Networks, Accepted 
for TRISTAN VI, Phuket Island, Thailand.

Lu, C-C., H. S. Mahmassani, and X. Zhou (2006) Variable Toll Pric-
ing and Heterogeneous Users: Model and Solution Algorithm for 
Bicriterion Dynamic Traffic Assignment Problems. In Transporta-
tion Research Record: Journal of the Transportation Research Board 
No. 1964, Transportation Research Board of the National Acad-
emies, Washington, D.C., pp 19–26.

Mahmassani, H. S. (2001) Dynamic network traffic assignment and 
simulation methodology for advanced system management appli-
cations. Networks and Spatial Economics 1, pp. 267-292.

Mahmassani, H.S., X. Zhou, and C. Lu (2005) Toll Pricing and Heteroge-
neous Users: Approximation Algorithms for Finding Bi-Criterion 
Time-Dependent Efficient Paths in Large-Scale Traffic Networks. 
In Transportation Research Record: Journal of the Transportation 
Research Board, No. 1923, Transportation Research Board of the 
National Academies, Washington, D.C., pp 28-36.

Marcotte, P. (1999) Reformulations of a Bi-criterion Equilibrium 
Model, in M. Fukushima, L. Qi, eds. Reformulation – Nonsmooth, 
Piecewise Smooth, Semismooth and Smoothing Methods. Kluwer 
Academic, Dordrecht, Netherlands, pp. 269–292.

Marcotte, P. and D. L. Zhu (1997) Equilibria with Infinitely Many Dif-
ferential Classes of Customers. In Complementarity and Variational 
Problems. State of the Art, Proceedings of the 13th International 
Conference on Complementarity Problems, Jong-Shi Pang and 
Michael Ferris, eds., SIAM, Philadelphia, pp. 234–258.

Martin, W.A. and N.A. McGuckin (1998) NCHRP Report 365: Travel 
Estimation Techniques for Urban Planning. TRB, National Research 
Council, Washington, D.C.

Mastako, K.A. (2003) Choice Set as an Indicator for Choice Behavior 
when Lanes are Managed with Value Pricing. Ph.D. dissertation. 
Texas A & M University, College Station.

McFadden, D. (1978) Modeling the Choice of Residential Location. 
In Spatial Interaction Theory and Planning Models, A. Karlquist,  
L. Lundquist, F. Snickbars, and J.W. Weibull, eds., North-Holland, 
Amsterdam, Netherlands, pp. 75–96.

McFadden, D. (1981) Econometric Models of Probabilistic Choice. In 
Structural Analysis of Discrete Data and Econometric Applications, 
C.F. Manski and D. McFadden, eds., MIT Press, Cambridge, MA, 
pp. 198–272.

Assessing Highway Tolling and Pricing Options and Impacts: Volume 2: Travel Demand Forecasting Tools

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/23427


161   

MORPC (2005) The MORPC Travel Demand Model. Validation 
and Final Report. Prepared by PB Consult, Inc for the Mid-Ohio 
Regional Planning Commission.

MTQ (2003) Travel Demand Model Development for Traffic and Rev-
enue Studies for Public-Private Partnership Highway Projects in 
the Montreal Region. Prepared by PB Consult, Inc for the Ministry 
of Transportation of Quebec.

Multimodal Travel Time Variability (2008) Final Report. Institute for 
Transportation Studies, University of Leeds.

NJDOT (2005) Evaluation Study of Port Authority of New York and New 
Jersey’s Time of Day Pricing Initiative: Final Report, New Jersey DOT.

NJTA (2003) Statement of Revenues and Expenses for the Year Ended 
December 31, 2003, First Consolidated Toll Road Annual Report 
2003, New Jersey Turnpike Authority.

NTTA (2003) Financial Statements and Supplementary Data 2003, 
North Texas Tollway Authority, Dallas North Tollway System.

NuStats (2006) Interstate 75 Passenger Car Stated Preference Survey, 
prepared for Georgia DOT.

NYMTC (2004) NYMTC Transportation Model and Data Initiative: 
New York Best Practice Model. General Final Report. Prepared 
by PB Consult for the New York Metropolitan Transportation 
Council.

OMB (2003) Regulatory Analysis, Circular No. A-4, Revised. U.S. 
Office of Management and Budget, Washington, D.C.

Ottawa TRANS Model Redevelopment (2007) Technical Report. Pre-
pared by McCormick Rankin Corporation and Parsons Brinckerhoff.

Ottawa TRANS Model Redevelopment (2008) Technical Report.  
McCormick Rankin Corporation (MRC) & Parsons Brinckerhoff 
(PB).

Perez, B. G., and G. C. Sciara (2003) A Guide for HOT Lane Development, 
FHWA-OP-03-009. Report prepared by Parsons Brinckerhoff with 
the Texas Transportation Institute (TTI) for the Federal Highway 
Administration (FHWA), Publication Number FHWA-OP-03-009.

Pendyala, R. (2005) Modeling Pricing in the Planning Process. Resource 
paper presented at the Expert Forum on Road Pricing and Travel 
Demand Modeling, USDOT.

Pickrell, S. (2007) Cost-Effective Measures and Planning Procedures 
for Travel Time, Delay, and Reliability, Cambridge Systematics, 
Inc., NCHRP Project 7-15, TRB, Washington, D.C.

Poole, R. W. (2007) Tolling and Public-Private Partnerships in Texas: 
Separating Myth from Fact. Reason Foundation Working Paper.

Redmond, L., Mokhtarian, P. (2001) The Positive Utility of the Com-
mute: Modeling Ideal Commute Time and Relative Desired Com-
mute Amount, Transportation, Vol. 28.

RSG (2007) Resource Systems Group, Inc. Documentation for the San 
Francisco Congestion Pricing Stated Preference Survey. Report 
prepared for PB Americas, Inc. 14 September.

Resource Systems Group, Inc. (2004) South Florida Household Survey 
Report, prepared for Florida’s Turnpike Enterprise, December.

Rodier, C.J. (2007) Beyond Uncertainty: Modeling Transportation, 
Land Use, and Air Quality in Planning. Report 07-01Mineta, 
Transportation Institute (MTI), College of Business, San Jose State 
University. 

Savvides, S. C. (1994) Risk Analysis in Investment Appraisal. Project 
Appraisal, 9 (1), pp. 3–18.

SJHTCA (2003) Statement of Revenues, Expenses and Changes in Fund 
Net Assets (Deficit) for the Year Ended June 30, 2003, Annual Finan-
cial Report 2003, San Joaquin Hill Transportation Corridor Agency.

Slavin, H., Brandon, J., and Rabinowicz, A. (2007) Empirical Compari-
son of Alternative Equilibrium Assignment Methods. Presented at 
the 11th TRB National Planning Applications Conference, May, 
Daytona Beach, FL.

Small, K. A. (1982) The Scheduling of Consumer Activities: Work Trips, 
American Economic Review, 72 (3), pp. 467-479.

Small, K. A. and H. S. Rosen (1981) Applied Welfare Economics with 
Discrete Choice Models. Econometrica, 49 (1), pp. 105–130.

Small, K. A. (1999) Project Evaluation. Chapter 5 of Essays in Transpor-
tation Economics and Policy: A Handbook in Honor of John Meyer, 
J. A. Gomez-Ibanez, W. B. Tye, and C. Winston (eds.), Brookings 
Institution, Washington, D.C., pp. 137–177.

Small, K. A., R. Noland, X. Chu, and D. Lewis (1999) NCHRP Report 431: 
Valuation of Travel-Time Savings and Predictability in Congested Con-
ditions for Highway User-Cost Estimation. Transportation Research 
Board of the National Academies, Washington, DC.

Small, K. A., C. Winston, and J. Yan (2005) Uncovering the Distribu-
tion of Motorists’ Preferences for Travel Time and Reliability, 
Econometrica, 73(4), pp. 1367-1382.

Small, K. A., C. Winston, and J. Yan (2006) Differentiated Road Pric-
ing, Express Lanes, and Carpools: Exploiting Heterogeneous Pref-
erences in Policy Design. Brookings-Wharton Papers on Urban 
Affairs, Brookings Institution, Washington, D.C.

Small, K. A. and E. T. Verhoef (2007) Economics of Urban Transporta-
tion. Routledge, London and New York.

Sorensen, P. A., and B. D. Taylor (2005) Innovations in Road Finance: 
Examining the Growth in Electronic Tolling. Presented at the 84th 
Annual Meeting of the Transportation Research Board, Washing-
ton D.C.

Spear, B. D. (2005) A Summary of the Current State of the Practice in 
Modeling Road Pricing. Resource paper presented at the Expert 
Forum on Road Pricing and Travel Demand Modeling, USDOT.

Stefan, K., J. McMillan, C. Blaschuk, and J. Hunt (2007) Estimation 
of a Weekend Location Choice Model for Calgary. Presented at 
the 11th Transportation Planning Application Conference, TRB, 
Daytona Beach, FL.

Steimetz, S. C., and Brownstone, D. (2005) Estimating Commuters’ 
Value of Time with Noisy Data: A Multiple Imputation Approach, 
Transportation Research Part B, Vol. 39, 865–869.

Stockton W., Hughes, P., Hickman, M., Pucket, D., Brown, Q, Miranda, 
A., and Woong, S. (2000) An Evaluation of the Katy Freeway HOV 
Lane Pricing Project, TTI Report E 205001, Texas Transportation 
Institute.

Stockton W., Benz, R., Rilett, L., Skowronek, D., Vadali S., and Daniels, G.  
(2000) Investigation of General Feasibility of High Occupancy/
Toll Lanes in Texas, TTI Report 4915-1, Texas Transportation 
Institute.

Sullivan, E. C. (2000) Continuation Study to Evaluate the Impacts of 
the SR 91 Value-Priced Express Lanes; Final Report prepared for 
State of California, DOT.

Sullivan, E. C. (2002) State Route 91 Value-Priced Express Lanes: Update 
Observations. In Transportation Research Record, Journal of the 
Transportation Research Board, No. 1812, Transportation Research 
Board of the National Academies, Washington, D.C., pp. 37–42.

Supernak, J. (1992) Temporal Utility Profiles of Activities and Travel: 
Uncertainty and Decision Making, Transportation Research B, 26(B), 
pp. 549–574.

Tillman, R, J. Smolley, K. Massarelli, A. Goldberg, A. Pratt, and  
P. Eshelman (2006) Long-Term Projection of Traffic and Revenues 
for Equity Analysis. Tollways, Autumn.

Tilahun, N. Y., and D. M. Levinson (2008) A Moment of Time: Reli-
ability in Route Choice Using Stated Preference. Presented at 
the 87th Annual Meeting of the Transportation Research Board, 
Washington, D.C.

TTA (2005a) Technical memorandum 2005-1. TTA Toll Feasibility 
Analysis Process. Texas Turnpike Authority, Austin, TX.

Assessing Highway Tolling and Pricing Options and Impacts: Volume 2: Travel Demand Forecasting Tools

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/23427


162

TTA (2005b) Technical memorandum 2005-2. Guidelines for Conducting 
TTA Traffic and Revenue Studies. Texas Turnpike Authority, Austin, 
Texas.

Tseng, Y., and E. Verhoef (2008) Value of Time by Time of Day: A 
Stated Preference Study, Transportation Research Part B.

Ukkusuri, S., A. Karoonsoontawong, S. T. Waller, and K. M. Kockelman 
(2005) Congestion Pricing Technologies: Synthesis and an Evalu-
ation Framework. Presented at the 84th Meeting of the Transpor-
tation Research Board, Washington, D.C.

Urban Analytics (2004) Estimating Demand for Value Pricing Projects: 
State of the Practice. Prepared for the NCTCOG by Urban Analy
tics, Inc and URS Corporation.

Verhoef, E. T., P. Nijkamp, and P. Rietveld (1996) Second-Best Conges-
tion Pricing: The Case of an Untolled Alternative. Journal of Urban 
Economics, 40, pp. 279–302.

Verhoef, E. T., and K. A. Small (2004) Product Differentiation on Roads: 
Constrained Congestion Pricing with Heterogeneous Users, Jour-
nal of Transport Economics and Policy, 38, pp. 127–156.

Verhoef, E. T. (2007) Second-Best Road Pricing through Highway Fran-
chising. Journal of Urban Economics, 62, pp. 337–361.

Vollmer (2001) Northwest Parkway Traffic and Revenue Study. Prepared 
for Northwest Parkway Public Highway Authority by Vollmer Asso-
ciates. Denver, CO, May.

Vovsha, P., M. Bradley, and J. Bowman (2005) Activity-Based Travel 
Forecasting Models in the United States: Progress Since 1995 and 
Prospects for the Future. In Progress in Activity-Based Analysis,  
H. Timmermans (ed.), Elsevier, pp. 389–414.

Vovsha, P., and M. Bradley (2004) Hybrid Discrete Choice Departure- 
Time and Duration Model for Scheduling Travel Tours. In Trans-
portation Research Record: Journal of the Transportation Research 
Board, No. 1894, Transportation Research Board of the National 
Academies, Washington, D.C., pp. 46–56.

Vovsha, P., W. Davidson, and R. Donnelly (2005) Making the State of 
the Art the State of the Practice: Advanced Modeling Techniques 
for Road Pricing. Resource paper presented at the Expert Forum 
on Road Pricing and Travel Demand Modeling, USDOT.

Vovsha P., Petersen E., and Donnelly R. M. (2003) Explicit Modeling 
of Joint Travel by Household Members: Statistical Evidence and 
Applied Approach. In Transportation Research Record: Journal of 
the National Academies, No. 1831, Transportation Research Board 
of the National Academies, Washington, D.C., pp. 1–10.

Vovsha P., Petersen E. (2005) Escorting Children to School: Statisti-
cal Analysis and Applied Modeling Approach. In Transportation 
Research Record: Journal of the Transportation Research Board, 
No. 1921, Transportation Research Board of the National Acad-
emies, Washington, D.C., pp. 131–140.

Vovsha P., Donnelly R., Gupta S. (2008) Network Equilibrium with 
Activity-Based Microsimulation Models: The New York Experi-
ence. Presented at the 87th Annual Meeting of the Transportation 
Research Board, Washington, D.C.

Wardman, M. (1998) The Value of Travel Time: A Review of British Evi-
dence, Journal of Transport Economics and Policy, 32(3), pp. 285–316.

Wardman, M., J. N. Ibanez, and J. Pagan (2009) Variations in Motor-
ists’ Valuations of Travel Time with Traffic Conditions. Presented 
at the 88th Annual Meeting of the Transportation Research Board, 
Washington, D.C.

Washington State Comprehensive Tolling Study. Final Report –  
Volumes 1 and 2. (2008) Cambridge Systematics.

Weisbrod, G. and B. Weisbrod (1997) Assessing the Economic Impact 
of Transportation Projects: How to Choose the Appropriate Tech-
nique for Your Project. Transportation Research Circular No. 477, 
Transportation Research Board, Washington, D.C.

WSA (2001) Traffic and Revenue Study. Proposed SR 125 South Toll-
way. Prepared for California Transportation Ventures, Inc. by 
Wilbur Smith Associates. San Diego, California, October 2001.

Yan, J., K. A. Small, and E.C. Sullivan (2001) Choice of Route, Occu-
pancy, and Time-of-Day with Value Priced Tolls.

Yan, J, and K. A. Small. (2002) Choice Models of Route, Occupancy, 
and Time of Day with Value Priced Tolls. Transportation Research 
Record 1812, TRB, 69–77.

Yang, H., W. H. Tang, W. M. Cheung, and Q. Meng (2002) Profit-
ability and Welfare Gain of Private Toll Roads in a Network with 
Heterogeneous Users. Transportation Research A, Vol. 36, 2002, 
pp. 537–554.

Zhao, Y. and K.M. Kockelman (2002) The Propagation of Uncertainty 
through Travel Demand Models: An Exploratory Analysis. Annals 
of Regional Science, 36 (1), pp. 145-163.

Zhao, Y., K. M. Kockelman, and A. Karlström (2008) Welfare Calcu-
lations in Discrete Choice Settings: The Role of the Error Term 
Correlation. Proceedings of the 87th Annual Meeting of the Trans-
portation Research Board, Washington, D.C.

Zhou, X., H. S. Mahmassani, and K. Zhang (2008). Dynamic Micro-
Assignment Modeling Approach for Integrated Multimodal Urban 
Corridor Management. Transportation Research Part C, Vol. 16, 
pp. 167–186.

Zmud, J. (2005) Data Requirements to Support Road Pricing Analysis. 
Resource paper presented at Expert Forum on Road Pricing and 
Travel Demand Modeling, USDOT.

Zmud J., M. Bradley, F. Douma and C. Simek (2007) Panel Survey 
Evaluation of Attitudes and Willingness to Pay for Tolled Facili-
ties. Presented at the 86th Annual Meeting of the Transportation 
Research Board, Washington, D.C.

Assessing Highway Tolling and Pricing Options and Impacts: Volume 2: Travel Demand Forecasting Tools

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/23427


163   

A p p e n d i x  A 

Appendix A 

A.1. Details of Selected Models Applied for Pricing Studies 

A.1.1.Four-Step Trip-Based Models  

A.1.1.1. Orange County, California 

ORANGE COUNTY TRANSPORTATION AGENCY 
Orange County, California 
Major model feature  Detailed feature / sub-model Characteristics 
Spatial scale Regional 
Demand model 
structure 

Aggregate trip-based. 

Modeled pricing 
impacts (traveler 
responses), sub-model 
structure, form of 
utility function, 
incorporation of 
pricing 

Mode Choice & Auto Occupancy DA Toll, SR2 Toll and SR3+ Toll are 
elemental alternatives in a nested logit 
model. 
Utility of a toll mode is a function of 
its travel time, cost, a constant 
(unobserved attributes) term, and a 
‘bonus’ term that increases with the 
difference between the toll and no toll 
travel time. 

Trip Distribution The HBW distribution model uses 
mode choice logsums as the gravity 
model impedance. 
The mode choice utility constants 
used for trip distribution are not equal 
to the constants used for mode choice. 

Willingness to pay / 
VOT and user 
segmentation 

Vehicle classes Auto only. 
Vehicle occupancy categories  SOV Toll, SOV No Toll, HOV Toll 

HOV No Toll, but same VOT for all 
classes. 

Trip purpose segmentation 
(low/med/high income) 
$1989 

Home based work ($3.1/$8.4/$19.4) 
Home based other ($1.5/$4.1/$9.7) 
Non home based work ($6.7/hr) 
Non home based other ($6.7/hr) 

Household / person characteristics Household income (low/med/hi) – 
VOT for trip distribution vary by 
income group and trip purpose. 

Network simulation 
tool 

Simulation type Static user equilibrium assignment 
Representation of priced highway 
facilities 

Cost function depends on travel time 
only. 

Demand – Network 
Equilibrium 

Feedback implementation  None. 

Surveys and other data 
sources for model 
estimation / calibration 
/ validation 

Household travel survey N/A 
Survey of existing toll road users N/A 
Stated Preference survey  N/A 
Traffic counts N/A 
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A.1.1.2. Wasatch Front, Utah 

WASATCH FRONT REGIONAL COUNCIL / MOUNTAINLAND ASSOCIATION OF 
GOVERNMENTS 
Salt Lake, Utah 
Major model feature  Detailed feature / sub-model Characteristics 
Spatial scale Regional 
Demand model 
structure 

Aggregate trip-based 

Modeled pricing 
impacts (traveler 
responses), sub-model 
structure, form of 
utility function, 
incorporation of 
pricing 

Mode Choice & Auto Occupancy DA Toll, SR2 Toll and SR3+ Toll are 
elemental alternatives in a nested logit 
model. 
Utility of an auto mode, which 
includes the toll alternatives, is a 
function of its travel time, cost, a 
constant (unobserved attributes) term, 
and CBD and urbanization indicator 
variables. 

Trip Distribution The HBW distribution model uses 
mode choice logsums in a destination 
choice framework. 
For all other purposes, toll costs are 
expressed in minutes using a VOT 
factor and added to the travel time.  
The impedance for the gravity models 
is the harmonic mean of travel time 
for the free path and travel time for 
the toll path. 

Willingness to pay / 
VOT and user 
segmentation 

Vehicle classes 
VOT is $40/hour for all classes 

General purpose lane users 
HOV lane users, short distance 
HOV lane users, long distance 
Toll lane users, short distance 
Toll lane users, long distance 

Vehicle occupancy categories  SOV, HOV2, HOV3+ 
Trip purpose segmentation 
(low income / high income) 

Home based work ($1.34/$11.5) 
Home based school ($2.2/$4.2) 
Home based other ($0.8/$5.6) 
Non home based ($2.8/$5.7) 

Household / person characteristics Household income (low/high) 
Network simulation 
tool 

Simulation type Static user equilibrium assignment 
Representation of priced highway 
facilities 

Cost function depends on travel time, 
distance and toll costs. 

Demand – Network 
Equilibrium 

Feedback implementation  N/A 

Surveys and other data 
sources for model 
estimation / calibration 
/ validation 

Household travel survey 1992  
Traffic counts N/A 
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A.1.1.3. Dallas – Fort Worth, Texas 

NORTH-CENTRAL TEXAS COUNCIL OF GOVERNMENTS 
Dallas – Fort Worth, Texas 
Major model feature  Detailed feature / sub-model Characteristics 
Spatial scale Regional 
Demand model 
structure 

Aggregate trip-based. 

Modeled pricing 
impacts (traveler 
responses), sub-model 
structure, form of 
utility function, 
incorporation of 
pricing 

Mode Choice The only pricing impact is the 
inclusion of the toll cost in the utility 
of the auto alternatives. 

Willingness to pay / 
VOT and user 
segmentation 

Vehicle classes Drive alone, shared ride HOV lane, 
shared ride non-HOV lane, trucks.  
Two values of time:  $10/hr for autos 
and $12/hr for trucks ($1999) 

Trip purpose segmentation  Home based work ($5.91/hr)) 
Home based non work ($4.07/hr) 
Non home based ($3.30/hr) 

Network simulation 
tool 

Simulation type Static user equilibrium assignment 
Representation of priced highway 
facilities 

Cost function depends on travel time, 
operating costs and toll costs. 

Demand – Network 
Equilibrium 

Feedback implementation  Fixed number of model iterations. 

Surveys and other data 
sources for model 
estimation / calibration 
/ validation 

Household travel survey 1996 / 4,500 households 
Traffic counts 1999 
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A.1.1.4. San Francisco Bay Area, California 

METROPOLITAN TRANSPORTATION COMMISSION (*) 
San Francisco Bay Area, California 
Major model feature  Detailed feature / sub-model Characteristics 
Spatial scale Regional 
Demand model 
structure 

Aggregate trip-based. 

Modeled pricing 
impacts (traveler 
responses), sub-model 
structure, form of 
utility function, 
incorporation of 
pricing 

Mode Choice & Auto Occupancy DA Toll, SR2 Toll and SR3+ Toll are 
elemental alternatives in a nested logit 
model.  Trips that use the existing 
tolled bridges (Golden Gate, Bay, 
Dumbarton, San Mateo or San Rafael 
Bridges) are not considered Toll trips. 
Utility of a toll mode is a function of 
its travel time, cost or log of cost, 
household income, zonal 
characteristics, and a constant 
(unobserved attributes) term.  Toll 
costs are shared among vehicle 
occupants in the off-peak period. 

Willingness to pay / 
VOT and user 
segmentation 

Vehicle classes DA Toll, DA No Toll, SR2 Toll, SR2 
No Toll, SR3+ Toll, SR3+ No Toll, 
Trucks. 

Trip purpose segmentation  
VOT in $1990. 

Home based work ($9.65) 
Home based school ($0.36) 
Home based university ($0.67) 
Home based recreation ($0.79) 
Home based shop ($6.58) 
Home based other 
Non home based ($1.08) 
Trucks ($25.0) 
Internal/External ($1.08) 

Network simulation 
tool 

Simulation type Static user equilibrium assignment. 
Akcelik volume-delay functions. 

Representation of priced highway 
facilities 

Cost function depends on travel time 
only. 

Demand – Network 
Equilibrium 

Feedback implementation  Speed feedback to mode choice. 

Surveys and other data 
sources for model 
estimation / calibration 
/ validation 

Household travel survey 1990 (10,000 households, trip-based 
survey) 
1996 (15,000 households, activity-
based survey) 

(*) As modified for the I-680 Corridor Value Pricing Study and the FAIR Lanes Study. 
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A.1.1.5. San Diego, California 

SAN DIEGO ASSOCIATION OF GOVERNMENTS (*) 
San Diego, California 
Major model feature  Detailed feature / sub-model Characteristics 
Spatial scale Regional 
Demand model 
structure 

Aggregate trip-based. 

Modeled pricing 
impacts (traveler 
responses), sub-model 
structure, form of 
utility function, 
incorporation of 
pricing 

Mode Choice & Auto Occupancy DA Toll, SR2 Toll and SR3+ Toll are 
elemental alternatives in a nested logit 
model.  Also considers HOV No Toll 
as elemental alternatives. 
Utility of a toll mode is a function of 
its travel time, cost, and a constant 
(unobserved attributes) term. 

Trip Distribution The gravity models use generalized 
cost as the impedance measure, with 
time valued at $0.35/min ($21/hr) and 
distance at $0.13/mile for all 
purposes. 

Willingness to pay / 
VOT and user 
segmentation 

Vehicle classes SOV, HOV. 
Vehicle occupancy categories  SOV Toll, SOV No Toll, HOV Toll 

HOV No Toll, but same VOT for all 
classes. 

Trip purpose segmentation 
VOT in $1995 
(low/med/high income) 

Home based work ($1.8/$5.4/$11.2) 
Home based other ($0.9/$2.7/$5.6) 
Non home based ($2.7/hr) 

Household / person characteristics Household income (low/med/hi) 
Network simulation 
tool 

Simulation type Static user equilibrium assignment 
Representation of priced highway 
facilities 

Cost function depends on travel time, 
travel costs and distance, with time 
valued at $21/hour for all vehicle 
classes. 

Demand – Network 
Equilibrium 

Feedback implementation  One feedback iteration. 

Surveys and other data 
sources for model 
estimation / calibration 
/ validation 

Household travel survey Year 1995 / 2,050 households 
Survey of existing toll road users Years 1997-1999 / 1,500 commuters 
Traffic counts Year 2000 / express lane counts 

(*) As modified for the I-5 North Coast Managed Lane Value Pricing Study. 
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A.1.1.6. Minneapolis – Saint Paul, Minnesota 

TWIN CITIES METROPOLITAN COUNCIL 
Minneapolis – Saint Paul, Minnesota 
Major model feature  Detailed feature / sub-model Characteristics 
Spatial scale Regional 
Demand model 
structure 

Aggregate trip-based. 

Modeled pricing 
impacts (traveler 
responses), sub-model 
structure, form of 
utility function, 
incorporation of 
pricing 

Mode Choice & Auto Occupancy DA Toll, SR2 Toll no HOV, SR2 Toll 
HOV, SR3+ Toll no HOV and SR3+ 
Toll HOV are elemental alternatives 
in a nested logit model. 
Utility of a toll mode is a function of 
its travel time, cost, and  a constant 
(unobserved attributes) term. 

Trip Distribution Mode choice logsums are used as the 
accessibility term in destination 
choice models for all purposes.  

Willingness to pay / 
VOT and user 
segmentation 

Vehicle classes Auto only. 
Vehicle occupancy categories  SOV Toll, SOV No Toll, HOV Toll 

HOV No Toll, but same VOT for all 
classes. 

Trip purpose segmentation 
VOT in $2000 

Home based work ($12.27/hr) 
Home based other ($3.67/hr) 
Non home based work ($1.92/hr) 
Non home based other ($2.00/hr) 

Network simulation 
tool 

Simulation type Static user equilibrium assignment 
Representation of priced highway 
facilities 

Cost function depends on travel time 
only. 

Demand – Network 
Equilibrium 

Feedback implementation  Travel times fed back to trip 
distribution; model converges when 
VMT difference is less than 5%. 

Surveys and other data 
sources for model 
estimation / calibration 
/ validation 

Household travel survey Year 2001 / 6,200 households 
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A.1.1.7. Denver, Colorado 

DENVER REGIONAL COUNCIL OF GOVERNMENTS 
Denver, Colorado 
Major model feature  Detailed feature / sub-model Characteristics 
Spatial scale Regional 
Demand model 
structure 

Aggregate trip-based. 

Modeled pricing 
impacts (traveler 
responses), sub-model 
structure, form of 
utility function, 
incorporation of 
pricing 

Mode Choice & Auto Occupancy The only pricing impact is the 
inclusion of the toll cost in the utility 
of the auto alternatives. 

VOT in the mode choice model are 
adjusted for vehicle occupancy (SOV 
values multiplied by average vehicle 
occupancy). 

VOT for parking costs are twice as 
high than for toll or operating costs. 

Willingness to pay / 
VOT and user 
segmentation 

Vehicle classes DA, SR2 and SR3+ (trucks are pre-
loaded).   

Time of day VOT in network simulation varies by 
time of day:  $8/hr peak and $6/hr off-
peak. 

Trip purpose segmentation  
$1996 (low/med/high income) 
for SOV trips (toll costs) 

Home based work ($4 / $8 / $16) 
Home based other ($8.8/hr) 
Non home based  ($8.4/hr) 

Household / person characteristics Household income (low/med/hi) for 
HBW trips only 

Network simulation 
tool 

Simulation type Static user equilibrium assignment 
Representation of priced highway 
facilities 

Cost function depends on travel time, 
distance and toll costs.  VOT varies 
by time period. 

Demand – Network 
Equilibrium 

Feedback implementation  Convergence is reached when less 
than 1% of the links show a speed 
difference of more than 10%.  Speeds 
are fed back to top of model chain. 

Surveys and other data 
sources for model 
estimation / calibration 
/ validation 

Household travel survey 1997 / 4,100 households 
Not used for model estimation. 
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Specifically developed for the E-470 toll traffic study. 
Denver, Colorado 
Major model feature  Detailed feature / sub-model Characteristics 
Spatial scale Corridor 
Demand model 
structure 
Modeled pricing 
impacts (traveler 
responses), sub-model 
structure, form of 
utility function, 
incorporation of 
pricing 

Binary pre-route choice Logistic diversion model, with toll 
probabilities expressed as a function 
of the natural log of travel time 
savings and square of toll. 

Vehicle occupancy categories  Toll, No toll 
Trip purpose segmentation  Home based work 

Airport trips 
Non home based work 
Non home based other 

Network simulation 
tool 

Simulation type Static user equilibrium assignment 
Representation of priced highway 
facilities 

Cost function depends on travel time 
only. 

Demand – Network 
Equilibrium 

Feedback implementation  None. 

Surveys and other data 
sources for model 
estimation / calibration 
/ validation 

Household travel survey N/A 
Stated Preference survey  Year 1991 
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A.1.1.8. Atlanta, Georgia 

ATLANTA REGIONAL COMMISSION 
Atlanta, Georgia 
Major model feature  Detailed feature / sub-model Characteristics 
Spatial scale Regional 
Demand model 
structure 

Aggregate trip-based. 

Modeled pricing 
impacts (traveler 
responses), sub-model 
structure, form of 
utility function, 
incorporation of 
pricing 

Binary pre-route choice Logistic diversion model, with 
probabilities a function of travel time 
savings and toll cost: 
Travel time coefficient (min): 0.0875 
Cost coefficient ($): 1.121 

Willingness to pay / 
VOT and user 
segmentation 

Vehicle classes 
$2000 

SOV, HOV, Commercial. 

VOT for passenger car is $15/hour, 
for Commercial vehicles $35/hour, 
for purposes of expressing toll cost as 
time equivalents when building paths. 

Diversion model parameters are the 
same for all vehicle classes. 

Trip purpose segmentation  None for the diversion model 
Network simulation 
tool 

Simulation type Static user equilibrium assignment 
Representation of priced highway 
facilities 

Cost function depends on travel time 
and tolls. 

Demand – Network 
Equilibrium 

Feedback implementation  Not implemented for pricing studies 

Surveys and other data 
sources for model 
estimation / calibration 
/ validation 

Household travel survey 2001 / 8,000 households 
Focus group study  2004 / 113 participants 
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A.1.1.9. Orlando, Florida 

FLORIDA TURNPIKE ENTERPRISE 
Orlando, Florida 
Major model feature  Detailed feature / sub-model Characteristics 
Spatial scale Regional 
Demand model 
structure 

Aggregate trip-based. 

Modeled pricing 
impacts (traveler 
responses), sub-model 
structure, form of 
utility function, 
incorporation of 
pricing 

Mode Choice & Auto Occupancy DA Toll, SR2 Toll and SR3+ Toll are 
elemental alternatives in a nested logit 
model. 
Utility of a toll mode is a function of 
its travel time, cost relative to natural 
log of household income, trip length 
(HBW only), and a constant 
(unobserved attributes) term.  For 
HBW trips, vehicle occupancy affects 
cost-sharing; costs are divided by 
ln(occupancy + 1).  Vehicle 
occupancy has no effect on cost-
sharing for other purposes. 

Willingness to pay / 
VOT and user 
segmentation 

Vehicle classes SOV Toll, SOV No Toll, HOV2 Toll, 
HOV2 No toll, HOV3+ Toll, HOV3+ 
No Toll.  All use same VOT in 
network simulation. 

Vehicle occupancy categories  SOV, HOV2, HOV3+ 
Trip purpose segmentation 
(Range of VOT by income levels) 
$2000 

Home based work peak ($4.5/hr to 
$9.5/hr) 
Home based work off peak ($4.0 /hr 
to $13.5/hr) 
Home based other peak ($4.0/hr to 
$7.50/hr) 
Home based other off peak ($3.0/hr to 
$8.0/hr) 
Non home based  
Visitors ($5.0/hr) 

Household / person characteristics Household income (continuous) 
Time of day VOT vary by time period (peak, off-

peak). 
Network simulation 
tool 

Simulation type Static user equilibrium assignment.  
Akcelik volume-delay functions. 

Representation of priced highway 
facilities 

Cost function depends on travel time 
and toll cost, with parameters that 
vary by time period: 
Time:  -0.047 cents/min (peak) / -0.06 
cents/min (off peak) 
Cost: -0.006 cents/cents (peak & 
midday) / -0.003 cents/cents (night). 
Equivalent VOT: 
Peak - $4.7/hr 
Midday - $6.0/hr 
Night - $12/hr 
A queuing model was used to
estimate delay at toll plazas.  

Assessing Highway Tolling and Pricing Options and Impacts: Volume 2: Travel Demand Forecasting Tools

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/23427


173   

FLORIDA TURNPIKE ENTERPRISE 
Orlando, Florida 
Major model feature  Detailed feature / sub-model Characteristics 
Demand – Network 
Equilibrium 

Feedback implementation  Travel times fed back to trip 
distribution, calculated using method 
of successive averages. 
The model executes four feedback 
iterations. 

Surveys and other data 
sources for model 
estimation / calibration 
/ validation 

Origin / Destination survey 2000  
Stated Preference survey  2000 / 1,044 respondents 
Speed measurements 2000 
Traffic counts 2000 
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A.1.1.10. Seattle, Washington 

PUGET SOUND REGIONAL COUNCIL 
Seattle, Washington 
Major model feature  Detailed feature / sub-model Characteristics 
Spatial scale  Regional 
Demand model 
structure 

Aggregate trip-based. 

Modeled pricing 
impacts (traveler 
responses), sub-model 
structure, form of 
utility function, 
incorporation of 
pricing 

Mode Choice & Auto Occupancy The only pricing effect is the 
inclusion of toll costs in the utility 
function of the auto alternatives.  The 
mode choice model is multinomial 
logit. 

Trip Distribution The HBW distribution model uses a 
composite impedance variable, 
partially based on mode choice 
logsums, in a destination choice 
framework.  

Willingness to pay / 
VOT and user 
segmentation 

Vehicle classes and time of day 
(reported VOTs for final assignment 
only). 
$2000 

Peak: 
SOV HBW 
($10.6/$19.6/$28.6/$38.4),  
HBO & Carpools ($16.7/hr) 
Light Trucks ($35.0/hr) 
Medium Trucks ($35.5/hr) 
Heavy Trucks ($41.0/hr) 
Off Peak: 
SOV HBW ($8.9/$16.4/$23.9/$31.0),  
HBO & Carpools ($14.0/hr) 
Light Trucks ($29.3/hr) 
Medium Trucks ($29.7/hr) 
Heavy Trucks ($34.3/hr) 

Vehicle occupancy categories  SOV, HOV2, HOV3+ 
Trip purpose segmentation 
$2000 

Home based work 
($4.0/$7.2/$10.8/$13.8) 
Home based college ($8.4/hr) 
Home based other ($3.8/hr) 
Non home based ($5.1/hr) 

Household / person characteristics Household income (four groups) for 
HBW trips. 

Network simulation 
tool 

Simulation type Static user equilibrium assignment. 
HCM 2000 volume-delay functions. 

Representation of priced highway 
facilities 

Cost function depends on travel time 
and costs, with parameters that vary 
by vehicle class. 

Demand – Network 
Equilibrium 

Feedback implementation  Travel times fed back to trip 
distribution.  Four feedback iterations 
performed. 

Surveys and other data 
sources for model 
estimation / calibration 
/ validation 

Household travel survey 1999  
Not used for model estimation. 

Traffic counts Year / vehicle type 
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Model Developed for the Dulles Greenway traffic study. 
Washington, D.C. 
Major model feature  Detailed feature / sub-model Characteristics 
Spatial scale Corridor 
Demand model 
structure 
Modeled pricing 
impacts (traveler 
responses), sub-model 
structure, form of 
utility function, 
incorporation of 
pricing 

Binary pre-route choice Logistic diversion model, with toll 
probabilities expressed as a function 
of the natural log of travel time 
savings, square of toll and a constant 
term. 

Vehicle occupancy categories  Toll, No toll 
Trip purpose segmentation Home based work 

Airport trips 
Non work 

Network simulation 
tool 

Simulation type Static user equilibrium assignment 
Representation of priced highway 
facilities 

Cost function depends on travel time 
only. 

Demand – Network 
Equilibrium 

Feedback implementation  None. 

Surveys and other data 
sources for model 
estimation / calibration 
/ validation 

Household travel survey N/A 
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A.1.1.11. Austin, Texas 

Austin, Texas 
Major model feature  Detailed feature / sub-model Characteristics 
Spatial scale Corridor 
Demand model 
structure 
Modeled pricing 
impacts (traveler 
responses), sub-model 
structure, form of 
utility function, 
incorporation of 
pricing 

Binary pre-route choice Logistic diversion model, with toll 
probabilities expressed as a function 
of travel time savings, toll cost 
(relative to natural log of income for 
HBW), and constants stratified by 
electronic vs. cash payment. 

Vehicle occupancy categories  Toll, No toll 
Trip purpose segmentation Home based work 

Home based school 
Home based shop 
Home based other 
Non home based work 
Non home based other 
Trucks 

Network simulation 
tool 

Simulation type Static user equilibrium assignment 
Representation of priced highway 
facilities 

Cost function depends on travel time 
only. 

Demand – Network 
Equilibrium 

Feedback implementation  None. 

Surveys and other data 
sources for model 
estimation / calibration 
/ validation 

Household travel survey Size / sample, year, structure / 
questionnaire 

Stated preference survey N/A 
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A.1.1.12. Houston, Texas 

HOUSTON – GALVESTON AREA COUNCIL 
Houston, Texas 
Major model feature  Detailed feature / sub-model Characteristics 
Spatial scale Regional 
Demand model 
structure 

Aggregate trip-based. 

Modeled pricing 
impacts (traveler 
responses), sub-model 
structure, form of 
utility function, 
incorporation of 
pricing 

Mode Choice & Auto Occupancy DA toll, SR2 toll, SR3 toll and SR4+ 
toll are elemental alternatives in a 
nested logit model. 
Utility of a toll mode is a function of 
its travel time, cost, time savings with 
respect to the toll free alternative, and 
a constant (unobserved attributes) 
term.  The toll options are available 
only if they imply minimum time 
savings (3 min. for work trips; 2.5 
min. for non-work trips). 

Willingness to pay / 
VOT and user 
segmentation 

Vehicle classes Auto only. 
Vehicle occupancy categories  SOV, HOV2, HOV3+ 
Trip purpose segmentation 
(lowest VOT – highest VOT) 
$1985 

Home based work ($2.7/hr - $5.5/hr) 
Home based other ($1.6/hr - $3.3/hr) 
Non home based ($4.2/hr) 

Household / person characteristics Household income – five classes. 
Network simulation 
tool 

Simulation type Static user equilibrium assignment, 
using 24 hr speed averages instead of 
free-flow speeds and a modified BPR 
volume-delay function. 

Representation of priced highway 
facilities 

Cost function depends on travel time 
only. 

Demand – Network 
Equilibrium 

Feedback implementation  None. 

Surveys and other data 
sources for model 
estimation / calibration 
/ validation 

Household travel survey 1984 / 1,500 households (estimation) 
1994 / 2,400 households (calibration 
& validation). 

Traffic counts 1995 
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A.1.2.Activity-Based Tour-Based Models  

A.1.2.1. San Francisco, California 

SAN FRANCISCO COUNTY TRANSPORTATION AUTHORITY (SFCTA) RPM-9 MODEL   
San Francisco, California 
Major model 
feature  

Detailed feature / sub-
model 

Characteristics 

Spatial scale Regional (9 counties) 
Demand model 
structure 

Activity-based tour-based microsimulation  

Modeled pricing 
impacts (traveler 
responses), sub-
model structure, 
form of utility 
function, 
incorporation of 
pricing 

Household auto 
ownership and tour 
frequency models 

Logit models with accessibility indices in the utility 
functions.  Accessibility indices are based on 
highway and transit travel times. Effect of pricing 
can be partially captured through impact on travel 
times; however there is no direct sensitivity to 
pricing 

Primary tour destination 
choice 

MNL model with mode choice logsum as one of the 
variables; sensitivity to pricing is ensured through 
this logsum 

Tour mode choice Nested logit model segmented by 7 purposes (Work, 
K-8, High School, College, Other, Work-Based) with 
10 modes: 1=SOVFree, 2=1=SOVPay 3=HOV2 
Free, 4=HOV2 Pay,  5=HOV 3+ Free, 6=HOV 3+ 
Pay, 7=Walk, 8=Bike, 9=Walk to transit, 10=Drive 
to transit.   Mode utilities include time and cost 
variables; binary sub-choice (toll vs. non-toll) is 
included below auto modes.  

Stop frequency  Chosen within the context of the daily activity 
pattern model; currently insensitive to pricing   

Stop location choice Based on the level-of-service of the chosen tour 
mode, including toll.  Sensitive to toll cost if tour 
mode is auto. 

Trip mode choice Nested logit segmented by 7 tour purposes, with 14 
modes: 1=SOVFree, 2=1=SOVPay 3=HOV2 Free, 
4=HOV2 Pay,  5=HOV 3+ Free, 6=HOV 3+ Pay, 
7=Walk, 8=Bike, 9=Walk to local, 10=Walk to 
MUNI Metro, 11=Walk to Premium, 12=Walk to 
BART, 13=Drive to Premium, 14=Drive to BART.  
Mode utilities include time and cost variables, and 
influenced by tour mode choice; binary sub-choice 
(toll vs. non-toll) is included below auto modes.   

Time-of-day choice Multinomial logit models with 5 time periods; 
currently structured before destination choice for all 
tour purposes except for work; currently insensitive 
to pricing.  Currently re-structuring model to place 
time-of-day choice between destination choice and 
mode choice, to enable use of mode choice logsums 
in time-of-day choice and allow sensitivity to 
pricing.  Also adding half-hourly time-of-day choice 
model for auto trips (after trip mode choice) to allow 
sensitivity to pricing in peak period spreading, based 
on SP data. 
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SAN FRANCISCO COUNTY TRANSPORTATION AUTHORITY (SFCTA) RPM-9 MODEL   
San Francisco, California 
Major model 
feature  

Detailed feature / sub-
model 

Characteristics 

Willingness to pay 
/ VOT and user 
segmentation 

Vehicle classes Vehicle classes in the time-of-day specific 
assignments and assumed VOT: 
1=SOV Free ($15.0/hr) 
2=SOV Pay ($15.0/hr) 
3=SOV Already Paid ($15.0/hr) 
4=HOV2 Free ($30.0/hr) 
5=HOV2 Pay ($30.0/hr) 
6=HOV2 Already Paid ($30.0/hr) 
7=HOV3+ Free ($45.0/hr) 
8=HOV3+ Pay ($45.0/hr) 
9=HOV3+ Already Paid ($45.0/hr) 
10=Externals Free ($15.0/hr) 
11=Externals Pay ($15.0/hr) 
12=Commercial Vehicles Free ($30.0/hr) 
13=Commercial Vehicles Pay ($30.0/hr) 

Notes:  
Already Paid refers to area pricing; if a traveler has 
already paid the area fee, they are free to travel 
without paying the toll again, and are placed in the 
‘Already paid’ bin.   
A binary logit model is used to split externals and 
commercial vehicles into free and pay categories. 

Vehicle occupancy 
categories  

SOV, HOV2, HOV3+ in mode choice; 
SOV, HOV2, HOV3+ in assignment 

Trip purpose 
segmentation, VOT in 
$1989 (currently 
deterministic for each 
purpose) 

There are two different VOTs available in the 
SFCTA RPM-9 Models.  One is the traditional, fixed 
value-of-time with segmentation by household 
income.  The other algorithm draws a mandatory and 
non-mandatory value-of-time for each person day 
from a log-normal distribution.  The draw is based 
on the ratio of the household income to the number 
of workers in the household (the per worker 
household income). The models were calibrated and 
pricing policies are currently being analyzed using 
the distributed values of time. 

Work  

Segmented VOT:  
$0-$30k = $3.61/hr 
$30-$630k = $10.86/hr 
$60k + = $17.87/hr 

Distributed VOT: 1/2 of the average hourly wage 
rate, varying according to a lognormal distribution 
with mu=0 and sigma = 0.25 
Grade School 

Segmented VOT:  
$0-$30k = $2.40/hr 
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SAN FRANCISCO COUNTY TRANSPORTATION AUTHORITY (SFCTA) RPM-9 MODEL   
San Francisco, California 
Major model 
feature  

Detailed feature / sub-
model 

Characteristics 

$30-$630k = $7.23/hr 
$60k + = $12.00/hr 

Distributed VOT:  Either the parents mandatory 
VOT or $5/hour, whichever is lower. 
High School 

Segmented VOT: 
$0-$30k = $2.40/hr 
$30-$630k = $7.23/hr 
$60k + = $12.00/hr 

Distributed VOT:  Either the parents mandatory 
VOT or $5/hour, whichever is lower. 
University 

Segmented VOT: 
$0-$30k = $2.40/hr 
$30-$630k = $7.23/hr 
$60k + = $12.00/hr 

Distributed VOT: 1/2 of the average hourly wage 
rate, varying according to a lognormal distribution 
with mu=0 and sigma = 0.25 
Other 

Segmented VOT: 
$0-$30k = $2.40/hr 
$30-$630k = $7.23/hr 
$60k + = $12.00/hr 

Distributed VOT: 2/3 of the mandatory VOT 
Work-Based 

Segmented VOT: 
$0-$30k = $2.40/hr 
$30-$630k = $7.23/hr 
$60k + = $12.00/hr 

Distributed VOT: 2/3 of the mandatory VOT 
Household / person 
characteristics 

Household income affects VOT in both distributed 
and segmented calculations.  Many other person and 
household characteristics, particularly in day-pattern 
and time-of-day choice models.   

Network 
simulation tool 

Simulation type Static user equilibrium multi-class assignment (Cube 
software) 

Representation of priced 
highway facilities 

Tolls are skimmed during assignment, and fed to 
demand models in cost matrices.  Tolls are 
considered in path-building and assignment 
algorithms by conversion to travel time units based 
on the average VOT for each vehicle class; Area 
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SAN FRANCISCO COUNTY TRANSPORTATION AUTHORITY (SFCTA) RPM-9 MODEL   
San Francisco, California 
Major model 
feature  

Detailed feature / sub-
model 

Characteristics 

pricing is modeled by rules regarding which tours are 
exposed to costs first, and which tours may be ‘free’ 
based on whether toll has been paid in previous 
choice models. 

Demand – 
Network 
Equilibrium 

Feedback implementation  Feedback is implemented for all models.  MSA 
method is applied for link volumes and trip tables in 
parallel.  Work destination choice shadow pricing 
uses prices computed in previous iterations, and 
model is started with skims and shadow prices from 
a previous model run.  Early iterations utilize 
population sampling to cut down run-time.  Full 
equilibrium requires 3-5 iterations.  Model is run 5 
times (with full feedback for each run) and results 
are averaged.  

Surveys and other 
data sources for 
model estimation / 
calibration / 
validation 

Household travel survey Originally estimated using 1990 and 1996 BATS 
travel surveys, with 10,000 households and 3,700 2-
day households each,  Model updated/re-calibrated 
based on 2000 BATS travel survey with 15,000 2-
day households. 

Survey of existing toll 
road users 

None available.  Aggregate data available on toll 
bridge crossings. 

Stated Preference survey  SP Survey of commute and non-commute auto trips 
to downtown San Francisco conducted in summer 
2007.  Data currently being used to compute updated 
values-of-time, and mode and time-of-day elasticities 
with respect to pricing. 

Traffic counts Extensive set of 1,640 traffic counts from different 
sources updated on a yearly basis.  Transit boardings 
from various sources, BART station-station daily trip 
tables, on-board bus speed data, etc.  
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A.1.2.2. New York, New York 

NEW YORK METROPOLITAN TRANSPORTATION COUNCIL   
New York, New York 
Major model 
feature  

Detailed feature / sub-
model 

Characteristics 

Spatial scale Regional (28 counties) 
Demand model 
structure 

Activity-based tour-based microsimulation  

Modeled pricing 
impacts (traveler 
responses), sub-
model structure, 
form of utility 
function, 
incorporation of 
pricing 

Household auto 
ownership and tour 
frequency models 

Logit models with accessibility indices in the utility 
functions.  Accessibility indices are based on 
highway and transit travel times. Effect of pricing 
can be partially captured through impact on travel 
times; however there is no direct sensitivity to 
pricing 

Primary tour destination 
choice 

MNL model with mode choice logsum as one of the 
variables; sensitivity to pricing is ensured through 
this Logsum 

Tour mode choice Nested logit model segmented by 6 purposes with 11 
modes: 1=SOV, 2=HOV2, 3=HOV3, 4=HOV4+, 
5=Walk to transit, 6=Drive to transit, 7=Walk to 
commuter rail, 8=Drive to commuter rail, 9=Taxi, 
10=School bus, 11=Non-motorized.  Mode utilities 
include time and cost variables; 
No binary sub-choice (toll vs. non-toll) is currently 
included.  

Stop frequency & location 
choice 

Based on the distance measures and person, 
household, and zonal attributes; currently insensitive 
to pricing   

Trip mode choice Derived from the tour mode based on the relative 
stop location; rule-based and currently insensitive to 
pricing   

Time-of-day choice Predetermined diurnal distributions by tour departure 
time and duration by half-hour intervals; segmented 
by purpose, mode, and geography; currently 
insensitive to pricing; a stand-alone subroutine for 
peak-spreading was developed that restructures these 
distributions based on tolls and travel-time savings  

Willingness to pay 
/ VOT and user 
segmentation 

Vehicle classes Vehicle classes in the time-of-day specific 
assignments and assumed VOT: 
1=SOV ($15.0/hr) 
2=HOV2 ($30.0/hr) 
3=HOV3+ ($45.0/hr) 
4=Externals ($15.0/hr) 
5=Trucks ($120.0/hr) 
6=Commercials ($120.0/hr) 
7=Taxis ($30.0/hr)   

Vehicle occupancy 
categories  

SOV, HOV2, HOV3, HOV4+ in mode choice; 
SOV, HOV2, HOV3+ in assignment 

Trip purpose 
segmentation, VOT in 
$1997 (currently 
deterministic for each 
purpose) 

Work ($15.8/hr) 
School ($6.50/hr) 
University ($11.7/hr) 
Maintenance ($12.4/hr) 
Discretionary ($10.7/hr)  
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NEW YORK METROPOLITAN TRANSPORTATION COUNCIL   
New York, New York 
Major model 
feature  

Detailed feature / sub-
model 

Characteristics 

At-work ($40.0/hr) 
Household / person 
characteristics 

Household income (low/med/hi) – included in tour 
frequency and mode choice utilities; however it does 
not directly affect VOT.   

Network 
simulation tool 

Simulation type Static user equilibrium multi-class assignment 
(TransCAD software) 

Representation of priced 
highway facilities 

Tolls converted to travel time units based on the 
average VOT for each vehicle class; additionally 
area pricing is modeled by adjusting the cost skim 
matrix. 

Demand – 
Network 
Equilibrium 

Feedback implementation  Feedback is implemented including destination 
choice, mode choice, stop frequency & location, and 
assignment.  MSA method is applied for link 
volumes and trip tables in parallel.  Full equilibrium 
requires 8-9 iterations.  Practically acceptable 
equilibrium is achieved after 3 iterations. 

Surveys and other 
data sources for 
model estimation / 
calibration / 
validation 

Household travel survey 11,000 households, 1996/7, Household Interview 
Survey with all trips/activities recorded for all 
household members for 24 hours. 

Survey of existing toll 
road users 

Not used 

Stated Preference survey  Not used 
Traffic counts Extensive set of 3,000 traffic counts from different 

sources updated on a yearly basis.  Traffic and transit 
counts by major screenlines were use for the model 
update and re-calibration in 2002 and 2005.   
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A.1.2.3. Montreal, Quebec 

MINISTRY OF TRANSPORTATION OF QUEBEC
Montreal, Quebec, Canada 
Major model 
feature  

Detailed feature / sub-
model 

Characteristics 

Spatial scale Regional  
Demand model 
structure 

Tour-based sample-enumeration model with micro-
simulation components 

Modeled pricing 
impacts (traveler 
responses), sub-
model structure, 
form of utility 
function, 
incorporation of 
pricing 

Household auto 
ownership and tour 
frequency models 

Expanded records from the extensive household survey 
(5% of the regional population).  Every tour/trip record 
has and expansion factor ( ≅ 20) that is calculated for
each future year to account for population growth by
zone and socio-economic group 

Primary tour destination 
choice 

Fixed in the sample according to the observed 
destination for each record.  The expansion factors for 
future years account for employment growth by zone 
and occupation type 

Tour mode choice Nested logit model segmented by 3 purposes (work, 
maintenance, discretionary) with 6 modes: 1=Auto 
driver, 2=Auto passenger, 3=Walk to transit, 4=Drive to 
transit, 5=School bus, 6=Non-motorized.  Mode utilities 
include time and cost variables with coefficients 
segmented by income and gender; 

Stop frequency & location 
choice 

Fixed in the sample according to the observed trips in 
each tour record   

Trip mode choice Included binary toll vs. non-toll sub-choice for auto 
modes (SOV and HOV); included additional nested 
level for transit by the main mode (bus, subway, and 
rail).   

Time-of-day choice Fixed in the sample according to the observed trip
departure time in each tour record   

Willingness to pay 
/ VOT and user 
segmentation 

Vehicle classes Vehicle classes in the time-of-day specific assignments 
and assumed VOT: 
1=Auto / toll ($8.0/h) 
2=Auto / non-toll  
3=Commercial / toll ($12.0/h) 
4=Commercial / non-toll 
5=Light trucks / toll ($24.0/h) 
6=Light trucks / non-toll  
7=Heavy trucks / toll ($36.0/h) 
8=Heavy trucks / non-toll    

Vehicle occupancy 
categories  

Not considered; auto drivers and passengers are not 
explicitly linked 

Trip purpose 
segmentation, VOT in 
CAD$1998 (currently 
deterministic for each 
purpose, gender, income 
group, and time-of-day) 

Gender Income TOD Purpose 
Work Main Disc 

Male Low Off $7.3 $4.0 $3.0 
Peak $10.3 $4.0 $3.0 

High Off $10.2 $4.0 $3.0 
Peak $10.2 $4.0 $3.0 
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MINISTRY OF TRANSPORTATION OF QUEBEC
Montreal, Quebec, Canada 
Major model 
feature  

Detailed feature / sub-
model 

Characteristics 

Female Low Off $7.3 $6.4 $6.0 
Peak $10.3 $6.4 $6.0 

High Off $10.6 $7.3 $7.6 
Peak $10.6 $7.3 $7.6 

Household / person 
characteristics 

Additional household variables (car ownership, 
presence of children) – included in mode choice 
utilities; however they do not directly affect VOT.   

Network 
simulation tool 

Simulation type Static user equilibrium multi-class assignment (EMME 
software) 

Representation of priced 
highway facilities 

Tolls converted to travel time units based on the 
average VOT for each vehicle class. 

Demand – 
Network 
Equilibrium 

Feedback implementation  Feedback is implemented including mode choice, and 
assignment.  MSA method is applied for level-of-
service skims.  Full equilibrium requires 5-6 iterations.  
Practically acceptable equilibrium is achieved after 3 
iterations. 

Surveys and other 
data sources for 
model estimation / 
calibration / 
validation 

Household travel survey 60,000 households, 1998, Household Phone Interview 
(Origin-Destination) Survey with all trips/activities 
recorded for all household members 12 years old and 
older for 24 hours. 

Survey of existing toll 
road users 

Not used 

Stated Preference survey  Special SP survey to estimate willingness to pay; 1,000 
persons driving in the priced corridors with 11 SP 
scenarios offered to each person.  

Traffic counts The base year (2000) expansion factors were validated 
and adjusted to match traffic counts (about 500 
locations)    

Assessing Highway Tolling and Pricing Options and Impacts: Volume 2: Travel Demand Forecasting Tools

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/23427


186

A.2. Technical Details of Survey Methods for Pricing Studies 
The development of models for road pricing analysis requires supporting data collection 
and travel surveys.  In many respects, the types of surveys that are used to evaluate 
potential or implemented road pricing projects are similar to those used for other 
transportation planning purposes.  There are often some important considerations in the 
context of a road pricing study that affects both the types and design of special surveys 
that are required,  

In theory, any change in transportation service, including changes in road prices, could 
affect all travel-related decisions, ranging from residential location and auto ownership 
to activity participation, destination, mode, and route choices.  For facility pricing 
projects, route choice is an obvious choice dimension for which survey data can be used 
to refine existing models.  Time-of-day choice is important for projects that include time-
variable pricing, and surveys for these can be designed to support time-of-day or peak-
shifting models.  Destination choice can be affected by area pricing schemes, but this 
element is typically already included in regional travel demand forecasting models. 

A unique choice specifically related to road pricing is whether an individual acquires a 
transponder to allow participation in electronic toll collection (ETC). The transponder 
acquisition decision is in some ways analogous to a decision whether to acquire a 
monthly transit pass because, as with transit passes, most tolled facilities give ETC 
discounts and those discounts can range from 10% to 50%. The transponder acquisition 
choice is different, however, because it can be mandatory for access to a facility–some 
facilities such as the California SR 91 Express Lanes require a transponder–and because 
there can be non-trivial upfront costs associated with acquiring the transponder.  As a 
result, surveys that support modeling transponder acquisition choices can be important 
components of the data collection program. 

A comprehensive household travel survey is generally needed to develop a regional 
transportation model that can serve as the source for Value of Time (VOT) and other 
relevant model parameter estimates.  However, there is a growing recognition that the 
household survey data have to be supported by complementary/project-specific 
Revealed Preference (RP) and/or Stated Preference (SP) surveys.  This is 
especially crucial for start-up projects in regions with no prior experience with highway 
pricing where the RP survey cannot provide direct information about and SP surveys are 
typically designed to address willingness-to-pay factors relevant for road pricing (value 
of time savings, value of reliability).  Survey data collection can also support other model 
development data needs, including HOV/HOT lane usage and payment media choice.  

The sub-sections that follow describe the types of surveys that can be used to support 
the development of travel forecasting models for road pricing projects. These surveys 
can be configured as part of a data collection program that is designed to support the 
evaluation of proposed road pricing projects as they move through stages from 
preliminary screening to investment grade analysis to post-implementation refinement. 
The concluding sub-section presents general recommendations for the design of such a 
survey and data collection program. 
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A.2.1.Travel Pattern Surveys (“Revealed Preferences”) 

As for general transportation planning studies, surveys of current travel patterns can be 
effectively used to support pricing studies.  These surveys can be administered as 
household-based travel/activity diaries or as trip-intercept, origin-destination, and route 
surveys. 

A.2.1.1. Household-Based Travel /Activity Surveys 

The standard  regional household travel surveys, with its complete and detailed 
accounting of all travel within a household on surveyed day (or multiple days), can 
provide useful information about the general patterns of travel within the region in 
which they are conducted.  All major U.S. metropolitan regions have had household 
travel surveys conducted to support development of their regional travel forecasting 
models and, in general, road pricing projects would not themselves require new 
household surveys.

Household travel surveys represent the only holistic framework that allows for an 
analysis of the entire daily activity pattern of persons and households.  This type of 
survey is necessary for understanding the impact of congestion and pricing on the whole 
hierarchy of choices, from the short-term trip-level responses to long-term responses 
that relate to activity pattern (trip frequency) and location of activities.  The important 
principal advantage of a household interview survey is that all related travel dimensions, 
and generally travel segments of interest, can be analyzed in one coherent framework, 
while most of the other surveys would focus on a certain trip or fragment of the daily 
pattern of individuals.   

Household travel surveys provide general information about the number of trips (or 
tours) made, time-of-day distribution of those trips, their geographic distribution and the 
modes used.  They also generally include information about the costs of those trips.  
However, in most regions, these are dominated by vehicle operating costs which are 
perceived very differently across individuals and in most cases appear to include little 
more than gasoline costs, and where parking costs may represent the only significant 
trip-based costs. 

More importantly, household travel surveys are limited in the sense that they might not 
provide a sufficient number of observations of actual toll road users, as well as do not 
provide enough (in a statistical sense) trade-offs in terms of travel time, reliability, and 
price to reliably estimate VOT, and other parameters.  Toll costs are not specifically 
enumerated in all household surveys, in part because many regions do not currently 
have any toll facilities and, in any case, these surveys do not typically elicit more 
detailed information about route choices.  Since these surveys do not completely capture 
the details of travel which might be affected by a road pricing project (e.g., route choice 
and toll costs), it might be appropriate to selectively sample with a refined household 
travel survey instrument. 

Some household travel surveys that have been conducted to support toll facility analyses 
have included questions designed to collect route choice information.  Those survey 
instruments have included focused questions detailing route segments for trips that are 
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made between origins and destinations served by toll facilities, and so either used those 
facilities or could have used the facilities.  Many, if not most, trips are made between 
points that are not served by toll facilities, even in regions that have many such 
facilities.  

Because reporting the route choice information can add significant respondent burden, it 
is useful to screen for selected origins and destinations as the data are captured so that 
this information is collected only for those trips where it is relevant.  This screening 
requires both real-time geocoding of origins and destinations and information about the 
locations served by toll facilities.  The latter can be provided through skim tables from 
the regional travel forecasting model. 

Figure 68 below shows a portion of the section of a recent household survey that was 
designed specifically to collect detailed information about toll route choices, as well as 
the other “usual” trip details [Resource Systems Group, 2004 ].  For each trip segment,
respondents were asked whether they used a toll facility.  If they indicated that they had 
used a toll facility, they were asked where they entered and exited the facility.  From 
that information, along with information about ETC use, toll costs can be calculated 
directly.  This additional information can provide a rich base of information to support 
the modeling of toll route choices.  
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Figure 68: Example South Florida Household Survey Route Choice Screens 
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A GPS-based supplement is increasingly a feature that is included with household 
surveys since it can provide detailed route information for all recorded trips.  Either 
vehicle or person-based GPS data collection can be used, but vehicle-based GPS data 
collection is generally more useful for collecting route information, assuming that 
tracking routes for transit and pedestrian/bicycle alternatives is not necessary.  In 
theory, the data from these route traces, along with information on ETC use in the 
vehicles, could be used to support modeling of price response, but to date there do not 
appear to have been any such applications. If tolled facilities run parallel and very close 
to non-tolled lanes (e.g. the conversion of an existing HOV lane to a HOT lane), then 
high resolution GPS location data are needed for a level of accuracy that can identify 
whether or not a vehicle has used the tolled facilities. 

Household travel and activity surveys universally include information about the time that 
trips were made and these provide some information about current time-of-day choices.   
However, it is very difficult to infer from those observed choices the degree to which 
individuals have flexibility to shift their trips/activities to other times-of-day.  In addition, 
in regions that have significant peak period traffic congestion, the observed choices may 
reflect shifts that individuals have already made away from their preferred times in order 
to avoid that congestion.  While it would be possible to include questions in a household 
or GPS-follow-up survey to collect information on time-of-day flexibility, those questions 
must be asked selectively to avoid adding significant respondent burden to an already-
burdensome survey process. 

Typical household and activity surveys cost in the range of $100 to $150 per household 
and sample sizes can vary from several hundred to several thousand depending on the 
survey’s purpose. 

A.2.1.2. Origin-Destination Surveys 

Surveys that collect information about the origins, destinations and other details have 
been widely used to determine the characteristics of trips that are observed at selected 
locations [Hagen, 2006 ].  These types of surveys are particularly useful for 
characterizing the trips that currently travel in particular corridors that are, or might be, 
served by a toll facility and the trips that cross into or out from a cordon that might be 
subjected to area pricing.  This type of focused information is especially useful in 
estimating the numbers and types of trips that might be affected by facility or area 
pricing.  Although regional travel forecasting models can also be used to synthetically 
provide this information, those models are typically not refined sufficiently to estimate 
these details as precisely as can be done with an origin-destination survey.   

Significantly higher precision in the origin-destination table can be provided using a 
matrix estimation procedure, assuming that sufficient count data are available to 
support that procedure.   A combination of origin-destination survey data, synthetic 
modeling and matrix estimation can be used to provide the additional precision required 
for road pricing studies. 
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Sampling trips for origin-destination surveys is a special challenge. Roadside interviews 
typically have high response rates and, generally, result in high quality data for the 
facilities on which the interviews are conducted. However, these surveys are logistically 
difficult and at least one state – Florida – does not allow them because of safety and 
operational concerns.  One alternative is to record license plates of a sample of vehicles 
on a facility, match those plates with addresses using vehicle registration data and use 
mailout/mailback questionnaires.  Response rates for these license plate surveys, 
however are typically much lower and the small uncontrolled sample problematic in 
analysis. 

An alternative approach for origin-destination surveys is to intercept vehicles at locations 
where they are already stopped and hand drivers mailout/mailback questionnaires.  This 
alternative has been widely used on toll facilities; questionnaires are distributed at toll 
plazas where vehicles are stopped to pay tolls.  However, most modern toll facilities 
operate with a combination of conventional plaza booths where vehicles stop to pay 
cash tolls and lanes that allow vehicles with electronic toll collection (ETC) devices to 
pass through without stopping.  While origin-destination survey forms can be distributed 
to cash customers at these plazas, safety and operational issues generally preclude 
distributing forms to ETC customers. 

It would be possible to record license plates of ETC customers, match addresses and 
mail survey forms to those addresses, but there is generally a more efficient and reliable 
way to sample ETC customers using ETC data.  The agencies responsible for electronic 
toll collection maintain databases that record vehicle transactions at all of the locations 
where tolls are collected.  Each of these transactions is linked to ETC registration data 
that includes a mailing address and other contact information.  While privacy restrictions 
generally prevent the agencies from providing these data to third parties, they can 
generally use the data themselves to contact a sample of customers who use a facility at 
selected times. 

For example, the 11-state E-ZPass Consortium in the Northeast has supported numerous 
travel surveys by sampling E-ZPass transactions at selected facilities on selected days 
and then mailing survey questionnaires to those customers. Ideally, the transactions are 
sampled for the same time periods and locations as for cash surveys so that the two 
samples can be weighted back to a common base. Data for weighting can be provided 
by the cash/ETC transaction counts at each location, but it is also useful to collect other 
primary data such as occupancy counts and vehicles’ states of registration from direct 
observations to adjust for possible differences in response rates (Jacobs and Spitz, 
2006). In addition, for toll facilities with multiple interchanges, the ETC-based origin-
destination survey data can be re-weighted so that they accurately represent the on-off 
patterns reflected in ETC transaction data. 

Figure 69 and Figure 70 show examples of origin-destination survey forms. Figure 69 is 
a form that was used as part of license plate matching origin-destination survey 
conducted on major toll-free routes in South Florida for Florida’s Turnpike Enterprise.   
Since the survey stations were on toll-free routes, a simple toll route choice question is 
included to identify trips that used toll facilities.  Both English and Spanish languages are 
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incorporated in the form and an accompanying web-based questionnaire was offered as 
an alternative for those who preferred to complete the survey on the web. 

Figure 69: Example Origin-Destination Survey Form 

Figure 70 shows one of almost 100 forms that were developed as part of a very large-
scale origin-destination survey of the New York metropolitan region’s major bridges and 
tunnels [Jacobs and Spitz, 2006 ].  That survey effort included distributing mailback
forms to cash customers at all of the toll plazas and mailout/mailback sampling of ETC 
customers.  The ETC sample was generated from ETC records of those customers who 
used the facilities at the same time as the cash form distributions. The survey form 
collected information both about the sampled trip/direction and about the return or 
previous trip. Traffic counts and concurrent auto occupancy and vehicle state of 
registration measurements were used to develop expansion weights applied to the 
sample records for analysis. 
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Figure 70: Example Toll Facility Intercept/ETC Origin Destination Survey 
Form 

Costs for origin-destination surveys vary considerably depending on the administration 
method and the complexity of the application and sample sizes similarly depend directly 
on the ways that the data are intended to be used. 

A.2.2.Stated Preference Surveys 

For more than 20 years, Stated Preference (SP) surveys have been used to estimate 
values of travel time and other parameters related to the effects of tolls and road pricing 
(see, for example, [Adler and Schaevitz, 1989]). SP surveys include a set of hypothetical
scenarios in which conditions (e.g., travel times, tolls) are varied and respondents are
asked to indicate what they would most likely choose under those specified conditions. 
The conditions are varied according to an experimental design that optimizes the 
information about the respondents’ preferences from each of the scenarios which they 
evaluate.. 

SP surveys are especially useful in applications where an alternative such as a toll facility 
does not currently exist, but is being planned for the future. In those types of 
applications, revealed preference surveys are not useful for estimating price effects 
because road prices, which are the variables of interest, do not vary (all zero) across 
trips within the region. While other cost elements, such as operating costs, do vary 
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across trips, those variations are highly correlated with trip lengths and travel times and 
thus generally do not provide reliable indications of the effects of price on travel choices. 

In regions that do have existing toll facilities, revealed preference data from household 
and origin-destination surveys can be used to estimate price effects,  but there are also 
complementary uses for stated preference surveys in these regions.  The uses include: 

• Estimating the effects of prices that are outside the range of existing prices or 
pricing structures, such as time-varying tolls or that do not currently exist in the 
region, 

• Estimating the effects of travel time reliability and other variables that are 
difficult to measure and/or associate with revealed preference observations, 

• Determining the effects of new features of facilities such as open road tolling, 
express lanes or “fair lanes”, 

• Determining the effects of pricing on choices for alternatives that do not exist or 
that are not easily captured within revealed preference surveys.  Examples would 
include effects of open road tolling on transponder acquisition or of variable pricing 
on time-of-day choices. 

In addition, SP surveys can be used to sharpen the information on price effects that is 
otherwise provided by revealed preference surveys, where the lack of variation in tolls 
may be problematic. There are often compelling reasons for doing this. 

• The confidence interval of the marginal rate of substitution between time and cost 
(value of time) as estimated using revealed preference data alone is often quite 
wide. This is a result of the measurement errors associated with inferring travel 
times for chosen and alternative routes, and of the inherent statistical error 
associated with estimating the value for a ratio of two random variables, particularly 
when the two random variables are correlated with each other, as travel cost and 
travel time tend to be. 

• Stated preference data can be used to estimate the distribution of preferences 
across the population. Many differences in preferences, such as different travel time 
sensitivity across trip purposes and varying degrees of cost sensitivity across income 
groups, can be explained using systematic effects that in turn can be modeled 
directly. There are other random effects that cannot be measured or directly 
represented in a preference function, however, but which can be quantified using 
methods such as mixed-logit or hierarchical Bayes modeling. These methods can 
estimate the distribution of cost sensitivity and of values of time across the 
population and this distributional estimate and can in turn be used to help estimate 
population responses to different pricing levels. 

For all of these reasons, SP surveys have been used to assist in the evaluation of most 
of the major road pricing projects, both within the U.S. and internationally.  These 
surveys can take on many different forms. 
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A.2.2.1. Choice Dimensions and Scenario Design 

The stated preference surveys that have been conducted to support road pricing 
projects have most often focused on the choice between tolled and toll-free routes. For 
conventional toll facility studies, these surveys would typically present two alternatives; 
a toll-free route with a given travel time and an alternative tolled route with a lower 
travel time and a toll at some level.  

Many road pricing projects, however, involve more complex effects beyond simply 
influencing route choice.  Some projects, such as HOT-lanes, affect occupancy and 
mode and so the stated preference scenarios would include other modes and occupancy 
levels as available choice alternatives.  For projects that have time-varying prices, 
different travel periods should be included among the stated preference alternatives.  
For area pricing projects, the scenarios could allow alternative destinations.  In some 
special cases, effects on trip frequency may also be included in the stated preference 
experiments.  For example, a recent study, illustrated in Figure 71, evaluated a 
proposed new bridge toll on a facility for which the only toll-free alternative was a 
significantly longer route.  In this case, it was possible that discretionary trips could be 
reduced, so stated preference experiments were constructed to assess the reduction 
that might result from different toll levels [Falzarano & Szeto, 2003 ]. 

Figure 71: Example SP Scenario to Measure Possible Trip Frequency Changes
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Finally, as noted earlier, transponder acquisition choice can be a significant issue in the 
forecasting of demand for priced facilities since the availability of a transponder can 
affect both access to a cashless facility and the price charged for using a facility.  In 
addition, both anecdotal and quantitative evidence suggests that individuals who use 
transponders are simply less price sensitive than those who pay out-of-pocket because 
the price is less apparent to the latter.  Transponder acquisition can be modeled using 
data from stated preference experiments in which the decision whether to acquire a 
transponder is included as a choice alternative. These experiments should be designed 
in a way that reflects the fact that this choice is linked to the likely use of the toll facility, 
and to the level of discount applied on ETC transactions. 

Figure 72 shows an example transponder acquisition SP scenario that was included in a 
survey research program by Resource System Group that preceded construction of the 
California SR-91 Express Lanes. 

 

Figure 72: Example Transponder Acquisition Choice Experiment 

Figure 73 shows a more typical stated preference scenario for a general road pricing 
study [Adler, et al, 2007 ].  In this scenario, respondents are presented with tolled and 
toll-free options, time-of-day and mode alternatives. 
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Figure 73: Example SP Scenario with Typical Pricing Choice Options 

A.2.2.2. Trip Attributes Relevant for Pricing Studies 

Travel times and toll prices are the primary attributes in most stated preference 
experiments done for road pricing.  The trade-offs between travel time savings and 
extra cost associated with tolls, are expressed in terms of Value of Time (VOT).  In the 
presence of road pricing However, there are other attributes that may also be significant 
in travelers’ choices.  Some of the other attributes or features that have been tested in 
stated preference experiments for road pricing projects include: 

• Travel time components – time in free flow conditions and time in congested traffic,

• Travel time reliability, 
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• Occupancy-based toll levels, 

• Fair lanes policy, 

• Commercial vehicle restrictions, 

• ETC discounts, 

• Travel time variability, 

• Driving distance along the route, and 

• Non-toll “running” costs. 

This is by no means an inclusive list as individual projects may have unique features for 
which stated preference surveys can provide information. Examples of this from past 
studies include testing the willingness of travelers to use toll facilities having a long 
tunnel section vs. at grade sections, and having a smooth asphalt surface vs. jointed 
concrete. 

It is important to recognize that not all of these variables or features are necessarily 
salient for all travelers. For example, a recent study found that vehicle operating and 
maintenance costs are not even considered by over ¼ of the travelers surveyed, and 
those who did consider them, applied significant discounts to their effects relative to
tolls [Hensher, 2007 ].  In addition, some attributes such as travel time variability may be
important primarily as conditioning variables that affect the actual travel conditions 
faced at the point in time at which a decision is made.  So, for example, travel time 
variability may be less relevant to spur-of-the-moment route choice decisions because 
travelers can and do make route choices dynamically, based on actual conditions at a 
given point in time which often include a fairly accurate estimate of current travel times 
based on real-time traffic reports or prior direct observations. Variability and reliability 
issues may be most important for frequent corridor uses in their decision of whether or 
not to purchase a transponder. 

A.2.2.3. Choice Context 

In all stated preference experiments, respondents are asked to respond to choices in 
some defined context. In some past studies, this has been couched in a very  general 
context, such as assuming travel in general or for some given trip purpose for which 
respondents are asked to simply choose between different travel time and cost 
alternatives. The limitation of this approach is that travel circumstances for a given 
individual and even for a given trip purpose for that individual may vary significantly 
from day-to-day. Without additional guidance, respondents may respond assuming a 
memorable, but atypical context or may assume only a typical condition and thus not 
reflect the variations around that typical experience. 
 
Other stated preference experiments are framed around a particular trip, which could be 
one that was in process at the time the traveler was asked to participate in the survey, 
or it could be a selected, recently completed trip. In either case, respondents are asked 
to describe that trip, thus creating a “base case” revealed preference observation, and 
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then to assume that the same travel context would apply for each of the stated 
preference experiments. Assuming that the trips are sampled in a way that covers all of 
the likely contexts, this approach ensures that both the typical and less typical travel 
conditions are accounted for. Having the respondent fully describe the trip also helps 
ensure that respondents consider all of the important conditions that might influence or 
constrain their choices. 

There are at least two important challenges, however, in framing stated preference 
experiments around a particular trip context.  One of the most difficult challenges is to 
ensure that the scenarios described in the experiments are all realistic alternatives for 
each respondent’s trip.  If, for example, some of the new travel times presented in the 
experiments are unrealistically short, respondents will discount those alternatives in 
ways that are not easily predictable, and which in any case will not provide reliable data.  
Using computer-based instruments or pre-processing respondents’ trip information can 
be helpful in generating realistic stated preference experiments.  Given the wide variety 
of trips that are made, and the need to vary attributes sufficiently, however, it can be 
very difficult to ensure that realistic scenarios are created for every case, so it is always 
important to review the resulting survey data to check for possible outliers. 

The second challenge in framing stated preference experiments around a particular trip 
is in understanding how the response for a single trip might translate into longer-term 
behavior.  In focus groups conducted to understand travelers’ response to express lanes 
and variable pricing, several participants have indicated that they would budget their 
travel so that they did not spend more than a certain amount per month.  If traffic 
conditions were such that tolls were consistently very high most days, they would be 
more selective about what threshold they would use to choose between tolled and toll-
free lanes.  On the other hand, if tolls were only occasionally very high, they would use 
a somewhat lower threshold. Some stated preference surveys have included questions 
designed to understand these travel budgeting issues, and to look at the frequency of 
using priced facilities over a number of trips (see Figure 4). 

Another common approach for SP surveys supporting the modeling of road pricing is to 
ask respondents if they have made a recent trip in the relevant corridor, and, if so, to 
ask for details on the most recent trip and use the information to customize the SP 
choice context. The use of the “most recent” trip rather than the most “typical” one is 
meant to avoid bias and replicate a random sample, just as we ask household survey 
respondents to complete a diary for a specific assigned day and not necessarily a typical 
day for them. A design issue that commonly arises is the limit on how distant in the past 
the most recent trip can be in order to qualify for the survey. We do not want to be so 
restrictive that it is difficult to find respondents, but on the other hand do not want to 
include trips that are so far back in the past that people have forgotten some of the 
important details. A typical strategy is to set the limit at 1 or 2 weeks prior to the 
interview, while a retrospective limit of longer than 1 month is rarely used in practice. 
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A.2.2.4. Instrument Design 

Stated preference surveys have been conducted using several different types of 
instruments.  One important challenge is that the stated preference experiments 
generally each involve trade-offs among several variables that vary across two or more 
travel alternatives.  It can be difficult for respondents to keep all of this information in 
their minds unless it is presented visually and, for this reason, telephone-only 
instruments are rarely used.  However, hybrid instruments can be used where trip 
context information is collected over the phone and the stated preference experiments 
are provided separately by mail or over the web.  In addition, simplified experiments can 
be designed that are more amenable to phone-based administration.  Figure 74 shows 
the general form of questions that were used to estimate values of time for a Georgia 
DOT I-75 value pricing study using a phone interview approach (NuStats, 2006). 

Notes: Values of [$], [#] and [N] were customized according to previous answers about the specific trip, 
and varied according to an experimental design. Each respondent was given either Order A or Order B at 
random to control for possible order-related bias. 

Figure 74: Example of Stated Preference Design for Phone Interview 

SP experiments can be designed as printed forms, but there may be several versions 
required to cover all likely contexts and to cover the required experimental design. More 
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commonly, stated preference experiments for road pricing projects use computer-based 
instruments that can be more flexibly adapted to varying contexts and to more complex 
experimental designs. Significant detail can be used from the trip context description to 
tailor the experiments so that they are realistic for each trip.  Furthermore, trip origins 
and destinations can be geocoded in real-time and those data can be used, also in real-
time, to determine travel time and cost ranges based on transportation network model 
data.  Both computer-assisted personal interviews (CAPI) and computer-assisted self 
interviews (CASI) have been used and web-based administration is increasingly 
common.  See Figure 75 for examples. 

Figure 75: Example CASI/CAPI-Based SP Questions 

Another common strategy when face-to-face interviews are infeasible or inefficient is to 
use a multi-stage CATI and mailout approach. Responses from a previous CATI or 
mailback survey are used to create a customized, respondent-specific printed SP 
questionnaire. The questionnaire is then mailed to the respondent, who can then be 
asked to provide their answers over the telephone, via the internet, or by mail. This 
strategy is often used to carry out a follow-up survey to a regional household travel 
survey.   
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A.2.2.5. Sampling

Sampling for stated preference surveys can also be conducted in any of several ways. 
For facility-based studies, some type of intercept sampling is often the only viable 
alternative.  This can be because the population using the facility or corridor is widely 
dispersed geographically and may, for example, include significant numbers of trips 
made by individuals who live well outside the region in which the facility is located. 
Intercept sampling can be conducted using the methods described earlier for origin-
destination surveys but it can also be accomplished using intercepts at activity centers in 
the corridor of interest.  For area pricing or cordon pricing, it may be most efficient to 
intercept people within the potential priced area.  For studying corridor-specific projects, 
it is often effective to use Random Digit Dialing (RDD) or address-based sampling within 
the residential areas that would be served by the project.  For broader regional studies, 
the options are wider and include more standard phone, mail or web/email recruiting. 
Stated preference surveys have also been administered along with conventional 
household travel/activity surveys, usually as an add-on to some fraction of those 
surveys. 

In general, the sampling plan for a stated preference survey should result in a 
representative sample of trips within the area of interest.  It is important to sample a 
sufficient range of travelers and trip types to support the statistical estimation of 
coefficients of a choice model.  By collecting data from the full range of traveler and trip 
types, it is possible to identify the ways in which different characteristics affect choice 
behavior.  These differences can then be reflected in the structure and coefficients of 
the resulting choice model.  The survey sample that supports mode choice model 
estimation does not need to be perfectly population proportional as long as: 1) any of 
the behavioral differences are properly represented in the model and 2) the model is 
applied for forecasting using appropriate population proportions and/or sample weights. 

There are no universally-accepted guidelines for the sample size required for stated 
preference surveys. Sample sizes of 400-1,000 are common for stated preference-based 
road pricing surveys, but larger or smaller sample sizes may be appropriate,  depending 
on several factors: 
• The number of scenarios presented to each respondent: ranges are typically from 

four to 16 scenarios (more scenarios generally means that the respondent sample 
size can be smaller, although this is not a one-to-one tradeoff—generally the more 
responses from each individual, the less additional statistical information that each 
new response provides), 

• The number of behaviorally-distinct traveler segments: models may be segmented 
by trip purpose, time period, vehicle occupancy and other dimensions (more 
segments generally means that the respondent sample size should be larger), 

• The type and required precision of the estimates: estimating values of time which 
involves computing the ratio of two coefficients (which themselves are random 
variables) requires a fairly large sample size to yield a tight confidence interval so 
“investment grade” studies that rely on high precision in this estimate will require 
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large samples. Conversely, general planning or feasibility studies may require smaller 
samples. 

As with the sample size, the costs of stated preference surveys can vary significant 
depending on several factors, such as the study’s complexity, survey sample size and 
method of administration. Costs ranging from $30,000 to over $300,000 have been 
reported, with typical U.S. “investment grade” stated preference studies costing 
somewhere in the middle of that range. 

A.2.3.Special Issues & Survey Types 

A.2.3.1. Surveys of Commercial Vehicles 

The approaches and methods described in previous sections generally apply equally to 
both passenger and commercial vehicle surveys.  However, there are at least two special 
issues to be considered in designing and administering stated preference surveys of 
commercial vehicles.  First, the driver of the vehicle may or may not be the person who 
makes the trip decisions that could be affected by road pricing changes.  Independent 
owner-operators generally make these decisions themselves but other fleet and common 
carrier drivers most often operate under guidelines established by others.  As result, the 
survey administration plan for stated preference surveys of commercial vehicles should 
identify ways of ensuring that the survey is completed by the actual decision-makers. 

The second issue for commercial vehicle stated preference surveys is that values of time 
are typically much higher (and the tolls are correspondingly higher) than for passenger 
vehicles. The implied values of time for the stated preference scenarios should be 
checked to ensure that they encompass an appropriate range for each vehicle type. In 
addition, there may be a wide variation in values of time across the commercial sector, 
varying with characteristics such as the type and value of goods carried, the distance 
traveled, whether the vehicle travels full or empty, and the time of day or night. 
Capturing these sources of variation in a representative way requires care in sampling 
strategies.  

A.2.3.2. Behavioral Experiments and Follow-up Surveys 

Stated preference surveys ask respondents to put themselves into hypothetical 
situations (scenarios) and indicate what they would likely do in those situations. A logical 
extension of that approach is to create real pricing experiments for a sample of 
individuals.  Two current studies in the U.S. illustrate this approach.  

The Puget Sound Regional Council is conducting an FHWA-sponsored pilot study in 
which “Travel Choices Meters” were installed in 500 vehicles. The drivers were given 
$600 to spend (or not spend) over a year under conditions in which the meters 
deducted from this account in accordance with a simulated variable road pricing 
program.  Figure 76 shows the toll map and schedule provided to respondents, and the 
in-vehicle unit that was used to show respondents what they were being charged at any 
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moment, as well as the cumulative amount they had been charged for the trip and in 
total.  Drivers’ responses to the pricing were recorded using GPS devices installed in the 
vehicles, providing GPS traces on 750,000 trips.  Preliminary analysis has indicated that 
such a pricing system could reduce VMT by about 10%.  For more information, see 
www.psrc.org/projects/trafficchoices/. A similar effort is being undertaken by the 
University of Iowa in which 1,200 cars will be outfitted with a GPS device and mileage-
based charges will be levied against an initial budget, although the emphasis in this 
latter study is more on testing in-vehicle technology than it is on studying behavioral 
responses to pricing. 

Figure 76: Traffic Choices Study Toll 
Map/Schedule and In-Vehicle Price 
Meter Provided to Respondents 

Follow-up surveys conducted after a road pricing project is implemented can be 
especially useful for both documenting the effects of the road pricing project and for 
determining how the project might be refined to better accomplish its objectives. 
Significant follow-up survey efforts have accompanied several major road pricing 
projects.  Examples include work related to the SR-91 Express Lanes project [Sullivan, 
2000] and the Lee County LeeWay variable bridge pricing project [Burris, et al, 2004].  A 
unique panel survey in Minneapolis [Zmud et al, 2007 ] included a series of SP questions
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and other types of questions with the same respondents both before and after the 
opening of the I-394 MnPASS HOT lane facility. 

A.2.3.3. Attitudinal / Public Opinion Surveys 

The surveys described in the previous sections are designed to provide information that 
can be used to estimate the effects of road pricing changes or new toll road facilities.
Surveys and other research methods can also be used to inform decision makers about 
public attitudes and opinions regarding pricing policies or programs.  Several of the 
FHWA Value Pricing Pilot projects and many of the private toll road ventures have 
included significant qualitative research components.  This qualitative research has 
consisted of both traditional focus groups and individual depth interviews (IDIs) for 
selected key stake-holders. 

Qualitative research provides an opportunity to learn how these projects are perceived, 
what types of concerns they raise with different segments of the general public, both 
user and non-users, and how those concerns can be addressed.  For example, the early 
qualitative research on variable pricing suggested that many individuals have a hard 
time understanding why a policy of increasing peak period prices can improve travel 
times: they assume that most peak periods travels are people making work trips that 
cannot be made at other times.  They are also concerned about how any additional 
money that is collected is used; they strongly prefer that it be used to improve travel 
conditions in the corridor in which the tolls are collected.  

Quantitative research can be used to determine public opinions about a proposed 
project or program before it is implemented and/or determine effects after 
implementation.  While opinion polling is a well-established method for a wide range of 
applications, there is one important caveat regarding these methods for road pricing 
projects and programs.  Qualitative research has indicated that individuals in general 
have a difficult time understanding details of how modern road pricing approaches work 
or would work, even in areas with existing conventional tolling and especially in regions 
that have no existing tolled facilities.  For example, in a recent focus group for a 
proposed express lane project (new ETC-only lanes in the median of an existing 
interstate highway) participants were asked if they had heard about any proposed 
projects and what they thought about them.  Most said that they had heard about the 
project it and opposed it.  On further prompting, the opposition was determined to stem 
from their perception that the lanes would have conventional toll plazas, which they 
knew “wouldn’t work” (the perception came from or was supported by a local 
newspaper article that had simply described the new lanes as “toll lanes”). 

The point of this anecdote is that individuals can have a hard time imagining the 
implications of a new road pricing approach and, unless those implications are 
appropriately conveyed in the survey questionnaire, their stated opinions will not be fully 
informed. In that regard, qualitative research can be very valuable in informing the 
design of a quantitative survey instrument. 
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There have been several public opinion/attitude surveys conducted in association with 
road pricing projects.  The most comprehensive effort was a three-wave panel survey 
designed to be conducted before and after implementation of the I-394 MnPASS project 
in the Minnesota Twin Cities region [Douma, et al, 2006].  The survey measured 
baseline pre-project attitudes and later waves were designed to measure changes in 
those attitudes after the project was operational.  Other surveys have been conducted 
primarily to inform decision makers of the level of project support. 

As with the other methods, the costs of this type of research can vary considerably.   
Qualitative research projects involving focus groups commonly include 6-12 groups at 
approximately $5,000 per group.  Public opinion and attitudinal surveys typically have 
sample sizes of 800-1,200 completes at $30-$60/complete. 

A.2.3.4. Related Data Collection Methods 

Traveler surveys comprise only part of the data collection effort that is required to 
support reliable modeling of the shifts in travel patterns that might result from road 
pricing changes.  Good traffic count coverage is important for providing model validation 
data.  For road pricing studies, it is also useful to compile traffic counts by time-of-day, 
season, vehicle type, and, for toll facilities with mixed cash/ETC, transaction type.  For 
toll road facilities, toll plaza, ramp, and ETC data can be used together with matrix 
estimation procedures to develop accurate on-ramp to off-ramp (facility origin-
destination) estimates. 

Travel speeds and variations in those speeds determine the travel times that drivers face 
when they decide between competing routes. The speeds used in travel forecasting 
models are often not calibrated closely enough for pricing analysis to accurately 
represent the travel time differences between competing routes, particularly as they 
vary with traffic volumes and travel conditions. Travel surveys can be designed so that 
they collect reported travel times but those are also not necessarily accurate 
representations of actual speeds. Special travel time surveys can be conducted using 
GPS devices, but the most comprehensive data on travel speeds and variations in those 
speeds is likely to come from other sources such as ETC operations data (for tolled 
facilities with multiple plazas), traffic operations centers or the commercial traffic 
monitoring services that now collect data in most major U.S. urban areas. 

A.2.3.5. Combining RP and SP Data 

It is critical to use both RP and SP data in order to get an accurate model of traveler 
responses to pricing. While SP data is typically necessary to estimate distributions across 
the population and provide detailed market segmentation information, it also has 
potential shortcomings.  Research from the limited number of managed lane systems 
already in place has indicated that willingness to pay estimates estimated from RP data 
tend to be roughly twice as high as those derived from SP data, in the same context.  
Reasons hypothesized for this are that travelers have inaccurate perceptions of the time 
that they actually save on the systems, as well as evidence of possible “protest” 
responses against pricing options that may outlined in the SP exercises.  Carefully 
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pooled analysis of both types of data will be necessary to take advantage of the 
strengths and avoid the shortcomings of each.   

From the formal statistical point of view, combined model estimation that is based on 
both RP and SP data, benefits synergistically from the different nature of RP and SP 
data.  The data are not just blended together, but are used in the best possible 
statistical manner in which the SP-related parameters are properly scaled by the 
observed data from RP.  This allows for elimination (or mitigation) of many systematic 
biases inherent to pure SP surveys.   

One strong data set in this regard is the data from the MnPASS system in Minneapolis.  
As yet the trip data from the panel surveys have not been combined with objective data 
on HOT lane travel times and prices and general lane travel times in order to derive RP 
models.  Another important data set for pooled analysis is the data from the Traffic 
Choices pricing experiment in the Seattle region mentioned above.  That experiment 
combines some of the best elements of SP research—an experimental design of prices 
that vary by time and space—with critical elements of RP data—objective GPS 
measurement of travel speeds, times and prices, along with responses that involve 
actual payment of money. 

A.2.4.Choice Attributes to Support Advanced Models 

A.2.4.1. Measuring Distributions of Willingness to Pay Tolls 

It is vital to collect data that will allow us to measure the distribution of the value of 
time across the relevant traveling population.  For example, a recent Stated Preference 
study of users of the new MnPASS HOT lane facility [Zmud, et al., 2007], used a survey 
method to explicitly estimate each respondent’s individual willingness to pay and 
associated Value of Time (VOT), and found much more variation across the sample than 
could be captured through observable segmentation variables alone.  The observed 
distribution resembled the log-normal distribution seen in Figure 77 and compared to a 
symmetric normal distribution.    

Legend:

- Normal 
- Log-normal 

Figure 77: Possible Value-of-Time Distributions 
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[Ben-Akiva, et al, 1993] pioneered an econometric approach to directly estimate the 
parameters of such log-normal VOT distributions from typical SP and RP data sets.  This 
research was done as part of a study for Cofiroute of proposed tolls on the French 
national motorways, and the resulting distributed models were applied using a 
customized multi-user-class static assignment routine.  Now, 15 years later, there is a 
variety of approaches and software products available for estimating and applying such 
models estimated using a mixed logit approach and applied using stochastic 
microsimulation.  In particular, distributed VOT was incorporated in the San-Francisco 
County Transportation Authority (SFCTA) model (see Figure 78) that is currently being 
applied in the comprehensive congestion pricing study in the Bay Area. 
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Figure 78: Distributed VOT in the SFCTA model 

     

A.2.4.2. Measuring the Value of Reliability 

Willingness to pay for reductions in the day-to-day variability of travel time is referred to 
as Value of Reliability (VOR).  [Small, et al, 2005] presented an interesting and 
operational approach for actual estimation of the Value of Reliability (VOR) in a 
consistent way with VOT by splitting their impacts on traveler choice.  The adopted 
quantitative measure of variability was the upper tail of the distribution of travel times, 
such as the difference between the 80th and 50th percentile travel times (see Figure 
79).   
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Figure 79: Travel Time Reliability Measure 

The authors argue that this measure is better than symmetric standard deviation, since 
in most situations being “late” is more crucial than being “earlier”, and many regular 
travelers will tend to leave build a “safety margin” into their departure times that will 
leave them an acceptably small chance of arriving late (i.e. planning for the 90th

percentile travel time would mean arriving late 10 percent of the time).  Reliability as 
defined above proved to be valued by travelers as highly as the median travel time. A 
number of recent toll-related SP experiments have used the 90th or 80th percentile travel 
time directly as an attribute.   An example is a survey done in San Francisco to study 
possible area pricing policies (RSG, 2007), as shown in Figure 80.
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Figure 80: Experiment Including Reliability as the 90th Percentile Travel Time 

Making this approach operational within the framework of travel forecasting models 
requires explicit modeling of travel time distributions, as well as making assumptions 
about how travelers acquire information about the uncertain situation they are about to 
experience.  Dynamic traffic assignment and microsimulation tools are crucial for the 
application of models that include travel time variability, since static assignment can only 
predict average travel times.  

In general, the following types of reliability measures in Table 35 can be used in the 
model estimation and application.  Note that supporting speed/travel time surveys are 
typically needed for the supply side of estimation.  It is also important that there are 
several simplified ways to account for reliability by means of operational proxies, for 
example, perceived highway time differentiated by congestion levels.  While the direct 
measures of reliability can be incorporated only in a framework of an Activity-Based 
microsimulation model, operational proxies can be incorporated in aggregate 4-step 
models.     
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Table 35: Reliability Measures 

Measure of reliability Demand side Supply side 
Estimation Application

Derived reliability 
measures based on the 
observed or generated 
travel time distribution 
statistics 

Impact of percentile-based or 
other measure estimated 
along with average travel 
time and cost  

Repeated
observations for the 
same trip and 
individual (RP, SP) 

Dynamic / learning 
framework or 
multiple network 
simulations  

Direct reliability measured 
based on explicit 
formulations like 
“probability of certain 
delay”  

Impact of probability of delay 
estimated along with average 
travel time and cost  

Direct question 
(SP or enhanced 
RP)

Dynamic / learning 
framework or 
multiple network 
simulations 

Direct reliability proxies 
measured by the variation 
of travel times  

Impact of percentile-based or 
probability of delay estimated 
along with average travel 
time and cost 

Observed (RP), 
modeled (RP), or 
assumed (SP) 
variation of travel 
time. 

Modeled travel time 
variation as function 
of facility type, 
volume, etc (auxiliary 
regressions). 

Indirect observed or 
modeled reliability 
proxies like V/C (RP) or    
Perceived highway time 
differentiation by 
congestion levels 

V/C-based measures or 
perceived travel time 
(speed/delay/LOS-specific) 
estimated along with average 
travel time and cost  

Network skims for 
V/C and/or 
perceived time 
components  

Network skims for 
V/C and/or perceived 
time components  

A.2.4.3. Measuring the Choice of Departure Time as Affected by Pricing 

One response to pricing that is directly related to travel time reliability and has been 
very difficult to capture with either RP or SP methods is the shift in departure times in 
response to differences in prices and congestion across the day.  Even in the most 
advanced activity-based models of activity scheduling, it has not been possible to 
measure the effect of travel times on departure time choice very accurately.  A key 
reason for this is the fact that travel times are endogenous — the more people that 
choose to travel in a given period, the longer the travel times tend to be.  A similar 
analytical problem may occur with dynamic pricing on managed lanes, where the price is 
also dependent on the demand (and vice versa).  The Seattle Traffic Choices data, as 
well as RP data from existing priced facilities that use fixed pricing schedules by time of 
day and week (e.g., the various Orange County toll roads), could prove to be very 
valuable in this context.  

An important issue in modeling the effect of time of day pricing on travel demand is the 
fact that prices that influence one part of a travel tour may also indirectly influence the 
other trips in the tour as well.  For example, when a commuter considers adjusting the 
time of travel to work in response to pricing, he or she may also consider that they need 
to spend a certain amount of time at work, and thus adjust the departure time for the 
trip returning home as well.  [Hess, et al, 2007] report on the results of a series of CAPI 
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SP experiments carried out in the Netherlands and the UK, in which the SP choice 
screens explicitly captured this “knock on” effect by presenting the times and cost for 
both the trip to work and the trip back home.  

A.2.5.Typology of Available Surveys for Pricing Analysis and Modeling 

In the framework of a different research project – SHRP 2 (second Strategic Highway 
Research Program) 2 C04 (“Improving Our Understanding of How Highway Congestion 
and Pricing Affect Travel Demand”) – currently being implemented by the same team in 
parallel, we have identify available datasets collected in different regions that are useful 
to support pricing analysis and modeling.  The following represent the major types of 
surveys that are used to support the analysis and modeling of transportation pricing and 
congestion, where the categories represent a combination of survey general methods 
and the purposes for which the surveys are done:  

• Type 1:  General Comprehensive Household Interview  Surveys - Revealed 
Preference (RP) 

• Type 2:  Stated Preference (SP) Follow-on and Linked to Household Interview 
Surveys

• Type 3:  Managed Lane Studies  - Combined Revealed Preference and Stated 
Preference (RP/SP)  

• Type 4:  Regional Pricing Options and Area-Based Pricing  - Combined Revealed 
Preference  and Stated Preference (RP/SP) 

• Type 5:  New Facilities with Tolling - Combined Revealed Preference  and Stated 
Preference (RP/SP)  

• Type 6:  Time of Day Tolling   - Combined Revealed Preference  and Stated 
Preference (RP/SP)  

• Type 7:  Existing Facilities: Adding Tolls -  Combined Revealed Preference  and 
Stated Preference (RP/SP)  

Even in each of these categories, there are variations in their structure, scope, and 
design.  In view of the objectives of the study, there are advantages and disadvantages 
to be carefully evaluated.  No one single survey type can provide a full basis for a 
comprehensive analysis of all impacts of congestion and pricing on travel behavior.  
Altogether, however, we anticipate that the set of existing, as well as planned 
concurrent surveys, can provide good coverage of the main travel dimensions of 
interest, and good empirical foundation for this research project       

Household Interview Surveys represent the only holistic framework that allows for 
an analysis of the entire daily activity pattern of persons and households.  There are 
several valuable Household Interview Surveys implemented in such over-congested 
regions as New York, 1996/7 and San Francisco 2000.  They provide general observed 
patterns of behavior under congestion conditions.  By comparison to other regions like 
Mid-Ohio or Atlanta for which comprehensive household interview surveys are also 
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available, the impact of congestion and pricing on activity patterns and lifestyle can be 
estimated.  

Household Interview Surveys with a subsequent SP follow up survey represent 
probably the most promising approach for data collection for the current study.  This 
type of data collection was implemented in Seattle [Cambridge Systematics, et al 2007]
and Montreal, is ongoing in Chicago and will be available in early 2008), and is planned 
for the new major data collection effort in NY (2008-2009).  In this case the SP 
participants are recruited from the households that have already been surveyed.  The SP 
design is built on the relevant reported trip that was implemented, for one or more of 
the priced facilities (either existing or planned).  Thus, in the model estimation, not only 
are the characteristics of this particular trip available, but also the whole context of the 
person daily pattern is known  The last characteristics, means that additional important 
situational variables are available, like the number and timing of the other trips and 
activities undertaken by the person on the same day.

A wide range of more specific surveys focused on toll road users and relevant trips is 
available.  Most of these focused surveys had a Combined Revealed 
Preference/Stated Preference form.  The RP/SP combination ensures behavioral 
realism of the trip selected for the subsequent analysis as well as all associated 
household, person, and travel characteristics. The SP side, however opens a way to 
explore a wide range of responses to non-existing alternatives that can include priced 
and free highway facilities, improved transit, shifting the trip to a different time-of-day 
period, etc.  Different methods of combined RP/SP estimation have been applied for 
models developed for SR-91, I-15, MnPass, and A-25 (in Montreal, QC).       

Some of the existing surveys have the form of a multi-day repeated observations and/or 
multi-wave panel like SR-91 and I-15 data sets processed and used by Small and 
Brownstone [Brownstone & Small, 2005; Small, Winston & Yan, 2005].  Repeated 
observations for the same trip of the same person can provide the basis for a direct 
measurement of reliability.      

Managed Lane Studies are extremely useful for understanding the trade-offs between 
travel time savings, reliability, and price since in this case managed lanes and free lanes 
always constitute two explicit and available route options with monitored level-of-service 
characteristics.  The behavioral framework delimiting possible responses includes route 
and pre-route choice, and may also include time-of-day choice, occupancy choice (if 
relevant) as well as some other choices.  

A different emphasis and range of responses is pertinent to Regional Pricing Options 
and Area-Based Pricing Studies.  In these studies, pricing is primarily considered as 
a measure of congestion relief by moving travelers from auto modes to transit (and not 
necessarily providing a free highway alternative like in most Area-Pricing schemes).  
These studies are especially beneficial for understanding and modeling the impact of 
congestion and pricing on mode choice.  In this cases, travel time, reliability, and price 
trade-offs made by the travelers are inter-modal.  A proper modeling of mode choice in 
the presence of congestion requires the development of reliability estimates not only for 
highway modes, but also for different transit modes.  Model development and 
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application studies for area pricing in New York  and San Francisco are now underway, 
both of which have clearly shown the importance of an inter-modal view on reliability 
and the differentiation of transit modes by reliability and other level-of-service 
characteristics [Resource System Group, 2007]. 

Some specific features are associated with studies of New Facilities with Tolling.
Several such facilities have recently been proposed and/or built in the state of Texas, 
and some in the state of Florida as well.  In general, Greenfield toll facilities are 
considered as the most complicated for modeling and predicting of traveler responses.  
The available RP/SP studies (and especially if both “before and after” statistics are 
available) are beneficial for a better understanding of the sources of patronage of the 
toll facility.  In a certain sense, the entire demand for a new facility can be considered 
as “induced”, although trips may be diverted from other routes over a fairly wide 
geographical area.  It is of particular importance, to understand and capture differential 
elasticities for route, mode, and time-of-day switches underlying the demand for new 
facility.       

Another important aspect of the dynamics of congestion and pricing is associated with 
Time of Day Tolling studies.  These studies are normally associated with congestion 
pricing schemes and specifically address/target time-of-day choice (in combination with 
mode choice in urban areas).  Pricing schemes with differential-by-time-of-day tolls, as 
well as real-time variable tolls, provide an ideal basis for understanding and modeling 
time-of-day related responses to congestion and pricing.       

A special case is provided by studies of Adding Tolls to Existing Facilities.  There 
can be different facility types and regional frameworks that create different set of 
possible behavioral responses.  There are however, several unique aspect associated 
with this type of surveys.  They allow for capturing psychological effects like resistance 
to newly-introduced tolls, ramp-up period associated with certain learning and 
adaptation of the regional travelers to the new travel conditions created by the tolls, etc.             

Table 36 contains an inventory of survey datasets that have been collected over the 
past several years and which have supported or could support analysis of road pricing 
projects. The datasets have been divided into seven types, ranging from general 
purpose household interview surveys to those that have been purpose-designed to 
support specific road pricing applications. While this list is long, it is by no means 
exhaustive of all of the relevant work in these categories and is intended primarily to be 
illustrative of the types of efforts that have been undertaken to support these 
applications.  One of the essential tasks of the SHRP project that has to be strongly 
coordinated with the course of the current NCHRP project is to select several available 
datasets for pilot studies and estimation of advanced models for pricing.  Our intention 
is to select datasets from the same regions / studies where the NCHRP pilot studies are 
going to be implemented.       
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A.3. Travel Time Reliability Measures  

A.3.1.Highway Utility Components 

Highway travel utility is a basic expression combining various LOS attributes as perceived by the 
highway user.  It is directly used in the highway trip route choice, for example between the 
Managed Lanes and General-Purpose Lanes on the same facility.  It also constitutes an essential 
component in mode and time-of-day (TOD) choice utilities.  The form of highway utility function 
is also important for modeling other (upper-level) travel choices since it serves as the basis for 
calculating accessibility measures.  Consequently, it is essential to explore the highway travel 
utility and its components first, having in mind a simplified framework of route choice in the 
highway network, since the complexity builds up as additional choice dimensions are 
considered. 

In most travel demand models, including those developed for practical and research purposes, 
highway utility takes the following simple form: 

Equation 37: CbTaU ×+×= ;         

where: 
T  = travel time, 
C  = travel cost, 

0<a  = coefficient for travel time, 
0<b  = coefficient for travel cost, 

ba  = Value of Time (VOT).  

Coefficients for travel time and cost normally take negative values, reflecting the fact that 
travel, in itself is an onerous function necessary only for visiting the activity location.  Thus, the 
travel utility is frequently referred to as “disutility” of travel.  There are some research works 
where the negative character of travel utility was questioned in some contexts.  In particular, a 
positive travel utility was associated with long recreational trips on weekends [Stefan et al., 
2007].  Also, an interesting effect was observed for commuting trips where commuters seem to 
prefer (or expect) to traveling for some minimum time (e.g., 20-30 minutes) and are not 
interested in reducing it below this threshold [Redmond and Mokhtarian, 2001].   

The representation of highway travel utility as a linear function of two variables with constant 
coefficients is an extremely simplified one.  A great deal of the SHRP 2 C04 project effort is 
devoted to elaboration of this basic form in the following ways: 

• Investigation of the highway user perception of travel time by congestion levels.  This 
means that a simple generic coefficient for travel time could be replaced with the 
coefficients differentiated by congestion levels. 

• Inclusion and estimation of additional utility components of which travel time reliability
has been identified as the most important component.  Reliability is seen as an additional 
and non-duplicating term along with the average travel time and cost. 
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• Testing more complicated functional forms that are non-linear in time and cost, as well 
as accounting for randomly distributed coefficients or VOT (in addition to any explicit 
segmentation accounting for the observed user heterogeneity).  With these enhancements, 
VOT is not assumed as a constant, but as a varying parameter depending on the absolute 
values of time and cost as well as reliability. 

As a working model we adopt the following general expression for the highway travel utility that 
will be explored component-by-component in the current research:     

Equation 38: ( )[ ] ( )[ ]∑ ∑∑
= ==

+×+×=
5

1

3

1

3

1k n
nn

m
mmmkkk RcCbTaU φϕ ,   

where: 
1=k  - uncongested highway travel time component, 
2=k  - congested highway travel time component (extra delay), 
3=k  - parking search time, 
4=k  - walk access/egress time (e.g. from the parking lot to trip destination, 
5=k  extra time associated with carpooling (picking-up/dropping/off passengers), 

kT  = (average) travel time by component, 

1=m  - highway toll value, 
2=m  - parking cost, 
3=m  - vehicle maintenance and operating cost, 

mC  = travel cost value by component, 

1=n  - disutility of time variation (1st measure of reliability), 
2=n  - schedule delay cost (2nd measure of reliability), 
3=n  - utility of (lost) activity participation (3rd measure of reliability), 

nR  - reliability measures by component.       

nmk cba ,,  -=- coefficients to be estimated, 

( ) ( )...,... mk φϕ  -=- functions for non-linear transformation of time and cost variables. 

This formulation makes it more difficult to calculate VOT although it is still possible in the same 
way that a Value of Reliability (VOR) can be calculated for the 1st type of reliability measure 
(assuming that this reliability measure is in min).  VOR essentially represents travelers’ 
willingness to pay for reduction in travel time variability in the same way as VOT represents 
their willingness to pay for (average) travel time savings.  More specifically, the VOT (in the 
context of willingness to pay tolls for saving time in congestion conditions) can be calculated by 
the following general formula:     

Equation 39: ( ) ( )
( )111
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A similar calculation can be implemented for VOR.  With non-linear transformation functions, 
VOT and VOR are no longer constant values.  They now depend on the absolute values of time 
and cost variables at which the derivatives of the transformation functions are taken.   

The innovative components that relate to perceived highway time, travel time reliability, and 
non-linear transformations are discussed in the subsequent sections.  It should be noted that 
some components, specifically perceived travel time and three reliability measures, might be 
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correlated statistically (and also conceptually duplicative at least to some extent).  Thus, it is 
highly improbable that the entire formula (Equation 38) would ever be applied.  It rather serves 
as a conceptual framework in which particular structures can be derived and tested statistically 
against each other.

A.3.2.Perceived Highway Time 

Perceived transit time has been long recognized and used in travel models.  For example, in 
most mode choice models and transit assignment algorithms, out-of-vehicle transit time 
components like wait and walk are weighted compared to in-vehicle travel time.  It is not 
unusual to apply weights in the range of 2.0 - 4.0 reflecting that the travelers’ perception of 
out-vehicle time is different and it is perceived as more onerous compared to in-vehicle time. 

Contrary to the transit modeling practice, practically all travel models include a generic highway 
time term, i.e., the same coefficient is applied for each minute of highway time regardless of 
the travel conditions.  However, there is some compelling statistical evidence that highway 
users perceive travel time differently by congestion levels.  For example, driving in free-flow 
conditions might be very different from driving in heavily congested (stop-and-go) conditions.  
It is intuitive and behaviorally appealing that highway users driving in congested conditions 
might perceive the longer travel time as an additional delay or penalty on the top of free-flow 
(or some expected reasonable) time.  In the segmentation of travel time coefficients by 
congestion levels, the time spent in congestion conditions is expected to have a larger disutility.  
A larger disutility associated with congestion would have at least two behavioral interpretations:            

• Negative psychological perception that is similar to the weight for walking to or waiting for 
transit service, 

• Simplified operational proxy for reliability that should be explored in combination with the 
explicit reliability measures.   

There are several research works reporting statistical evidence of quite high perceptional 
weights that highway users put on travel time in congested conditions [NCHRP Report 431, 
1999; Axhausen et al., 2006; Levinson et al., 2004; MRC & PB, 2008; Wardman et al., 2008].  
Also, there have been multiple indications in recent analyses of travel surveys that a perception 
of the time saved by respondents in the Revealed Preference (RP) survey, is about double the 
actual measured time saved [Small et al., 2005; Sullivan, 2000].  In the RP framework, this 
might well be a manifestation that travelers operate with perceived travel times, where time 
spent traveling through congested segments is psychologically doubled. 

Two examples of estimated perceptions of travel time are discussed below in order to illustrate 
the magnitude of the weights as well as possible approaches to differentiate travel time by 
congestion levels.  It should be noted that in both cases the approaches are very simple on the 
supply side.  The network simulation can be implemented, and required LOS skims can be 
generated by static assignment, though DTA could offer additional improvements.  This 
technique can be easily applied with both ABMs and 4-step models. 

First example was documented in [NCHRP Report 431, 1999].  The travel time was broken into 
two parts: 
• Time in uncongested conditions (LOS A-D), 
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• Time in congested conditions (LOS E-F that is close to the “stop-and-go” condition).

The choice framework included route choice only presented in the SP survey context.  Travel 
time and cost variables were not estimated but stated in the SP questionnaires.  Highway utility 
expression included total time, cost, and percentage of congested time.  Using the previously 
introduced notation, the adopted utility specification can be written in the following way: 

Equation 40: ( )
21

2
21 TT

T
cCbTTaU

+
×+×++×= .

This is different from the suggested formula (Equation 38), but can be transformed into an 
equivalent formula with certain assumptions (fixed total travel time).  The estimation results 
confirmed a very high significance of the additional term of percentage of congested time.  The 
authors translated it into a recommended mark-up value of 2.5 to VOT savings under congested 
conditions compared to uncongested conditions.  More detailed estimation results are 
summarized in Table 37.  By virtue of the specified utility function, the cost of shifting 1 min 
from uncongested to congested time is dependent on the total travel time.  For an average time 
of 30 min, the VOT equivalent of the additional perceived burden associated with congestion 
itself is about $15/hour, which is roughly equal to the average commuting VOT applied in most 
models.      

Table 37: Cost of Shifting 1 Minute from Uncongested to Congested Time 

Total travel time, min Cost of shifting 1 min from uncongested to 
congested time, $ 

Equivalent in VOT $/hour 

10 0.77 46.2 
15 0.51 30.6 
20 0.30 18.0 
30 0.26 15.6 
45 0.17 10.2 
60 0.13 7.8 

The second example is taken from the recently completed travel demand model for the Ottawa-
Gatineau, Canada, region [MRC & PB, 2008].  The model framework, choice context, and utility 
formulation were different from those used in the [NCHRP Report 431, 1999] study.  However, 
the bottom-line results look similar in many respects.  In this study, a mode choice model was 
estimated for 5 travel purposes and 2 time-of-day periods (AM and PM) based on the RP data 
from the large household travel survey (5% of the population that corresponds to 23,870 
households in the sample).  Travel time and cost variables were provided from static 
assignment equilibrium skims from the modeled network.    

The highway utility included travel cost with one generic coefficient and travel time broken into 
the following two components (note that this breakdown of travel time is different from the one 
adopted for [NCHRP Report 431, 1999]):
• Free-flow (minimal) time, 
• Extra delay, calculated as congested time minus free-flow time for the entire origin-

destination path. 
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The highway utility function had the following form:    
Equation 41: ( )∑ ×+×+×+×=

s
ss hdCbTaTaU 2211 ,

where: 
s  = additional mode-specific constants and household/zonal variables, 

sh  = values of additional variables, 

sd  = estimated coefficients. 

The estimation results are shown in Table 38, as translated into VOT terms.  They confirm that 
for several segments, specifically AM and PM work trips, as well as PM discretionary trips, each 
minute of congestion delay is perceived as about twice as onerous as the free-flow (minimal) 
time component.  For other segments, however, statistical tests did not show a significant 
difference between free-flow and congestion time components, thus two coefficients were 
pooled together.  

Table 38: VOT Estimates for Free-Flow Time and Congestion Delay 

Trip purpose VOT, $/hour 
AM PM

Free-flow time Congestion delay Free-flow time Congestion delay 
Work 22.2 42.7 19.4 40.0 
University 10.0 10.0 11.0 11.0 
School 5.1 5.1 5.1 5.1 
Maintenance 10.7 10.7 12.1 12.1 
Discretionary 9.0 9.0 11.4 29.3 

The third example is taken from the research work of Mark Wardman et al, 2008 where they 
provided new evidence on the variation in the valuation of motorists’ travel time savings across 
a finer gradation of time types, than has been hitherto attempted (6 different levels of 
congestion), by means of analyzing SP data collected from different tolled road context in the 
UK and US.  The summary of the time relativities is presented in Table 39.  The study confirms 
that a reasonable value for the perceived time weight in congested conditions lies in the range 
1.3 to 2.0. 

Table 39: Highway Time Weight by Congestion Levels 

Travel time conditions UK US 
Free Flow 1.00 1.00 
Busy 1.05 1.03 
Light Congestion 1.11 1.06 
Heavy Congestion 1.31 1.20 
Stop Start 1.20 1.38 
Gridlock 1.89 1.79 
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A.3.3.Reliability Approach 1: Time Variability Measures 

Time variability can be measured by any compact measure associated with travel time 
distribution (for example any combination of the mean, dispersion, and higher moments).  
Taking into account such considerations as behavioral realism and simplicity of the model 
estimation (specifically, formulation of SP alternatives), as well as application, three main forms 
have been proposed and tested so far (see ITS, 2008 for a good discussion):     

• Standard Deviation, that is a symmetric measure assuming that being early or late is 
equally undesirable (probably not a realistic assumption for many trips and underlying 
activities). 

• Difference between 80th, 90th, or 95th and 50th percentile travel times that is frequently 
referred to as buffer time. This is an asymmetric and more behaviorally appealing measure 
since it specifically targets late arrivals and is less sensitive to early arrivals. 

• Simplified asymmetric measures in terms of probability of certain delays; delay 
thresholds such as 15 or 30 min are frequently used in the SP framework. 

An illustrative example of the Standard Deviation approach is provided in [NCHRP Report 431, 
1999] in the context of binary route choice.  The following form of utility function was adopted:  

Equation 42: ( )TSDcCbTaU ×+×+×= ,       

where: 
)(TSD   = standard deviation of travel time.    

Standard deviation of travel time was calculated based on the set of 5 travel times presented in 
the SP questionnaire for each highway route alternative.  The estimation results showed that 
highway users assign a very high value on each minute of standard deviation that is 
comparable with or even higher than the VOT associated with average travel time itself (i.e., 

ac ≥ ).  Also a certain logical variation across trip purposes and income groups was captured as 
summarized in Table 40 (for one of the several reported model specifications). 

Table 40: Value of Reliability measured as Standard deviation of Time 

Trip purpose and income group Value of Reliability 
$ per min SD $ per hour SD 

Work trips, higher income 0.258 15.5 
Work trips, lower income 0.215 12.9 
Non-work trips, higher income 0.210 12.6 
Non-work trips, lower income 0.167 10.0 

A good example of the second time variability measure was presented in [Small, et al., 2005].  
The adopted quantitative measure of variability was the upper tail of the distribution of travel 
times, such as the difference between the 80th and 50th percentile travel times (see Figure 81).
The authors argue that this measure is better than a symmetric standard deviation, since in 
most situations, being “late” is more crucial than being “early”, and many regular travelers will 
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tend to build a “safety margin” into their departure times that will leave them an acceptably 
small chance of arriving late (i.e., planning for the 80th percentile travel time would mean 
arriving late for only 20% of the trips).  
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Figure 81: Travel Time Variability Measure 

The choice context included binary route choice between the Managed (tolled) Lanes and 
General Purpose (free) lanes on the section of SR-91 in Orange County, CA.  The survey 
included actual users of the facility and the model was estimated on the mix of RP and SP data.  
The variation of travel times and tolls was significantly enriched by combining RP data from 
actual choices with SP data from hypothetical situations that were aligned with the pricing 
experiment.  Distribution of travel times was calculated based on the independently observed 
data.  The measures were obtained from field measurements on SR-91 taken at many times of 
day, on 11 different days.  It was assumed that this distribution was known to the travelers 
based on their past experience.  The utility function was specified by the following formula: 

Equation 43: ( )TRcCbTaU ×+×+×= ,  

where: 
( )TR  = difference between the 80th and 50th percentile. 

Reliability, as defined above, proved to be valued by travelers as highly as the median travel 
time (VOT was roughly equal to VOR, i.e., ca ≈ ).  This particular model form, with the 
condition of equal VOT and VOR, has a very interesting and intuitive interpretation (that itself 
could be used for a model formulation in a slightly simplified form where it is assumed from the 
outset that ca = ).  Indeed, if we assume that willingness to pay for saving 1 min of average 
travel time (the 50th percentile) is equal to willingness to pay for 1 min of reduction of the 
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difference between the 80th and 50th percentile, then we can combine both terms in the 
highway utility function since they have the same coefficient.  This means that the underlying 
decision-making variable is the travel time value at the 80th percentile.  This variable essentially 
combines both average travel time and time variation measure.   

An example in Table 41 illustrates this possible approach.  In the example, we assume that the 
highway user has to choose between two roads for commuting that are characterized by 
different time distributions.  Road 1 is longer but more reliable – the travel time varies from 41 
min to 50 min.  Road 2 is shorter but travel time is less predictable and varies from 29 min to 
52 min.  We assume that the highway user is familiar with both roads and makes his/her choice 
based on a rational consideration of the known distributions.  In practical terms, this can be 
interpreted as a recollection of at least 10 trips on each road in the past, sorted by travel times 
from the best to worst. 

Table 41: Illustration of Reliability Impact 

Percentile Travel time, min Preference 
Road 1 Road 2 

10 41 29 
20 42 30 
30 43 35 
40 44 39 
50 45 40 Road 2 by conventional approach 
60 46 41 
70 47 45 
80 48 50 Road 1 by suggested approach 
90 49 51 
100 50 52 

Although Road 2 has a better (lower) average travel time and would be preferred in most 
conventional modeling procedures, Road 1 has a better 80th percentile measure.  In reality, the 
user would probably prefer Road 1 as the more reliable service.  This choice framework with a 
single measure can be used as a simplified version of the approach.  Rather than estimating 
two separate terms (average travel time and additional time associated with 80th-50th 
percentile, a single measure of 80th (or any other percentile large than 50th if yields a better 
statistical fit) could be used.  For example, in a similar context, a 90th percentile measure was 
used in [Brownstone & Small, 2005 ].  This framework is based on a plausible assumption that 
travelers under congestion conditions, characterized by travel time uncertainty, behave as 
rational risk-minimizers.  They do not base their decisions on the average values.  However, 
they do not adopt the extreme mini-max approach (minimize risk and choose according to the 
worst possible case) either.  The decision point probably lies somewhere between the 80th and 
90th percentiles.                         

It is important to note that making this approach operational within the framework of regional 
travel models requires explicit deriving these measures from simulation of travel time 
distributions, as well as adopting assumptions regarding the ways in which travelers acquire 
information about the uncertain situation they are about to experience.  DTA and traffic micro-
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simulation tools are crucial for the application of models that include explicit travel time 
variability, since static assignment can only predict average travel times. 

Other approaches for measuring variability of travel time can also be considered. They are 
similar to the approach described above in conceptual terms, but use a different technique in 
both the estimation and the application stages.  For example, in the travel model developed by 
for the [Toll T&R Study in Montreal, 2002], probability of delays longer than 15 and 30 min was 
introduced in the SP questionnaires for trucks.  The subsequent estimation of the choice model 
revealed a very high significance of this variable comparable with the total trip time (in line with 
the VOR estimation of Small, et al., 2005).  Application of this model required special 
probability-of-delay skims that were calculated based on the observed statistics of delays as a 
function of the modeled Volume-over-Capacity (V/C) ratio.  Although this technique requires a 
multi-day survey of travel times and speeds, it can be applied in combination with the static 
assignment method.  Many regions with continuous traffic monitoring equipment now have 
such data available for important highway segments.  A problem yet to be resolved, however, is 
that when calculating the travel time reliability measure over the entire origin-destination path, 
the highway links cannot be considered independent.      

Reliability is closely intertwined with VOT.  In RP models, if variability is not measured explicitly 
and included as a variable, this omission will tend to inflate the estimated value of average time 
savings.  In reality, variability in travel time tends to be correlated with the mean travel time, 
and people are paying for changes in both variables, so omitting one will tend to attribute the 
total effect to the other. Consequently, an important use SP data sets that include reliability, is 
to use them in combination with RP data sets for which good objective estimates of travel time 
variability can be derived. 

It should be mentioned that the direct using of travel time variability in the behavioral modeling 
framework is not the most appealing approach, compared to the other two (discussed below).  
The principal conceptual drawback of this approach is that it does not explicitly consider the 
nature of underlying activities and mechanisms that create the disutility.  Needless to say, the 
largest part of disutility associated with unreliable travel time is being late (or too early) at the 
activity location, and consequently, losing some part of the planned activity participation.  The 
practical advantage of the time variability approach, however, is in its relative simplicity and 
exclusive reliance on the data supplied by the transportation networks.    

A.3.4.Reliability Approach 2: Schedule Delay Cost 

This approach has been widely accepted by the research community since its inception  [Small, 
1982 ].  According to this approach, the impact of travel time (un)reliability is measured by
explicit cost associated with the delayed or early arrival at the activity location.  This approach
considers a single trip at a time and assumes that the preferred arrival time that corresponds to 
zero schedule cost is known.  The essence of the approach is that the trip cost (i.e., disutility) 
can be calculated as a combination of the following three components: 
α  = value of travel time and cost,  
β  = cost of arriving earlier than the preferred schedule,  
γ  = cost of arriving later than the preferred schedule. 
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By definition, only one of the schedule costs can have a non-zero value in each particular case 
depending on the actual arrival time versus the preferred one.  There can be many analytical 
forms for the schedule cost as a function of the actual time difference (delay or early arrival).  
It is logical to assume that both functions should be monotonically increasing with respect to 
the time difference.  It is also expected, in most cases, that the schedule delay function should 
be steeper than the early arrival function for most activities (being late is more onerous than 
being earlier).  The details, however, depend on the activity type, person characteristics, and 
situational context. 

The most frequently used forms include simple linear function (i.e., constant schedule delay 
cost per minute), non-linear convex function (assuming that large delays are associated with 
growing cost per minute), and various piece-wise functions accounting for fixed cost associated 
with any delay along with a variable cost per minute – see Figure 82.

Preferred arrival

Cost, $

Late arrival, minEarly arrival, min

LinearLinear w/fixed

Non-linear

 
Figure 82: Schedule Delay Cost 

An example of a schedule delay model estimated in a highway route choice context with a 
specially designed SP survey is given in [NCHRP Report 431, 1999].  The utility function was 
specified in the following way: 

Equation 44: ( ) ( ) ( )ttTSDcCbTaU ∆+∆+×+×+×= γβ ,    

where: 
t∆  = difference between actual and preferred arrival time, 
( )t∆β  = early arrival cost specified as a non-linear convex function, 

( )t∆γ  = late arrival cost specified as a linear function with a fixed penalty. 
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The estimation results with respect to the schedule delay cost are summarized in Table 42 (for 
one of the tested model specifications).  Interestingly, as reported by the authors, in the 
presence of explicit schedule delay cost, the travel time variability measure (standard deviation) 
lost its significance.  The authors concluded that in models with a fully specified set of schedule 
costs, it is unnecessary to include the additional cost of unreliability of travel time.   

Table 42: Estimation of Schedule Delay Cost 

Component Marginal values, $ 

Early arrival (non-linear): 
- by 5 min 0.028/min 
- by 10 min 0.078/min 
- by 15 min 0.128/min 
Late arrival dummy: 
- work trips 2.87 
- non work trips 1.80 
Late arrival (linear) 0.310/min 
Extra late arrival dummy 0.98 

Schedule delay cost should be distinguished from TOD choice and the associated disutility of 
shifting the planned (preferred) trip departure/arrival time, although in practical estimation 
analysis, the data might mix these two factors.  To clearly distinguish between the planned 
schedule and schedule delay, the person should explicitly report actual and preferred arrival 
time for each trip.  Schedule delay cost assumes that the person has planned a certain 
schedule, but in the implementation process on the given day the delay occurs to disturb this 
plan.  TOD choice relates to the stage of schedule planning.  The outcome of this process is the 
preferred arrival time.   

Comparing schedule delay to time variability as two different measures of time reliability, it 
should be noted that the schedule delay approach provides a better behavioral insight than 
travel time variability.  It explicitly states the reasons and attempts to quantify the factors of the 
disutility associated with unreliable travel time, specifically perceived penalties associated with 
not being at the activity location in time.  The schedule delay approach, however, has its own 
theoretical limitations as identified by the following: 

• The approach is applied separately for each trip made by a person during the day and it is 
assumed that the schedule delay cost for each subsequent trip is independent of the 
previous trip.  Technically this approach is based on a fixed departure time and a preferred 
arrival time for each trip.  In general, this is not a realistic assumption, since the activity 
duration requirements would create a dependence of the departure time for the next trip on 
the arrival time for the previous trip.   

• This approach does not consider activity participation explicitly, though it makes a step 
towards such a consideration compared to the travel time variability approach. 

• If applied for the evaluation of user benefits from travel time savings, this approach must 
incorporate TOD choice, i.e., travelers’ reconsideration of departure time in response to the 
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changed congestion.  Otherwise, travel time savings can result in early arrival penalties 
overweighting the value of saved travel time. 

On the practical side, in order to be implementable, the schedule delay approach imposes 
several requirements that are not easy to meet, especially with the conventional RP surveys: 

• For each trip, in addition to the actual arrival time, the preferred arrival time should be 
identified.  While the preferred arrival time is generally known to the traveler (or perceived 
subconsciously), it is generally not observed by the modeler in RP type of data.  To explore 
this phenomenon and estimate models that address it, the SP framework proved to be very 
effective, since the preferred arrival time and schedule delays can be stated in the design of 
alternatives.  In some research, simplified assumptions about the preferred arrival time 
were adopted.  For example, in [Tseng & Verhoef, 2008 ], the preferred arrival time was 
calculated as a weighted average between the actual departure time and would-be arrival 
time under free-flow traffic conditions.   

• Application of this model for forecasting would again require input in the form of preferred 
arrival times.  This can be accomplished either by means of external specification of the 
usual schedules on the activity-supply side (that would probably be possible for work and 
fixed non-work activities), or by means of a planned schedule model on the demand side.  
The latter would generate individual schedule plans (departure times) based on the optimal 
activity durations conditional upon the average travel times.  The subsequent simulation 
(plan implementation) model would incorporate schedule delay cost based on the simulated 
travel times. 

A.3.5.Reliability Approach 3: Lost Utility of Activity Participation 

The third approach is based on a concept of time-dependent utility profile by activity type 
[Supernak, 1992; Kitamura & Supernak, 1997 ].  Recently this approach was adopted in several 
research works on DTA formulation integrated with activity scheduling analysis [Kim at al., 
2006; Lam & Yin, 2001].  The essence of this approach is that each individual has a certain 
temporal utility profile for each activity that is characterized by function U(t).  The utility profile 
can either be estimated as a parametric or a non-parametric function of time and time can be 
modeled in either continuous or discrete form.  The utility profile represents an instant utility of 
participation in the activity at the given point of time (or during the discrete time unit that starts 
at the given point of time).  The total utility of participation in the activity can be calculated by 
integrating the utility profile from the arrival time (τ ) to departure time (π ): 

Equation 45: ( ) ( )∫=
π

τ

πτ dttUU , .        

Simple utility profiles are independent of the activity duration.  In this case, it is assumed that 
the marginal utility of each activity at each point of time is independent of the time already 
spent on this activity.  This might be too simplifying an assumption, at least for certain activity 
types like household maintenance needs where the activity loses its value after the errands 
have been completed.  More complicated utility profiles can be specified as two-dimensional 
functions U(t,d) where d denotes the activity duration until moment t.  In this case, the total 
utility of activity participation can be written as           
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Equation 46: ( ) ( )∫ −=
π

τ

τπτ dtttUU ,, .        

Hypothetical, but typical temporal utility profiles specified in a discrete space with an hourly 
resolution are shown in Figure 83.  The work activity profile is adjusted to reflect the fixed 
schedule requirements (higher utility to be present at 8.00 AM and 5:00 PM points).  The 
shopping activity profile is much more uniform, with an additionally assumed convenience to 
undertake this activity after usual work hours.       
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Figure 83: Example of Utility Profiles 

The concept of utility profiles is instrumental in understanding how individuals construct their 
daily activity schedules.  According to this concept, each individual maximizes a total daily utility 
of activity participation.  If we consider a predetermined sequence of activity episodes, it can be 
said that individuals switch from activity to activity when the time profile of the second activity 
exceeds the time profile of the previous activity.  Travel episodes are placed between activity 
episodes in such a way that the whole individual daily schedule represents a continuous 
sequence of time intervals as shown in Figure 84. 
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Figure 84: Consistent Individual Daily Schedule 

The effect of unreliability of travel times can be directly measured by comparison of the planned 
and actual total daily utility of the schedule that includes all activity and travel episodes.  For 
simplicity, but without essential loss of generality, we assume that the sequence of activity 
episodes and trip departure times are fixed.  We will also assume that travel time delay never 
exceeds the planned duration of the subsequent activity; thus, activities cannot be cancelled as 
a result of unreliable travel time.  Thus, unreliability affects only travel times and arrival times.  
In this context, the reliability measure can be expressed as the loss of activity participation in 
the following way: 

Equation 47: ( )∑ −=
i

A
i

P
i UUL ,  

where: 
L  = total user loss (disutility) over the whole schedule, 

P
iU  = utility of the trip and subsequent activity with preferred arrival time, 
A

iU  = utility of the trip and subsequent activity with actual arrival time, 

where the planned and actual utilities can be written as follows: 

Equation 48: ( ) ( )∫
+

+×+×=
1i

P
i

dttUCbTaU i
P
i

P
i

P
i

P
i

π

τ

τ ,  

Equation 49: ( ) ( )∫
+

+×+×=
1i

A
i

dttUCbTaU i
A

i
A

i
A
i

A
i

π

τ

τ ,          
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where: 
Equation 50: i

P
i

P
iT πτ −= ;  i

A
i

A
iT πτ −= .  

By substituting expression (Equation 50) into formulas (Equation 48) and (Equation 49), and 
then, substituting formulas (Equation 48) and (Equation 49) into the basic expression 
(Equation 47) we obtain: 

Equation 51: ( ) ( ) ( )∑ ∫+−×+−×=
i

i
A

i
P
i

A
i

P
i

A
i

P
i

dttUCCbaL
τ

τ

ττ ,  

where the last term (integral) represents the loss of activity participation, while the first two 
terms represent extra travel time and cost.  

A logical relationship between temporal activity profiles of utilities and schedule delay cost was 
explored by [Tseng & Verhoef, 2008 ] that led to an insightful general framework.  It can be 
shown that these two approaches are not independent.  The schedule delay cost functions can 
always be consistently derived from the temporal utility profiles; thus, the schedule delay 
approach can be thought of as a particular transformation of the temporal utility profile 
approach.  Interestingly, the opposite is true, i.e., temporal utility profiles could be fully 
restored from the schedule delay cost functions only under some specific assumptions.     

To illustrate the relationship between temporal utility profile and schedule delay cost, consider 
two adjacent activities in the daily schedule with a trip between them as shown in Figure 85.  
In this fragment of the daily schedule, we assume that the temporal utility profile of the 1st 
activity is monotonically decreasing, while the 2nd one is monotonically increasing.  We also 
number the trip as the 2nd one (according to the activity at trip destination), to be consistent 
with the natural numbering shown in Figure 84.  With an (ideal) zero trip time between the 
activities, the rational individual would switch from the 1st activity to the 2nd activity at the 
intercept point to ensure a maximum total utility.  With a non-zero trip time, the optimal 
strategy would be to depart at such time that the departure-time utility of the first activity 
would be equal to the arrival-time utility of the second activity.                  
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Figure 85: Example of Two Adjacent Activities 

We can distinguish between three possible cases as shown in the figure: 

2122 τπ ≤≤ t  = optimal departure before the intercept point and arrival after it, 

1222 t<< τπ  = arrival earlier than the intercept point, 

2212 τπ <<t  = departure later than the intercept point.  

It is natural to specify schedule delay cost function in such a way that it should be equal to zero 
when the travel time is equal zero and the trip is perfectly timed at the intercept point.  It is 
also natural to refer to the intercept point as the ideal preferred arrival time.  In the general 
case, with non-zero travel time and a not perfectly timed trip, there are two ways to 
constructively derive the total trip cost from the temporal utility functions with the cost 
components interpreted as schedule delay cost.  In both ways we calculate trip cost as a sum of 
the following three components:  

Equation 52: ( ) ( ) ( ) ( )222222222222 ,,,, τπγτπβτπατπ ++=C ,   

where:  
( )222 ,τπα  = travel cost, 

( )222 ,τπβ  = cost of arriving earlier, 

( )222 ,τπγ  = cost of departing/arriving late. 

The first way is to derive trip cost components as follows:   
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Equation 53: ( ) ( ) ( )[ ]∫∫ ==
2

2

2

2

)(,max, 122222

τ

π

τ

π

ατπα dttUtUdtt ,  

(loss of maximum activity utility when traveling),   

Equation 54: ( ) ( ) ( )[ ]∫∫ −==
12

2

12

2

)(, 212222

tt

dttUtUdtt
ττ

βτπβ ,  

(non-optimal 2nd activity if arrived early 122 t<τ ),   

Equation 55: 

( ) ( ) ( )[ ]∫∫ −==
2

12

2

12

)(, 122222

ππ

γτπγ
tt

dttUtUdtt

,  

(non-optimal 1st activity if departed late 122 t>π ).   

The second way uses a different structural allocation of the same total cost: 

Equation 56: ( ) ( ) ∫∫ ==
2

2

2

2

)(, 12222

τ

π

τ

π

ατπα dttUdtt ,  

(loss of 1st activity utility when traveling),   

Equation 57: ( ) ( ) ( )[ ]∫∫ −==
12

2

12

2

)(, 212222

tt

dttUtUdtt
ττ

βτπβ ,  

(non-optimal 2nd activity if arrived early 122 t<τ ),   

Equation 58: ( ) ( ) ( )[ ]∫∫ −==
2

12

2

12

)(, 122222

ττ

γτπγ
tt

dttUtUdtt ,  

(loss of added 2nd activity in travel and late departure 122 t>τ ).   

To verify that both ways produces the same total cost and also highlight the differences 
between them, we summarize all components in Table 43.  Also, all cost components are 
related to the areas 1-12 of integration under the temporal utility curves shown in Figure 85. 
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Table 43: Trip Cost Components 

Case Component Areas of Integration in Figure 85 
1st way 2nd way 

2122 τπ ≤≤ t : departure earlier the 

intercept and arrival later the intercept 

( )222 ,τπα 5,6,7,8 5,6,8 

( )222 ,τπβ
( )222 ,τπγ 7 

1222 t<< τπ : arrival earlier than 

the intercept 

( )222 ,τπα 1,2 1,2 

( )222 ,τπβ 3,5 3,5 

( )222 ,τπγ
2212 τπ <<t : departure later than 

the intercept  

( )222 ,τπα 11,12 12 

( )222 ,τπβ
( )222 ,τπγ 7,9 7,9,11 

In either way of derivation, the schedule delay cost is associated with functions that represent a 
difference between the temporal utility profiles.  The cost of early arrival is associated with the 
extra utility of the first activity (when it is higher than the utility of second activity).  In the 
same vein, the cost of late arrival is associated with the extra utility of the second activity 
(when it is higher than the utility of first activity).  In other words, schedule-related cost 
corresponds to participation in non-optimal activity because of the not-optimally-timed trip.  
This was formalized in the expressions (Equation 54, Equation 55, Equation 57, Equation 58) in 
the following straightforward way: 

Equation 59:   ( ) ( ) ( )tUtUt 212 −=β , 

Equation 60:   ( ) ( ) ( )tUtUt 122 −=γ . 

The only difference between the two methods of derivation is in the formulation of the travel 
cost function and the area of integration for the schedule delay cost for a late arrival.  The first 
way is probably more natural and appealing.  In this case, travel cost is associated with the lost 
(maximum) utility of activity participation when traveling, while the schedule-related cost 
components are associated with participation in non-optimal activity.  However, it operates with 
both departure and arrival times.  Regrouping the cost in the second way allows for expression 
of both schedule-related cost components in terms of arrival time only.  The essence of the 
second approach is that the extra utility of the second activity over the first activity at the time 
of traveling (areas 7 and 11 in Figure 85) is transferred from the travel cost component to the 
schedule delay (late arrival) component.   

In the second method, the travel cost component might not look behaviorally intuitive since it is 
associated with the utility of first activity only.  However, it should be mentioned that activity 
utilities are set in an arbitrary scale and only the difference between them is important.  
Essentially, one of the activities could be chosen as a reference point with zero utility.  Thus, 
the difference between the two approaches is purely definitional.  The second method of 
derivation is more convenient to operate with schedule delay functions depending on the arrival 
time only.  Additionally, the difference between the two approaches is only important when 
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schedule delay cost components are analytically derived from the estimated temporal utilities by 
formulas (Equation 53-Equation 55) and (Equation 56-Equation 58).  If the schedule delay cost 
components as specified by formula (Equation 52) are estimated directly, the difference is 
irrelevant since the same explanatory variables can enter any component.  However, if the 
schedule-related cost functions are estimated based on the arrival time only, the second 
approach would still be more consistent with this method of specifying the schedule delay cost 
function.          

With the assumptions on the form of the temporal utility functions, as shown in Figure 85 for a 
case of two adjacent activities in a fixed order, and with a known intercept (preferred arrival 
time), it is also possible to restore temporal utility profiles from the known travel cost and 
schedule delay functions in the following way: 

Equation 61: ( ) ( )ttU α=1 , 

Equation 62: ( )
( ) ( )

( )
( ) ( ) >

=
<

+

−
=

12

12

12

22

2
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2

for

for

for

,

,

tt

tt

tt

tt

t

tt

tU

γα
α

βα
.   

Thus, for a simple case under the assumptions explained above, there is no essential difference 
between the schedule-delay-cost approach and temporal-utility-profile approach.  They just 
represent different ways of grouping the same utility/cost components.  The direct analogy 
does not hold however, when more than two activities are considered (and not necessarily in a 
fixed order) or when the underlying utility profiles are more complicated and the preferred 
arrival times cannot be established for each trip (pair of adjacent activities) independently.  In 
this case, utility profiles still provide a comprehensive framework for calculation of the loss of 
activity participation, while schedule delay cost components are bound to a particular order of 
activities and trips with predetermined preferred arrival time.  

With certain additional simplifying assumptions the analogy between the schedule-delay-cost 
approach and temporal-utility-profile approach can remain valid for multiple activities/trips.  
Consider a situation where the sequence of activities is fixed and the daily schedule can be 
broken into fragments where only two activities are feasible with the preferred arrival time 
defined for each fragment.  For example, if we have three activities in the daily pattern “home-
work-home” with two trips between them, the first fragment would include (following the 
numbering convention in Figure 84) the 0th and 1st activities (home and work) and the second 
fragment would include the 1st and 2nd activities (work and home).  The first fragment would 
include the outbound work commuting leg, while the second fragment would include the 
inbound work commuting leg. 

Then, schedule delay cost can be derived from the utility profiles independently for each trip 
within each correspondent fragment by formulas (Equation 57 and Equation 58).  Also, the 
utility profiles can be restored from the schedule delay cost of the 1st trip, for the 0th and 1st 
activities and from the schedule delay cost of the 2nd trip, for the 1st and 2nd activities by 
formulas (Equation 61 and Equation 62).  Then, if needed, the utility profiles in one of the 
fragments can be shifted to ensure continuity of the entire utility profile for the 2nd activity 
(work) across both fragments.  This technique can be applied recursively to any number of 
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activities.  It is however, extremely “fragile” and fails if one of the simplifying assumption does 
not hold.              

Thus, the concept of temporal utility profiles, that considers travel time unreliability effects as 
the loss of activity-participation utility, is probably the most holistic among the three possible 
approaches outlined above.  It offers more complete behavioral insight than the travel time 
variability and schedule delay approaches.  It also provides a better platform for the calculation 
of User Benefits from travel time savings and reliability improvements, including small and 
discontinuous savings. 

This concept, however, also has limitations.  On the theoretical side, it is based on a very strong 
assumption that the temporal utility profiles can be measured independently for each activity, 
and, as a result, the daily schedule utility represents just the sum of them.  In reality, the utility 
of one activity can be a strong function of participation and duration of the other activities.  This 
is quite obvious with several episodes of the same or similar activity types.  There are multiple 
effects related to saturation, satiation, and time-space/budget constraints that make the utility 
profiles interdependent across activity episodes.  From this perspective, a microeconomic 
framework that distinguishes between direct and indirect utility functions holds promise.  
However, such a framework has not yet been operationalized in travel demand modeling. 

For practical applications, this approach requires estimation of the temporal utility profiles on 
the demand side.  This is a realistic task using econometric methods, although it might result in 
quite complicated structures and would require a large (household type) survey.  Conceivably, 
application of such a model would require an explicit modeling of a planned daily schedule for 
each individual, taking into account expected average travel times with a subsequent network 
simulation, and calculation of the utility loss because of the actual travel times that are different 
from the expected travel times. 
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A.4. Advanced Time-of-Day Models with Enhanced Temporal 
Resolution  

The model of this type that is the found in current practice was first estimated and applied as 
part of the Columbus ABM [Vovsha & Bradley, 2005 ].  Since then, the approach has been
employed for other ABMs in Atlanta, San-Francisco Bay Area, Denver, Sacramento, San-Diego,
and Phoenix.   The model is essentially a discrete choice construct that operates with tour 
departure-from-home and arrival-back-home time combinations as alternatives. The proposed 
utility structure based on “continuous shift” variables, represents an analytical hybrid that 
combines the advantages of a discrete choice structure (flexible in specification and easy to 
estimate and apply) with advantages of a duration model (parsimonious structure with a few 
parameters that support any level of temporal resolution including continuous time).  The 
hybrid model originally applied in Columbus had a temporal resolution of 1 hour that is 
expressed in 190 hour-by-hour departure-arrival time alternatives.  The subsequent 
modifications in Atlanta and Denver used a finer temporal resolution of 30 min that can be 
achieved with only minor complications.      

The model is applied sequentially for all tours in the individual Daily Activity Pattern (DAP) 
according to the predetermined priority of each activity type.  The enhanced temporal 
resolution allows for applying direct availability rules for each subsequently scheduled tour to be 
placed in the residual time window left after scheduling the tours of higher priority.  This 
conditionality ensures a full consistency for the individual entire-day activity and travel schedule 
as an outcome of the model.  

This formulation for the variables is not restrictive since most of the household, person, and 
zonal characteristics in the TOD model are naturally generic across time alternatives.  However, 
network level-of-service variables vary by time-of-day, and are specified as alternative-specific 
(based on the departure and arrival time of each alternative).  Using generic coefficients and 
variables associated with either departure period, arrival period, or duration, creates a compact 
structure of the choice model where the number of alternatives can be arbitrarily large 
(depending on the chosen time unit scale) but the number of coefficients to estimate is limited 
to a reasonable number.  Duration variables can be interpreted as “continuous shift” factors 
that parameterize the termination rate in such a way that if the coefficient multiplied by the 
variable is positive, it means that the termination rate is getting lower and the whole 
distribution is shifted to the longer durations.  Negative values work in the opposite direction, 
collapsing the distribution towards shorter durations. 

For a practical implementation of the proposed model, the utility functions for all (multiple) 
alternatives should be specified in a parsimonious way.  In the ABM structure, the tour-
scheduling model is placed after the destination choice and before mode choice.  Thus, the 
destination of the tour and all related destination and origin-destination attributes are assumed 
known and can be used as variables in the model estimation.   

The choice alternatives are formulated as tour departure from home-arrival at home hour 
combinations ( hg, ), while mode choice log-sums and bias constants are related to multi-hour 
departure-arrival periods ( ts, ). Tour duration is calculated as the difference between the arrival 
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and departure hours ( gh − ), and incorporates both the activity duration and travel time to and 
from the main tour activity including intermediate stops.  

The tour TOD choice utility has the following general form: 

Equation 63: ( ) ( )+++= ∑−
m

mhtgsghhggh VDVVV ,,lnµ ,       

where: 

hg VV ,   = departure and arrival time specific components, 

ghD −   = duration-specific components, 

m   = entire-tour modes, 

stmV   = tour mode utility by mode m, leaving home in period s and returning 

home in period t,  
µ   = mode choice Logsum coefficient. 

For model estimation the following practical rules can be used to set the alternative departure-
arrival time combinations: 

• Each reported/modeled departure/arrival time is rounded to the nearest half-hour. So, the 
hour “17” includes all times from 16:45 (4:45 PM) to 17:14 (5:14 PM).    

• Any times before 5 (5 AM) are shifted to 5, and any times after 23 (11 PM) are shifted to 
23. This results in a shift for typically relatively few cases, and limits the number of half-
hours in the model to 38. 

• Every possible combination of the 38 departure half-hours with the 38 arrival half-hours 
where the arrival half-hour is the same or later than the departure hour is an alternative. 
This gives 38 × 39 / 2 = 741 choice alternatives.  

To specify the model as parsimoniously as possible, departure/arrival constants are only applied 
for seven TOD periods that can be specified, for example, as follows:  

• 5 to 6 (early morning), 
• 6 to 9 (AM peak), 
• 9 to 12 (early midday), 
• 12 to 15 (late midday), 
• 15 to 19 (PM peak), 
• 19 to 21 (evening), 
• 21 to 23 (late night). 

The network simulations to obtain travel time and cost skims can be implemented for even 
broader periods, for example: 

• AM peak, 
• Early midday,  
• Late midday, 
• PM peak, 
• Night (including early morning, evening, and late night). 
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The mode-choice log-sums will be used for all relevant combinations of the five time periods 
above.  This structure, however, is only limited by the number of traffic and transit assignments 
implemented at each global iteration.  It could include more TOD periods for network simulation 
with ultimately approaching a resolution of dynamic traffic assignment.  In particular, peak hour 
7-8 AM can be singled out of the AM period and distinguished from the AM shoulders (6-7, 8-9).  
This would lead to a network simulation system with six TOD periods, which is manageable.  

The predetermined hierarchy of tours by travel purpose and activity setting (individual/joint) is 
assumed in the scheduling procedure. This hierarchy is based on the general principle on which 
the most activity-based tour-based models are built. According to this principle, people first 
make decisions regarding their mandatory activities (work/university/school). Then, conditional 
upon scheduling the mandatory activities, they schedule joint non-mandatory activities – 
maintenance and discretionary – of which maintenance (shopping, escorting other persons, and 
various other household maintenance activities) is generally considered of higher priority 
compared to discretionary activities (leisure and eating-out). Finally, having scheduled 
mandatory and joint activities, each household member schedules individual activities within the 
residual time window remaining after making any mandatory and joint tours.  

When a person undertakes several activities (tours) of the same priority in the course of the 
day, those tours are prioritized in a chronological order, i.e. the earlier tour is scheduled first, 
while the later tour is scheduled next conditional upon the departure/arrival time combination of 
the first tour, and also forcing the second tour to be scheduled after the first tour (even if there 
is an available residual window before the first tour).  

By using the rules described above, all tours of each surveyed individual can be unambiguously 
ordered by scheduling priority. The residual time window and set of available TOD alternatives 
are defined for each subsequent tour conditional upon scheduling of the previously processed 
tours.  
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A.5. Explicit Modeling of Joint Travel  
An explicit modeling of joint travel constitutes one of the primary advantages of the ABM 
paradigm.  In the basic ABM structure, only joint travel for non-mandatory activities is modeled 
explicitly in the form of fully joint tours (where all members of the travel party travel together 
from the very beginning to the end and participate in the same activity).  This typically accounts 
for more than 50% of joint travel.  Other types of joint travel like carpooling of workers and 
escorting children can also be considered as optional extensions.        

Each fully-joint tour is considered as a unit of modeling with a group-wise decision making 
regarding the primary destination, mode, frequency and location of stops etc.   Formally, 
modeling joint activities involves two linked stages: 

• Generation stage that generates the number of joint tours by purpose/activity type made 
by the entire household.  This is the Joint Tour Frequency Model. 

• Participation stage at which the decision whether to participate or not in each joint tour is 
made for each household member and tour.  This is the Joint Tour Participation Model.  For 
analytical convenience this model is broken into two sub-models: 1) travel party 
composition, and 2) person participation choice.  

A.5.1.Household Generation of Joint Tours 

For this sub-model, the number of travel purposes is limited to 4-5 non-mandatory activities 
(shopping, maintenance, discretionary, eating-out, visiting relatives and friends) and the 
observed maximum total number of fully joint tours implemented by a household during a 
regular workday is limited to 2-3.  A simultaneous frequency-choice model can be formulated 
that would cover all possible frequencies and purpose combinations [Vovsha et al, 2003 ].  A 
structure adopted in the Columbus model (and subsequently applied in the Atlanta, San 
Francisco Bay Area, San Diego, and Phoenix ABMs with minor modifications) included 5 
purposes and maximum of 2 joint tours that resulted in 21 alternatives – see Figure 86.
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Figure 86: Model Structure for Joint Non-Mandatory Activity 

Application experience of this sequential structure (tour frequency, party composition by tours, 
person participation by persons) in Columbus has shown that is performs well in practical terms. 

A.5.2. Travel Party Composition 

Travel party composition is defined in terms of person categories participating in each tour 
(adults and children).  It results in a trinary choice model with the following alternatives as 
shown in Figure 86 above: 

• Adult party (including adult household members only), 
• Children’s party (including household children only), 
• Mixed party where at least one adult and at least one child participate.  

The statistical analysis and model estimation has shown a strong linkage between trip purpose 
and typical party compositions [Vovsha, et al, 2003; MORPC Final Report, 2005].  The essence 
of the joint party composition model is to narrow down the set of possible person participation 
choices modeled by the subsequent sub-model. 

A.5.3. Joint Tour Participation at Person Level  

Frequency choice and travel party composition models discussed above generally fall quite 
readily into the standard discrete choice structure.  Regarding the person participation model, 
two alternative ways to formulate the choice model have been found.  The complexity of the 
person participation model stems from the combinatorial variety of households (especially 
relatively large households with, say, two workers and four children), as well as from the 
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necessity to link participation models across household members and tours in order to logically 
limit the participation of each household member in joint tours. 

Consider a realistic example of a household having two types of persons - two adult workers 
and two school children of pre-driving age.  Consider a joint tour with the chosen mixed travel 
party.  For simplicity of presentation also assume that only one adult is enough to form the 
party. 

The first approach constitutes entire-party choice. This approach is based on explicitly listing all 
possible person combinations for the travel party formation.  Then, the following party-
formation tree can be depicted – see Figure 87 (left side):

Worker/Children Carpool

1st Worker 2nd Worker

1st
Child

2nd
Child

Both
Children

One
Child

Two
Children

1st
Child

2nd
Child

Both
Children

One
Child

Two
Children

Worker/Children Carpool

1st Worker

2nd Worker

1st Child

2nd Child

Restart

Yes No

Yes No

Yes No

Yes No

Restart

2nd Child

Yes No

Entire-party choice Binary person participation

Figure 87: Travel Party-Formation Trees 

In this case, six travel parties can be formed in the household.  The following problematic 
features of the first approach have can be identified: 

• The total number of alternatives in the choice set may reach hundreds if more dimensions 
are added to the person segmentation and/or a larger household is considered, 

• The alternatives have a differential degree of similarity, thus a complicated nested structure 
should be applied; however, it is not clear how to organize all nesting levels in view of the 
multiple possible dimensions. 

The second approach is based on participation choice being modeled for each person 
sequentially. In this alternative approach, only a binary choice model is calibrated for each 
activity, party composition and person type. Quantitatively different alternatives by party size 
are not distinguished. Thus, using the previous example, there will be two different utilities for 
each worker (assuming that male and female differences are important for this joint travel 
category) and one utility for the child. Then a sequence of binary choices is applied assuming a 
single possible participation for each person – see Figure 87 (right side).  
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The following problematic features of the second approach are seen: 

• Participation probabilities might not be independent (some particular person types or 
household members may tend to cooperate more), thus, this fine effect would be lost, 

• There is an uncontrolled party size, including a non-zero probability for failure to form a 
party if all persons have chosen not to participate. 

Comparing pros and cons of both approaches, we have found that the second one is more 
practical and operational in both model estimation and application.  This approach makes travel 
party size automatically linked to the household size and composition.  For example, the more 
children in the household, the more likely a bigger travel party will occur for the relevant joint 
travel where children are in the party composition.  The case of a failure to form a travel party 
in model application is resolved by re-starting the Monte-Carlo simulation until the suitable 
travel party has been formed.   This version of the model was included in the Columbus, 
Atlanta, and San Francisco Bay Area Models.   
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A.6. Evaluation of Pricing Projects: Example Application  
To show how Cost Benefit Analysis (CBA) techniques can be applied and highlight welfare 
calculations, an example application is provided.  While the example is on a relatively small 
scale (addition of a single link in a toy network), it provides useful insights. 

A.6.1.Methodology   

The methods used here consider multiple alternatives for travel between a single origin and two 
destinations.  The alternatives include the choice of destination, mode (auto, bus, or walk), 
time-of-day (AM peak, PM peak, and off-peak), and route.  Figure 88 details the layout of this 
idealized network. 

Figure 88: Idealized Network 

Using a nested logit specification [Ben-Akiva and Lerman, 1985 ], so that clusters of similar
options exhibit correlated error terms, and making some assumptions about cost and time
sensitivity, as well as scale terms and nesting (inclusive value) parameters, one can estimate 
flows for each alternative. There are four distinct choice dimensions being modeled here, so the 
nesting structure exhibits three embedded nests.  At the lowest level is route choice, followed 
by time-of-day, mode, and destination choices at the higher levels (Figure 89).  Reasonable 
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behavioral parameter values were selected to characterize preferences.  Figure 89 shows the 
overall nesting structure of the model, and the associated scale parameters. 

Figure 89: Nested Logit Model Structure and Parameters 

Two destination options (A and B) are available for each user.  Destination A represents a 
location close to the origin (1 mile), while destination B lies much farther away (8 miles).  
However, the assumed attractiveness of destination A is much less than that of B (10 versus 
200 − much like a local versus regional activity center).  Further, the free-flow speed to A via 
automobile is only 10 mph, as compared to 60 mph to B.  The two routes to destination B 
(existing and new) are assumed to be identical in their physical characteristics, and the Bureau 
of Public Roads (BPR) link performance function (Equation 1) was used to compute travel times 
as a function of free-flow times, capacities, and volumes, with alpha (α) and beta (β) 
parameters of 0.85 and 5.5, respectively (as suggested by Martin and McGuckin, 1998 ):   
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where tl is travel time on link l, tfree,l is free-flow travel time on link l¸vl is demand for link l, and 
cl is link l’s capacity flow volume. 

For destination A, capacity is assumed to be unlimited, which is reasonable when such trips use 
a local street network with multiple paths (and relatively low demand, as compared to supply). 

In the second level of the nest, three mode alternatives are available, though the walk mode is 
only available to destination A.  Walk speed is assumed to be 4.47 mph, and bus speed is 
assumed to be the same as the auto mode (In the case of travel to destination B, buses are 
assumed to travel on route 2 − the tolled route, though bus passengers do not pay the toll.).  
However, a flat 15 min penalty is added to bus times to represent its added wait, access, and 
egress times.  Furthermore, the bus fare is set at $0.50 per trip, buses on the network are 
assumed to be equivalent to 2.0 passenger cars (as suggested by the Highway Capacity Manual 
[TRB 2001]), and buses are assumed to ride “full”, at 20 persons of capacity.  For the auto 
mode, a fixed operating cost of $0.20/mile is assumed.  Last, in calculation of utilities for each 
alternative, alternative specific constants (ASCs) are assumed for each mode:  0.0 for auto, -1.1 
for bus, and -1.3 for walk.  These values were selected to represent reasonable preference 
structures and are simply for illustrative purposes. 

The last two levels of the nesting structure are for time-of-day (TOD) and route choices (though 
choice of route is only available to those driving to destination B).  Three TOD alternatives are 
available and link capacities to destination B are assumed to vary by the number of hours in 
each time period (which assumes uniform assessment of all traffic within each period).  AM 
peak is assumed to last 3 hours (6-9 am) and PM peak is assumed to last 4 hours (3-7 pm).  
Instead of giving the off-peak (OP) period the remaining 17 hours of the day, it is assumed that 
most OP travel will occur between the AM and PM peaks; thus, the OP period lasts 6 hrs.  If 
2,000 passenger cars per hour per lane (pcphpl) is assumed for freeway capacity, and each 
route to B has two lanes, then capacities on both routes are the same for each TOD:  12,000 
passenger cars equivalents in the AM, 24,000 in the OP, and 16,000 in the PM.  In computing 
utilities, ASCs for each TOD alternative are assumed to be 0.0, -0.3, and 0.2 for the AM peak, 
OP, and PM peak, to reflect relative preference for travel during the PM and then AM periods, 
respectively. 

Several other assumptions are needed here as well.  The total number of system users is 
assumed to be 125,000, segmented into two groups.  Low value of travel time (VOTT) users 
make up half of the population (with a $6/hour VOTT), and high VOTT users make up the other 
half (with a $12/hour VOTT).  Finally, it is important to discuss the scale parameters (also 
known as inclusive value coefficients) in each level of the nested model.  While scaling 
parameters need not be the same for two different nests at the same level in the nesting 
structure, all were assumed to be the same here for simplicity.  For example, the scale 
parameters across TODs for walk mode to A are assumed to be the same as the scaling 
parameter across TODs for bus mode to B.  Consistent with McFadden’s random-utility theory 
the scale parameters for the route choice, TOD, mode and destination choice nests were 
assumed to be 1.8, 1.6, 1.4, and 1.2, respectively.  In contrast to most nested logit 
specifications (where the top level nest enjoys a 1.0 scale factor), the top level scaling 
parameter is assumed here to be 1.2.  The reason for this is that the coefficient on cost in the 
utility equations is set equal to -1 (as will be shown below). In this way all top-level utility 
values are in terms of dollars already.  An equivalent formulation emerges when setting the top-
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level scaling parameter to 1.0 (as is customary) and adjusting other parameters accordingly.  
Such formulations require subsequent conversion of utility values to dollars, however. 

As shown in Figure 89 with a scale parameter (µ1) of 1.8 in the lowest nest (driving to 
destination B via route 1 or route 2), 1.6 (µ2) in the next lowest nest (AM versus PM versus OP 
TOD), 1.4 (µ3) in the second highest level nest (walk versus bus versus auto), and 1.2 (µ4) in 
the upper level nest (destination A versus destination B), equilibrium destination, mode, TOD, 
and route shares, and travel times and tolls were estimated for a variety of pricing scenarios.  
The associated equations, for generalized trip costs, systematic utilities, inclusive values (scaled 
Logsums) of the nested choices and choice probabilities are as follows:  

Equation 65: dmprdmprdmpridmpri OCtVOTTGC ++⋅= τ,       
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Here GC is the generalized cost, V stands for systematic utility of the alternative  (as measured 
in dollars), Γ denotes the inclusive value or expected maximum utility for an upper level 
alternative, Pr(⋅) represents the probability of a particular choice, i denotes user group  (either 
low or high VOT), d stands for the destination of interest (either A or B), m represents the 
mode of interest (walk, bus, or auto), p denotes the TOD (AM, OP, or PM), r is the route (either 
1 or 2), D is the set of destination alternatives, M is the set of mode alternatives, P is the set of 
TOD alternatives, and R is the set of route alternatives.  Here, VOT denotes the value of travel 
time for the associated traveler group, µ1, µ2, µ3, and µ4 serve as the scaling parameters for the 

Assessing Highway Tolling and Pricing Options and Impacts: Volume 2: Travel Demand Forecasting Tools

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/23427


250

route, TOD, mode, and destination nests, respectively, τ represents out-of-pocket charges (for 
toll or bus fare) and has no coefficient (so that utilities are in dollars), OC is the out-of-pocket 
operating expenses (set to zero for bus and walk modes), t denotes the travel time, ASC 
represents the alternative specific constants for mode and TOD alternatives, and Attr is the 
attractiveness value of each destination.  

Two routes exist only if auto mode and destination B are chosen.  In the other cases, route 2 
can simply be assumed to have some arbitrarily large disutility (or travel cost) associated with it 
such that route 2 is not chosen.   Since utility is unobserved, forcing the cost coefficient to 
equal one necessitates the use of two (non-unitary) scale factors (one for each nest). This 
offers greater transparency in dimensioning, but is in some contrast to most NL specifications 
(where µ is set equal to 1 in the upper [or lower] nest). 

Estimates of the Consumer Surplus (CS) of each tolled scenario were computed as well.  In 
general, the CS can be measured between any two scenarios, but we will look primarily at the 
CS measured in reference to the base scenario − where only one of the two routes to 
destination B is available.  In other words, the base scenario is a “do nothing” scenario where 
no new roads are built to destination B.  The CS computation is as follows: 

Equation 74: 
( ) ( )Γ−Γ= ∑∑

∈∈ Dk
ki

Dk
kiiCS 0

,4
1
,4

4

explnexpln
1 µµ

µ

Equations from Equation 65 through Equation 74 were applied for both traveler types, 
recognizing the distinctive values of time for each.   

A.6.2. Application Results   

An assortment of tolled and non-tolled scenarios was investigated.  Each scenario was run to 
find equilibrium travel times and tolls on all network links.  A base scenario is developed so that 
only one of the two routes to destination B exists.  In addition, another non-tolled scenario is 
constructed such that both routes to destination B exist, but neither is tolled (i.e., build a new 
road without tolls).  Six distinctive tolled scenarios were also considered, for a total of eight 
scenarios (These scenarios are in no way exhaustive and simply serve to illustrate key policy 
cases.).  The simplest of these involve the building of a new road with a flat toll assessed (both 
$0.05 per mile and $0.10 per mile tolls are considered here).  Optimal toll levels were sought, 
to maximize expected net benefits, across all 125,000 travelers (relative to the non-tolled 
scenario).  Moreover, this scenario was extended to the case where optimal toll levels are 
assessed on both routes to destination B.  Finally, revenue maximizing tolls were considered on 
the new route as well as on both routes to destination B.  Unfortunately, throughput 
maximization cannot be undertaken here since a maximum flow is not defined by the BPR 
function.  The BPR function suggests that demand equals flow, and, since demand is 
unbounded to the right (i.e., demand can grow toward positive infinity), flow is also unbounded 
to the right.  The results of these applications emerge from relatively straightforward network 
equilibration and optimization procedures, and are discussed below. 
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A.6.2.1. Traveler Choices and Network Effects 

Under the above assumptions, equilibrium base conditions (where only one route to destination 
B exists) result in volume–to-capacity (V/C) ratios for peak and off-peak periods of 1.08 (for 
both AM and PM peaks) and 0.98, respectively, to destination B.  This results in 19 minute and 
15 minute peak and off-peak travel times to destination B, which are quite high relative to its 8-
minute free-flow travel time.   

Of course, what is of interest is how this compares to scenarios in which a second route (to 
destination B) is added (essentially doubling corridor capacity).  In each case of an added 
route to destination B, substantial delay reductions emerge.  When the new route is not 
tolled, V/C ratios, and thus travel times, to B are lower.  Travel times are just under 14 minutes 
in the peak periods and 10 minutes in the off-peak period (Table 1), saving travelers about 5 
minutes per trip in all TODs.  If a flat toll of $0.40 (equivalent to 5¢ per mile) is assessed on 
the new route to destination B, lower V/C ratios are experienced on the tolled route (in 
comparison to the non-tolled case); and V/C ratios are higher on the non-tolled route (as 
compared to the non-tolled case), but lower than the base (no-build) scenario.  If a flat toll of 
$0.80 (equivalent to 10¢ per mile) is assessed on the new route to B, similar results emerge, 
but with more significant differences.  Thus, in comparison to the non-tolled scenario, travel 
times to destination B in these two tolled scenarios fall by about 2 minutes, to 3.5 minutes per 
trip in peak periods (for the 5¢ and 10¢ per mile settings, as shown in Table 44), however, 
traffic shifts to the non-tolled route, where travel times rise. 
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Table 44:  Travel Times, Tolls, V/C Ratios, and VMT across Scenarios 

Parameter  Link TOD 
Base (1 
Link to 
Dest. B) 

Build 2nd 
Link (No 

Toll) 

 delloT skniL htoB delloT 2 kniL

5 cent/mi 
Toll 

10 cent/mi 
Toll 

Welfare 
Maximizing 

Toll 

Revenue 
Maximizing 

Toll 

Welfare 
Maximizing 

Toll 

Revenue 
Maximizing 

Toll 

Travel Time (min) 

Link 
1 

AM 19.12 13.69 14.26 14.94 14.43 15.55 9.40 8.44 

MID 14.20 9.69 10.11 10.67 10.16 11.14 8.70 8.02 

PM 19.26 13.81 14.39 15.07 14.56 15.68 9.43 8.45 

Link 
2 

AM N/A 13.72 11.85 10.28 9.44 8.52 9.20 8.77 

MID N/A 9.71 8.51 8.06 9.00 8.03 8.67 8.03 

PM N/A 13.84 11.97 10.38 9.45 8.54 9.21 8.81 

Toll ($) 

Link 
1 

AM $0.00 $0.00 $0.00 $0.00 $0.00 $0.00 $1.13 $1.70 
MID $0.00 $0.00 $0.00 $0.00 $0.00 $0.00 $0.58 $1.36 
PM $0.00 $0.00 $0.00 $0.00 $0.00 $0.00 $1.14 $1.71 

Link 
2 

AM N/A $0.00 $0.40 $0.80 $0.89 $1.33 $1.20 $1.63 
MID N/A $0.00 $0.40 $0.80 $0.26 $0.99 $0.60 $1.36 
PM N/A $0.00 $0.40 $0.80 $0.91 $1.35 $1.21 $1.64 

V/C Ratio 

Link 
1 

AM N/A 0.97 0.99 1.00 0.99 1.02 0.75 0.61 

MID N/A 0.78 0.81 0.84 0.81 0.87 0.66 0.36 

PM N/A 0.97 0.99 1.01 0.99 1.02 0.75 0.61 

Link 
2 

AM 1.08 0.96 0.89 0.80 0.73 0.60 0.70 0.62 

MID 0.98 0.77 0.62 0.42 0.70 0.35 0.65 0.36 

PM 1.09 0.96 0.89 0.81 0.73 0.60 0.70 0.63 

VMT (1,000 veh-
mi/day) 

All 
Auto 
Links 

AM 125 195 190 185 176 168 152 136 
MID 201 303 280 249 297 242 259 148 
PM 168 261 255 248 235 225 204 183 

Total 494 759 726 682 708 636 615 467 
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In the case of welfare maximizing tolls, two scenarios were investigated:  one where 
only the new route to destination B is tolled and one where both the new and old 
routes to destination B are tolled.  I(Note: Welfare maximizing tolls refer to toll levels 
that result in the maximum social welfare, which includes traveler perceived costs and 
benefits, along with generated revenues.)  In the case of one tolled route, the welfare-
maximizing toll on that route (at system equilibrium) is found to be $0.89 in the AM 
peak, $0.91 in the PM peak, and $0.26 in the off-peak period (Table 44).  Both peak 
periods’ optimal tolls are higher than the flat tolls considered above, while the off-peak 
period toll is somewhat less, since it is less attractive to travelers (and thus was 
assigned a negative ASC).  These tolls result in travel times on the new route that are 
almost the same for peak and off-peak periods (just 9 minutes during the off-peak and 
about 9.5 minutes during the two peaks), in clear contrast to the flat tolls discussed 
above.  If welfare maximizing tolls are charged on both routes to destination B, tolls 
rise (to about $1.10 to $1.20 in the peak periods and about $0.60 in the off-peak period, 
as shown in Table 44).  While tolls may be high, travelers enjoy significant travel time 
benefits when driving to destination B.  No travelers destined for B experience more 
than a 9.5 minute travel time.   

If road managers instead wish to maximize revenue on the new route, optimal tolls 
will be $1.33 in the AM peak, $0.99 in the off-peak, and $1.35 in the PM peak (Table 
44).  If one maximizes revenues by tolling both routes to destination B, the lowest 
travel times emerge, since fewer travelers choose  destination B, due to tolls on the 
order of $1.60 to $1.70 in the peak periods and $1.35 in the off-peak period (as shown 
in Table 44), much higher than in any of the other scenarios.  These higher tolls result 
in a substantial VMT reduction.  In fact, maximizing revenue on both routes is the only 
scenario in which VMT drops relative to the base (No Build) scenario (5.4% less).  All 
other scenarios exhibit a substantial increase in VMT relative to the base, ranging from a 
24.6% increase (in the case of welfare maximizing tolls on both routes) to a 53.4% 
increase when neither route to destination B is tolled.  

A.6.2.2. Welfare Results 

Equation 74 specifies equivalent variation or average traveler welfare change as 
measured relative to the one-route (to destination B) base scenario, in units of dollars 
per traveler.  A positive welfare change means that users benefit (on average) from the 
policy, whereas a negative welfare change indicates user losses.  In addition to traveler 
welfare impacts, revenues resulting from each tolling scenario must be considered here.  
Table 45 presents the predicted traveler welfare change and revenue streams for each 
of the scenarios previously discussed.
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Table 45:  Revenues and Welfare Results by Scenario 

 Measure   VOT 

Build 
2nd

Link 
(No 
Toll) 

One Link Tolled Both Links Tolled 

5 
cent/mi 

Toll 

10 
cent/mi 

Toll 

Maximum 
Welfare 

Toll 

Maximum 
Revenue 

Toll 

Maximum 
Welfare 

Toll 

Maximum 
Revenue 

Toll 
Welfare 
Change from 
Base 
($/traveler/day) 

Low VOT $0.63  $0.54  $0.45  $0.52  $0.39  $0.24  $0.00  

High VOT $0.69  $0.63  $0.53  $0.63  $0.46  $0.48  $0.24  

Average $0.66  $0.58  $0.49  $0.57  $0.42  $0.36  $0.12  

Daily Welfare 
Change ($/day) 

Low VOT $39.6K $33.9K $28.4K $32.3K $24.3K $15.2K $0.13K 

High VOT $42.9K $39.1K $33.3K $39.1K $28.4K $30.2K $15.1K 

Total User Benefit ($/day) $82.5K $73.0K $61.7K $71.4K $52.7K $45.4K $15.3K 

Toll Revenue ($/day) $0 $15.9K $26.0K $23.0K $30.9K $65.9K $81.1K 

Net Welfare (User Benefit 
plus Revenue in $/day) 

$82.5K $88.9K $87.7K $94.4K $83.6K $111.3K $96.4K 

As shown in Table 45, generated revenues range from $0 in the Build, No Toll route 
scenario to $81,000 per day in the Revenue Maximizing, Both Routes Tolled scenario.  
In discussing traveler welfare, it is not so surprising that in all of the scenarios with the 
new route to B, welfare change estimates are positive (even for the Revenue 
Maximizing, Both Routes Tolled scenario where VMT falls), meaning net benefits exist 
for all travelers.  This is due to the highly congested conditions of the one-route base 
scenario, and the simple result that doubling capacity to destination B allows for great 
congestion relief.   

The greatest welfare improvements for travelers emerge in the no-toll scenario ($0.63 
and $0.69 per traveler per day for low- and high-VOT travelers, respectively, and 
$82,500 total per day).  However, when toll revenues are considered in addition to 
traveler welfare, this no-toll scenario offers the lowest net welfare overall.  Even when 
tolls are set to maximize revenues on one or both routes, net welfare is greater than the 
no-toll scenario.  These welfare benefits are useful to highlight for all stakeholders. 

Of course, the greatest net benefits emerge when all “goods” are priced optimally − so 
that tolls are set to maximize welfare on both routes (net welfare of $111,300 per day).  
If a no-toll route to destination B must be provided, the best option emerges from the 
welfare maximizing scenario with a single route tolled (net welfare of $94,400 per day).  
Clearly, there are benefits for both low-and high-VOT travelers and high-VOT travelers 
benefit more, but the disparity between the two traveler types is larger when both 
routes are tolled (differences of $6,800 in traveler benefits with one route tolled and 
$15,000 with both tolled).  A similar result is found when tolls are set to maximize 
revenues.  The difference between low- and high-VOT travelers when one route is tolled 
is $4,100 per day ($24,300 versus $28,400) while the difference when both routes are 
tolled is $15,000 per day ($100 versus $15,100), again supporting the notion that the 
impacts are more evenly distributed when one route is left non-tolled.  In fact, if equity 
is measured as the difference in welfare between low- and high-VOT travelers, the least 
equitable scenario occurs with welfare maximizing tolls on both routes (though the 
equity is almost the same for the revenue maximizing tolls on both routes).  The 
availability of substitute travel options may be essential in maximizing user benefits 
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under tolling (and other) policies while wooing supporters across all demographic 
classes.  Of course, such welfare calculations do not account for the costs of 
construction of the new facility nor do they account for the operation of tolling 
technology needed for scenarios with tolling implemented. 

As a point of comparison, Rule-of-Half (RoH) results can also be computed − relative 
to the base scenario and relative to the Build, No Toll route scenario.  It is important to 
recall that, in general, one cannot use the RoH when new alternatives are added, since 
the price associated with zero demand for the new alternative in the base scenario (i.e., 
where the demand curve intercepts the price axis) is unknown.  Thus, price changes 
cannot be measured.  However, this idealized example (with perfect route substitution) 
allows one to assume that link capacity to destination B is simply doubled (instead of an 
entirely new link being added to the network).  Alternatively, one can view the situation 
as one where both links are present in the base case, neither tolled, and the capacity on 
the new/second link is negligible, so no travelers use that link until it is expanded.  
Either way, however, the RoH approach (relative to the No Build scenario) neglects the 
fact that a new alternative is being added New alternative convey a variety of 
unobserved benefits in individual utility perceptions, offering subtle but often substantial 
benefits.  

Under this approach, the RoH can be used to approximate welfare changes relative to 
the No Build or base scenario.  When the Build, No Toll scenario is used as the base, the 
RoH can be used in the standard fashion. 

Table 46 shows the results of the RoH analysis in terms of daily welfare change from 
the base.  Welfare changes resulting from the logsum analysis are also provided.  When 
the single non-tolled route scenario is considered the base, the RoH calculation produces 
very different results than the logsum approach.  In each scenario, the RoH estimates 
are lower than logsum estimates; they range from about 33% lower (for maximum-
revenue tolls on a single link) to over 100% lower (for maximum revenue tolls on both 
links, where welfare estimates become negative under the RoH).  This is due mostly to 
the fact that the addition of a new alternative provides the opportunity for a new choice, 
with a random utility component (the Gumbel error term, reflecting unobserved factors).  
Thus, even if the added alternative did not appear to offer generalized travel cost 
benefits, it would still offer benefits.  As mentioned earlier (under the RoH discussion), 
such benefits are neglected in the RoH framework.  In addition, RoH estimates perform 
best for policies resulting in small travel cost and time changes.  Here, the new link 
offers extensive congestion relief to the corridor, so the RoH’s linear-demand 
assumption is problematic.   

However, when the Build, No Toll route scenario serves as the base case, the RoH 
estimates lie very close to the Logsum-based estimates, differing by no more than 2.4%.   
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Table 46: Traveler Welfare Changes Using RoH versus Using Logsum 

Measure by VOT  

Build 
2nd 
Link 
(No 

Toll) 

One Link Tolled Both Links Tolled 

5     
cent/mi 

Toll 

10    
cent/mi 

Toll 

Maximum 
Welfare 

Toll 

Maximum 
Revenue 

Toll 

Maximum 
Welfare 

Toll 

Maximum 
Revenue 

Toll 

Single Non-Tolled Link Scenario as Base  

RoH 
Approach 

Low VOT $23.2K $19.9K $17.0K $19.8K $15.8K $2.3K -$10.3K 
High VOT $31.0K $27.7K $23.2K $27.7K $19.4K $20.1K $7.0K 
Total $54.3K $47.6K $40.2K $47.5K $35.2K $22.4K -$3.4K 

Logsum 
Approach 

Low VOT $39.6K $33.9K $28.4K $32.3K $24.3K $15.2K $0.1K 

High VOT $42.9K $39.1K $33.3K $39.1K $28.4K $30.2K $15.1K 

Total $82.5K $73.0K $61.7K $71.5K $52.7K $45.4K $15.2K 

Build 2nd Link (No Toll) Scenario as Base  

RoH 
Approach 

Low VOT N/A -$5.7K -$11.3K -$7.3K -$15.6K -$24.0K -$38.1K 
High VOT N/A -$3.8K -$9.5K -$3.7K -$14.3K -$12.5K -$27.5K 
Total N/A -$9.5K -$20.8K -$11.0K -$29.9K -$36.5K -$65.6K 

Logsum 
Approach 

Low VOT N/A -$5.7K -$11.2K -$7.3K -$15.3K -$24.4K -$39.5K 
High VOT N/A -$3.8K -$9.5K -$3.7K -$14.5K -$12.7K -$27.8K 
Total N/A -$9.5K -$20.7K -$11.0K -$29.8K -$37.1K -$67.2K 

Note: Revenues are not added to these estimates of traveler welfare changes 

A.6.2.3. Accounting for Highway Cost 

In order to more fully evaluate the scenarios as investment alternatives, it is necessary 
to recognize the costs associated with building and operating a new roadway.  Litman’s, 
2006 review of the literature suggests that freeways in urban areas cost on the order of 
$5 million to $10 million per lane-mile, which includes land acquisition, pavement, and 
intersection reconstruction.  (Note that the costs of building a new road in a non-urban 
area would be substantially lower).  Assuming the cost is $5 million per lane-mile, an 8-
mile, 2-lane freeway will cost $80 million.  If one also assumes that routine annual 
maintenance costs of highways are $14,000 per lane-mile (assumed from a range from 
$13,100 to $14,600 as suggested by FDOT, 2003 ) and toll road management costs are 
$50,000 per lane-mile per year, a single toll facility will cost $1.02 million per year, and 
two toll facilities will cost $1.82 million per year.  Total operating expenses and number 
of toll road lane-miles for NTTA (NTTA, 2003), New Jersey Turnpike Authority (NJTA, 
2003), and San Joaquin Hills Transportation Corridor Agency [SJHTCA, 2003] were used 
to find average management costs for toll roads.  All three were on the order of 
$100,000 per lane-mile, but these systems are mature, and rely on past technology.  
With new, paperless systems, management costs of $50,000 per lane-mile were 
assumed to be reasonable here. 

Finally, if it is assumed that calculated revenues are for weekdays only and weekend 
days generate only half that of weekdays, daily revenues can be multiplied by 313 to 
find yearly revenue streams in each scenario.  Given these assumptions, it is possible to 
perform a cost-benefit analysis of traveler welfare, system expenditures and toll 
revenues.  (For purposes of policymaking, more comprehensive analysis may also be 
pursued, including estimation of bus service subsidies, emissions effects, and crash 
costs.) 
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The analysis of financing the new road is performed in two ways.  First, it is assumed 
that all toll revenues go toward the construction and management costs of the new 
road, after discounting future revenues at 5% per year.  Note that a rate of 7% may be 
more appropriate for the facility investigated here (as per OMB, 2003 suggestions), but 
this example is for illustrative purposes only.  In the scenario where the new road is 
built without tolls, there are no revenues, but one can still compute costs and traveler 
benefits, which results in a net benefit of about $0.52 per traveler per day (one-way), or 
$20.4 million per year (if costs are financed via a 5-percent 30-year loan.  

Table 47 presents the results of this first step of the analysis, including total and net 
annual revenues (after covering construction loan costs and toll road management), and 
time period it takes to fully recover construction and management costs (assuming an 
annualized payback).  When the new road is built but not tolled, a repayment period 
clearly cannot be computed (since there are no toll revenues), and in the case of a flat 
5¢/mile toll, toll revenues are not enough to cover all costs when future revenues are 
discounted at 5%.  In each of the other scenarios, the repayment period is rather 
modest (about 20 years or less), with the minimum payback duration (less than 4 years) 
resulting from tolling of both routes.  Of course, once the costs of building, maintaining, 
and managing the new road have been recovered, future revenues can go toward any 
number of things, including credits to travelers, other infrastructure improvements, or 
the improvement of transit services.  

Table 47:  Repayment Period Results for New Road Investment  

 Measure 

Build 
2nd 
Link 
(No 
Toll) 

One Link Tolled Both Links Tolled 

5 
cent/mi 

Toll 

10 
cent/mi 

Toll 

Maximum 
Welfare 

Toll 

Maximum 
Revenue 

Toll 

Maximum 
Welfare 

Toll 

Maximum 
Revenue 

Toll 

Toll Revenues1 $0 $4.98M $8.15M $7.18M $9.68M $20.62M $25.38M 
Maint. Cost 2 $0.224M $0.224M $0.224M $0.224M $0.224M $0.224M $0.224M 
Manage. Cost 3 $0 $0.8M $0.8M $0.8M $0.8M $1.6M $1.6M 
Net Revenue 4 $0 $3.96M $7.12M $6.16M $8.66M $18.80M $23.56M 
Repay. Time 5 N/A N/A 16.9 yrs 21.5 yrs 12.7 yrs 4.9 yrs 3.8 yrs 
1Revenue generated for a year assumes 261 weekdays and 104 weekend days per year, where weekend-day 
revenues are one half those of regular weekdays.  Values are shown in millions of $/year. 
2These are roadway maintenance costs for the new highway in millions of $/year. 
3These are tollway management costs in millions of $/year. 
4Net revenue is the difference between total revenue and the sum of maintenance and toll management 
costs, shown in millions of $/year. 
5Repayment time is the time (in years) it takes to pay off an $80 million loan using all of the net revenues 
generated by the scenario.  Here, a discount rate for future revenues is assumed to be 5%. 

In the second step of the analysis, a more standard approach to CBA is taken where 
costs and benefits that accrue over time are discounted to find equivalent NPVs.  First, it 
is assumed that the construction of the new road will be paid for by a 30-year loan with 
5% interest rate and fixed yearly payments.  This amounts to annual payments of 
approximately $5.2 million (not including maintenance and management costs, which 
are subtracted from net revenues before applying them to loan payments).  In addition, 
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other costs include the annual maintenance and management costs, and benefits 
include yearly toll revenues and traveler benefits.  Once all annual costs and benefits are 
computed, the NPV of each can be found (by discounting at the assumed rate of 5% per 
year) and summed to determine a project’s total NPV.  Table 48 shows the results of 
this analysis.  Note that the NPV of all costs includes only construction costs and the 
NPV of all benefits includes all other benefits and costs per FHWA, 2003 guidance in 
computing B-C ratios.  As shown in Table 48, each scenario enjoys very high NPV 
values (due to heavy congestion in the base scenario) ranging from $306.6 million in the 
case of revenue-maximizing tolls on a single route to $427.4 million in the case of 
welfare-maximizing tolls on both routes.  Since the NPV of costs is the same for each 
alternative, the scenario rankings based on total NPV and B-C ratio are identical.   

Table 48:  Cost-Benefit Analysis Results for New Road Investment  

 Measure 
Build 

2nd Link 
(No Toll) 

One Link Tolled Both Links Tolled 
5 

cent/mi 
Toll 

10 
cent/mi 

Toll 

Maximum 
Welfare 

Toll 

Maximum 
Revenue 

Toll 

Maximum 
Welfare 

Toll 

Maximum 
Revenue 

Toll 
Construction Costs1 $5.2M $5.2M $5.2M $5.2M $5.2M $5.2M $5.2M 

Maint. Costs1 $0.22M $0.22M $0.22M $0.22M $0.22M $0.22M $0.22M 

Manage. Costs1 $0 $0.8M $0.8M $0.8M $0.8M $1.6M $1.6M 

Revenue1 $0 $4.98M $8.15M $7.18M $9.68M $20.62M $25.38M 

Traveler Benefits1 $25.8M $22.8M $19.3M $22.4M $16.5M $14.2M $4.8M 

Yearly Costs2 $5.2M $5.2M $5.2M $5.2M $5.2M $5.2M $5.2M 

Yearly Benefits2 $25.6M $26.8M $26.4M $28.5M $25.1M $33.0M $28.3M 

                

NPV of Costs3 $80.0M $80.0M $80.0M $80.0M $80.0M $80.0M $80.0M 

NPV of Benefits3 $393.3M $412.0M $406.6M $438.5M $386.6M $507.4M $435.4M 

Total NPV $313.3M $332.0M $326.6M $358.5M $306.6M $427.4M $355.4M 

B-C Ratio 4.917 5.150 5.082 5.482 4.832 6.343 5.443 
1All values are shown in millions of $/year.  Construction costs are computed assuming a 5% interest rate 
on 30-year loan.  Revenues and traveler benefits are computed assuming 261 weekdays and 104 weekend 
days per year, where weekend-day revenues and traveler benefits are one half those of regular weekdays. 
2Yearly costs include only construction costs and yearly benefits include maintenance and management 
costs, revenue, and traveler benefits.  All values are shown in millions of $/year. 
3NPVs are calculated using a discount rate of 5% per year. 

Of course, the NPV of each scenario depends greatly on the assumed discount rate of 
5%, though, in this case, the rankings of scenarios will be the same regardless of 
chosen discount rate (since annual demand, costs and benefits are simply assumed 
constant over the 30 year period of analysis).  However, it is of interest to understand 
the sensitivity of NPV to the chosen discount rate.  The welfare-maximizing tolls on a 
single route yield a NPV of $358.5 million, when discounting at 5% per year (as shown 
in Table 48).  If the discount rate is changed to 3%, the NPV estimate rises to $457.2 
million (28% greater than discounting at 5%). In contrast, if the discount rate is 7%, 
the NPV estimate falls to just $289.4 million (19% less than the original).  Thus, for 
even small deviations in the discount rate, large fluctuations in the estimated NPV may 
result. 
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A.6.2.4. Summary   

The example application provided here illustrates how Logsums can be used as a 
measure of traveler welfare, and how cost-benefit analysis can be used as a tool for 
project evaluation in toll road settings.  In addition, theRoH estimates of welfare change 
were illustrated, in order to demonstrate how close and how far they can be from the 
Logsum measure (when wholly new routes/alternatives are added versus existing routes 
are tolled).  As shown in eight numerical examples, with two distinctive (and latently 
heterogeneous) traveler types, congestion levels can be largely reduced in the presence 
of pricing (even with flat tolls), and estimated net welfare effects can be significant 
(even when tolls are set to maximize revenue).  While disparities exist between the 
welfare benefits of low- and high-VOT travelers, these are lessened when a no-toll or 
low-tolled option is preserved.  The results also show how congestion pricing can 
provide a means to finance new highways along previously congested corridors.  In the 
congested-corridor context examined here, it was found that all but one pricing policy 
led to revenues that could fully finance the infrastructure costs within 30 years, with 
excess revenues.  Such excess revenues can be used for any number of things.  

Of course, the analysis provided here illustrates only key concepts with an idealized set 
of scenarios.  Nonetheless, it shows how a variety of pricing policy options exist for 
those willing to invest in new transportation infrastructure that offers travel time 
savings.  The tools and techniques highlighted here illustrate practical methods for 
identifying welfare-enhancing and cost-recovering investment opportunities. These 
techniques recognize demand elasticity across times of day, destinations, modes and 
routes, which are standard features of most travelers’ choice sets, but which are too 
often lacking in most analysts’ toolkits and not applied.  

A.6.3.Conclusions and Recommendations   

The topics covered in this appendix seek to aid planners and decision makers in using 
transportation models to inform the decision-making process, with emphasis on toll road 
projects.  Traveler welfare calculations were discussed at length, with a focus on logsum 
calculations across discrete alternatives.  Such measures of traveler welfare provide the 
most rigorous estimates when demand estimates are a consequence of discrete choice 
models, such as with the MNL and NL specifications.  However, they are not appropriate 
in model specifications, where multiple choice dimensions are modeled in a largely 
sequential and less integrated fashion.  In such cases, the RoH may instead provide 
reasonable estimates of welfare changes, at least when existing road policies are only 
modified (e.g., tolling is added to existing systems). When choice alternatives are added 
(such as new roadways), however, the RoH is inappropriate.   

CBA techniques are invaluable in weighing attributes of different alternatives, and a 
variety of measures (e.g., B-C ratios, NPVs, and IRRs) can support objective results.  
The NPV approach may be the most robust of the CBA measures discussed here, since it 
offers a quantity for direct comparison across potential projects, with obvious dollar–
value implications.  Of course, it can be difficult to measure all project impacts in 
monetary terms (as discussed by Small, 1999 ) and each project is unique; thus
ultimately, there is no substitute for expert judgment in toll road project evaluation, as a
complement to such calculations. 
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As discussed, discount rate selection is a component of all cost-benefit analyses, 
meriting serious consideration.  OMB, 2003 guidelines suggest a real rate of 7% for 
public projects.  However, it is especially important for toll road projects in order to 
properly evaluate the implications of the chosen discount rate (whatever it is), 
adjusting it up and down by 2, 3, or even 5 percentage points.  Robust investment 
decisions and tolling policies should rank near the top (of all potential policies) across 
various discount rates (though NPV generally vary substantially across discount rates). 

Toll rate selection is a critical component of toll project evaluation.  Three methods for 
rate selection were discussed here: welfare maximization, revenue maximization, and 
throughput (flow) maximization.  While each is distinct and can result in very different 
toll levels, different stakeholders will prefer different objectives, and it can be valuable to 
explore the implications of all three approaches.  Such investigations allow planners and 
policymakers to quantify the relative closeness of a project’s/policy’s expected welfare, 
revenue, and throughput, to optimal levels.  More robust policies will perform relatively 
well across multiple measures. In the end, of course, the pursuit of social welfare 
maximization is a meaningful goal likely to appeal most to the traveling public and 
policymakers.
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Abbreviations and acronyms used without definitions in TRB publications:

AAAE American Association of Airport Executives
AASHO American Association of State Highway Officials
AASHTO American Association of State Highway and Transportation Officials
ACI–NA Airports Council International–North America
ACRP Airport Cooperative Research Program
ADA Americans with Disabilities Act
APTA American Public Transportation Association
ASCE American Society of Civil Engineers
ASME American Society of Mechanical Engineers
ASTM American Society for Testing and Materials
ATA American Trucking Associations
CTAA Community Transportation Association of America
CTBSSP Commercial Truck and Bus Safety Synthesis Program
DHS Department of Homeland Security
DOE Department of Energy
EPA Environmental Protection Agency
FAA Federal Aviation Administration
FHWA Federal Highway Administration
FMCSA Federal Motor Carrier Safety Administration
FRA Federal Railroad Administration
FTA Federal Transit Administration
HMCRP Hazardous Materials Cooperative Research Program
IEEE Institute of Electrical and Electronics Engineers
ISTEA Intermodal Surface Transportation Efficiency Act of 1991
ITE Institute of Transportation Engineers
NASA National Aeronautics and Space Administration
NASAO National Association of State Aviation Officials
NCFRP National Cooperative Freight Research Program
NCHRP National Cooperative Highway Research Program
NHTSA National Highway Traffic Safety Administration
NTSB National Transportation Safety Board
PHMSA Pipeline and Hazardous Materials Safety Administration
RITA Research and Innovative Technology Administration
SAE Society of Automotive Engineers
SAFETEA-LU Safe, Accountable, Flexible, Efficient Transportation Equity Act: 
 A Legacy for Users (2005)
TCRP Transit Cooperative Research Program
TEA-21 Transportation Equity Act for the 21st Century (1998)
TRB Transportation Research Board
TSA Transportation Security Administration
U.S.DOT United States Department of Transportation
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