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Part I. RATIONALE AND SCOPE OF 
A RESEARCH AGENDA FOR CIM 

OBJECTIVE 

This  report presents a research agenda for the information tech­
nology aspects of CIM, Computer Integrated Manufacturing. The report is 
intended to focus interest and guide the selection of research projects 
over the next five years. It is directed at  researchers in  academe and 
industry and at  research-sponsoring agencies in  government and industry. 

A panel of the Manufacturing Studies Board and the Cross-Discipli­
nary Engineering Research Committee, under the auspices of the National 
Research Counci l's Commission on E ngineering and Tefhnical Systems, 
wrote  th is  report.  A s i milar report written in 1983 prompted the 
N a ti o n a l Sc ience  Fou n da t ion  to spo nsor t h i s  reconsidera tion of the  
technology and research needs five years later. 

RELATED WORK 

An ancient legend from India2 deals with a group of blind men who, 
for the first time, encounter an elephant. Depending on whether each 
man touches the trunk,  tusk, ear, side, leg, or tail,  he proclaims that 
an elephant is simi lar to a snake, spear, leaf, wall, tree, or rope. In 
the modern version of this legend, there are thousands of blind people, 
and the elephant is CIM (See Figure 1 .) 

In view of the fact that the "I" in CIM stands for "integra tion," it  
is ironic that CIM is perceived so differently by the diverse groups 
that relate to it: marketeers and developers of CIM products (software 
and hardware); purchasers of CIM products, from a broad range of indus­
tries  (a utomobiles ,  pharmaceu tica ls, e tc.); programmers who insta l l  and 
maintain CIM applications; intended CIM users (product design engineers, 
manufacturing engineers, production planners, purchasing agents, machine 
opera t ors,  a c c o u n ta n t s ,  f a c t ory m a n agers, e tc . ); d e v e l opers o f  CIM 
tech nology from ind us try and acade me (computer scient i sts, industrial 
engi neers, mechanical  engineers, etc.); and pe rhaps even the age ncies 
that support some of the CIM research and development. The challenge is 
to achieve a meaningful consensus for action. 

1 
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Figure I 

This report is but one of many similar undertakings in recent 
years. A number of panels, workshops and conferences have issued 
reports,3 and other efforts are still under way.4 

APPROACH 

This panel's approach has been to define CIM, describe the part 
of CIM to be covered in this report, and then describe a taxonomy that 
facilitates the presentation of a re�earch agenda. In recent years, 
other taxonomies have been proposed. The taxonomy for this report 
was created by first developing a long, unordered list of potential CIM 
research topics gleaned from two sources: 

• the collective experience of the panel, and 
• a review of a number of prior reports. 

The panel then reorganized the list to reduce repetition and to present 
the topics in three main categories: applications, enabling technolo­
gies, and synthesis. A small number of items that do not fit well 
under these three headings are discussed in two additional categories: 
long-term issues and miscellaneous. The resulting taxonomy is shown in 
Figure 2. 

DEFINITIONS 

Many of the terms that are commonly used when discussing computer­
integrated manufacturing actually mean different things to different 
people. So that the items of the research agenda can be discussed 
unambiguously, the panel gives the following definitions: 
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Figure 2: RESEARCH AGENDA TAXONOMY 

• CIM Applications 
Manufacturing resource management 
Process operation 
Process planning 
Product and process design 

• CIM Enabling Technologies 
Modeling 
Computing resources and resource management systems 

• CIM Synthesis 
Overall architecture 
Requirements analysis 
Human role 

• Long-Term Issues 

• Miscellaneous 

Manufacturing 

Manufacturing is the collection of physical and intellectual activi­
ties associated with designing and making tangible, movable items of 
value, either by hand or through the use of machinery. 

Interfaces 

Interfaces are linkages among independent systems, each capable of 
doing something useful. 

Integration 

Integration is the combination of two or more independent systems in 
such a way that the composite system does more than the initial collec­
tion. The scope of integration varies from simple interfaces to complex 
redesign of entire systems. 

Most systems are already integrated, although the effectiveness of 
this integration may be limited. For example, industrial enterprises 
are integrated; manufacturing is integrated. In this context, promoting 
integration means improving effectiveness. Qualitative changes occur in 
the overall system as the effectiveness passes certain thresholds. 
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Computer Integration 

Computer integration refers to situations in which computing is the 
agent of integration. The principal forms of computer integration are: 

• common data bases and communications links (i.e., sharing data), 
• c o m m o n  system a n d  a ppl icat ion program ming interfaces (i .e.,  

sharing executable programs), and 
• c o m m o n  u s e r  i n t e r f a c e s  ( i . e . ,  ha v i n g  s i m i l a r  s c r e e n s  a n d  

keystrokes). 

E f f e c t i v e  i n te g r a t i o n  usua l l y  requi res  s ignif ica n t  a tt e n t ion  to the  
overal l  system architecture. The two main technical issues are  how 
computer integration may be facilitated and how it can be applied. 

Computer-Integrated Manufacturing 

C o mp u te r - i n t e g r a t e d  m a n u f a c t u r i n g  is ma n u f a c t u r i n g  in w hich 
computers serve as an important agent of integration. The computing 
hardware and software involved are termed CIM systems. 

CIM SYSTEM STRUCTURE 

Outputs 

The use of a CIM system results in two possible outputs: 

• Products to be sold to customers. The products may be either 
physical  (e.g. ,  an  automobile)  or informational (e.g., a design for an 
a u t o m o b i l e ) . The cus tomers  may be e i t h e r  outs ide  o r  i ns i d e  t h e  
enterprise operating the CIM system. 

• Production systems to be used for manufacturing. These are tools 
for making the products rather than the products themselves. Aga in, 
t h ey may be phys ica l ( e .g. ,  a manufactur ing  l ine) or  info rmational  
(e.g., part of another CIM system). 

Logical Components 

There are many ways to view the structure of any CIM system that 
provides such outputs. One way is to start with the highest level of 
a pp l i c a t i o n  and prog ressi ve ly dec ompose  the syst e m  i n to  s u c c essive 
levels  of function. A recursive similarity is displayed as the layers 
are peeled away. This process should not be confused with the agenda 
taxonomy of Figure 1 .  

A n  application is the highest-level useful function performed by a 
C I M  sys t e m .  F o r  e x a mp l e ,  job-s h op sched u l i n g  m i gh t  be a CIM 
appl icat ion. Any application has two major components, modeling and 
subordinate applications. 
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The first component, modeling, deals with the top-down view of the 
specific appl icat ion domain.  It  can be subdivided in to  four major 
parts: 

• representing the application states and transitions among them; 
• predicting transitions; 
• f a c i l i t a t i n g  d e c i s i o n s  a m o n g  p o s s i b l e  t r a n s i t i o n s  ( t h e s e  

dec i s ions  may b e  i n t e ra c t i ve o r  automatic, a l gori thmic o r  heurist ic, 
etc.); and 

• control l ing  the transit ions by closed-loop feedback, with people 
removed from many of  the mundane, error-prone, or real-time-critical 
decision-making roles. 

For example, the application state for a shop-floor control system 
would include the set of jobs in process; their  priorities, deadlines, 
and degrees of completion; the material flow routes; the set of machines 
and queues; which jobs the queues currently contain, etc. Transitions 
would include job release, machine cycle completion, installation of new 
machines,  changes in job priority, etc. Predicting transitions would 
include forecasting machine utilization or job completion times. Deci­
sions would include selecting jobs from each queue, scheduling machine 
main tenance, e tc. Control l ing  transit ions would include automatically 
raising the priority of a job as its deadline approaches, sounding an 
alarm when a queue overflows, etc. 

The second component of an application is the set of subordinate 
a p p l i c a t i o n s .  F o r  e xa m p l e, a job-shop schedul er  m i ght include a 
materia ls resource planner and a machine tool uti lization analyzer as 
subordinate applicat ions. 

CIM applications that deal solely with providing or managing comput­
ing resources include operating systems, data base management systems, 
cen t ra l  p rocess ing  units ,  data  bases, input/output, communications net­
works, and user interfaces. As long as these functions arc essentially 
independent of manufacturing, their inner operation is outside the scope 
of CIM 

Beca use appl ica tions arc bui l t  on top of other applications, CIM 
systems tend to be highly layered. At the lower levels, the system 
m o d e l i n g  t ec h n o logy may be a p p l i c a tion- independ e n t. P r ogressive l y  
higher layers introduce objects t h a t  tai lor this  generality t o  specific 
domains. 

BOUNDING THE RESEARCH AGENDA 

In its broadest definit ion, CIM is a very complex subject for a 
research agenda. This report, as noted at the ou tset, focuses on the 
part of CIM research with the highest potential leverage: the handling 
of information. 

The major functions of a business enterprise are manufacturing and 
marketing. Although this report has defined manufacturing to include 
designing as well  as making products, these functions historically have 
been spl i t  apart,  rela t i ng to the dist inction between white-collar and 
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blue-collar  labor. Similarly, production control and process operation 
have been divided by the distinction between indirect labor (including 
management) and direct labor. 

In both of these cases, the boundaries have evolved for reasons 
that arc exped ient rather than intrinsic. The essence of integration 
requires that it cross such artificial boundaries. It is usually unwise 
to design products independently of the plants that will produce them, 
or to schedule process operations independently of product characteris­
tics.  The research proposed in th is report is a imed a t  integrating 
those functions. 

Similarly, manufactu ring and marketing arc interrelated. Products 
should not be manufactured unless they can be sold, or sold unless they 
can be manufactured. Although this report excludes marketing, some 
research in this area is desirable. 

Since the time of Henry Ford, material transport systems have been 
important integrating clements in manufacturing. This report, however, 
l imits the CIM research agenda to the computational aspects of manufac­
turing; material t ransport systems arc considered only to t he extent 
that they represent subsystems for which computing has a significant 
benefit. 

The impediments to rapid and effective implementation of CIM span a 
broad range of issues: 

• management (organizational, governmental, sociological) 
• finance (justification, measurement) 
• personnel (human factors, human resources, education, training) 
• technology transfer 
• technology availabil i ty 

Experience indicates that all  of these issues are important. To conform 
t o  t h e  c h a r t e r  o f  the panel ,  h owever ,  this  report  focuses on the 
availability of technology for CIM. 

THE NEED FOR A CIM RESEARCH AGENDA 

The rationale for government-sponsored research in manufacturing has 
two elements: 

• R e se a r c h  w i l l  p ro v i d e  new technolo gy; th i s  techno l ogy wi l l  
improve manufacturing; and this improvement will increase the nation's 
industrial effectiveness. 

• Individual companies cannot be expected to bear the full  costs of 
research whose benefit is likely to spread beyond company boundaries. 

Research on CIM is part of manufacturing research. . The general 
rationale for research specifically in CIM has three elements: 

• J"hc potential  benefit from integrating manufacturing subsystems 
is large. 

• Implementing CIM is proving to be much harder than expected. 
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• T h e  ga p be tween e x p ec t a t ion a n d  rea l i ty i s  due pa r tly to  
technical problems that research can solve. 

Occasionally raised in opposition to CIM research arc two arguments: 

• No essential d ifferences exist between a CIM system and other 
large,  dynamic,  h e terogeneous c omputer applications, such as  airl ine 
reservation systems. If gaps exist in the computing technology needed 
for CIM they are small, and existing research aimed at broader needs 
will automatically address them. 

• Integration is an evolutionary step that occurs progressively as 
any complex human-made system grows. Integration occurs naturally in 
response to socioeconomic pressures, and innovative technology is rarely 
a limiting factor. 

The first view holds that CIM research is unnecessary; the second 
that i t  is futile. The response to the first is that a CIM system is 
different from other large systems in many quantitative ways: The 
variety of system users is greater; the variety of domains is greater 
(from automobi les to  pha rmaceutica ls); the variety of nonhomogeneous 
computing systems is greater; the number and variety of parameters may 
be larger; the system may change more frequently; the system is more 
sensitive to capricious human decisions; and the system is sensitive to 
a greater variety of unpredictable, real-world events. In addition to 
these d ifferences are similarities,  but  they consistently relate to the 
most difficult classes of  sys tem complexities: Systems may produce 
other systems; data bandwidth and storage requirements are very high; 
many of the applications are combinatorial and therefore mathematically 
hard. 

The response to the second view is that evolution is an intrinsi­
cally inefficient way to reach a goal, and it is unlikely to achieve the 
same results as a planned effort. An integrated view of manufacturing 
should help define and accelerate the changes in the system components 
and in the framework that is needed to allow their integration. The 
benefits of even short lead times in implementing CIM are so large that 
any useful results from CIM research are likely to more than repay the 
investment. Additionally, funding research in CIM is l ikely to foster 
related research in contiguous domains of manufacturing. 

MAJOR THEMES 

The resea rch a g e n d a  in t h i s  r e po r t  i s  sub d i vided  into man y 
i n d i v i d ua l  topics for  t rac tabil i ty. Underlying the detai ls  of · these 
individua l projects are two significant common themes. 

The first theme is that the manufacturing environment shapes CIM. 
This environment is characterized by the fol lowing attributes: 

• Time is a major constraint on the use of data at all levels of 
manufacturing. The meaning of real time may vary from microseconds to 
days, depending on the application, but in each case i t  establishes a 
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t h r eshold  f o r  a pp l i c a t i on f e a s i bi l i ty. T h erefore ,  tec h n ique s  t h a t  
a c c e l e r a t e  d a t a  acqu i s i t i on, s torage,  retrieva l, a n d  process i n g  h ave 
large potential impact. 

• Change is  a major factor in manufacturing. Changes affect 
products, processes,  computing technology, market demand, competition, 
etc. The utility of CIM systems depends on their long-term ability to 
accommoda te such changes. Therefore, techniques that provide better 
ways to structure CIM systems have large potential impact. 

• Complexity is a major attribute of manufacturing. The dimensions 
of this complexity include the flows of materials and data, the struc­
ture of products and processes, the diversity of vendors and suppliers 
of mater ials  and equipment, formal and informal i nteractions among 
personnel ,  and d iversity across industry types and applications. The 
ut i l i ty  of C I M  s ys tems, however,  depends  on the i r h a v i n g  generic  
reusable components. Therefore, techniques that provide better means of 
classif y ing  requirements  a n d  bui ld ing  system components have large 
potential impact. 

The second common theme is that much of manufacturing is based on 
experience rather than on systematized scientific knowledge. To facili­
tate CIM, therefore, a focus of research should be the identification 
and formal characterizat ion of man ufacturing objects at progressively 
higher levels. This approach will  permit future CIM systems to deal 
with progressively higher levels of abstraction. 

The second theme is addressed in both a top-down and a bottom-up 
manner. The top-down direction deals with overal l  CIM architecture and 
i t s  p rogress ive  decomposi t ion, stressing the generic role  of modeling 
and information flow. The bottom-up direction emphasizes the common 
tools for building advanced CIM Among these tools are object-oriented 
systems,  a rt if icia l i n t e l ligence,  sy mbolic mathemat ics, control theory, 
and the use of hybrid systems that combine knowledge-based techniques 
with other algorithmic and heuristic components. 

ELEMENTS IN THE RESEARCH AGENDA 

The remainder of this report contains the research agenda. Each 
item in the agenda has three components: 

• a discussion of the issues that the item encompasses, 
• a l i s t  of s p e c ific s u bj e c t s  for  resea rch  ( or in some cases  

discuss ion of broader research areas), and 
• a rating of each specific subject. 

The ratings employ the letters L ( low), M (medium), and H (high), 
and each is in the form of three letters--e.g., H, H, M The first 
letter refers to the level of impact that the research would have if it  
were successful. The second is a measure of the effort needed to do the 
research; generally speaking, low effort takes less than three yea rs and 
$1 million, while high effort takes seven years and $15 million. The 
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third letter is a measure of the intellectual content and technical risk 
of the research. 

The panel recognized that such ratings are inevitably subjective and 
that other people would come up with a different set of ratings. The 
effort, d irection, and success of individual research projects are hard 
to predict. Recognizing the interdependence of research projects makes 
pred iction even hardc

·
r, and assessing exactly what  problem a given 

project is attempting to solve entails considerable ambiguity. Further, 
the impact in terms of real CIM applications depends on management, 
financial, and human issues that researchers arc largely without power 
to affect. In spite of these shortcomings, the panel decided to add the 
ratings to the research topics to give readers some basis for establish­
ing priori ties among the many projects proposed. 

Projects with high impact and low risk, for example, arc l ikely to 
be undertaken by industry, irrespective of government funding decisions. 
Conversely, projects with low cost and high risk are often attractive 
thesis topics in academe. Projects in other categories are less l ikely 
to be undertaken, without added stimulus from government funding. Some 
possible strategies for funding agencies might be: 

• commitment to the long term: High impact, High effort, High risk 
• investment for the future: High impact, Medium effort, Low risk 
• exploratory research: Medium impact, Medium effort, High risk 
• best bets for quick results: Medium impact, Low effort, Low risk 

In general, high-risk projects arc better suited to academe. High-
cost  projects  require  a commitme n t  to mul tid isciplinary cooperation, 
p r o gress ive ly  c r ossing the boundar ies of  academic  d epart ments a n d  
i n st i tu tions.  E n g ineer ing research cen ters or  the ir  equivalen ts are  
a p propr iate .  Ve ry  h igh-cost  projec ts require industrial  invol vement, 
possibly in the form of consortia. 

The uncertaint ies in the rat ings suggest an overall  strategy that 
combines several types of projects. It is worth reiterating that al l  of 
the topics proposed in this report would contribute to the ability to 
achieve  co mputer  integration of manufactur ing, and the ra tings are 
intended only as rough guidelines. 
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Part 2: THE RESEARCH AGENDA 

CIM APPLICATIONS 

Manufacturing Resource Management: 
Planning, Setup, Scheduling, Control 

The principal components of the problem of resource management are a 
set of resources, a set of physical and operational resource constraints, 
a set of demands to be met, and a measure (or set of measures) of the 
goodness  of  a ny specific resource a llocation. The good ness measure 
often involves conflicting objectives, such as minimum work in progress, 
maximum throughput, and maximum capital utilization. Customarily, it  is 
assumed that the set of demands has already been mapped by a preliminary 
process planning step into a set of sequences of resource requirements. 

Although r esource management is  inherently dynamic, it is often 
abstracted into a static problem of allocating resources to optimize the 
performance measure while meeting the constraints and demands. Because 
the system is likely to have time lags or dynamic effects, one has the 
more diff icu l t  problem of choosing an allocation trajectory that over 
time approaches the static optimum in a stable manner. The dynamic 
problem is to provide these solutions in a manner that can adapt to 
real-time changes in the constraints, the demands, the resource set, and 
possibly even the performance measure. An additional problem is the 
statistical inference of how many parts to start producing in order to 
compensate for anticipated probabilistic yield losses. 

For CIM, the resou rces include materia ls, machines (p rocess and 
transport), people (including maintenance), information, and money. The 
physical  constraints include avail ability, capacity, and setup time for 
various resources. The opera tiona l constrai nts include response times 
for detecting and adapting to changes. The problem then is to plan 
production before demand is precisely known, to schedule production when 
demand is known, and to adapt these schedules in response to real-time 
changes, such as in manufacturing demand or machine availability. 

Us i n g  exis ting p rod uction information control  systems to operate 
s pecific  m an u factu ring lines is CIM, but i t  is not  research. CIM 
research is needed in the following areas: 

1 1  
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1 2  

• Methods for modeling a wide class of resource 
problems, especially methods based on knowledge­
based systems, object-oriented systems, and Petri 
net s ;  m e t h o d s  t h a t  are s u f f iciently fast a n d  
efficient that resource problems are tractable while 
plants are being designed and built, as well as 
being opera ted; methods for verifying the correct­
ness of models, based in part on comparisons of 
predicted and measured performance. 

• Mo deling methods that allow easy inter­
changeability of models and the real objects they 
represent; a pplication of such methods to allow 
smooth transition between simulated production and 
real production. 

• Planning a n d  sch e d uling algorithms and 
heuris tics, esp ecially those based on operations 
r esearch, co�trol th eory, artifici\1 intelligence 
(AI) inferences, and simulated annealing. 

• Methods for coupling process planning with 
resource allocation so that the two decisions can be 
reached concurrently. 

• Statistical methods for inferring how many 
parts to start producing in order to meet the demand 
for good parts when yield rates are low and highly 
uncertain, especially in production facilities that 
manufacture a variety of advanced semiconductor 
devices. 

• Methods for analyzing the sensiti vity of 
schedules to c h anges in input constraints and 
demands; resulting formal definitions and measures 
of system flexibility; resulting methods for plan­
ning optimal structures for flexible manufacturing 
systems, down to the level of layouts of tools and 
transport systems. 

RESEARCH AGENDA TAXONOMY 

Impact Effort lllik. 
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• Methods that usc cost to approximate more 
complex r esource constraints; in particular, methods 
that usc marginal costs imposed by delay in order to 
optimize schedules; methods for estimating costs in 
complex systems. 

• Methods that automatically trade off model 
complexity and decision accuracy against computa­
tional speed; application of these methods to iden­
tify bottlenecks in advance and to usc feed-forward 
scheduling to avoid starvation or clear it quickly 
when it occurs. 

• Computational techniques that speed up a l l  
these systems to  increase their capacity to  respond 
t o  r e a l - t i m e  c h a ng e s ,  i n c l u d ing n e w  c o m pu t e r  
architectures, e.g., a Petri net computer, which may 
p r o v i d e  s igni f icant ly  greater co mputa t ional  s peed 
for these problems. 

• M e t h o d s  t h a t  r a p i d l y  d i a gn o s e  s y s t e m i c  
resource management· problems, based o n  models and 
actual performance, and recommend changes to correct 
these problems and support queries that permit the 
models and recommendations to be validated, i.e., a 
diagnostic "factory doctor." 

lmoact Effort Risk 
H H H 

H H H 

M M L 

H M L 

It is important that the approaches to research in these areas not 
be restricted to idealized toy domains or to domains that are exces­
sively narrow. 

Process Operation: Analysis, Optimization, 
Control, and Quality Assurance 

Process operation in general deals with a collection of equipment, 
each piece of which can perform chemical and physical process steps, 
each in turn producing physical changes in products or equipment. The 
actual  changes should correspond to specifications of desired changes. 
Each process step is governed by a set of controllable parameters, the 
state of the incoming products, and the dynamics of the process equip­
ment itself. Each process step may be deterministic or stochastic. 

Information about the actual effect of each process step may be 
provided by in situ process monitors or by downstream product measure­
ments, based on either statistical sampling or exhaustive study. The 
information may have both systematic and random components; in addition 
to variations in material and process parameters, the randomness may be 
due to imperfections in the measurement systems. 

The process analysis problem is to understand how each process 
really works. The understanding of equipment and process can then be 
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represented by models, often in the form of equations that approximate 
the observed phenomena. 

The process opt imiza t ion problem is to determine the operating 
states and sequences for the collection of process steps. Usually the 
problem is subdivided into optimization of the steps individually. 

The process control problem is to design and implement procedures 
t h at usc feedback, e specially from in s i tu monitors, to modi fy the 
control lable  parameters. As with any servo system, process control 
reduces the sensitivity to uncertainty or error in the process models. 

The quality assurance problem is to detect deviations quickly when 
t h e  ac tual  changes p roduced by a c o l l ec t ion of p rocesses  d iffer 
unacceptably from the desired ones, and then to identify one or more 
process steps whose behavior is the cause. 

Using existing monitors and control techniques is an important part 
of building a useful CIM system, but i t  is not research. CIM research 
is needed in the following areas: 

• Methods that al low sets of processes to be 
a n a l y z e d ,  o p t i m i z e d ,  and c o n t r o l l ed col l e c t i v e l y  
rather than a s  individual steps. 

• Generic methods for modeling a broad range 
of ind ividual  processes,  poss ib ly  t hroug h use of 
knowl edge-based techniques; model ing met hods that 
encompass discrete statistical phenomena, continuous 
phenomena, and macroscopic geometry, for applica­
tions such as processes that involve phase changes. 

• Recogni z ing tha t f u l l  interchangeabi l i ty of 
automated machine tools and equipment cannot be 
achieved, methods for dealing with near interchange­
a b i l i t y ,  based  on cha r a c t e r i z a t i o n ,  sens ing ,  a n d  
software; result ing appl ication t o  modular flexible 
manufacturing l ines. 

• Methods for improving model efficiency to 
a l l o w  r e a l-t i m e  s i m u la t i o n  of proces ses; met hods 
tha t a l l o w  comp l e x  m o d e l s  to  be  a u t o m a t ica l l y  
s i m p l i f i e d  o r  a g g r e g a t e d  t o  f a c i l i t a t e  f a s t e r  
analysis of specific properties. 
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• Method s  for coupling process planning with 
process operation so that the two may be accom­
p l i s h e d  c o n current ly;  a d emonstrat ion that such 
coupl ing i s  feasible  for at l east one application, 
such as robotic assembly. 

• Generic methods for d iagnostic backtracking 
f ro m  d e t ec t e d  d e f e c t s  t o  f a u l ty p ro c e s s  s t eps ,  
e s p e c ia l ly t ho s e  i n v o l v ing a r t if i c i a l  i n t e l l igence 
inference ;  d iagnostic  met hods for ini t iat ing pre­
vent ive maintenance; forecasting methods to predict 
maintenance needs. 

• F a m i l i e s  of  n e w  s enso r s, e spec i a l ly w i t h  
b u i l t - in p rocessors ,  f o r  a v a r i e ty o f  processes ,  
suc h a s  l a rge-a r ea n on d e s truc t i v e  as ses sment  of  
surface quality (metal, silicon, paint). 

• Generic methods of synthesizing information 
from complemen tary sensor sys tems (sensor fusion) 
a nd d e a l in g  w i t h  i n co m p l e t e ,  incons i s te n t ,  and 
contradictory information. 

• New archi tectures for highly programmable 
mul t iprocessor hardware and operating systems that 
can be applied to the control of a variety of pro­
c e s se s ,  inc l ud ing meta l  cutt ing,  photo l i thogra p h y ,  
mo ld ing ,  cast ing, and robotic  asse mbly and test ;  
assessment of  such controllers in  complex t ight ly 
coupled control applications. 

Process Planning 

Impact Effort Rilk 
M L L 

M M M 

M M M 

M H M 

M H L 

The genera l  problem in process planning is to derive a set of 
sequences of resource requirements from models of the product and the 
available processes and the constraints that interrelate them. In the 
f i rst s tage, the i nput  is typical ly a description of the ini t ia l  and 
final states of products and materials, the set of equipment and the 
corresponding processes, the process constraints, and the personnel and 
equipment availability; the output is a feasible sequence of tools and 
operations that would transform the initial materials into the desired 
f ina l  s ta te. In the s econd stage,  the input is  a set of feasible 
process plans and a measure for choosing among them; the output is a 
particular plan. 

A tenet of CIM is that the same models of products and processes 
should be used for both process planning and process operation. Simi­
larly, the same models of equipment and resource constraints should be 
used for both process planning and resource management. 
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Computer-aided process planning (CAPP) is often divided into two 
phases. In the first, the product design is mapped into a set of manu­
facturable features. This may be an enforced discipline at product de­
sign time, or it may involve an independent step of feature recognition. 
In numerical ly controlled (NC) machining the features might include 
holes and milled surfaces, while for computer chip processing the fea­
tures might include regions, junctions, and profiles. In the second 
phase, one or more feasible manufacturing sequences arc derived that arc 
consisten t  with  process constraints. T hese constraints often take the 
form of partial time orderings inherent in the processes available to 
create the features. The resulting process plan is rarely checked for 
consistency with the resource constraints, which arc subject to change. 

In discrete part manufacturing, for example, many efforts have been 
made to develop so-called Group Technology classification codes, based 
on part shape features. These codes have then been used as the basis 
for generating process pla ns, either ab initio or by varying existing 
plans for other parts with similar codes. 

Process plans arc usually judged by simplistic criteria, such as the 
total number or cost of all the process steps. Even so, the combinato­
rial nature of process planning problems makes them mathematically hard, 
preclud ing  a l g o r i t h m ic opt imal  sol u t ions  except for triv ial  products. 
Heuristics arc the norm, and their absolute performance is usually not 
assessed. 

CAPP is easiest for products that are essentially two-dimensional. 
As the scope and speed of CAPP improves, it will increasingly be inte­
grated into the design process, facilitating design for produceability. 

Because CAPP is mathematically hard, specific application develop-
ment is still  sufficiently new that i t  qualifies as CIM research. In 
addition, CIM research is needed in the following areas: 

• Pro cess p l a n n i n g  techn iq ues that work for 
specific important domains, such as NC machining or 
semiconductor  device  fa brica tion,  espec i a l l y  using 
knowledge-based approaches; underlying methods that 
(a)  r e p re s e n t m a n u fa c tu r a b le fea t u res, espec i a l ly 
w i th ma the ma t ica l  r igor ;  (b) a l low ident i f ica t ion  
o f  m a n u fa c t u ra bl e  fea t u r es a t  des ign  t ime; a n d  
( c ) a p p l y  p a t t e r n  r e c o g n i t i o n  t e c h n i q u e s  f o r  
a u toma t ica l l y  i d e n t i fying  features  i n  a n  exis t ing  
design, including both algorithms and heuristics. 

RESEARCH AGENDA TAXONOMY 
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• Process planning techniques that, in  addition 
to generat ing tool  and operat ion sequen ces ,  a l so  
g e n e r a  t c  l o w e r-l e v e l  p r ocedu r e s  for  s e t t ing up 
tools, controlling them; and advising operators. 

• Methods for coupling process planning with 
resource a lloca t ion and process operation so that 
t h es e  a c t i v i t i e s  can be accomplished concurrently, 
especially methods that defer final selection among 
process plans as long as possible. 

Impact Effort .B.iJ.k. 
H M L 

M M L 

The approaches to research in these areas may be based on idealized 
toy domains, but it is important that they not be technical dead ends 
with respect to realistic complex parts and machines. 

Product and Process Design 

The general problem with product and process designs is to provide a 
hybrid environment in which they can be created, analyzed, and modified 
easi ly .  Design star t s  wi th vague concepts about ultimate function. 
These ideas are refined on the basis of concurrent analyses of product 
and p rocess, including function,  appearance,  re l iab i l ity, manufactur­
a bi l i t y ,  c o m p l e x i t y,  c o s t ,  l e a d  t i m e ,  r e p a i r a b i l i ty ,  f i e ld  sup p o r t ,  
etc.  The final  output i s  a set o f  specifications that describe the 
design in great detail; mechanical drawings are often part of the output 
specifications. 

Des i g n  is n ot smooth  and progr ess i v e; usua l ly it involves  the 
abandonment of avenues after their in-depth analysis. If these restarts 
are overlooked, the overall pattern proceeds from concept to functional 
features to manufacturable features. Process planning may be viewed 
either as a late stage of design or an early stage of manufacturing. 

Original ly, the use of computers for design meant computer-aided 
design (CAD) systems that emphasize interactive graphics with a human 
designer initiating each transaction. Recent years have seen increasing 
emphasis on the underlying models of products and processes, based on 
the rea l i zat ion that  to help synthesize designs a n  expandi n g  set of 
programs needs access to the designs. A tenet of CIM is that the same 
models of products and processes that arc created and utilized at  design 
time arc also used for process planning, process operation, and resource 
management. 

Many CAD systems arc commercially available. Historically, these 
systems focused on individual productivity, but the emphasis is shifting 
to simultaneous engineering design involving groups of people. The need 
to i n  tegr� te these  systems has l ed to effor ts to sta n d a r d i z e  d ata 
structures. Meanwhile, CAD vendors have been differentiating their 
products by adding new functions. It is not clear whether the standards 
efforts are keeping. pace; perhaps standards can never be more than 
lowest common denominators. In any case, developing standards that link 
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CAD data structures is important to CIM, but it is not research. CIM 
research is needed in the following areas: 

• Data structures for describing products in 
terms o f  conceptua l  design, functional features, 
dimension s  and tolerances, manufacturable features, 
and so forth; methods that allow such structures to 
be interfaced with other CIM components, such as 
knowledge-based systems. 

• Ge neric a p pro a c h es to modeli n g  pr oducts, 
equipment, process states, and dynamic behavior, 
bridging three fundamental domains: discrete sta­
t i s t i c a l  phe n o m e n a  (e .g . ,  atoms, ions,  molecules), 
c o n ti n u o us s ystem s  p h e n o m e n a  ( e.g., differentia l  
equ atio n s  f o r  d i f f u si o n ,  wave  propagation), and 
macroscopic geometry. 

• Metho d s  for  coupling design with process 
operation, so that process control programs can be 
derived from designs and vice versa. 

• Exploration of canonical  decompositions of  
t h ree-d imensional  shapes, including algorithms and 
heuristic feature recognition approaches; a lgorithms 
for  automa tic synthesis of  finite clement meshes 
based on solid shape, differentia l equation, and 
boundary conditions; application of these algorithms 
to the automated analysis of stress. 

• Adv ances in computation a l  geome t ry, espe­
cially those that ensure the precision of geometric 
models and operations. 

• Met hods tha t  a llow complex models to be 
automatically simplified or aggregated to facilitate 
faster analysis of specific properties. 
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• Development and assessment of design rules, 
i nc l uding functio n,  appea rance, r eliability, m anu­
factu ra bility, cost,  complexity, lead time, repair­
a bi lity,  fie ld  s up p o r t, e tc . ;  r e l a ted dev e l opment  
of  des ign  a s sessment  too l s ;  va lid ation of  these 
approaches with case studies. 

• Special computer architectures and algorithms 
t h a t  a c c e l e r a t e  desig n a n a l y sis  a n d  synthesis ,  
especially those involving parallelism. 

CIM ENABLING TECHNOLOGIES 

Modeling 

Impact Effort RiK 
H H M 

H H M 

The previous section described the important application domains of 
manu facturing resource management, process operation, process planning, 
a n d  p roduct and process design. Common to these domains is an 
underlying modeling technology that includes clements of representation, 
prediction, decision, and control. 

When modeling is applied to specific domains, the level of sophisti­
cation depends on that domain and on the industry type. For many years, 
for instance, continuous processes l ike petroleum refining have been run 
by systems that are more highly integrated than those in discrete parts 
manufacturing. They include the representation of plants and processes, 
the prediction of their behavior, the selection among process recipes, 
and the use of control theory for closed-loop servo control. 

The general problem of representation deals with the immense variety 
of objects that need to be modeled for manufacturing. An increasing 
number of hybrid modeling techniques arc becoming available, especially 
those involving object-oriented systems, knowledge-based systems, geo­
metric modeling, ordinary and partial differentia l equations, symbolic 
mathematics, and Petri nets. 

CIM research is needed in the following areas of representation: 

• Higher layers that progressively tailor these 
ge n er a l  hyb r i d  t o o l s  by defining ma n u factu r i ng 
objects for specific real domains of moderate com­
plexity; resulting assessment of the adequacy of the 
tools  and objects for modeling systems of realistic 
levels of complexity. 

• Improved methods for human interaction with 
complex models, probably based on graphics, to facil­
itate their creation, examination, and modification. 

• Interactive and autonomous methods for verify­
ing the correctness of models. 

Impact Effort lllik, 
H H L 

H H H 

H M M 
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The general  problem of prediction deals with the derivation of 
useful insight from complex models. Given a representation of a CIM 
system, it should be possible to predict how it will behave. Without 
prediction,  representation becomes an end in itself, from which no 
practical benefit can be gained. 

Because predictions at the level of individual events would lack 
statistical significance, some form of aggregation is needed to allow 
predictions to serve as tests of the validity and utility of models. 
Even then, it may be difficult to establish bounds of significance. 

CIM research is needed in the following areas of prediction: 

• Metho d s  f o r  r e p r e s e n tin g a g g rega tion and 
for  a utomatical ly  deriving aggregate classes from 
detailed models. 

• Methods for deriving predictions from models, 
i n c l u ding ana lytical  techniques of  operations re­
search and control theory, AI techniques of pattern 
recognition and inference, and hybrid techniques. 

• Methods  for assessing the statistical signifi­
cance of predictions, especially those derived from 
detailed models; resul ting methods for determining 
which model components are critical. 

lmoact Effort Bilk. 
M M H 

H H M 

H M M 

The problem of decision is to assist CIM users in choosing among 
possible actions. The decision is difficult if the number of actions is 
large or if the assessment of individual actions is costly, inaccurate, 
or ambiguous. Dealing with uncertainty and risk adds further complica­
tions. 

CIM research is needed in the following area of decision: 

• Me t h o d s  f o r  r e p resen ting decision objects,  
e . g . ,  s t a t e s ,  a c t i o n s ,  u t i l i t i e s ,  p r i o r  a n d  p o s­
terior proba bilities ,  samples, costs , a nd decisions; 
methods for mapping these objects to manufacturing 
o bj e c t s; d ev e l o pment  of r e l e v a n t  h e u r istic s a n d  
algorithms; ex plora tory assessment of the merit of 
these techniques in specific domains. 

RESEARCH AGENDA TAXONOMY 

Imoact Effort R.i.s.k. 
M H M 

CIM Applications CIM Synthesis 
Manufacturing resource management 
Process operation 
Process planning 
Product and process design 

CIM Enabling Technologies 
Modeling 
Computing resources and resource management systems 

Overall architecture 
Requirements analysis 
Human role 

Long-term Issues 

Miscellaneous 
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At the level of individual processes, decisions are so frequent that 
a human cannot be an effective part of the feedback and control loop. 
As computing capabilities continue to improve, the same effect is being 
seen at the level of manufacturing lines and plants. 

CIM research is needed in the following areas of control: 

• Appl i c a t i o n  of c o n t r o l  theory, espec i a l ly 
no nl inear and adaptive  control,  to manufacturing 
processes, cells, l ines, and plants. 

• E xploration of the role of symbolic mathe­
matics processing in process analysis, control, and 
optimization. 

lmoact Effort B.i.tk. 
M M L 

M L H 

Computing Resources and Resource Management Systems 

Among a l l  the applications of general-purpose computers, CIM is 
still  a small fraction. One measure of technical progress in general­

purpose computing is that over the past 30 years the 
l
beal price of 

computing systems has dropped 20 to 25 percent per year. These ad­
vances automatically benefit CIM, and they can be expected to continue . 

In ma ny instances, CIM would benefit if systems developed for 
genera l  purposes were tailored to manufacturing needs. For example, 
some manufacturing plants may have unusually stringent requirements 
regarding dirt, audio or radio noise, or downtime. Additionally, most 
o f  m a n u f a c t u ri n g  h a s  c r it i c a l  rea l-ti me requ i r e m e n t s  r e g a r d i n g  
timeliness o f  data, which i n  turn depends o n  communication bandwidth, 
latency for data retrieval, and processing speed. 

In those cases in which general purpose systems may be deficient for 
CIM, it is important to identify and develop the enhancements that are 
needed. The a lternative of circumventing CIM architectures to compen­
sate for the deficiencies is expedient but short-sighted. 

CIM research is needed in the following areas: 

• Methods for character izing the data storage 
a n d c o m m u n i c a t i o n s  r eq u i r em e nts f o r  r e a l -t i me 
distributed applications. 

• Methods for modeling, analyzing, simulating, 
and managing large heterogeneous communications net­
works; performance measures for assessing networks; 
systems to facil itate the design, operation, tuning, 
and easy modification of networks, based on these 
methods and measures. 

lmoact Effort R.i.s.k. 
H M L 

H M L 

Copyright © National Academy of Sciences. All rights reserved.

A Research Agenda for CIM:  Information Technology
http://www.nap.edu/catalog.php?record_id=19138

http://www.nap.edu/catalog.php?record_id=19138


22 

• Methods for including executable programs and 
r u les  within distributed data bases without sacri­
ficing access speed; methods that ensure data consis­
tency and validation; generic data base techniques 
for efficient storage of voluminous time-dependent 
data, for automatic data reduction based in part on 
pattern recognition and induction, and for real-time 
a c c e s s ;  s p e c i f i c a l l y ,  m e t h o d s  f o r  e s t a b l i s h i n g  
l imited data entry and automatic data reduction, 
based on constrained data storage and communications 
capabilities. 

• Methods for automatically deriving tests to 
validate communications protocols, based on formal 
descriptions of the protocols and the networks in 
which they will operate. 

Impact Effort Rilk. 
M L L 

M M L 

Interest has been growing in the usc of knowledge-based systems and 
artificial intelligence languages like Lisp and Prolog for manufacturing 
appl ications. Progress in such applications will require enhancements 
in dealing with concurrency and real time. 

CIM research is needed in the following areas: 

• Exte n s i o n o f  c o n c u rrent  m u l tiuser access  
techniques from data base systems to  knowledge-based 
systems. 

• Extension of knowledge-based systems and AI 
l a ngua ges to support para llel processes, rea l-time 
event hand ling,  and elimination of uncontrollable 
garbage collection latency. 

Impact Effort RiJk. 
H M H 

H M H 

CIM systems to date have been based primarily on conventional gene­
ral-purpose computers. The fact that special-purpose graphics proces­
sors are inside modern CAD workstations, however, is an indication that 
the potential role of special-purpose processors is growing rapidly. 

A way is needed to focus this potential on CIM. CIM research is 
needed in the following areas: 

RESEARCH AGENDA TAXONOMY 
CIM Applications 

Manufacturing resource management 
Process operation 
Process planning 
Product and process design 

CIM Enabling Technologies 
Modeling 
Computing resources and resource management systems 

CIM Synthesis 
Overall architecture 
Requirements analysis 
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Long-term Issues 
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• Design and application of special computer 
ar chitectu res, especia l ly  highly paral lel processors 
and signal processors, for geometry, communications, 
c o n t r o l ,  d i s c r e t e  e v e n t  s i m u lation,  and patte r n  
recognition. 

• Exploration of t he potential of self -learning 
systems within CIM, especially neural nets. 

CIM SYNTHESIS 

Overall Architecture 

Impact Effort &ilk 
H M H 

M M M 

Overall  architecture for CIM deals with the basic question of how a 
large CIM system can be designed, developed, and modified in an orderly 
f a s hi o n .  E ase  of m od i fica tio n deser ves specia l  emphasis because 
installed CIM systems usually have a long life, during which products, 
p r o c e s s e s ,  c o m pu t i n g  te c h n o l ogy,  a n d  a p p l i catio n s  o fte n c h a n g e  
considerably. 

The highest-level architectural issue is the development of a CIM 
reference model that offers a formal means of characterizing CIM systems 
in general. Such a characterization would automatically permit this or 
any research agenda to be checked for completeness. Subsequent steps 
i n v o l v e  e x p l oration o f  h o w  t h e  o v e r a l l  system c a n  be n atura l l y  
partitioned. 

In order to define and develop a CIM architecture, CIM research is 
needed in  the following areas: 1 1 

• A reference model for CIM, i.e., a formal 
description of the highest-level CIM system, with a 
progressi ve decomposit ion of its component subsys­
tems. An example of such a reference model in a dif­
ferent domain would be the International Standards 
Organization's seven-level model of communications. 

• Ide n t i f i ca t ion of the major classes of end 
users of CIM systems and the views of the data that 
each requires from the overall system. Three such 
c l a s s e s ,  f o r  e x a m p l e ,  m i g h t  b e  o p e r a t o r s ,  
maintenance workers, and product designers. 

• A n  a r c h it e ctu re f o r  the C I M  r u n  ti m e  
e n vironment,  i . e . ,  t h e  s y stem a ct u a l l y  u s e d  for  
operationa l  con trol ,  s u fficiently open to  be com­
patible with vendor and application heterogeneity, 
probably table driven, and possibly based on data 
flow. 

Impact Effort .lllik 
H M L 

M M L 

H H L 
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• A n  a r c h i te c ture  f o r  t h e  CIM bu i l d  t ime 
enviro n ment ,  i .e . ,  the system used to create and 
modify the run time system, including the objects 
and methods that provide the software development 
faci lities for building, maintaining, a nd modifying 
run time systems. 

• E x p l o r a t i o n  of a n alogies between material  
flow and data flow, including such concepts as •bill 
of data: data requirements planni ng, a nd just-in­
time data. 

• Methods of building s hells around arbitrary 
e x i sti n g  s y s te ms,  s u ch as  commercia l l y  avai lable 
CAD or production information control systems, to 
e n capsu late them with in  object-oriented interfaces 
t h a t  a r c  c o m pa t i bl e  w i t h  a common dis tributed 
arc hi  tccturc. 

Requirements Analysis 

Impact Effort R.i.sk. 
H H L 

H L H 

H M L 

Some CIM system requirements cross the boundaries of the applica-
tions  enumerated ea rlier. These requirements deal with the network 
topology, storage, and real-time latency and bandwidth. 

Common practice at the earliest stages of designing CIM systems is 
to  m a ke almost arbitrary decisions regarding hie rarchical levels, the 
amount of cent ral processing unit power and storage at each node, 
interconnection topology, the bandwidth of communication links, and the 
partitioning of tasks among processors. These decisions, in turn, have 
an overwhelming effect on the function, performance, and cost of the 
resulting operations. 

Few e ngineering tools arc available to help quantify the require­
ments at any level. In order to help identify and quantify information 
requirements in various domains of manufacturing, CIM research is needed 
in the following areas: 
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• Methods of modeling the storage, flow, and 
processing of information in CIM systems; simulation 
a n d  a n a l ysis b a sed o n  t h ese models  to predic t 
real-time performance. 

• " T a s k  level"  meth o d s  for a u t o mating the 
design of plants by modeling CIM systems in  terms of 
t heir m ater i al and  information object ives r ather 
than their detailed structure; methods of deriving 
topology, storage, and rea l-time requirements from 
such models. 

Human Role 

Impact Effort lllik. 
M M M 

M M H 

Growing evidence and the strong personal optn1ons of CIM practition­
ers indicate that changes in traditional management and labor practices, 
o rg a n i za t i o n a l  s t r u c t u r es , fi n a n c i a l  s y s te m s ,  a n d  decisio n-ma k i n g 
criteria are needed to make highly integrated manufacturing enterprises 
operate effectively. Such topics fall more in the area of management 
than in conventional technology; they have an overwhelming impact on the 
ability of an enterprise to function efficiently and respond rapidly to 
external changes in markets and consumer demands. 

People and organizations are interwoven with the integration pro­
cess. Higher levels of CIM often require extensive training programs 
and a change in the traditional culture in the factory so that employees 
at all levels of the organization are viewed as a resource. Organi­
za tio n a l  s truct ure,  qua lity of work,  and work assignmen ts are al l  
relevant. 

Traditional  financial  methods for justifying investments and allo­
cating costs to products are not appropriate for CIM. since the benefits 
cross parochial boundaries. Risk aversion in traditional methods seri­
ously impairs the likelihood of making investments that are critically 
important to long-term success. 

C u rr e n t  j us tification procedures relying o n  re turn-on-in vestmen t 
ca l c u l a t io n s  tend to emphasize easil y quantified sa vings in labor,  
ma teria ls,  or e ner gy and usual ly  look only at arbitrari ly truncated 
periods of time. The difficulty lies in the dispari ty between the 
apparent ease of quantifying costs and the difficulty of quantifying an 
unusually broad ran ge of benefits. Such benefits include flexibility, 
c yc l e  t i me, p r o d u c t  a n d  p r o ce s s  qu a l ity, assets  u t i l iza ti o n ,  a n d  
customer satisfaction. 

Product costing methods that rely on allocating overhead on a base 
of direct labor become meaningless as CIM blurs the distinction between 
direct and ind irect labor. I t  is also apparent that increasing full 
employment policies and the high value of systems and fixed assets make 
fixed-to-variable-cost ratios very high. Product costing, cost of goods 
s o l d ,  a nd i n ventory  v a l ue wi l l  increasing ly  n e e d  to be based on  
allocating overhead to  material and to  value-add time. 
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Although no specific research projects are proposed here, this set 
o f  broad manager ia l  i ssues i n d icates r ic h  oppo rtuni ties for  h ighly  
innovative research in human behavior, organizational development, and 
manufacturing economics. 

Another aspect of the human role in CIM deals with user interfaces 
to CIM systems. CIM involves widely diverse users who in turn require 
specialized user interfaces. In recent years, computer science has made 
s t rides  i n  provid i ng programming tools for bui ld ing user i nterfaces. 
Most existing CIM applications have ignored these tools in favor of ad 
hoc unique user interfaces. The problem is to close this gulf. 

CIM research is needed in the following areas: 

• Models of individual user interface ergonom­
i cs ,  i . e . , t h e i r  p h y s i o l o gy a nd psyc h o logy w i t h  
respect t o  i n te l lectual  a n d  mechanical  tasks that 
are characteristic of manufacturing; models of user 
group i n t e ract i ons; ergonomic  testing of users to 
validate these models. 

• Improved user interfaces for explanation and 
inference, including the use of natural language and 
speech synthesis and recognition. 

LONG-TERM ISSUES 

lmoact Effort .B...ilk. 
M M M 

M M H 

I n c reas i n g  s u c cess  i n  commercia l  appl icat ion of CIM masks a 
disturbing lack of basic theoretical underpinnings for the whole field. 
The preceding list of CIM research topics addresses none of these funda­
menta l l o n g-ter m  i ssues .  I n s tead,  it iden t i f ies specific topics that 
appear likely to yield continuous incremental progress. 

For the long-term issues, on the other hand, insight on how to start 
is  currently lackin g. These long-term issues are high in risk; they 
have deep intellectual content, the probability of success is low, and 
e v e n  if success  were a c h ieved,  t he poten t ia l  impact  i s  completely 
unknown. Innovative ideas are needed in the following areas: 

• A theory of design, especially conceptual creative design. 
• A t he o r y  of m a n u f a c t u r i ng ;  exp l o r a t i o n  of a n a lo g i e s  w i th 

c o n t i n u o us s ys tems  beha v i or,  such as  d i ffus ion,  wave  propaga t ion,  

RESEARCH AGENDA TAXONOMY 
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thermod ynamic  s ystems; explorat ion of the rele vance of i nformation 
theory. 

• A theory of systems integration. 
• A theory of organizational behavior. 

MISCELLANEOUS 

Although mechanical engineering is generally outside the scope of 
this report, i solated instances exist in which advances in mechanisms 
could have far-reaching effects on the applicability of CIM Examples 
of research topics might include methods that allow high-speed naviga­
tion and traffic control of mobile robots in factories. 

Educational systems arc also outside the scope of this report. The 
lack of a CIM skill  base, however, is a sufficient impediment to rapid 
application to warrant some research on CIM education. 

In this context i t  is  worth noting that during the early period of 
robot technology development, from 1 970 to 1 980, the existence first of 
the Scheinman Arm and later of the Puma served to integrate academic 
researchers. In the same spirit, if the academic community were to 
define a prototypical CIM vehicle, consisting of some combination of 
software and hardware, this consensus might accelerate the development 
of a cohesive approach to CIM research. 

CONCLUSION 

This report has presented a large number of topics for research on 
CIM Underlying them are two common themes: 

• T h e  m a n u f a c t u r i n g  e n v i r o n m e n t is c h a r a c t e r i z e d  by t i m e  
constra ints ,  cont i n ual  change,  a n d  complexity. Therefore, research to 
acce lerate d a t a  h a nd l i n g, to prov i de bet ter  w a ys to structure CIM 
systems, and to provide better means of classi fying system components 
can have an enormous impact by allowing CIM to conform to the needs of 
the manufacturing environment. 

• Much of manufacturing is based on experience rather than on 
sys temat ized  sc ien t i f ic  k nowledge. Therefore, opportunity  exis ts for  
research to identify and  formalize manu factu ring  objects at  progres­
sively h i gher levels  of abstraction.  This cal l s  for an overal l  CIM 
architecture and generic tools for building advanced CIM 

NOTES 

I .  Committee on Science, Engineering, and Public Policy, National Acade­
mies of Sciences and Engineering, "Report of the Research Briefing 
Panel on Computers in  Design and Manufacturing" (Washington, D.C.: 
National Academy Press, 1 983). 
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2. Panchathanthra. The i l lustration was done by Reginald Pollack, 
based on illustrations by Janice Holland for The Blind Men and the 
Eleohant. retold by Lillian Quigley (New York: Charles Scribner's 
Sons, 1 959). 

3. Amon g the  recent reports and conferences that include research 
topics for CIM are the following: 

Committee on the CAD/CAM Interface, National Research Council, Qun­
puter Integration of Engineering Design and Production: A National 
Opportunity (Washington, D.C.: National Academy Press, 1 984). 

Manufacturing Studies Board, National Research Council, Toward a New 
Era in U.S. Manufacturing: The Need for a National Vision (Washing­
ton, D.C.: National Academy Press, 1 986). 

National Academy of Engineering, U.S. Leadership in Manufacturing 
(Washington, D.C.: National Academy Press, 1 982). 

Richard Volz and Arch Naylor, Workshop on Manufacturing Systems 
Integration. November 6-8, 1 985, St. Clair, Michigan. 

H. Bloom and N. Kuchar, editors, A National Forum on the Future of 
Automated Materials Processing in U.S. Industry--the Role of Process 
Models. A rtificial I n tell igence. and Computer Integration. Ma y 
1 9-20, 1 986. 

National Academy of Engineering, Conference on Design and Analysis 
of Integrated Manufacturing Systems (Washington,  D.C.: National 
Academy Press, March 1 988). 

National Bureau of Standards, Future Research Agenda for the Auto­
mated Manufacturing Research Facility. workshop held November 1 985. 

National Science Foundation, Research Priorities for Proposed 
Strategic Manu factu r ing Research I n i tiative. Ma rch 1 1 - 1 2, 
Orlando, Florida. 

NSF 
1 98 7, 

4. For example, an Engineering Foundation Conference on Computer­
Integrated Manufacturing is planned for 1 988. 

5. For a survey of such ta xonomies, see H. Van Dyke Parunak and John F. 
White, A Synthesis of Factory Reference Models (working paper, 
Industrial Technology Institute, September 24, 1 987). One specific 
taxonomy is presented in Joseph Harrington, Jr., Understanding the 
Manufacturing Process: Key to Successful CAD/CAM Implementation 
(New York and Basel: Marcel Dekker, Inc., 1 984). 

6. The nature and magnitude of the potential benefits of CIM are dis­
cussed in Thomas G. Gunn, Manufacturing for Competitive Advantage: 
Becoming a World Class Manufacturer (Cambridge: Ballinger, 1 987) 
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and Committee on the CAD/CAM Interface, National Research Council, 
Computer Integration of Engineering  Design and Product ion:  A 
National  Opportunity (Washington, D.C.: National Academy Press, 
1 984). 

7.  Forward inference starts with what is known to be true and deduces 
subsequent expressions until i t  eventually  proves a desired conclu­
sion. Backward inference starts with a conclusion and hypothesizes 
sufficient  preconditions until it eventually reaches what is known 
to be true. 

8. Annealing is the process of slowly decreasing the temperature of a 
thermodynamical system while random thermal motions allow it  to set­
tle into a low energy state. Simulated annealing sets up an analogy 
between such a system and a computational problem. Solutions to the 
problem are randomly perturbed while a variable analogous to tempera­
ture is gradual ly  decreased, unt i l  the solutions settle at a near 
optimum. 

9. For example, the In itial  Graphics Exchange Specification (IGES), 
Product Data Definition Interface (PDDI), and Product Data Exchange 
Spec i fica t ion  ( P D E S) were progressive efforts to standardize the 
data used for design and manufacture. 

1 0. K e n n e t h  Fla mm, Creating the Computer (Washington,  D .C.: The 
Brookings Institution, 1 988), p. I .  

1 1 . These topics are based i n  part o n  the research agenda o f  ESPRIT -CIM 
This  a r e a  of t he European Stra tegic  Planning for Research i n  
Information Technology program i s  described in  R .  W. Yeomans, A. 
Choudry, and P. J. W. Ten Hagen, Design Rules for a CIM System 
(Amsterdam: North-Holland, 1 985). 
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