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Introduction

This book deals with “architectural eco-design”, a subject that is topical
and fascinating, but difficult, because “in the drafting phase”, the designer
has a wide range of options in front of him, but also a schedule, a certain
number of constraints and rules that must be respected — and a barrage of
uncertainties. This is why we have chosen to take “the generative approach”
to help forge dynamic paths in these creative and promising spaces. In doing
so, we address neither eco-construction nor eco-innovation, although they
are closely connected to eco-design.

Architecture focuses just as much on the approach (the design process) as
on the subject (analysis, study, construction, monitoring over time). Its
subject of study is the structure, covering form, material, use and appropriate
sustainability, all of which must come together to produce a building
that is eco-efficient and pleasant to be in. It is discussed as the result of a
project process based on the subtle balance between often contradictory
decision-making criteria.

Elected representatives, managers, town planners, contracting authorities,
architects and users navigate a constantly expanding universe of knowledge,
often without the resources they need to understand its complexity and guide
or explain their rationales, which are often a source of conflict. The fact that
a large amount of knowledge is scattered and inaccessible to the people who
have been affecting the environment through their choices for decades shows
how urgent it is to produce tools that enable them to assess the impact of
their decisions in a reasonable time frame.
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A number of studies have questioned the conceptual, creative and
innovative research phases of architecture and construction engineering.
Most of these aim to define methods and develop tools that help with
design and are likely to assist in the creation and production of more
intelligently designed buildings. Digital instrumentation and support now
have a vital role in this, and are the subject of regular studies and computing
developments.

To meet the challenges of more environmentally responsible architectural
production, for around 15 years, research has been enabling architects to
access knowledge and tools from energy, environmental and constructive
engineering, notably by means of digital simulation, a real interface between
the engineer and the architect. Of course, we must acknowledge that specific
tools for assisting with the design of efficient structures in the upstream
project phase are only just starting to find applications outside laboratories.
However, research strives to go further, proposing design support software
environments that are better suited to the usual working methods of
architects, attempting to preserve their autonomy and creativity.

The concept of efficiency, which is central to eco-design, runs through all
the chapters. However, it is always “tricky to define efficiency in
architecture, because it takes into account not only the objective and
measurable qualities of an object, but also its relationship with its built or
social environment, and the use to which it is put by users” [LAG 13].
Hensel proposes a redefinition of the concept of efficiency in architectural
design, based on an analogy with biology [HEN 10]. We will return to this in
the final chapter. This specific approach is different from previous ones,
which either focused on questions of representation and meaning, or
considered efficiency a synonym of function. According to current
developments, efficiency is merely a level of requirement that must be
reached retrospectively: energy efficiency, for example. But it could also be
argued that the efficiencies that should be prioritized are those that have the
greatest impact on the form and materiality of the structure.

In what follows, the four designations, namely criterion, objective,
efficiency and fitness, denote one reality, seen, according to the case, from a
qualitative or quantitative point of view.
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What aspects should be prioritized in the upstream design phases? Which
choices may be decisive, and what impact do they have on other aspects
(formal, technical) that may influence the overall outcome of a structure?

We are going to examine the issues, possibilities and methods of
eco-design, based largely on research and developments conducted within
the French ANR EcCoGen project, which produced the EcoGen software
program. Tackling the major difficulties of generative design head on
in the interactive first stages of an architectural project (where the choices
are the most decisive in terms of the overall and future efficiencies
of the structure), EcoGen is interested in the behavior of structures in
their constructed environment, through a generative and multi-criteria
approach (morphological, energetic, atmospheric, functional, constructive)
of eco-efficient design.

This book can therefore be considered partly as a summary of this
project, which involved researchers from different laboratories, mainly the
French CNRS’s UMR MAP 3495 (Models and simulations for Architecture,
town planning and Heritage). Several texts from the final project report' are
cited to support and illustrate our arguments.

Finally, we will end with a discussion of the ambitious prospects
combining some advances in the understanding of natural evolution with the
desire to produce a truly bio-inspired theory of architectural morphogenesis.
On this topic, the accounts provided in Chapter 3 should be linked to some
of the bio-inspired prospects of Chapter 6.

I would particularly like to thank the following people for their
contributions and thoughts: Philippe Marin, Renato Saleri, Hervé Lequay,
Lazaros Mavromatidis, Florent Torres, Lara Schmitt, Nicolas Grégori, Jean-
Claude Bignon, Gilles Halin, Estelle Cruz, Violette Abergel, Ronan
Lagadec, Anaelle Quillet, Aymeric Broyet and Florian Mignot. I am also
grateful to my “more distant” researcher colleagues: Grégoire Carpentier,
Tibériu Catalina, Brian Mc Ginley and Thomas Jusselme, with whom I have
had some valuable discussions.

1 www.aria.archi.fr/wp-content/uploads/2014/11/Rapport-final-EcCoGen.pdf.
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This morning, arriving at his office, Paul knows that a new stage of his
life as an architect is about to begin. Yesterday, he received the new tactile
creative tool from Microsoft, “Surface studio”, equipped with a digital pen
and control knob. He is one of the few in his profession to have this kind of
equipment, although it is very affordable. His reason for turning to this
modern solution, which encourages fluid design with tools that imitate
freehand drawing, is called Minos. With this brand new software program,
based on the integration of better technologies for designers, he knows that
his ideas and creativity will transfer to the digital world like never before.

Minos registers Paul’s tiniest line, slightest curve or smallest volume
sketch in real time. Little by little, it comes to understand the ideas behind
his project by comparing them with local and cloud-based databases, and
then delivers the results of multiple calculations by means of a voice
assistant, along with graphics that support decision-making. It can therefore
quickly give Paul advice, direct him to eco-efficient choices, suggest that he
alters lighting, structural elements or openings, etc. However, in addition to
supporting the project with this active intelligence, from the sketching phase
onwards, Minos is constantly learning from the user and familiarizing itself
with his ways of drawing and designing. After a certain amount of learning,
it will be able to suggest innovative shapes to Paul, without jeopardizing his
creativity. As Minos is subtle and knows how to be discreet, 4/ is a winner!
It can even share this knowledge with other online users, if Paul authorizes
it. It’s a real marvel!

Of course, just like the mythological hero after whom it is named, this
software does not exist, or not yet. But are we very far from this kind of
architectural design aid?



Context

“Sustainable development is based on three complex, related
pillars: economic, ecological and social aspects, with the aim
of moving towards practices, lifestyles and ways of functioning
that protect the environment and the availability of the
resources needed to ensure the survival of present
and future societies. A good environmental approach will
always seek a compromise between economic, social and
environmental issues” (Olivier Coutard, in [COU 10]).

1.1. The environmental context
1.1.1. Ecology: an ancient concept

“Ecology is an idea of the house, of the home — oikos in Greek
means both ecology and economy. These two concepts have
been combined from the beginning: oikonomia in Ancient
Greek is the administration of a household, while oikologos,
literally ‘the study of the house’, is initially defined as ‘the
science of the relationships between organisms and the world
around them, i.e. in a broad sense, the science of the conditions
of life’ (Ermnst Haeckel, 1866). Don’t many of our current
problems come precisely from the divorce between the two
notions, the first constantly trying to free itself from the social
requirements of the second?” [BES 14].

The concept of economics in the home is therefore not new. In the 17th
Century, there were already simple solutions for coping with energy scarcity

Eco-generative Design for Early Stages of Architecture, First Edition. Xavier Marsault.
© ISTE Ltd 2018. Published by ISTE Ltd and John Wiley & Sons, Inc.
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and the difficulty of keeping warm. From the end of the 19th Century
onwards, in a period of industrial expansion, engineers tried to use only the
amount of material that was needed to produce objects, and thereby to
reduce production costs. The past — even the distant past — is full of
eco-oriented solutions that have often been wrongly abandoned by
modernism [COU 10]. In addition, rural areas, which have fewer resources
than large cities, have always demonstrated imagination and inventiveness in
coping with adversity.

The so-called environmental approach is, however, more recent,
especially with the joint increase in our technical resources for action in the
world and their repercussions for a human population of more than seven
billion. Eco-design appeared in the 1990s in northern European countries,
following a three-fold realization: damage to increasingly weakened human
populations and the environment, the gradual disappearance of fossil fuels
and anthropogenic climate change. It became essential in the installation of
energy transition [TIS 13], the responsible development of production and
service activities, and resource savings at the heart of reflections on the built
environment, also aiming to improve its efficiency.

1.1.2. The Anthropocene and urban concentration

During the period of history in which human activity has had the greatest
impact on the environment (from 1850 to today), three major trends have
emerged: a major increase in polluting industrial development, excessive
consumption of material and energy resources by highly developed countries
and the development of strong urban concentrations.

Due to the concentration of humans and their activities, urban
environments are among the greatest drivers of past, present and future
climate and environmental changes, and are also the social spaces that are
most vulnerable to the consequences of these changes. “In 2007, for the first
time in history, the number of people living in towns exceeded 50%. It is
likely to reach 60% in 2025, causing profound changes in large
conurbations, because the urban explosion is accompanied by severe human
and environmental problems, and is synonymous with precarious housing
and increased poverty: one billion people were already living in slums in
20057 (Nathalie Blanc, in [COU 10], Chapter 10, p. 171).
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The Earth’s resilience threshold was reached between 1960 and 1970, but
the intensification of greenhouse gas emissions is likely to peak around
2020. They have accumulated in vast quantities for over half a century, and
their effects will last for a long time, even after emissions have been
dramatically reduced. “We are beginning to depend on things that depend on
the acts that we undertake, kindled, unleashed, in any case born out of our
actions, like a new nature” [SER 01]. Thus, we have entered the
Anthropocene Era — a term coined in 2000 by the American geologist and
biologist Eugéne Stoermer and the Dutch geochemist Paul Crutzen. This
neologism denotes a period in which human activities are having a real
impact on the geophysics of the planet and climates, with the considerable
risk of unbalancing them irreversibly. Let us partially conclude with Sabine
Barles: “experts say that we cannot return to former urban densities and
morphologies. But we must start really thinking about how we organize and
develop spaces so that their life and development are less harmful to
ecosystems and the biosphere” [COU 10].

1.1.3. The increase in the Earth’s temperature

The International Energy Agency (IEA) confirms that by 2030,
renewable energies will represent more than 50% of global electricity
production, and annual greenhouse gas emissions should begin to stabilize,
reaching 34.8 billion metric tons a year. In this period, corresponding to a
phase of massive investment in the energy sector, the old thermal power
plants will barely begin to disappear. If further efforts are not made after this
date, global temperatures may increase by 2.6°C by the start of the next
century [MIN 13], a figure much higher than the limit of 2°C beyond which
the scientific community fears runaway climate change.

1.1.4. Architecture and environmental thinking

“At the end of the 19th century, architecture divided gradually
into two schools of thought: the ‘modern’ school, which focused
on the industrialization and globalization of architecture, and
the ‘traditional’ school, which followed on from reflections on
the qualities of regional practices. The modern school became
dominant during the second half of the 20th Century, as
post-war society dealt with an increased need for housing. This
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style began with the Bauhaus movement and developed from
there, notably thanks to the architects Adolf Loos, Auguste
Perret, Ludwig Mies Van der Rohe and Oscar Niemeyer. It was
characterized by a return to minimalist decor, geometric and
functional lines, and the use of new techniques. This movement
was based on the idea that, in an increasingly industrialized
society, architecture and design are functional elements. This
movement had a lasting influence on architectural thought and
made its mark on the entire century.

However, a second school, differing from the modern one,
continued to follow vernacular architecture. More traditional
and rural, this school was deemed outdated by society at the
time. It had interesting values from an environmental point of
view (use of local resources, consideration of context, etc.). It
adapted to technological progress without reducing the existing
regional qualities of the vernacular architecture. It is this
school that inspired the concept of eco-design in architecture
today” [GHO 11].

1.2. The energy context

Energy consumption has only been a major issue in the production and
functioning of the built environment since the oil crisis in the 1970s.

1.2.1. The energy crisis

The energy crisis, which has received more and more attention since the
last decade of the 20th Century, refers to the gradual disappearance of
non-renewable primary energy sources, which still represent 78% of the
global supply. Their consumption has doubled in 40 years, and, due to the
inertia of the systems that we have put in place, the debts incurred for
equipment, and our insufficient desire to change our behavior, the quantity
of greenhouse gases emitted each year worldwide is not decreasing
substantially [ADE 11]. However, to counteract the effects of the CO,
emitted since the beginning of the industrial era, it should already have
diminished by at least 25%.
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Furthermore, the ecological imprint of all human activities on a global
scale means that our use of resources is 35% above the Earth’s capacities.
Environmental issues are therefore playing an increasingly central role in
architectural eco-design strategies and reflections on the built environment,
with the aim of improving the efficiency of buildings in the upstream project
phase, by integrating sustainable development parameters and constraints
and taking legal and ethical imperatives into account. The 3x20 rule, fixed
by a European Energy Efficiency Directive, aims to achieve the following by
2020: a 20% reduction in energy consumption, a 20% reduction in
greenhouse gas emissions and a 20% share of renewable energies in the
countries’ final consumption. There are various methods and labels in
Europe to structure and support the approaches and objectives that need to
be reached (section 2.2 in Chapter 2).

1.2.2. Energy consumption in houses

Over the last 30 years, housing in industrialized countries has become
much more energy efficient. However, living standards and the need for
comfort are reflected in the fact that living areas have increased from an
average of 25-38 m” per resident, thus significantly decreasing the savings
made by their energy efficiency per square meter. The comfort temperature
in well-insulated homes has also increased (above that fixed at 19° in
France) since the introduction of the BBC (low-energy house) label, as has
the tendency to open windows more readily in cold weather, to benefit from
more ventilation. These effects, caused by comfort and reinforced insulation,
have therefore led to an increase in energy consumption that sometimes
reaches 30%, jeopardizing the commendable efforts that have enabled
savings to be made (ultimately, only a 13% gain in homes between 1973 and
2006!). Finally, although there have been improvements in energy
consumption and comfort, a new phenomenon has appeared: the steady
growth in the use of electricity for specific uses other than those
cited previously (consumption has increased from 13 kWh/m*/year in 1973
to 30 kWh/m*/year in 2010, although technical advances have greatly
decreased the consumption of devices during the same period). Overall,
it is easy to see why the building sector continues to consume massive
amounts of energy and emit CO, into the atmosphere. We are far from
reaching “factor 4”.
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1.2.3. Strong measures

The Rio Agreements (1992) and the Kyoto Protocol (1997) set objectives
for limiting greenhouse gases, and France has committed to reducing the
energy consumption of its buildings, which currently contribute 44% of the
ultimate energy consumption (half of which is used for heating, ventilation
and air conditioning) and 25% of greenhouse gas production. In light of this,
France established two “Grenelle” laws in 2007 and 2010. These defined
objectives and measures, notably for reinforcing thermal regulations,
encouraging innovations and mobilizing society to save energy. Thermal
regulation (TR) can be considered the cutting edge of energy control in new
buildings in France. Requirements in this area are being gradually
reinforced: average energy consumption of  less than
110 kWh.EP/m*/year in 2008, and a low-energy building (BBC) label
corresponding to less than 50 kWh.EP/m*/year in 2010 for public and
commercial buildings, extended to all buildings in 2012, awaiting the
positive energy building (BEPOS) label in 2018. Furthermore, in France, the
Grenelle objectives were to make 38% savings in the sector of existing
buildings from 2007 until 2020, based on 2005, and reduce greenhouse gas
emissions by 75% in 2050, compared with 1990. In the wake of the
Conference of the Parties COP2*, the latest energy transition law
provides for a 40% drop in greenhouse gas emissions by 2030, compared
with 1990, a 30% drop in fossil fuel consumption by 2030, compared with
2012, and a 50% reduction in ultimate energy consumption by 2050,
compared with 2012.

1.2.4. “Smart city” versus energetic city

Optimizing electricity production and distribution depending on
consumption and facilitating the network of local energy sources are at the
heart of the current questions about energy saving. “Centralized electricity
production plants far from consumption sites are recognized as one of the
main causes of global warming, due to major losses in transport” [COU 10].

With this in mind, the smart grid, an energy component of the smart city,
represents an intelligent approach of empowerment with the aim of
managing local renewable resources better and, at the same time, promoting
more restrained consumption. The general principle is to undertake
urban transformations — technological, organizational and societal — with the
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main aim of developing optimized production, transport, mutualization and,
potentially, energy storage services, while improving the everyday
experience of inhabitants.

In practice, a smart grid is managed on an urban or territorial level
through computing and control systems, with the aim of actively ensuring
the functioning of each of its units in the face of fluctuations due to
production sources and highly variable demand levels.

We will end with a distinction made by Christian Pierret, a former French
Deputy Minister of Industry: “energy production is not the only thing
that transforms our environment — lifestyles and consumption patterns
(transport, housing, food, etc.) do too. The realization is universal and
affects both the rural farmer and the urban consumer, the least advanced
countries and the major industrial powers”.

1.3. The technological context

In the construction sector, the progress that has been made, particularly in
terms of insulation, ventilation management and regulation, implementation
of efficient materials, and local energy production and mutualization, means
that we are heading towards little if any heating in new constructions by
2018-2020. Excellent insulation is no longer hard to find. Taking inertia into
account is more difficult, and is a fairly new aspect of the calculations.
Detailed data and models are required to take thermal bridges into account.

Ventilation (even if it is natural) is much more subtle, just like all posts
requiring active control. Regulation has become difficult but essential, and
poor management of it can cancel out all the benefits of optimizing
insulation, for example. Good regulation is based on complex outlines and
activation models of technical mechanisms (including some that are
highly empirical). The building therefore tends to become a highly
technological object.

Dynamic thermal simulation requires knowledge of the precise
occupancy patterns of each room. It is impossible to implement in the
upstream phase, but some approximate models use it for simulation
plans (Chapter 4).
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Lighting is also a tricky aspect: we are gradually moving from a
quantitative approach (lux, daylight factor, norm) to a qualitative approach
(comfort, perception, dynamic lighting), using more and more technology.

Indeed, technical mechanisms can now be optimized, but this involves
spending much more time working on software, which does not always
facilitate the customer-centered approach. As for on-site implementation,
this is essential and can also reduce great conceptual efforts to nothing.

1.4. The economic and social context

The architectural design process is notably characterized by precise
phasing, regulated by the 1985 MOP law (relating to public building
procurement and its relationship to private building procurement), which
conducts conceptual research until the built structures have been accepted.
Even if design and resolution work is carried out continuously, it is accepted
that the initial sketching phases define the fundamental guidelines of the
project. The choices made during this creative exploration are decisive, and
reconsidering them later can be difficult and costly, and sometimes
impossible. Furthermore, innovation, which is vital in the building sector, is
generally reflected in an increase from 5 to 15%.

On the social level, energy insecurity is currently affecting 10 million
people in France. Moreover, in old buildings, the investment costs for
renovation are often too high for households with limited or non-existent
financial capacities. The same is true for a large number of communities that
are in a lot of debt.

A few positive points should be noted, however: ecological transition is a
considerable technical and economic challenge for energy production,
management and consumption lines, the development of which will create
jobs, particularly when it involves taking advantage of local resources
(biomass, geothermal energy, wind, water, agriculture, waste) and energy
renovation works. Finally, we can hope that inhabitants will gradually gain
awareness and take responsibility for managing their energy consumption,
particularly in terms of more intelligent energy management and a circular,
sustainable and more restrained economy.
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1.5. The professional context
1.5.1. The roles of the architect today

Architecture must contribute to human well-being. Architects are tasked
with making an enlightened contribution to improving living environments,
by designing efficient, sustainable structures, mindful of their immediate and
distant environment. By planning the shapes, spaces and atmospheres that
make up an environment, as much through built structures as by the empty
spaces that surround them, they promote architectural and urban quality,
which is an essential ingredient of a sustainable environment.

The role of the architect within a project is both complex and varied. First
and foremost, he is the original designer, the person who comes up with the
concept or guides the design work. He is also the project management
representative, which is probably the trickiest role to take on. Indeed, it is
important to remember the context of cooperation: “architectural quality is
not the accumulated quality of all disciplines associated with design; what
counts is the assertion of a global and consistent intention. In a sector in
which each person tends to limit his responsibility and his intervention,
the architect sometimes seems to be the only player who wants to reach
this objective” [MAL 01].

The architect must therefore make decisions and resolve disputes while
respecting the legislation in force, the constraints of the site and those
outlined by the Project Manager. His role goes beyond that of a negotiator
within a network of players. He has the central role in the design, but also
summarizes, coordinates, negotiates and moderates in order to keep
everyone focused on the target: producing a coherent project. Appropriate
software tools should facilitate the consolidation of choices from the first
design phases, given that simultaneous consideration of multiple efficiency
criteria increases the complexity of a construction or rehabilitation operation,
necessarily requiring a systemic approach.

Furthermore, architects work in an environment driven by the digital
transition taking place in a socio-economic sector that is already subject to
the pressure of considerable changes: urban densification, increasing
awareness of environmental and energy issues, social and economic crises,
and a fiercely competitive industrial environment. In this context, designing
sustainable buildings forces architecture and engineering agencies to respond
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to constantly increasing levels of technical requirements (proliferation of
rules and standards) today, with increasingly fast decision-making processes.

Design phases

-/A{ Schedule H Sketch |—~ S"'S:;nf?ry . thraa'f'fd Project ;

Figure 1.1. The various design phases of a project

4

Architects must therefore ensure that their buildings meet a certain level
of efficiency, but they lack tools to help them design eco-efficient buildings
from the first sketching phase, when formal and technical choices are
decisive. The vast majority do not assess efficiency in the upstream phase,
but in the detailed pre-project stage (Figure 1.1), when precise data has been
sufficiently specified, resorting to specialized design offices, which increases
the study costs and greatly limits the amount of back and forth and the
number of variants. The problem is different for very large architecture
agencies, which have internal engineering teams and their own software
programs adapted to calculate more numerous variants (e.g. Gehry
Technologies ' ). However, unlike in industrial design environments, the
generative project approaches are fairly rare.

1.5.2. Architectural design and the numerous constraints

The use of digital modeling in the building design and construction
process is called into question in the light of changes in the conditions and
environments of professional practices. The strengthening of standards, the
demand for sustainable design, the economic constraints, the emergence of
external stakeholders in the decision-making process, and the agility and
efficacy required of the parties involved in developing the living
environment are all factors that significantly alter the operational contexts in
which architects act. We might think that this complexification of contexts
would lower the quality of architectural production, or, at the very least,
hinder creative and innovative approaches, decreasing unnecessary risk
taking. How do things really stand? This is one of the questions that will be
discussed in this book.

1 www.gehrytechnologies.com.



Context 11

1.5.3. Issues that call into question the fields of development and
the living environment

This involves environmental issues (building better, with decreasing
resources, polluting less, ensuring health and comfort), social issues
(building for everyone — the role of the architect in developing comfortable,
functional and sustainable living spaces — in a more urban style, with
unevenly distributed resources, in an uncertain future), heritage issues
(renovating, maintaining, preserving), cultural issues (creating knowledge,
educating, preserving, disseminating) and industrial and economic issues
(optimizing, promoting, selling, economizing). The environmental question
in the field of construction and architecture became widespread in 1996 with
HQE documentation, and has since led to a proliferation of labels,
certifications and rules (section 2.2 in Chapter 2), whose profusion has
sometimes been counter-productive. The need for a unified approach has
recently led to the necessity of measuring the environmental efficiency of a
building, notably through lifecycle assessment (section 2.3 in Chapter 2).
The culmination of the overall eco-design approach (but also the object of
many pieces of research), it aims to control the environmental impacts of
any project, from its construction to the end of its life.

1.6. The instrumental context

In 30 years, computing has gradually become part of all aspects of
design and creation. Digital tools are particularly used for their capacity to
assist: virtual representation of a planned environment, analysis based on
assessment and simulation of efficiency, and decision-making in the
implementation of knowledge-based systems. However, these usage
methods do have well-known hindrances and limitations in the creative
design process associated with the initial phases.

1.6.1. Transformational tools unsuited to the creative process

First, we should note one weakness of the common tools (e.g. Archicad,
AllPlan, Revit, etc.) that are still mainly used for creating and visualizing
shapes and models, and precisely editing plans. Wrongly called
computer-aided design (CAD) programs, these mainly help with drawing
(2D, 3D) and representation of geometry, albeit in an increasingly
sophisticated way. For example, 3D representation (with its possibilities of
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animation and immersion) makes it possible to assess the quality of shapes
and spaces and check some dimensional constraints. Although the
communication and verification contributed by these digital tools are
necessary functions for the architectural design process, they should
not be confused with the creative functions that are also required for
the same process.

Furthermore, computer representation generally offers only a single level
of reading, based on a geometric model, connected directly to the point of
view that it prioritizes: external volumes, internal spaces, load-bearing
structures and flow networks. According to Francoise Darses, the systematic
assessment of CAD tools in the creative design process shows that they
bring a sequential phasing of activities to the design activity. Information is
collected from wusers to provide precise content, and executing the
drawing takes precedence over analyzing the problem [DAR 94]. These
“transformational” tools, which generally impose a predetermined resolution
plan, reinforce the hierarchical planning of problem-solving and make it
impossible to apply uncertain strategies and manipulate fluid objects, such as
drafts, overlays and sketches. Their principle is based on translating
functional and conceptual specificities into structural and geometric
specifications to produce constructive specifications of the object. This
makes them poorly suited to the characteristics of a creative process.

The fairly recent BIM (Building Information Modeling) guide does not
contradict this assessment at all, but, because it facilitates exchanges around
the digital model during the design phases, it makes it theoretically possible
to delegate efficiency assessments to other software programs.

1.6.2. A lack of assessment tools from the sketching phase

Engineers naturally have more calculation tools than architects,
essentially devoted to detailed projects. Software programs are also
developed by researchers working in the field of architecture, for example,
to optimize the orientation of buildings, the evolutionary generation of
efficient envelopes [MAR 13b] or the construction of eco-profiles and
eco-models to better understand the upstream design phase [GHO 11]. In
these phases, which are always shorter and more intense, architects must
increasingly ensure that the efficiencies required by law are achieved
when their structures are delivered. For example, for the energy aspect,
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which predominates, a cross-disciplinary factor has several design features
(orientation and volumetry of buildings, type of ventilation, lighting,
heating, maintenance, etc.), the challenges of which are characterized by
multiple spatial and temporal scales and by the interconnection between
problems and constraints.

Numerous tools are used to produce a detailed simulation of the many
behavioral aspects of buildings, including those related to energy. But
they are based on sector-specific approaches and incomplete technical
knowledge, and often require expert knowledge that is unusual in architects.
Calculations are therefore performed almost exclusively by design offices,
and have a significant accumulated cost.

One significant direction for research is obtaining effective operational
tools that can carry out some of these calculations, even approximately, as
early as possible. The designer benefits from being able to test more variants
of his project and lower the engineering costs.

Finally, the current trend in the development of tools is openness to three
pillars of sustainability (environmental, economic, social). Indeed, it is easy
to build at a very high cost (e.g. prototypes for the Solar Decathlon
competition?), which is out of reach financially for the vast majority of
people. The economic aspect must therefore be integrated into eco-design
tools as a key efficiency for the project, but it must also be considered over
the lifecycle: this is the lifecycle cost approach [EIK 14].

1.6.3. The need for computer-based modeling

We can see a building as a complex system that interacts with a physical,
human and social environment, which, in turn, acts on it. It is crossed by
flows of energy, matter and people: it is therefore also a dynamic system.
This combination of factors prevents us from predicting the precise
development of efficiencies when we simply vary one criterion, such as the
degree of aperture of the walls. An intuitive bioclimatic approach can turn
out to be insufficient, even if it is inspired by relevant physical models. Only
computer-based modeling can be used to overcome uncertainties as to the
exact behavior of a building.

2 www.solardecathlon.gov.
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The design process can then lead to an ongoing optimization phase.
Different variants are tested and the most efficient selected and developed to
achieve the initial objectives. It can take a long time to assess each variant
if classic calculation software programs, which are sturdy but mostly
very slow, are used. Furthermore, a recurring difficulty in optimization
approaches lies in finding a compromise between contradictory objectives,
such as increasing solar panels and the need for compact morphologies to
limit thermal loss.

We therefore understand the need to produce tools that involve
the designer in finding these solutions (to prioritize -efficiencies,
personalize solutions or simply preserve creative spaces), making it
necessary to turn to interactive generators, which learn from their dialogue
with the user (Chapters 5 and 6).

1.7. The programmatic context

Architectural design is distinguished from industrial design because its
object exists in a geographically localized, and therefore unique, site.
Therefore, although the structure may be identical from a construction point
of view, its local context means that its design must be original (Table 1.1).

1.7.1. Sketching and creativity phases

The sketching phases mobilize a significant creative aspect that it is
important to preserve. At the same time, they are crucial because they
determine the main choices of the project, in terms of form, position,
exposure to local climate conditions, patterns, spatial distribution of
functions, organization and physical composition, and any technical systems.
The decisions made have a great impact on many of the structure’s
anticipated efficiencies.

Furthermore, the creative and innovative aspects of these periods of
design must remain essential and their instrumentation must be part of
a dynamic of creative stimulation, while also integrating efficiency
parameters and criteria.

From the sketch to the summary draft, these phases combine an
uncertainty as to the choices with a potential pursuit of innovation, involving
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new technologies, new materials, and new prototyping, production and
implementation procedures. They define the fundamental guidelines of the
project (Table 1.1), and efficiency should be sought as early as possible,
rather than corrected later. Indeed, a project may reach a better level of
efficiency through the addition of technical devices to correct design flaws
or weaknesses (e.g. triple glazing on poorly oriented apertures), but these
later re-assessments will be onerous and expensive.

Context and scheduling
— site and contracting authority;
— climate and weather contexts;

—urban constraints (template, orientation, position, capable volume (in the Koolhass
sense) restricting construction (land use, height));

— usage type: public (school, hospital, etc.), housing, individual, mixed;

— programmatic data (surface area, volume, number of floors, % per usage type, % of
openings on fagade, roofing type);

— comfort parameters: thermal (winter/summer), aeraulics, humidity, light, acoustics,
choice of energies.
Morphological possibilities

— architectural type: vernacular, standard, non-standard, etc.;

— differentiation: architectural approach/constructive engineering (in the upstream

phase, the concept of a construction component seems premature);

— consideration of solar, acoustic or wind protection;

—work on the envelope of the building, rather than on the surroundings (uniform
spaces);

— spaces and functions inspired by eco-models: atrium, conservatories, corbels, etc.;

— orientation, exposure, envelope, form, materiality: sun (winter inputs, summer

protection), exposed/protected surface area, dominant winds, noises, existing/future

surrounding facades, construction parameters.

Table 1.1. Parameters and options for an
architecture project in the sketching phase

1.7.2. Support tools

At this stage of the design, the available tools are sturdy but slow,
more appropriate for describing, simulating or assessing a solution than
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for assisting with the formulation of a proposal or stimulating creativity.
Generative approaches are rare [MAR 12a, MAR 12b, MAR 13b], or
implemented in an incomplete way. For example, an excellent eco-design
support tool such as éco.mod [GHO 11] ought to be available in a
generative version, like Alexander’s patterns, on which it is based (section
2.6.4 in Chapter 2).

Furthermore, since environmental and energy regulations evolve faster
than the training of those involved, designers often tend to be inspired by
models that are deemed efficient for reaching regulatory objectives. Thus,
when they plan, and when the data available at the time is patchy and
imprecise, architects use quantitative criteria less often than qualitative
mechanisms, which they test throughout the design process. This practice
has notably led to: ignoring or practically ignoring the bioclimatic strategy
behind a relatively efficient design, reproducing figures that hinder the
production of innovative architecture, and an increasing and
onerous complication of corrective systems (heating, air conditioning,
artificial lighting).

Finally, the difficulty of designing and simultaneously resolving often
antagonistic efficiency objectives — which normally require an integrated
design approach — often leads to reliance on standardized solutions, a
decrease in formal and material diversity, and a decrease in structural variety
and architectural and urban quality.

Therefore, there is a clear lack of sketching support tools to enable
architects to take efficiency objectives (relating to energy, the atmosphere,
functions, construction, sensitivity, and the impact on the neighborhood and
the environment) into account. These criteria are constantly increasing in
number, and the calculation tools for assessing them are becoming more and
more specialized. Knowledge of the interactions between phenomena is
increasing, but this knowledge is scattered and not readily available or
useable in the upstream design phase, despite the fact that it is here that the
morphological, functional and constructive choices are the most decisive for
the rest of the project.

Without claiming to produce revolutionary morphologies or ideal
structures, a design support tool in the sketching phase should:

—make it possible to explore less conventional morphologies, better
suited to their local context;
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— promote a heuristic approach to a problem that makes it possible to
explore unusual solutions while remaining accessible to non-experts, thus
avoiding the use of calculation codes that are sophisticated and precise, but
too slow and useable only in the advanced design phases, after enough data
has been produced;

— make legible and comprehensible the complexity of the problems posed
and the effects of the decisions made, notably by facilitating the
visualization and analysis of the relationships between the parameters.

1.8. The cognitive, ergonomic and sensory contexts

“The more closely we can model our creative process,
the more the computer becomes a simple tool for artistic
creation, and less a replacement for inspiration” (Bruce L.
Jacob, [JAC 96]).

1.8.1. Psycho-cognitive issues

Studies in cognitive psychology have led to the identification of
the ergonomic principles necessary for software developments in the
upstream design phases [FLE 97]: facilitating body language interaction,
enabling imprecise data to be entered, authorizing the transition between
various levels of representation, facilitating comparison between different
solution ideas, making suggestions, supporting assessment and facilitating
the reading of morphology/efficiency interactions.

Other ergonomic aspects are essential if the tool is to be acceptable to
architects, especially in an operational situation. Utility and, in particular,
usability, integrating criteria such as processing speed, the reduction of
unnecessary latency time, the capacity to trace the phylogenetics of solutions
like a study book, and inclusion in the continuum of digital design aid
tools, are ergonomic aspects that can be extensively studied, including
through role-playing. The aim is to develop an attractive software solution,
encouraging architects (professionals and students alike) to think creatively
about the issues involved in sustainable construction.

Recent software tool developments have attempted to address these
ergonomic principles, notably by improving the functionalities of
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human—machine interaction: multi-view manipulation of the geometric
model, a modified representation or a representation that evokes the object
using the appropriate graphic codes. However, transferring freechand drawing

techniques to the digital field seems not to replicate the creative qualities
of the sketch.

1.8.2. Human-machine interfaces (HMI)

The use of digital tools by those involved in design/construction projects
is an entirely separate field of research. It is partly based on sociological
foundations, but also on the compatibility of functions with “business
needs”. The development of the human—machine interface can be based on a
user-centered approach. This method places the end user at the center of the
design and assessment process [FAV 06]. It supports the specification of
innovative visualization services [ZIG 11]. It identifies emerging practices
based on the use of software tools specific to a real business activity.
Furthermore, numerous models have been suggested, to address the various
possibilities for HMI envisaged by researchers: user models, task models,
usage models, dialogue models, presentation models and software
architecture [LUC 05, VAN 93, SOT 05]. More recently, these approaches
have focused on the collective aspects of practices and on proposing
multi-visualization interfaces adapted to various parties [KUB 07].
A usage-centered method devoted to multi-visualization design in the
context of collective activity has made it possible to propose
multi-visualizations adapted to 4D (3D + time) simulation in the worksite
planning phases [BOT 12].

1.8.3. Stimulating the creativity of architects in the sketching
phase

If generative assistance software programs seem to significantly expand
the range of decision-making tools available to architects, they create new
design practices that enable environmental and efficiency-related qualities to
be taken into account from the initial design phases. In return, these tools,
which involve gradual construction of the architectural object, change the
designer’s relationship with his technical support environment.

Research aims to identify the capacities and limitations of these tools
when it comes to contributing to a creative and innovative approach to
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architectural design. Defining the relationship between the designer and
these instrumentation methods, it proposes generative software environments
adapted to the first design phases, which preserve and stimulate the
creativity of architects while guaranteeing a high level of efficiency for the
sketched solutions.

One major concern is making project manager architects accept this kind
of digital tool, which, rather than hampering their creativity, bolsters it by
enabling them to explore solutions that are unusual on the morphological
level, for example, but effective on the energy and environmental levels.

One of the objectives that we can expect of a high-quality generative tool
is to spark the unexpected in the designer (the concept of serendipity is
described, for example, in [AND 08]). If it proposes only logical,
predictable, conventional solutions, it is probably limited from this point of
view. The variety and originality of the solutions proposed are more
important than their similarity to tried and tested solutions.

Here, the emergence of novelties or surprising solutions is the result of a
process. The designer establishes the conditions for solution generation, but
no longer undertakes the production of one exclusive solution: he makes
choices based on all the possibilities available to him. For example, the
criteria of habitability, constructive realism and structural complexity may
be among the assessment methods available to the user, and must not
necessarily be used for blind assessment of the efficiency of the solutions.

The Codisant laboratory, a research partner in the EcCoGen project, has
worked not on an “intracranial” creativity, which is the responsibility of one
creative individual, but on an in situ dialogue between a creative
partnership and the tool. The dialogue process, sometimes through the
intermediary of other tools (drawing, speech), is just as important as the
result itself. It is therefore not the intrinsic creativity of the tool that should
be assessed (its capacity to propose original solutions), but the interaction
between the tool and the users (analysis of their creative behavior, see
section 5.10 in Chapter 5).

1.8.4. The comfort approach

In terms of modeling the structure and its efficiency, the questions of
energy consumption (ever-present since the first oil crisis) and of lifecycle
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assessment (the origin of the eco-efficient approach) cannot be the only
things taken into account. An approach through normal comfort (light,
thermal, visual, acoustic, in and around the building) and through quality of
life (tangible comfort) can also be relevant [HUI 01], through the structure’s
effects on its immediate environment (shade, impact of the form on
neighboring microclimates, air movements on contact with the envelope).

Unfortunately, the concept, characterization, modeling and monitoring of
optimum comfort for occupants are rarely priorities when a building is
designed. Regulations in France (RT2012) have begun to take well-being
into account, but this concerns only summer comfort. It should be noted that
in bioclimatic design, the question of summer comfort must first be
dealt with from the point of view of ventilation and passive protections (near
and distant) against the risk of overheating, before active solutions are
envisaged (air conditioning).

Finally, there does not yet seem to be a tool that makes it possible to
model the physiological parameters and overall needs of occupants and to
understand the interactions between the various physical aspects of comfort,
to assist the architect during design work, even in the later stages.



2

Eco-design

“The human scale that is architecture is part of a global
ecosystem where any action must be thought of and measured
to avoid long-term disruption. Remember that the lifespan of a
building is at least as long as that of a human being”. (Jean-
Pierre Campredon, in [CAM 01])

2.1. Eco-design of the built environment

The architect Frank Lloyd Wright (1867-1959) was one of the rare
forerunners of eco-design (Levin House, Fallingwater, Usonian Houses,
etc.) and of the introduction of the concept of organicity in the project
approach. But in the 1970s, environmental and ecological architecture,
working with materials close to nature and interest in the relationship
between humans and their natural environment, was still considered
idealistic, despite the advice of some architects, such as Ken Yeang: “a site
must be studied from an ecological point of view to determine how best to
develop the space without disrupting its natural equilibrium”. Gradually,
over the next two decades, the idea of qualitative bioclimatic architectural
design made headway, with varying degrees of success.

A significant step was taken at the start of the 1990s, with the emergence
of the quantitative aspect of environmental eco-design for structures.
Constructive efficiency, which had long been a synonym of resource saving,
was then supplemented by environmental efficiency, which also creates
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savings: it involves beginning to limit the impacts of our constructions on
nature and living environments.

The first studies on life-cycle analysis and its methodological foundations
began in 1992, but it is often forgotten that it was the economist David
Novick who introduced the concept, which was initially used by the
American army to improve budget management! Since then, “eco-design has
proven to be an approach that mobilizes numerous scientific contributions.
1t is based on the very simple principle of focusing on effectively reducing
the flows generated by the functioning of a construction” [GOB 11].

Finally, in our view, the main aim of architectural generative eco-design,
which is the subject of this book, is to “create bioclimatic solutions with a
low environmental impact, contextualized, obtained by combining the
multidisciplinary — contributions of architecture, ecology, engineering
sciences and computing technologies” [MAR 16].

2.2. Eco-design: a continually developing process

The practice of eco-design was introduced to decrease the environmental
impacts of human activities, starting with the most significant (energy
consumption, the greenhouse effect, atmospheric and aquatic acidification,
water and soil pollution, transport, waste). The 2002 technical report
ISO/TR 14062 (International Organization for Standardization) generically
defines eco-design as “the integration of environmental aspects into the
design and development of products and services”. In 2011, ADEME (The
French Environment and Energy Management Agency) supplemented this
definition with “the desire to design products that respect the principles of
sustainable development and the environment, resorting as little as possible
to non-renewable resources by prioritizing the use of renewable resources,
used with regard to their renewal rate, along with waste repurposing, which
promotes re-use, repair and recycling” [ADE 11].

Originally being the product of industrial environments in the 1980s,
eco-design does not, therefore, imply merely using more or less
sophisticated engineering tools. It is, first and foremost, a complex
multi-criteria global approach, designed to support, guide and assist the
designer(s) in producing sustainable objects, whether they are buildings,
neighborhoods or whole towns [PEU 13a].



Eco-design 23

2.2.1. Passive tool, labeling and reference documents

Eco-design initially involved designing passive tools (reference
documents for product assessment, material catalogs, certifications and
labels) that could be used from the sketching phase onwards, with each
country implementing its own rules in reference to international
methodological ISO standards (14040, 14044), which were consolidated in
2006. Among the generic reference documents and labels are: HQE
(France), then HQE-Performance, the French “bdtiment biosource”
(biosourced building) label, given only to buildings constructed since 2012,
which assesses the composition quality of structures, taking into account
local ecological and economic assets; LEED (North America), BREEAM
(United Kingdom), Bepos-Effinergie (France); and regulations (RT2012,
and soon RT2018 in France). Then there are active tools used to solve
a problem in the operational phase: Eco.mod (section 2.6.4), EcoGen
(Chapter 5), ESQUAAS (Esquisse architecturologiquement assistée,
architecturally assisted sketch), VizCab (section 2.6.5), etc., most of which
are continuously developing.

The regulations and labels for energy and environmental quality focus
mainly on the efficiency and sustainability of the building. They also
increasingly require health control indicators to be displayed. Labels and
regulations are constantly evolving as efficiency levels increase. Finally,
recent labels, such as BBCA2, take into account the local context, which has
not always been the case and could have a negative impact on the choice of
construction materials.

The HQE and LEED tools are general guides adapted to an issue rather
than to solving problems. They give guidelines but are not adapted to the
specific features of the use case. LEED' is the American energy efficiency
certification system in the construction sector. It has been regularly updated
since it was created in 1998. Efficiency is defined by four levels of
certification (2009).

The German Passivhaus label” sets four objectives: a high level of
insulation, minimizing thermal bridges, passive solar gains and internal heat
sources, excellent impermeability of the building’s envelope, and good

1 www.usgbc.org/leed.
2 www.passiv.de.
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internal air quality, thanks to the use of a mechanical ventilation system with
heat recovery.

The Swiss MINERGIE label’ sets several requirements: efficiency of the
building’s envelope, renewal of air inspected throughout the year,
MINERGIE limit value, proof of thermal comfort in summer, additional
requirements according to the building category (lighting, industrial
refrigeration and heat production) and an extra charge of less than 10% for
an equivalent program. The method used to attribute the label is set out in
standard EN ISO 13790, equivalent to Swiss standard SIA 380/1. It
compares the building’s annual average consumption to an average value per
type of program (e.g. 38 kWh/m*year for housing).

The French BBC (Bdtiment Basse Consommation, low-energy building)
label is inspired by the German Passivhaus label and the Swiss MINERGIE
label. Other, stricter labels have appeared since, such as the Effinergie+ label
(to respect a non-renewable primary energy requirement and an embodied
energy threshold*) and BBCA [BBC 17].

2.2.2. From HQE to HQE-Performance

The HQE (1996) approach was the first certification document to include
14 targets divided into two groups from the start: controlling environmental
impacts (G1) and obtaining a healthy and comfortable interior (G2). A 15th
target addressing the issue of biodiversity was added later.

— (G1) eco-construction targets: harmonious relationship of the building
with its immediate environment (C1), integrated choice of construction
products, systems and processes (C2), and low environmental impact
worksite (C3). Eco-management targets: energy management (C4), water
management (C5), operational waste management (C6), and management of
upkeep and maintenance (C7).

—(G2) comfort targets: hygrothermal comfort (C8), acoustic comfort
(C9), visual comfort (C10) and olfactory comfort (C11). Health targets:
health quality of spaces (C12), health quality of air (C13) and health quality
of water (C14).

3 www.minergie2017.ch.
4 www.effinergie.org.
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The move from “HQE approach” to “HQE-Performance” was a major
evolution in regulations, developed jointly by the HQFE organization and
the CSTB (The French Scientific and Technical Center for Building), in
partnership with industrialists and certification providers. Note the main
developments: shift from the efficiency of components to the overall
efficiency of the building; shift from the notion of building use to
the notion of life cycle and shift from resources implemented to assess
practices to reference documents based on calculated or measured efficiency
indicators [ASS 15].

2.2.3. “Passive building” label

The PHPP (Passive House Planning Package software program’) is a
validation tool for attributing the Passive House label. Working in
Excel, this tool for designing passive buildings can be used from the
sketching phase. It assesses efficiency indicators for passive construction:
improved comfort, very low energy consumption, ventilation comfort,
calculation of heating and cooling costs, summer thermal comfort indicator
and reduced surcharge.

2.2.4. BBCA label

The latest version of the BBCA label (Association pour le développement
du Bdtiment Bas Carbone, the French Association for the Development of
Low-Carbon Building [BBC 17]) has been modified to include the
measuring method set out in the Energy-Carbon reference document
launched by the state (section 2.2.5). It sets more ambitious requirement
levels and enforces additional “Climate Innovation” requirements that are
essential for designing low-carbon buildings. The BBCA label has three
efficiency levels: standard, efficient and excellent.

The label is applied to all buildings that use thermal regulation. Its scope
is that of the building permit and includes the building and its plot of land. It
may apply to several buildings if they are covered by a single building
permit. It includes the building’s entire energy consumption during the
operational phase, as well as water consumption, the worksite, and
construction materials and products.

5 www.lamaisonpassive.fr.
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The measure aims to establish the carbon footprint of the building and its
greenhouse gas emissions throughout its life cycle. To achieve this, the
BBCA label is based on a life-cycle analysis (section 2.3) that takes into
account all these phases over 50 years. The emissions during the building
construction phase are, for new buildings, higher than those during the
operational phase (the HQE efficiency test indicates a 60% distribution
during construction and 40% during operations).

The label is obtained based on the calculation of a unique efficiency score
from prevented greenhouse gas emissions and carbon storage in buildings
(high-potential fields of innovation, not yet integrated in life-cycle analyses).
It makes it possible to reduce greenhouse gas emissions and gain time in the
fight against climate change. This indicator highlights the quantity of
biosourced material in the building, as well as the re-use of recycled
materials and the use of recyclable materials at the end of the building’s life.

The label highlights both the use of energies that emit minimum
greenhouse gases and the use of low quantities of energy. It also highlights
local energy production. Finally, it takes into account reductions in water
consumption, which decreases emissions from transport and processing.

2.2.5. Learning to think BEPOS (E+) and low carbon (C-)

In France, Grenelle Environnement made a break in 2007 that reduced
the primary energy consumption of new buildings by a factor of three
between RT2005 and RT2012. In 2017, the positive energy building
(BEPOS) is technically feasible for new buildings [GAR 11], but not for all
budgets. It is probably a challenge for the next 10 years, not including the
renovation sector.

Moving away from RT2012, which did not deal with all uses, we will
gain no more than 25% in the next few years, because we are nearing our
physical and technological limits, such as those of thermodynamic heat
recovery systems in gas or liquid flows, for example. The maximum use of
“renewable heat” will certainly bring substantial gains in terms of energy
consumption, but there is still electricity. The third avenue is to work on
restraint and efficacy for household uses, and to take the “technology side”,
using optimized active devices, which are low in energy, emphasizing their
integration and control.
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The problem is that, for the last 20 years, new uses have been being
invented constantly, and we are always consuming as much or more
electricity in a building (domestic appliances, electronics). Hence, the idea
of making the building gradually autonomous in terms of electricity
production, despite the difficulty of surfaces for solar panels being limited,
make it necessary to increasingly pool energy through nearby networks.

Today, low carbon represents a challenge as difficult as that of decreasing
energy consumption 20 years ago. Greenhouse gases are emitted by, in
order: housing, transport, nutrition, services and health. Let us have a look at
some figures. According to the “2000-watt society”™, current greenhouse gas
emissions are estimated at 7.2 t CO,-eq/home/year and should be reduced to
1 t CO,-eq/home/year by 2150. In France, emissions from heating systems in
2017 are estimated at 1.5 CO,-eq/year/person. However, that is not the total
carbon footprint, which is 4.2 t/occupied m”. This is the figure that should be
used in all calculations. Similarly, the current amount in a life-cycle analysis
is 1 metric ton of CO,/occupied m?/50 years of a building’s life.

To reduce these CO, emissions and wasted resources significantly over
the building’s life cycle, we can use three major guidelines (1-3), and three
minor ones (4-6):

1) Energy-efficient and sustainable construction materials (section 2.2.7).
The challenge relates first and foremost to having the right quantity, in the
right place, a product whose E+C combination is the most efficient, with
non-standard (or barely standard) solutions, but based as far as possible on
the local context. For example, triple glazing is good for E, but less so for C
(high embodied energy). We should also beware of confusing biosourced
material and low carbon impact material: they are not always the same thing.

2) The use of renewable resources to generate additional thermal and
electrical energy, moving towards energy self-sufficiency [EIK 14].

3) The types and methods of innovative constructions (e.g. prefabricated
and/or modular, integrating the manufacture of items on the worksite
through the continuous digital production chain, products prioritized by local
SME?).

4) Renovation produces an enormous carbon gain in relation to
demolition and reconstruction [SCH 16]. In this sector, class G buildings

6 www.2000watt.ch/fr.
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(thermal sieves) are a major renovation challenge when it comes to greatly
decreasing E and C. An ambitious policy for the 35 million French homes
that need to be renovated should be based on the example of
new constructions.

5) A low rate of housing emptiness/vacancy should also be encouraged.
The question of intensity of use is very important: an efficient BBCA block
of flats ultimately costs a lot if it is empty! And yet, how many houses are
empty in our country, in the town, in the countryside, on the coast and in the
mountains? This, of course, raises the “highly political” question of how
many new houses are really needed. Should we not first restrict owners and
social landlords to a minimum occupancy rate? This is a
controversial subject...

6) Finally, there remains the difficult question of guaranteeing the energy
efficiency of solutions over time (which also has an impact on the
depreciation of investments). Taking a gamble on the future of a piece of
equipment beyond 20 or 30 years seems risky and can have a high cost in
terms of manufacturing energy, and the results after this period will not be
guaranteed, due to wear and tear to the materials. Furthermore, as research
into circular economy is in its infancy, we do not know much about how
recycling works in the medium and long term.

2.2.6. The PEBN reference document

The PEBN “Performance Environnementale des Bdtiments Neufs”
(“Environmental Efficiency of New Buildings”) document [REF 16], a
preamble to the next RT2018 regulation (initially planned for 2020), is
the latest French method for calculating environmental efficiency, based
on life-cycle analysis of products and structures — a key tool of a low-carbon
policy — with a definition of “gradual test thresholds”: four for
energy (E3 and E4 are highly efficient) and two for carbon (Cl1 is attainable
for all). This document has been being tested since the end of 2016
by those involved in construction, through the introduction of a new
“Energy-Carbon” label, the result of discussions between the HQE,
Effinergie and BBCA organizations. This label is a prelude to the full and
unique regulations for the major reduction of overall energy consumption
(BEPOS objective) and greenhouse gas emissions over the whole life cycle.
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Low-carbon-oriented life-cycle analysis is still a little explored area, but
it will soon be obligatory in regulations, and manufacturers will have to
supply reliable data on the “carbon weight” of their products and processes.
We will then certainly identify other ways of moving forward.

2.2.7. Environmentally friendly building materials

A material is not environmentally friendly in itself. It may be efficient
and even economical, but still not environmentally friendly (e.g. imported
wood). Furthermore, “good solutions” from the past, even if they are
environmentally friendly, can be unusable today: “wanting to reuse old
methods at any cost does not necessarily lead to savings, due to the current
costs of certain implementations and the availability of noble materials”
(Gilles Perraudin, architect).

Only a practice can become environmentally friendly: the extraction (as
local as possible) of a material, its implementation, its use and its
maintenance can give it this status [BLE 14]. Of course, some materials,
especially noble ones, do have some intrinsic environmentally friendly and
economic qualities. The biosourced approach has become more successful
over the last few years, with plant-based products (hemp, flax, straw, linen,
wood, etc.) or animal-based products (feathers, wools, etc.), low in
embodied energy (mineral materials, e.g. stone, sand, raw earth), from
biomass, which are more insulating (cellulose wadding, cotton-linen mix
from recycled textile fibers, straw-based walls, wood shaving walls, plant
fiber panels) than their conventional equivalents. Note that “straw bales” are
a regional renewable resource (especially in Normandy) with one hundred
times less embodied energy than the conventional insulating materials;
furthermore, they can store CO, and provide a high degree of thermal
insulation. There is just one downside: many materials are still difficult to
certify, such as straw, which is often excluded from labeling due to
traceability difficulties. “Building standards tend towards safety and
efficiency, but a certain number of techniques and local or biosourced
materials are not yet certified” [MEN 14].

Conversely, some certified materials, such as aluminum, will never be
classed as environmentally friendly materials, due to the highly significant
quantity of embodied energy that they require (160,000 kW/h per m’®), while
many builders still offer “highly efficient” wood-aluminum windows! For all
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this, not all metals have such bad statistics, and we can note “a revival of
metal construction (joinery, in particular), which has many advantages in
terms of comfort, environment, safety, construction time, repair time and
ease of expansion” [MEN 14].

Savings are still expected for the materials of which glazing and thin
insulation are made (e.g. silica aerogels), and significant research has also
been done into optimizing them to obtain sufficient winter solar gains, while
limiting them in the summer [MEN 14].

Finally, just because a material is known to be environmentally friendly,
it is not necessarily usable in any construction project. Wood, which has
been very popular in architecture over the last few years, is a very good
example of this. Despite costing much more than traditional and/or synthetic
materials, it has a very good efficiency/price ratio. Generally, this index is
calculated by including the overall nature of the efficiency and cost
indicators, to avoid too many technological but not very environmentally
friendly innovations (e.g. responsible insulation, which is generally the case
for wood).

2.3. Life-cycle analysis (LCA)
2.3.1. The benefits of LCA

According to ADEME, “life-cycle analysis (LCA) is the most successful
method in terms of overall multi-criteria assessment. It is the result of
interpreting the quantified assessment of the flows of materials and energies
relating to each step in the life cycle of products, expressed in terms of
potential environmental impact”. It makes it possible to identify the main
sources of impacts due to three contributors: materials, processes and
treatments during their life cycle (acquisition of raw materials, production,
use, end-of-life handling, recycling or scrapping).

Environmental impacts (multi-criteria standard 1SO 140017) are divided
into three categories: impacts on natural and energy resources, impacts
on surroundings (soil, water, air) and toxicological impacts on human health.
These include: resource depletion (biotic, abiotic, energy), quality
of ecosystems (biodiversity, eutrophication, ecotoxicology), land use, health

7 www.is014001 .fr.
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(toxicology, fine particle pollution, etc.), impact on the greenhouse effect,
destruction of the stratospheric ozone layer, acidification of
waters (oceans, lakes, ponds, rivers, groundwater tables), biodiversity
of biotopes and species [MEN 14]. In France, standard NF-EN-15978, from
2012, on assessing the environmental efficiency of buildings,
sets out 20 indicators corresponding to the impacts listed above,
including CO, emissions, for four contributors: construction and equipment
products/energy consumption/worksite/water.

“Most of the principles of eco-responsible construction are now found in
LCAs: environmental record for design/manufacture and use, decrease in
embodied energy, overall energy efficacy, carbon footprint, local savings,
human and environmental ecotoxicity (health), reduction in waste and
recyclability, and water footprint” [MEN 14]. Furthermore, LCAs are now
broken down into various scales: materials, components, buildings, road
elements, urban property and neighborhoods.

2.3.2. Main LCA software programs

The complexity of processing an LCA make it vital to use a software
appropriate for the study field, the available data, the expected results, their
assessment (choice of a method) and their reliability (notably in terms of
uncertainty  analysis). But the  compatibility @ of  software
programs/certifications cannot be taken for granted. For example, some
software programs are compatible with French HQE certification but not
with BREEAM, which is often used for office buildings in France.

The two main French software programs for LCA calculation are
novaEQUER (developed since 1997 by the Ecole des Mines de Paris
[PEU 13b]*), and ELODIE (developed since 2008 by CSTB, using data from
the INIES database’). Others include Bilan Produit, Eco-design Pilot and
BEES. Bilan Produit'® is an LCA software tool developed by ADEME and
the Université de Cergy-Pontoise, and distributed free of charge to guide the
optimization of a product according to its environmental profile. Eco-design

8 www.izuba.fr/logiciel/novaequer.
9 www.elodie-cstb.ft.
10 www.base-impacts.ademe.fr/bilan-produit.
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Pilot is a qualitative, multi-criteria, free decision-making support tool,
developed by the University of Vienna, in collaboration with ADEME.
BEES (Building for Environmental and Economic Sustainability) is a
software program combined with a database on the scale of the component
containing the environmental impact. It was developed by the National
Institute of Standards and Technology.

The main software publishers have understood the benefit of integrating
an LCA tool (often a plug-in) into the digital design chain. For example,
TALLY is an application developed by Autodesk for their Revit suite,
enabling architects and engineers to quantify the environmental impact of
construction materials for the complete analysis of buildings, as well as
comparative analyses of design options. While working on a Revit model,
the user can define the relationship between the BIM elements and the
construction materials, based on a database provided by TALLY. As always,
this assumes that the detailed project phase is underway.

2.3.3. Associated databases

The LCA is an evolutionary approach, a multi-criteria operational system
and a decision-making aid, provided — as we have seen — that available and
compatible software and databases can be accessed. Currently, a lot of
environmental data have been collected in several standardized databases on
the national or European scale. Knowledge of the environmental impacts of
all human activities (or a particular sector, such as building) is still in its
infancy, due to the complexity of the phenomena involved in the life cycle of
the components and their treatment processes. But the last 20 years have
given us more knowledge, experience and hindsight to help us find the best
way to deal with the environmental aspects of sustainable development and
its multi-scale dynamics.

This being said, obtaining data (materials, production processes,
transport, lifespan, end-of-life prospects, recycling and waste management)
is painstaking, time-consuming and costly. Many databases can be used to
fuel LCA studies: general databases compatible with most LCA software
programs (e.g. Eco-invent, the current global reference covering more than
4,000 entries relating to materials, products and processes for the various
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economic sectors (transport, energy, agriculture, construction materials,
waste processing, electronics'')), and specific databases, reserved for a
particular field (e.g. the French INIES database deals only with building, but
contains a lot of information'?).

In France, data relating to building and construction products is provided
in “Fiches de Déclaration Environnementales et  Sanitaires”
(“Environmental and Health Declaration Sheets”, FDES). Each sheet
contains LCA data and annexed information on health and comfort. These
sheets are stored in the free INIES database, which, in June 2017, contained
around 1,679 FDESs, representing around 35,000 commercial records for the
French market.

Specifically, there are also PEP (Profil Environnemental Produit —
Product Environmental Profile) sheets for electrical and climate engineering
equipment. Manufacturers create PEP sheets to ensure that they are
complying with the European regulation relating to the environmental
declaration of some construction products used in building structures. It
makes it possible to differentiate between the equipment concerned in the
framework of “energy — carbon” experimentation by supplying
environmental data for the products that will be used by those involved in
building (contracting authorities and design offices).

It is important to know that, following a 2015 order that came into force
on 1 July 2017, FDESs and PEPs must be verified by an independent third
party. France uses two verification programs: “FDES vérifiées INIES” and
“PEP ecopassport”.

Finally, there is the international EPD (Environmental Product
Declaration) system, a global program for environmental declarations based
on standards ISO 14025 and EN 15804. Each EPD is a verified and recorded
document that communicates transparent and comparable information on the
environmental impact of products throughout their life cycle. The database
that is currently online contains around 700 references for a wide range of
product categories for companies in 36 countries'’.

11 www.ecoinvent.ch.
12 www.inies.fr.
13 www.environdec.com.
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2.3.4. Difficulties relating to LCA and its use

1) As with any multi-criteria system, it would be unreasonable to expect
to obtain a single impact score, especially as the 20 indicators are not
ranked. “There is no consensus on a general method through which the
multi-criteria results of environmental analyses can be satisfactorily
determined in view of relativizing or hierarchizing the significance of the
various impacts generated” [MEN 14]. Furthermore, as the analysis period
covers several decades, it seems reasonable to be able to take into account
variations of certain parameters over time. However, in each category, an
intermediate impact score is often defined through weighting, to facilitate
standardized comparisons, but the choice of coefficients may seem arbitrary
and not very scientific.

2) Any impact calculation is riddled with uncertainties inherent in
necessarily limited knowledge in a highly complex chain of causalities, in
the simplification of calculation models, and in the different opinions of
specialists and researchers. Furthermore, an LCA does not take into account
all the potential impacts. For example, it is difficult to estimate pollution
flows for a large number of interacting substances. Peuportier explains this
complexity: “among the pollutants emitted are more than 100,000
commercialized chemical substances, whose degradation over time emits
residue into the environment (air, surface waters, groundwater tables, soils,
etc.), but which are also found in food, because they are ingested by living
organisms, with major consequences for health and biodiversity” [PEU 13al].

Furthermore, “each party knows only a small part of a necessarily
interdisciplinary and cross-sector whole. Indeed, assessing environmental
impacts requires knowledge from the fields of ecology, medicine, process
engineering and energy, among others. Moreover, human activities involve
interaction. For example, energy is required to produce cement, steel and
concrete to produce energy, etc.” [PEU 13a].

3)It is important to understand that improving the environmental
efficiency of a stage in the life cycle can damage the efficiency of another
step (characteristic of a transfer phenomenon in a complex environment).

4) Although building eco-design tools are progressing significantly, they
are not spread widely enough that we could rely on them, as shown by
[LAM 15], who attempts to determine the reasons for this. LCA is not yet
adapted for the sketching phase; it is difficult to collect data from numerous
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databases; and the results for a single structure are often different and not
very reproducible, which reduces the user’s confidence in the process.
For more on this subject, see Lucie Genuys’s work on the ANR-BENEFIS
project [BEN 11], comparing the two flagship LCA software programs
in France: ELODIE and novaEQUER, and the reproducibility tests
[GEN 13]. Furthermore, the impact categories are not prioritized (which
criterion to prioritize if compromises must be made); an LCA is expensive
(€3,000—4,000 per variant), it is not highlighted enough in the certification
process, and there is not yet a stable comparison reference to compare its
results and determine the position of the project; finally, an LCA is always
exploratory: no more than 25% precision in the upstream phase, while a
robust LCA reaches 80% precision after the detailed project pilot. In
addition, it should be dynamic in order to take into account changes in
weather data during the study (from the design phase until work begins).

5) The introduction of LCA approaches into the design raises questions
and concerns for some architects, particularly during the initial phases of the
project. How can LCA become a decision-making aid criterion? To what
extent can LCA methodology become a factor of design for the project
manager, who is responsible for the sketch and defines the construction
aspects, which have major environmental impacts that are not known at the
time? Can building with less of an environmental impact still
involve flexibility in terms of form and materials? Must LCA be limited to
quantitative criteria, or, on the other hand, should it involve quality of
life and atmospheres, which are standard components of the expertise
of architects?

6) Approaching design from the point of view of “overall cost” is a
relatively recent position for most people, with the exception of some
eco-responsible architects, since the economic competition has for too long
placed excessive emphasis on the financial variable. Finally, few architects
and small agencies have adequate tools or sufficient resources or time to
devote to full eco-design studies. However, it is estimated that 80% of the
global costs during a product’s life cycle are due to choices made in the first
stages of its design, for which the effective design cost would not exceed
10%. This fully justifies taking time over it. Finally, even if it is problematic,
one of the strong points of the LCA approach is that it verifies the
environmental sustainability of architectural structures that are often
proclaimed to be sustainable by their creators. Until it becomes obligatory...
which will make things clearer, given the lifespan of the structures.
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7) “Circular economy is currently partly taken into account in the LCA
with the use of recycled materials or products. But the rules applied make it
impossible to fully appreciate elements such as the re-use of products, the
sharing of spaces, and the potential for changes in use” [GEN 13].

8) Finally, it is important to specify that environmental efficiency is only
one aspect of sustainable development. Social and economic efficiencies
(the two other pillars) are barely touched upon by LCAs (impact on
human health).

2.4. Eco-design and BIM

BIM (Building Information Modeling) is a shared 3D digital modeling
concept. “Since 2010, it has built up and condensed everything for which
parametric and associative software developments had paved the way over
the previous decade” [VAR 14]. Indeed, Lamé explains that the concept
allows for an integrated view of the building, combining both its physical
and its logical aspects. It facilitates and promotes the interoperability of
various systems: drawing, CAD and assessment of efficiencies through
physical models [LAM 14].

How can BIM support building eco-design? Although the phases
following the summary project draft appear to be fairly well equipped, we
have seen that the same is not at all true of the sketching phase. We may
hope for the rapid emergence of a new generation of interconnected software
tools, thanks to the unique BIM model, from the first project stages. An
example is given in [SCH 09]: the authors use it to assess the efficiencies of
a building project in the upstream phase of its design. Their approach
consists of connecting the information on the building contained in the BIM
to a calculator, which quickly produces a number of indicators that represent
the required assessments.

2.5. Eco-design and efficient morphologies

The concept of eco-design also applies to the morphologies of built
spaces. This section illustrates this, based on the themes of compactness,
density and energy, which represent current issues in the development of
urban fabrics and efficient architectural forms. We risk calling into question
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some well-established points of view (in reference: the copious study
produced by the researcher Nikos Salingaros in [SAL 07]).

2.5.1. Compactness indices of a structure

Many studies have demonstrated the importance of morphology in the
energy efficiency of buildings and towns [NOW 10, CAT 08b]. Studies into
the compactness of buildings are the result of both seeking long-term
energy savings and limiting investments, relating in part to the costs of the
external envelope. Minimizing its surfaces areas can decrease the cost of the
project and its maintenance. This reduction implies that, for a fixed volume
V (in m®), the surface area of envelope S (in m?), constituting the walls in
contact with the exterior (walls and roofs) of the contents, should be as small
as possible.

Indeed, the more compact a building, the smaller the S, the less heat the
building loses in winter, and the less it captures in summer. From a
functional and constructive point of view, a compact structure facilitates
circulation between its various parts, and its structure can be simplified.
Finally, it should be remembered that compactness decreases most of the
LCA flow emissions per square meter, with an impact that varies according
to the type of energy used. However, the surface area available for solar
panels is smaller, and it is harder to illuminate the interior of the building
through natural light.

The compactness of a building, calculated by means of the S/V ratio, is
mainly used by heating engineers: the lower it is, the more compact the
building, and the smaller the amount of heat lost and the energy required to
heat it. The problem with this formula is that it decreases when V increases,
and different scales cannot be compared: this calculation is therefore not
suited to architecture. We can therefore define two different factors of
compactness, but both are invariable through homothety:

— Sha» denotes the inhabitable surface area, the index C,=S/Sy,, represents
the exchange surface per square meter of the inhabitable surface area: this
is more appropriate for architecture;

— dimensionless compactness C, which is a shape factor in geometry, is
calculated from the surface area of the envelope S, and the external volume

3
V, according to the formula: C = % In order to restrict the values to [0, 1],
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the index is compared with the minimum compactness of the sphere, which
361

is equal to 36m: we obtain the standardized index: Cn = -

There are two methods for increasing compactness: either improving the
shape so that the surface area of the walls increases less quickly than the
inhabitable surface area (minimization of the exchange surfaces, buildings
on several levels); or increasing Cn. Note that C;, and Cn are equivalent when
the height of the stories is constant.

To conclude, the compactness factors must remain indicators of the
bioclimatic quality of the design without being an obstacle to architectural
creation. The question of cost aside, we can now construct buildings with a
very high thermal efficiency, which are not necessarily very compact,
affecting the quality of insulation, joinery and active systems (heating,
ventilation). From an economic point of view, small homes are always
penalized and must display higher thermal efficiencies and therefore higher
construction prices per square meter. A fairly complete study of
compactness factors in architecture can be found on the site'*. It approaches
the subject of passive houses in a highly methodical way, drawing
conclusions that may initially surprise the reader.

2.5.2. The influence of building height

Very tall buildings are not sustainable. I know that it is not
“architecturally correct” to say this. However, in Salingaros [SAL 07], the
authors show that, beyond the effect of enthusiasm for modernism, and the
prestige accorded to some architects and engineers, we must unfortunately
admit that these buildings generate severe urban and social problems, as the
architect Constantin Doxiades recognized more than 40 years ago. These
include: congestion of urban services, isolation of individuals, property
speculation due to the reckless increase in land prices in the neighborhood,
very high construction and insurance costs, high energy costs, oversizing of
networks for transporting material, water and energy; various dangers: fire,
earthquakes, terror attacks, evacuation difficulties; increased risks: stress at
work, high insanity rate, above-average crime rates; difficulty integrating

14 www.passivact.com.
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into any type of neighborhood: destruction of the complexity and
intermediary connection scales, visual pollution.

Is there a critical height? “Urban forms made up of towers and low-rise
buildings are generally not very dense, due to the size of the infrastructures
required to serve them. Their energy assessments are not as good as those
of old, dense centers. Thus, the traditional European urban fabric, made
up of blocks of 3 to 6 stories, densely distributed to create a continuous
fabric, with medium-sized roads, seems the most energy-efficient option”
[NOW 10]. This ties in with Salingaros’s analysis: small towns consume
much less energy than large ones, and there is a scale effect that produces a
sort of critical size in terms of sprawl and height.

Finally, “there is no correlation between demographic pressure and the
rate at which such buildings are constructed, except in cities such as
Monaco and Hong Kong, which lack space in which to build. Thus, the
population of Paris doubled in the 20" century, and the city grew fifteen
times in size. What our towns suffer from, therefore, is not a lack of space,
but poor distribution of blocks, poor land use, and poor models and
development schemes™ [SAL 07].

2.5.3. Density, compactness, sprawl

Towns have been significantly restructured in less than a century, for
economic and transport reasons rather than to improve living conditions.
This concern has not been forgotten, but is treated as a poor relation in
certain parts of the world. Cities have become larger everywhere, due to
the accessibility of personal vehicles (supported by a greatly expanding
automobile economy) and the attractive pressure of commercial forces. It
also occurs when too many buildings are erected with no understanding
or consideration of the fabric of connections required to promote walking
in towns.

However, beyond a certain size, towns encounter new difficulties in
management and control, socially and economically, in terms of transport,
food, material and energy supplies, pollution, and processing and removal of
waste water, rain water and waste. Therefore, they are increasingly difficult
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to govern and cost a lot more in terms of equipment and functioning than
medium-sized towns. Furthermore, there is a major gap between the
apparently unavoidable challenges and the current range of solutions, which
are often simplistic or narrow. The financial resources available and the
timeframes for action affect the amount of debt per inhabitant in towns,
narrowing the margins for future operations. Beyond a certain level of debt,
these towns are not manageable.

If urban morphologies have a major impact on direct energy
consumption, the founding works of the Australian Peter Newman'> show
that compact medium-sized towns appear to be the most virtuous in this
regard. The notion of the compact town is the opposite of that of the
sprawling town, but it is also not a dense town, or, still less, a hyperdense
town. However, the profitability of significant investments imposes a design
of urban fabrics in terms of energy density and not only of urban density.

According to Salingaros, “the medium-sized compact town, ideally
surrounded by agricultural land, will become dominant in the future,
because it is the only viable alternative to sprawl, in terms of energy
consumption and bottlenecks on the roads. An incremental strategy for
reducing urban sprawl can be envisaged as soon as a new type of local
economy (work, food and energy supply) begins to emerge, capable of
recreating the diversity, links and connectivity in different fields and on
different levels (forms, structures, existing infrastructures), and a certain
permeability of the lines between the various sub-networks” [SAL 07]. Thus,
with a view to sustainability, mere densification is not enough: it must be
accompanied by functional diversity, making it possible to bring together
and combine areas for living, working, business and leisure, meeting most
daily needs with no need to travel further than a few kilometers.

To conclude, there is a general consensus that we must escape this
vicious circle of sprawl as soon as possible. However, soon, when fossil
fuels have almost entirely disappeared and everything is renewable, will the
compact town still make sense? The conclusions of the ANR MUSCADE
project [MAS 09/14] are fairly lukewarm on this point. Perhaps, we should,
conversely, prioritize medium-sized urban centers, which are not

15 tem.revues.org/pdf/260.
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necessarily very dense but are fairly compact, and meet the criteria of
alimentary and energy self-sufficiency (local production and sharing).

2.6. Examples of software environments adapted to generative
eco-design

The first pioneering experiments in generative design in the field of
architecture were performed by Frazer, Gero, Coates and Soddu. Frazer
worked on the growth mechanisms of architectural forms through the
implementation of generative techniques associated with notions of artificial
life [FRA 95, FRA 02]. Gero took a cognitive view of evolutionary
mechanisms, with the aim of modeling creative processes. He focused
mainly on the representation of knowledge, the identification of novelty and
the artificial transformation of the solution space [GER 91, GER 93]. Coates
explored the implementation of L-systems and shape grammars in the
light of morphological growth associated with efficiency criteria such as
light, wind and structural properties [COA 10]. In addition, Soddu
experimented with generative mechanisms as devices capable of generating
a harmonious shape that meets academic esthetic criteria. He noted the major
distinction between the design of the idea and the design of the generation
process [SOD 04].

This section describes five eco-design software environments, developed
in the field of architecture, during the sketching phase, in a generative,
sometimes evolutionary mindset. A sixth, EcoGen, will be presented in
detail in Chapter 5.

These examples enable two very different strategies to be defined:
integrating various driving forces into a unique environment, and building
links between distinct environments. The second has the advantage of using
the specific features of each system, but has weak direct interactions during
the generative process. For example, Grasshopper and Ecotect can be
linked via the Geco plug-in, just as the UDP protocol can be used to
communicate between Grasshopper and several software programs.
However, building links between the various computing environments offers
functional complementarity at the cost of complicating the system and
increasing delays.
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2.6.1. Genomics

Genomics relates to the optimization of a building’s envelope to
maximize solar absorption [BES 08b]. Here, the structure takes the shape of
a tower with six stories defined by ellipses. Modifying its construction
parameters allows for morphological exploration: width, length and
orientation of the normal. The endmost ellipses remain unchanged.
Restrictions, of the “minimum inhabitable surface area” and “maximum
envelope surface area” type, are integrated and enable the functions of
penalties and solution arbitration to be used.

The driving forces of assessment, generation and morphogenesis have
been implemented in Ecotect, a software program for simulation and energy
assessment from Autodesk: shadow and reflection, lighting, solar irradiation,
thermal efficiencies and acoustic efficiencies. The user provides the software
with a summary description of the structure, positioning the altitude of each
level. The genetic algorithm is configured by means of a simplified
interface. At the output, the program produces the geometric model, as well
as the assessment report for the chosen individual. There is no interaction
during the generation process.

2.6.2. Building Synthesizer

Building Synthesizer was developed by the Kaisersrot team at ETH
Zurich, in a specific Cocoa environment (an Apple API), for reasons of
efficiency, reactivity, interactivity and ergonomics [DIL 09]. The tool
focuses on the automatic spatial arrangement of a defined program at a given
site, and uses an evolutionary strategy. Based on the geometric, topographic
and climatic description of a site, the space is subdivided into voxels
(3D pixels). A number of points are distributed across the site. Their
layout is not necessarily orthogonal, and the dual graph makes it possible to
verify the adjacency links. The surface is then discretized. Each
cell corresponds to a unit of the program. The level heights are constant and
subdivision into voxels is repeated vertically at equal distances. Each
voxel stores not only its geometric information but also its efficiency level.
The distribution of these primitives and their geometric smoothing enables
the final structure to be represented. The assessment driver is integrated into
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the software program for the sake of efficiency, interaction and ergonomics.
The assessment model is made up of 10 parameter-quality pairs:
information-permeability, temperature-insulation, light-translucency, view-
transparency, sound-acoustic insulation, water-permeability, proximity-cost
of circulation, weight-stability, depth-space and traffic-accessibility. At the
output, a solution is represented in 3D and each efficiency level can be
visualized. Throughout the process, the user can modify, interactively and in
real time, the weighting of each assessment parameter.

2.6.3. ParagenTool: performance-oriented design of Ilarge
passive solar roofs

ParagenTool was developed by Mickael Turrin and his team at Delft
University of Technology, in partnership with the University of Michigan.
ParagenTool is based on the engine described in Buelow [BUE 09] and aims
to optimize a type of shade coverage whose structural qualities and quantity
of filtered light are assessed. By developing links, the quantity of light is
assessed by Ecotect, the structural qualities are verified by STAAD-Pro',
the parametric model is built in Generative Components'’, the evolution is
performed by a genetic algorithm implemented in a web service and the
history of solutions is stored in an SQL database.

2.6.4. Eco.mod

Eco.mod is an environmental scenario generator, based on a “base of
eco-models” or eco-patterns. It is dedicated to architectural eco-design and
aims to promote the emergence of operational concepts and ideation
processes in the upstream design phases. Eco.mod can also be used as a
support tool for defining an environmental strategy to be shared by the
members of an engineering team and the Contracting Authority. The tool is
freely available online'® (Figure 2.1).

16 www.bentley.com/en-US/Products/STAAD.Pro.
17 www.bentley.com.
18 www.crai.archi.fr/eco.mod/eco.mod/N1Accueil.php.
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Eco.mod is a significant piece of research from the MAP-Crai eco-design
laboratory (2008-2011), building on the work of Christopher Alexander on
the role of patterns in architectural and urban design [ALE 77]. This
architect mainly worked on establishing a “language of patterns” on all
scales of composition. Using his grammar — the combinatorial rules and
“generative codes” — this language produces a large number of possible
scenarios. Alexander demonstrated, based on a mainly scientific and
non-ideological concept of these patterns, how to design and produce
healthy and lively urban configurations.

Design through patterns is a theoretical position on creation. Design
patterns are a means of capitalizing on experience, making it possible both to
identify and formulate problems and, at the same time, to find a result
among many possible solutions more quickly. Generally, a pattern denotes a
standard architectural form that can be re-used effectively, and addresses a
recurrent problem in a given context. It describes a solution in sufficiently
concrete terms that it can be used in numerous situations, but also
sufficiently broad terms that it can be adapted to any context and never
reproduced identically.

F“D' @ Eco-models

Choose an eco-model (106) Display the eco-models:

Figure 2.1. Online éco.mod software

Eco.mod uses visual thinking to stimulate the architect’s creativity. An
eco-model is defined by three aspects (problem, solution, constraints),
illustrated by images of creations where it has been shaped in a unique way.
The creations must have been recognized as ecologically significant by



Eco-design 45

labels, book or reviews dedicated to environmental approaches in
architecture. This threefold definition not only suggests solutions, but also
clarifies some contexts required for re-using an eco-model.

The analysis and identification of a set of selected eco-models are used to
fuel éco.mod’s environmental scenarios generator. However, “an eco-model
is far from being a directly applicable solution. This concept has an abstract
dimension that, incidentally, enables it to encompass one or more problems
in the environmental design of buildings. Through this abstraction, it helps
the designer to find solution/s through his own creativity. It represents an
intermediary level of generality that defines the designer’s intentions. This
enables him to check that these intentions are acceptable as early as the
upstream design phase, before embarking on detailed solutions” [GHO 11].

The benefit of eco-models does not lie in isolated implementation.
Constructing scenarios by combining them is a significant part of this
approach. Eco.mod therefore tries to define the combinatorial rules between
the eco-models. These rules help the designer to understand the relational
context of each eco-model in order to integrate it into scenarios that are
optimized from both an environmental and an architectural point of view. A
bank of eco-models can also be considered co-creation of knowledge by
parties who do not necessarily know each other.

However, the eco-model method does not specify how to find a solution
to a problem. It depends greatly on the designer’s creativity and intelligence.
This distinguishes this method from generative approaches geared towards
automation in design.

2.6.5. VizCab

This is the first software program, to our knowledge, that deals with LCA
targets in the upstream project phase, using a generative method. It was
originally based on an exploration method that made it possible to integrate
life-cycle efficiencies into the early stages of the project design. Developed
by the EPFL’s Building2050 group'’, it was turned into an initial operational
prototype called ELSA (Exploration tooL for Sustainable Architecture®).

19 building2050.epfl.ch.
20 elsa.epfl.ch.
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It was patented by EPFL, and the company “COMBO Solutions”*'
obtained the exclusive rights to it following a technological transfer. It was
developed into a SAAS-mode software program called “VizCab”, which
offers a design method based on reverse engineering, shifting knowledge
and added computational value to the upstream rather than downstream
phase of the project.

VizCab was designed as a parametric exploration of the complexity of
the design space, where the user holds an interactive dialogue with the
pre-calculated variants of his project. In the current configuration, the
program limits the exploration to 20 parameters, thus avoiding a surplus of
combinations that would increase the pre-calculation time.

The proposed approach makes it possible to instantly assess design
alternatives by observing the environmental consequences of architectural
choices through specific data visualization techniques [JUS 16]. This
approach synthetizes a certain amount of expertise from environmental
engineering and decreases the design costs.

VizCab was made efficient by an original combination of various
techniques developed for this purpose: creation of optimized simulation
databases, implementation of the target-cascading method [KIM 03,
LIU 06] adapted to the scale of the construction, parametric simulations and
sensitivity analyses (Chapter 4), and interactive visualization of variants.

Owing to the high number of parameters involved in assessing
greenhouse gas emissions in buildings, it is currently impossible to calculate
and analyze all the solutions in a reasonable timeframe. Therefore, VizCab
first and foremost produces a wealth of references adapted to the current
project, usable from the upstream phase onwards, simplifying the
specifications. A reference is characterized by a combination of design
parameters, each achieving targets (greenhouse gas emissions, embodied
energy, heating consumption, etc.). These references are generated by
a sampling method [MOR 91] based on a sensitivity analysis. In this
upstream generative phase, each reference is subjected to a multi-criteria
assessment, including energy calculations based on RT2012, the “E+C—"
label (section 2.2) and LCA efficiency calculations.

21 www.combosolutions.eu.
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Unlike tools such as EcoGen, which generate and optimize solutions with
a detailed morphology “on the fly”, it is the user who explores this database,
pre-calculated from simulations and simplified geometric models, in a
transparent way, and then guides the tool.

Before using VizCab, the user sets himself or herself efficiency
objectives for each overall target (e.g. those of the 2,000 W society or the
E+C— label). Initially, the components of the structure are hierarchized
according to their impacts for each target [HOX 16]. The target-cascading
technique is then used to break down each overall
target for building assessment into sub-targets for all its components. In
VizCab, target-cascading is dynamic, specific to each project and to its
pre-architectural aspect. Furthermore, manipulating weights for each
component enables comparisons to be drawn with other components outside
the database. Some items from the specification can even be eliminated in
order to test the dynamic cascade effects.

The software program is then used as a baseline for visualizing solutions
in multi-criteria graphics (Figure 2.2), showing which variants are viable
when the parameters are interactively varied. An instantaneous snapshot of
the whole base and of each specific reference constitutes a new way of
quickly understanding the direct consequences of parametric choices on the
chosen targets, the influences of their limits and the visual identification of
the most significant ones. It enables rapid feedback, facilitating iterative
design thanks to parallel coordinates visualization [INS 91], one of the most
common techniques for exploring and interpreting a set of multidimensional
digital data (Figure 2.2).



48 Eco-generative Design for Early Stages of Architecture

Aa.b xuep ul paulspun (,adA} A38190s M 0002, B8)
soaAljoafqo paysiiqelsa-a.id oy} 0} Ajuo puodsa.iod jey) Seousloel YliMm ‘pojos|es SI senjea jobue; jo abuel e ‘Wbl sy} uQ
“(auyj soddn) buiping ayj jo sisjowe.led ayj 0} paijdde ABojouydas] uonezlensiA sejeulpiool [gjjeled "z g ainbi4

05 L

VB

FUT 001 1] 00T 001 00
A s19d/z00 3] amo Agppend) swesy ISOMISET SMOPUIM 1901 pd auwn Bupydn avepng Sunydn o0y
YUON SMOPUIM YINos Smopuim adA ] smopupg Kapuend) awesy saoueqddy uopEnuas [RIngEN




3

Morphogenetics

“Any built form is confronted with natural forms. The interest
in natural forms leads to them being considered the result of
generative processes. The invention of the form therefore
becomes the invention not of an anticipated result, but of the
process itself.” (Marie-Pascale Corcuff, in [COR 07])

3.1. Scientific formalisms of natural morphogenesis

Form generally denotes the outward appearance of an object, as it looks
to our sensory organs, irrespective of its nature. The complexity of the world
of forms means that they must be analyzed in their evolutionary dynamics,
and the laws that combine the various components must be understood.
This includes the conditions for their emergence and stability and the
phenomenon of spontaneous and unpredictable self-organization of a set of
components. We therefore refer to morphogenesis, which is discussed
in numerous scientific works in the fields of biology, botany, physics,
chemistry, mathematics and architecture. In this section, we will focus only
on its natural aspects.

3.1.1. Morphogenesis, growth and stability

Osterlund [OST 10] gives an organic definition of natural
morphogenesis: “a process of development and evolutionary growth
that forces an organism to develop its form thanks to the interaction of its
intrinsic capacities and external environmental forces”. These capacities can
be considered a structure that the organism uses to develop its own

Eco-generative Design for Early Stages of Architecture, First Edition. Xavier Marsault.
© ISTE Ltd 2018. Published by ISTE Ltd and John Wiley & Sons, Inc.



50 Eco-generative Design for Early Stages of Architecture

identity, while remaining capable of adapting and evolving. Of course, we
have not yet fully understood the nature of this structure, or of the
evolutionary time frames. They are certainly coded subtly in genetic
heritage, but probably also in the proteome (the set of cell proteins that
enable the structure of the genome to be varied without altering the
phenotype). They use complex cellular network interaction methods.
In addition, each organism seems to have its own way of developing,
although it inherits many characteristics from ancestral species.

In terms of temporal dynamics, Heudin [HEU 98] defines the stability of
a form as “a balance that returns to a state of systemic stability for a certain
amount of time, during which its state variables remain stable”. Bourgine
[BOU 06] distinguishes stable forms — those characterized by a transitory
state in the midst of evolution — from those that require an external input
of energy or matter to ensure their continued existence. Then, Baquiast
[BAQ 04] adds an interesting precision: “In physics, as in biology, evolution
occurs in narrow ranges governed by the principles of thermodynamics and
obeying the law of increasing entropy. To preserve or increase their order,
they must save energy by using external sources. The forms that appear and
survive are those that make the best use of the energy required for their
construction and efficiency requirements”.

This certainly repositions Darwinism in a more global approach, which
we can also link to Heudin’s [HEU 98] variation-stabilization principle,
preserving boundless opportunities of expression and adaptation for forms.
There is a lesson here for those who claim that, in the field of building and
urban planning, current restrictions and standards (of which there is certainly
a large and regularly increasing number) are a hindrance to architectural
design and a potential generator of uniformity on a global scale.

3.1.2. Structure is law

Natural morphogenesis does not generate random forms, although
they may seem incredibly diverse. It obeys general laws and principles.
Everything in the universe seems to be structured and governed
by laws, from the very small to the very large. There are numerous spatial
and temporal scales (pico, nano, micro, meso, macro), each with a set of
laws and structures that are regularly discovered.
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There are physical and chemical laws, but also restrictions to the
development of complexity: random things do not emerge in random
places. The number of forms — already very limited in terms of the huge
number of combination possibilities — diminishes gradually as we move up
through the levels of complexity. The number of typical galaxy forms is a
good example of this, as is the number of mammals. However, even at the
molecular level, the astonishing variety of possible atomic arrangements
contrasts with the highly restrictive rules of the chemistry of proteins
[CHA 06] — the materials that make up organic life — biochemical
configurations and cellular types.

3.1.3. Self-organization, Darwinism and structuralism

Furthermore, for around 15 years, researchers have believed that
self-organization dynamics, combined with Darwinian evolution (mutation,
selection), explain the appearance, adaptation and stabilization of life
forms. Matter is subject to the laws of physics and molecules to the laws
of chemistry, and their combinations form complex systems that tend to
self-organize. On different scales, they have a certain number of attractors:
forms or structures that appear spontaneously (e.g. snowflakes), and are
therefore determined by their emergence conditions. The phenomenon is
therefore reproducible, and the chance is only one initiator. We can call
these forms “structuring archetypes”, which, beyond evolutions and
adaptations, retain a degree of individual identity, often for very long periods
of time.

“This self-organizing push seems to restrict evolution to very definite
directions” (P.Y. Oudeyer, in [BAQ 03]), which may annoy all the
Darwinists of the last two centuries. In consequence, some researchers
are willingly returning to what is often called emergence, because the role
of chance in the appearance of mineral and living forms now seems
more minor than we realized a few decades ago. It is a wonderful subject
that has already been discussed by, among others, the paleontologist
Conway-Morris [CON 09] and the robotics and cognitive sciences
researcher Oudeyer [OUD 13], who shows how natural selection is
facilitated by the restrictions contributed by self-organization. Generally,
structuralism seems to be the key, based on self-organization, many laws of
which we are yet to understand.
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3.2. Generation of forms for architecture

Let us first distinguish “architectural forms” (which refer to a
classification of what already exists) from “forms for architecture”, in
which the challenge relates to analog but, above all, digital generation thanks
to an increasingly wide range of informed processes, likely to stimulate
creativity. Since the 2000s, with the spread of digital technology and the
improved access to programming, architects have had access to new
sources of formal research and inspiration for their projects [ROU 10]. This
dynamic is shared by many artistic fields, first and foremost music.

Over 30 years, under the combined effect of mathematics and computing,
the synthesis of forms has been enriched by procedural, parametric,
surface-based, volumic and complex geometric models. Architects were
inspired by this even before they became interested in the processes of
architectural morphogenesis, which should legitimately rely at least on
constructive, ornamentation-related and even bio-inspired rules.

Kolarevic established a categorization of digital techniques on the subject
of form research [KOL 00]. He identifies six categories of computational
architecture, based on the associated computing concepts: topological,
isomorphic, animated, metamorphic, generative and evolutionary. We will
not describe them all here.

3.2.1. Classic form modeling typology

There are many ways to model or generate forms, by means of:

— transformation operators of simple geometric primitives (typically
implemented in current 3D modeling software programs), which can be
cascaded in a random or predefined order;

— procedural synthesis: obeying the rules (potentially a very rich
synthesis, but difficult to predict or control);

— the parametric approach (fixing the model/s for exploring new forms;
lends itself well to adaptive optimization);

— continuous surfaces using “NURBS” (Non-Uniform Rational B-Spline),
allowing a modeling of parametric families, usually described by means of
topology. Intended for the conceptual research phases and appreciated for
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their fluidity and continuity, they are, however, far from suited to
constructive resolution, which remains unintuitive;

— implicit surfaces, although they are fairly unsuited to architecture (with
the exception of some modern buildings with organic appearances).
However, they lend themselves very well to local and continuous
transformations. One of the pioneers in this field, Greg Lynn, used
isomorphic surfaces' as a formal exploration method, simulating interactions
between objects that are generally called metaballs. Variables of force, mass
and attraction enable us to explore a formal universe in which a force field
can be parametered, defining influence and repulsion areas and thus forming
a dynamic and lively landscape. The difficulty lies in avoiding a literal
transcription of the flux and force diagrams present in an architectural form,
and generating a spatial and temporal construction that ensures architectonic
qualities [KOL 05];

— discretization of space, for example, into voxels (section 3.3), gives us
the chance to approach all forms, but at the cost of fearfully long
calculations and a considerable increase in the number of parameters.

However, it should be highlighted that we have not yet found a universal
mathematical form generator. Johan Gielis’s [GIE 03] seven-parameter
super-formula [3.1] has proven very useful in many fields of engineering,
but not highly suited to the creation of forms with architectural potential:

m, "\ m
70 [3.1]

m,

1
P,f((P)—UECOST(P

"y
J/

.
—sin
b

3.2.2. Parametric architecture

A parametric design process aims to define a set of variables involved in
modeling a type of form or object in which we are interested. A parametric
model is often built on the basis of relationships between geometric and/or
functional entities, whose variables allow for the exploration of a vast
set of solutions, integrating multiple dimensions (constructive, technical,
economic, social, etc.).

1 glform.com.
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Parametric design is a more recent approach, in which morphology
is imposed by the parametric driver, and which makes it possible, sometimes
very much upstream, to generate forms by integrating very precise
restrictions, such as a logic of constructability and optimization of the design
process. Although it has been previously reserved for exceptional projects,
it now undeniably presents very strong potential for more conventional
operations. Combined with simulation tools and optimization drivers, it can
provide architectural and technical solutions in response to the outlined
energy and environmental efficiency objectives [LIN 13].

3.2.3. Techno-organic architecture

Since the beginning of the 20th Century, some designers have based their
form design and research processes on qualified techno-organic approaches.
The principle is based on the interaction of three structural attributes: form,
associated forces and matter used. Through the implementation of a
simulation mechanism, the optimal form is naturally obtained under the
effect of gravity and the internal structural tensions at play in the mechanism
(e.g. soap bubbles). Le Ricolais, Gaudi and Frei Otto are the most famous
representatives of this physically inspired approach. In a second phase, the
analog models find direct architectural applications in constructions for
covering stadiums, churches, hulls and concrete walls. These methods are
based on the first “top-down” approaches, known as “form-finding”, leading
to a degree of structural optimization.

3.2.4. An old debate

In nature, “function follows form” is the response of structuralists.
However, form adapts to new functions, which are often contextualized.
This feedback shows that forms and functions are intrinsically linked.

However, for an architect who adopts the principles of functionalism,
following the modernist movement and the industrial design trend at the
beginning of the 20th Century, design is based on a rational principle
according to which the form of buildings must be mainly the expression of
their use (“form follows function”, the famous formula of the architect
Louis Sullivan). However, form always follows structure (animal skeleton,
structural framework of a building [OKU 11]), and function is normally the
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result of an architectural program that describes, as a minimum, the uses to
which the structure is expected to be put.

This old debate is always a controversial subject within the architectural
community. It comes from a creative-adaptive interpretation of Darwinian
evolution: “form follows function”. But is the opposite true: “function
follows form”? The question here is which is first or causal: form or
function? Perhaps the question is simply badly expressed, as is often the case
with a complex system.

3.2.5. Generative architecture

The first generative mechanisms appeared at the start of the 1980s,
following work carried out in the field of Artificial Intelligence [HEN 08,
HEN 10]. Several families of structural algorithms were established for
generative purposes. These use formalisms as varied as those proposed
by thermodynamics, fractal geometry, Iterated Function Systems (IFS)
[MAR 05], dynamic systems, cellular automata, form grammars (which
have been explored since 1976 [STI 06] (particularly L-systems)), and
multi-agent systems.

A form grammar is based on an iterative process leading to the
construction of morphologies from one or several initial forms and a set of
transformation or assembly rules, defining a vocabulary and a syntax. These
methods often refer to space—times and state variables that are discrete or
continuous, following deterministic or stochastic evolution patterns. They
have been the subject of increasing interest with the development of digital
design assistance tools.

Generative, and particularly evolutionary, design processes are
distinguished by the fact that the role of the designer shifts towards that of a
meta designer [SOD 04]. Architectural concepts are expressed in the form of
rules, and their evolution can be rapidly tested. A digital model is
transformed from successive variations and assessed depending on
predefined aims and restrictions. The designer no longer works on
elaborating an exclusive object but rather on designing processes capable of
generating a family of forms, of which a chosen solution may represent a
significant state within a set of potentialities.



56  Eco-generative Design for Early Stages of Architecture

The acceptability of a generative tool for an architect is based on the
appreciation of the architectural and architectonic creative potential of the
proposed solutions, and on its assessment of the margins of liberty and
creativity that remain in the later redefinition phases. The proposed
morphologies must leave room for reinterpreting the object in terms of style
and materiality.

Furthermore, eclaborating a morphological model in a generative
environment meets four aims: being adapted to the requirements of
physical efficiency assessment models (facilitated calculations and rapidity);
facilitating the recognition of efficiencies and linking them to the
morphological characteristics of the solution; facilitating (re)interpretation
(functional, geometric, constructive, material) by the architect; facilitating
possible interactions with the operator, who may manipulate the geometry
and some properties of the solutions produced in order to calculate
optimized versions.

3.2.6. Performative architecture

More and more research is taking a conceptual approach consisting
of concretely testing form generation tools in order to define and validate
a framework of morphogenesis based on efficiency criteria (energy,
environment, usage, etc.). We thus move onto the logic of form finding,
which is interesting because it makes it possible to link optimization
to the theory of complexity, through the notion of computational
emergence (bottom up).

This approach defines performative or performance-based architecture, in
which the form results from a design process guided by an optimization of
parameters and characteristics with meaning [MAR 10, STO 13]. The
architect thus becomes the designer and/or controller of the generative
processes, with the fear that he might lose control of the form if his
intervention in the generative mechanism is too minor.

Conventionally, through many software programs, the simulation of
the building’s efficiencies during the design process allows for
multi-criteria assessment of a project (usually quantitative, sometimes
qualitative): structural, light-based, thermal, acoustic, environmental
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analyses, etc. Through successive tests, designers can adapt the form to the
efficiency objectives.

But this approach through variants can be enriched by integrating a
generative dimension that allows for software optimization of the project,
notably form research with automatic adjustment of its characteristics. J.F.
Blassel established that this approach is associated with a structural
meta-design, in which the definition of criteria of choice and boundary
conditions is just as important as the architecture of the structure [MAR 06].

Furthermore, we can also use the optimization process to explore a
vast range of possible solutions, controlled by the user, so as to provide
inspiration and identify useful solutions on various levels
(performance-based, subjective, etc.).

The multitude of criteria that can be taken into account in the design
stage, their prioritization and the various ways of calculating and using them
is a tricky part of the method. These aspects characterize any optimization
process in which satisfying a vast set of often contradictory fitnesses and
restrictions is usually a challenge.

The quest for efficient “forms to build” is therefore part of a
decision-making chain in which the skills of architects and engineers are
mobilized simultaneously. Examples of creations instituting practices of
optimization through collaborations between architects and engineers can be
found in the book Design Engineering [TAY 08].

3.2.7. Eco-design and morphogenetics of energy

The rapid evolution of regulations has led to the recognition that energy
modeling techniques must be integrated into the design process as early as
possible. In its 2015 report, the American Institute of Architects suggests
that “the form of a building should at least be guided by energy saving
calculations, if not entirely determined by them”.

However, this raises a few questions. How does integrating energy
modeling into the design process affect the result? In other words, if we give
the tool free rein to investigate the extensive range of optimized solutions in
a given situation, what do the generated forms look like? Does energy
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efficiency optimization produce “forms of energy eco-efficiency” and new
and characteristic morphologies?

More generally, are there more eco-efficient emerging formal
vocabularies that are not simply linked to energy questions, but take into
account a balance between overall functional objectives (thermal,
light-related, acoustic and visual comforts) and energy efficacy?

Finally, is there still room for architects to be creative? Do we risk
producing a normative vision that influences architectural production by
limiting the creativity of the designer, who feels restricted, even stifled?

3.3. The specific case of the voxels approach

Voxel is the name given to the base unit of a subdivision of space into a
regular and uniform mesh (3D grid). A contraction of “volumetric element”,
this unit can have varied properties: coordinates, color, material, function,
etc. Voxels are often used in the field of imaging, for visualizing and
analyzing medical and scientific data, but also in video games (e.g. the
famous game Minecraft plunges its users into a highly pixelated universe in
which many real buildings are reproduced) and the 3D representation of
synthesis images. Finished element analysis methods also use these
techniques of breaking down 3D space into voxels, for example, by
analytically representing the dynamic behavior of physical phenomena
(mechanical, thermodynamic, acoustic, etc.). The use of voxels as an
architectural concept can also simplify the design of a building, while
retaining a representative level of detail. We will now give a few examples
of this.

3.3.1. The evolving house

In the 1940s, the Albert Farwell Bemis Foundation at MIT, provided for
by the will of the well-known civil engineer Albert Bemis, coordinated a
program on materials, methods and savings in construction, with the aim of
developing the industry. In 1936, Bemis had published the third volume of
his project The Evolving House [BEM 36]. The study explores questions
associated with rationalized architectural design. The issues of
prefabrication, mass production, construction industrialization and
standardization of building components are explored. The modular design is



Morphogenetics 59

central to his work, which presents the advantages of an elementary unit in
the form of a cube. The cubical model became the main component
(Figure 3.1) applied to a multitude of materials (wood, metal, cement,
plastic) and to all building components (roofing, load-bearing walls, floors,
linings, openings, staircases, etc.), and broken down for all constructive
systems (wooden framework, metal, stonework structure, etc.).

| A MODULAR VOLUME

THE BEMIS CUBICAL MODULAR CONCEPT

Figure 3.1. Bemis’s cubical modular concept [HOU 53]

3.3.2. VOxEL

The VOxEL project was developed for a competition to create an
architecture school in Stuttgart (Figure 3.2), by the architects Bollinger and
Grohmann [BOL 10], in collaboration with LAVA (Laboratory for
Visionary Architecture). They worked on a concept of spatial continuity and
flexibility of spaces. The main structure is based on a 3D grid of voxels,
each cell of which can be associated with two states: an “empty state”
offering an open space and a “structural state” ensuring the structural
qualities of the building based on the density of the bracing load-bearing
walls. The composition of this cellular matrix has been genetically optimized
to reach a structural optimum. The assessment criteria are based on the static
behavior of the flooring under the effect of the vertical forces of gravity, on
the behavior of the load-bearing walls under the effect of lateral stresses, and
on the density of the walls, depending on the state properties of the cell. The
configurations with the smallest torsional moment and the best compositions
were selected and explored in more depth.
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Figure 3.2. LAVA VOXEL extension for the architectural school in Stuttgart, 2009.
Three diagrams (left) show the generative principles: 1) attribution of functions; 2) cell
stacking and 3) distribution of the program. For a color version of the figure, see
www.iste.co.uk/marsault/architecture.zip

3.3.3. Other modular constructions

Cubic architecture has long inspired many architects, such as Moshe
Safdie, a pioneer of modular construction, who designed Habitat 67, a
housing complex designed for the Montreal World’s Fair, in the brutalist
style. The aim was to combine the advantages of an individual home, built
from adjustable prefabricated elements, with those of a high-density
apartment block. To achieve this, Safdie [SAF 61] used the building design
described in his thesis: in total, there are 354 units stacked up to form 148
apartments (Figure 3.3).

Figure 3.3. “Habitat 67”, modular architecture, brutalist style (Moshe Safdie). For a
color version of the figure, see www.iste.co.uk/marsault/architecture.zip
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A similar concept, that of incremental architecture in an area where there
is a shortage of affordable housing, is also built on a form of modular
appropriation, such as in Weston Williamson’s “Palestinian housing”
project (Figure 3.4).

BN

Figure 3.4. “Palestinian housing” incremental architecture (Weston Williamson). For
a color version of the figure, see www.iste.co.uk/marsault/architecture.zip

Still with the aim of simplification, Grannadeiro [GRA 13] uses a
grammar of parallelepipedal forms to generate architectones (as described by
Kasimir Malevitch, a pioneer of suprematism). He developed a method to
assist in the design of a building’s geometric form (Figure 3.5), taking into
account its influence on energy efficiency.

Figure 3.5. Some of Grannadeiro’s architectones
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3.4. Optimization through genetic algorithms
3.4.1. Design and optimization

Many problems relating to design or decision-making in building,
particularly in the case of performative architectural or urban design, have
been turned into programs combining combinatory generation and
optimization phases. This combination is intended to greatly reduce the
range of possible solutions and provide a sufficiently small number of
good solutions for a practical study. There are many examples in
the synthesis of forms [KIC 06] for multi-criteria decision-making support
[RIV 13, ARM 15], or structural optimization [SAS 07].

As precise optimization is rarely used in the field of conceptual
engineering (absence of any known mathematical or algorithmic solution,
prohibitive calculation time), we resort to metaheuristics [HAO 14] based on
stochastic algorithms. These are generic, usually bio-inspired methods:
biology of evolution or animal behavior (genetic algorithms), algorithms of
ant colonies (inspired by ethology), algorithms of swarms (inspired by the
movements of groups of birds, fish and insects). Fairly quick and adaptable
to a wide range of problems, these generative algorithms consist of building,
assessing and developing the fitnesses of sets of solutions, in an iterative
process that aims to explore the widest possible range of potential solutions,
moving towards the best ones. They do not guarantee the optimality of the
best solutions found, which we therefore refer to as optimized.

3.4.2. Algorithms and evolutionary environments

The “no free lunch” theorem [WOL 95] shows that, on average, there is
no evolutionary algorithm better than another, if all possible optimization
problems are considered. But, luckily, the optimizers are not all equivalent
for a given set of problems. Success will therefore greatly depend on the
suitability for the case in question, notably the adjustment of the parameters
of the various stages of the algorithm, at risk of mediocre results. For
example, adjustment of the three fundamental parameters — the number of
solutions, selective pressure (section 3.4.3) and the probabilities of the
intervention of variation operators (section 3.4.3) are far from trivial.
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Introductory reviews of evolutionary methods can be consulted in
[LE 07, DEB 11] or online’, with mention of the researchers from whom
we have borrowed some developments. These describe in detail the
operational methods of the main families of algorithms, a description of
which does not fall within the scope of this book: evolutionary
programming, evolutionary strategies [REC 72], genetic algorithms, genetic
programming [KOZ 94], distribution-estimating algorithms [LAR 01] and
differential evolution algorithms [NER 09].

An evolutionary environment is composed mainly of three specific
drivers: a generative driver (in architecture, we speak of a driver of
morphogenesis), a driver of efficiency assessment (or criteria) and an
evolutionary driver. It is the interaction of these three components that
makes up the evolutionary mechanism. The assessment of each individual of
the population in each generation can be manifold, for example, in an
eco-generation perspective, in which it is principally environmental and
energy criteria that guide evolution. Subjective criteria, notably associated
with the interaction of the designer, are sometimes included in this list. We
will come back to this later.

3.4.3. General plan of a genetic algorithm (GA)

Genetic algorithms are based on a bio-inspired formalism and the
mechanism of natural selection in biological evolution (artificial
Darwinism). Phenotype refers to the spatio-temporal structure (final form)
that emerges, in a given environment, from the interpretation of the genotype
(parameters or genes stored in chromosomes). Genetic patterns with great
creative potential are called pleiotropic: this term denotes the
interdependence of certain genes, leading to complex, often nonlinear
dynamics, unable to foresee the evolutions or results of a minimum change.

Within a population (made up of buildings in this case), whose genes
represent, for example, the spatial distribution of program elements
or the properties of the envelope, the Darwinian principles of natural
selection and random variation are implemented in an evolutionary loop to
find a convergence towards the most efficient solutions (algorithm described
in Figure 3.6).

2 www.aria.archi.fr/wp-content/uploads/2014/11/Rapport-final-EcCoGen.pdf.
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— by means of a random uniform draw, we initialize the first population,
whose individuals are assessed according to the chosen criteria;

—then, within the evolutionary loop, we construct and assess the
generation (i), based on the preceding one (i—1). The selection stage favors
individuals that optimize efficiency, while the variations applied to genetic
heritage (Figure 3.7) create new, possibly more efficient individuals, taking
into account their reproductive advantages. A final replacement step enables
the best adapted individuals to survive, while the others disappear forever;

— finally, evolution ends when: either the desired efficiency level is
achieved, or after stagnation (a significant number of generations without
sufficient improvement of better individuals).

Evaluation Selection and ‘
fimess | | "l display of elites | ~<-.Stop? =

—

~ Impulse _
“~_choices

IGA: multiple choices

Selection
Interface Fitness and memory of choices
e
Selection (strong elitism)
Crossovers

Offspring M

I Population i
Initialization Individuals N

Evolutionary loop
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(PeM—N)
w Reduction (weak elitism)

Figure 3.6. Simplified plan of an interactive genetic algorithm

We will now give a few additional details. Selection and replacement
depend only on the efficiency of individuals and usually require two types of
procedure: either random draw (giving each individual a probability of being
selected in proportion to its efficiency), or deterministic tournament, making
it possible to adjust the selective pressure. This pressure (higher probability
of using the most efficient rather than the weakest) is set by means of a T
parameter defining the number of comparisons through uniform draw of T
individuals within the population, and retaining the best.
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The principle of crossover is the exchange of genes or groups of genes
between parents. According to this principle, high efficiencies are due
to useful parts of the genome being transmitted to offspring, and mixing
can result in combinations that increase efficiency. The principle of
mutations (including swapping) uses stochastic processes to authorize partial
alterations of the genotype, bringing about the emergence of new properties.

These operators are usually based on randomly chosen genes (uniformly
along the chromosomes or in isolation). The most common working method
is to sequentially apply a crossover operator, then a mutation or exchange
operator, each with a given probability (respectively, p.and p,,), authorizing
fluctuations that generate diversity.

\ V/ \V/ \ Y/ \ Y/
| Y. 74 { 78 A

crossover mutation swapping

Figure 3.7. Variation operators (crossover, mutation, swapping)

3.4.4. Pareto front

Although it may seem right to the architect working with bioclimatic
design principles, it is not theoretically correct to produce an optimization
in two stages: for example, first the form and its orientation, then the
characteristics of the envelope (openings, walls, materials, etc.). Indeed,
these two phases are generally combined: they manipulate the same
geometric data from which the parameters evolve.

In a multi-criteria problem, we seek to optimize several objectives
at once, some of which may be contradictory. Many multi-objective
evolutionary algorithms have been elaborated over the last two decades.
Nonetheless, most of them have a shared characteristic: they manipulate a
“Pareto front”, which denotes all non-dominated solutions, that is, those that
are at least as good as all the others across all the objectives, and better on at
least one objective [3.2]. In other words, we cannot improve the fitness of



66 Eco-generative Design for Early Stages of Architecture

one solution of this front without damaging at least one other. These
solutions therefore cannot be compared.

Fz -
Ninea rized

- + 3T ——— Pareto
front

Figure 3.8. Pareto front of a maximization problem with two objectives

Mathematically, (fj,...,f,) are the fitnesses that we seek to maximize in
the research area, and x and y are two solutions. We say that “x dominates y
in the Pareto sense”, which we call x >y if:

Vi € [L,n], f(x) > fv) and Fj€ [1,0] / f(x) > () [3.2]

Figure 3.8 shows an example of a Pareto front for a problem with two
objectives: the solutions are represented by points in the fitness area, and the
extreme points (in red) for the dominance relationship [3.2] form the Pareto
front of the problem. Note that the latter may be discontinued and have
concave areas. It is often linearized (dotted curve).

As the solutions of the Pareto front are not comparable with each other in
the sense of [3.2], they are the best possible compromises. In the end, it is
always up to the user to make choices, bringing other criteria into play.

3.4.5. Choice of fitnesses

The choice of fitnesses is fundamental, because a problem can be
incorrectly framed if just a few criteria are neglected: this is far more
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important for an architect than the optimization method used to solve it.
Indeed, they effect a filtering in the space of possible architectural forms. As
in most simulations, we can only know that the problem is correctly framed
once we have solved it.

Furthermore, it is highly advisable to limit the number of fitnesses,
because the size of the Pareto front tends to increase exponentially with this
number [DEB 07]. Optimization problems are therefore generally easier to
understand when there are not too many objectives.

3.4.6. Multi-genomic algorithms

An alternative approach for optimizing the form of buildings has been
elaborated by the Laboratoire Génie Civil et Bdatiment (Civil Engineering
and Building Laboratory) of ENTPE (France’s National School of State
Public Works) [NGO 14]. Based on multi-genomic algorithms — an
extension of genetic algorithms — this approach enables the designing of
non-standard forms by reducing the calculation time. A building is defined
here as a 3D object formed from triangles, of which the sometimes
numerous decision variables are the coordinates of the vertices. However,
this approach makes it difficult to solve problems through conventional
optimization methods, in which the number of variables must be limited.
Multi-genomic algorithms make it possible to partly circumvent this
difficulty, by refining the 3D model iteratively during the optimization
process, through triangulation, introducing new decision-making variables at
the crucial moment.

3.5. Detailed presentation of a genetic algorithm

This section describes in more detail the various components of a specific
algorithm: the one established for EcoGen, which adapted to a relatively
slow evolution that promotes the diversified exploration of a range of
possibilities. The reader will thus be better equipped to understand the
problems the researcher faces in solving the difficulties inherent in
this kind of evolutionary mechanism, particularly in an environment of
creativity stimulation.
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3.5.1. Jaszkiewicz’s MOGLS

The original algorithm (Multi-objective Genetic Local Search)
was created by Ishibuchi [ISH 96]. It is a method for estimating the
Pareto front (PF), the aim of which is to find a set of good solutions by using
a single score, randomly combining the N fitnesses f;. At each iteration, after
a selection stage, a new solution is found through crossover, and then
improved through a local search method according to the ongoing
“scalarizing function”: a norm that consists of optimizing a weighted sum of
criteria [3.3], whose weight {A} is drawn randomly at each iteration [3.5]. A
sign is given to each /;, indicating that the associated criterion is being
maximized or minimized. The new solution therefore replaces the less
effective solution in the population,

[1=24 1, with 304, =1 13.3]

In 2001, Jaszkiewicz showed that the MOGLS algorithm, based on a
linear aggregation of criteria, makes it possible to access only the convex
areas of the Pareto front. In 2002, he proposed a more effective version, in
which the weighted sum [3.3] is replaced by Tchebycheff’s scalarizing
functions [3.4], which are better suited than linear functions. They make
it possible to access the concave areas of the PF, when this is not convex
[JAS 02]. The EcoGen evolutionary driver uses these functions, in a version
adapted to maximize fitnesses [3.4],

| 7]|=min(4 - /) [34]

In [CAR 08], the author observes that in this class of hybrid algorithms,
the genetic part, deprived of mutation, has an exploratory role, while local
research, devoted to the intensification of research, has a very long
calculation time. This means that we can initially choose not to implement it,
especially when extreme optimization is not the most important aim of an
IGA. Instead, he shows that an evolution strategy operation (u + A)-ES
produces MOGLS with excellent results, more quickly. Remember that, in
this type of strategy [REC 72], the population of p parents + A offspring is
reduced to p individuals at each iteration, who become parents in their turn.
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The use of Tchebycheff functions promotes the search for diversified
solutions, as {A} coefficients are randomly generated by the algorithm [3.5],
in an area of [0, 1]", X being a random variable between 0 and 1,

- - k-1 N-1
M=1="V X 2 =(1=""X) (1=2 2,) i Ay =1= 3. 4, 3.5]

i=1 i=1

In practice, we systematically assess the “standard” fitnesses between 0
and 1, to escape the possible impact of the differences in amplitude. Thus, at
each iteration, we estimate the lower and upper bounds of each fi efficiency,
making it possible to define the Tchebycheff norm for a maximization
problem [3.6]. In what follows, we will look for the maximum of this norm.

o fmming)
”f”,i_m,«m(/?"' S i max( f;) —min(f;) =

3.5.2. Directional optimization

In [ISH 02], the authors propose an improvement of the MOGLS, using
an optimization direction suited to each solution in the “local research”
phase, making it possible to combine genetic evolution and exploration of
the neighborhood. Even if we do not use “local research” (e.g. to speed
things up), this directional optimization method can be used to direct the
research effort into an interactive mode, once the user has specified their
preferences [CAR 08]. It is sufficient to work out the {1} coefficients of
Tchebycheff’s induced norm, which optimizes the ranking of f; criteria
associated with a solution marked by the user [3.7],

i
Y [3.7]

ST
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The MOGLS algorithm is then used as a series of single-objective
optimizations, blocking the {1’} values for the following iterations with each
new choice. If the user makes several choices, we obtain a sample of the
preferences space, from which it is necessary to construct a distribution of
substitution with uniform repetition [0, 1]" in the native algorithm. Note that
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this pattern lends itself very well to the use of the excellent MOEA-D
algorithm [ZHA 07], which is currently being tested.

3.5.3. Maintaining population diversity

Preserving diversity is essential to prevent all the individuals in a given
population from being trapped in local minima (single-criterion research), or
turning towards a specific area of the Pareto front (in multi-criteria
research), a natural tendency of evolutionary algorithms [GOL 89]. An
additional objective is to guarantee the uniform distribution of solutions
along the Pareto front. To ensure this diversity, we can take action:

— Upstream: by encouraging convergence towards the Pareto front (or
global maximum), while maintaining the diversity of the population in the
criteria space or on the genetic level. Here, we can note that MOGLS is
designed to promote initial diversity (because it uses a new weighting of
objectives with each iteration), while ACROMUSE (section 3.5.4) promotes
subsequent diversity. We will certainly gain in efficacy (convergence time
and solution diversity) by replacing the MOGLS algorithm with an adapted
version of the MOEA-D algorithm [ZHA 07, LI 09, LIU 13], which
promotes parallel convergence of multiple small populations towards
diversified areas of the PF. Furthermore, it is suited to processing more
numerous fitnesses and has a high degree of genericity.

— Downstream: we use measurements of local population density in the
criteria space to promote the exploration of the less populated areas. A very
good solution for measuring local density, which does not require much
calculation time, is the PADE (Population Size Adaptive Density
Estimation) method. It requires no empirical parameter and can therefore, in
theory, adapt to any type of problem [ELA 07]. PADE is used to reduce the
size of the population as soon as it exceeds a threshold value that is fixed
from the start. To achieve this, it divides the criteria space according to the
hypergrid, whose dimensions and number of cells depend on the size of the
standard population. Used alongside MOGLS, PADE iteratively removes
individuals of maximum local density and lesser efficiency according to the
ongoing scalarizing function (Figure 3.9).
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3.5.4. ACROMUSE

Adaptive Cross-over Mutation and Selection (ACROMUSE) is a single-
objective genetic algorithm [MCG 11]. Its main purpose is to maintain a
population of individuals that is both diversified and efficient. Thus,
ACROMUESE prevents the population from converging uniformly towards a
single solution. The other elements of the population also evolve, but
maintain a degree of diversity. We therefore obtain other local extrema,
which can be highly useful for assisting in designing.

Its second point of interest lies in its ability to adapt to rapid changes in
the research landscape, through dynamic adjustment of crossover, mutation
and selective pressure rates, based on statistical analysis of the standard
population. For this, the reproduction basin is divided into two populations
of individuals: those who undergo a crossover and minor mutations, and
those who undergo only major mutations (Figure 3.9). A measure of the
genetic diversity of the population (SPD) is used to adapt the crossover and
strong mutation rates, while selective pressure is controlled by another
measure combining genetic diversity and efficiency (HPD). The mutation
rate is also adapted to each individual through recognition of its efficiency
(the lower it is, the more likely the individual is to mutate). Individuals are
selected depending on their 4pd contribution, measured by HPD, rather than
on their pure efficiency. ACROMUSE therefore produces a very good
balance between exploration and exploitation, but its original version
requires the adjustment of three parameters: the maximum SDP and HPD
values (SPD_max, HPD max) and selective pressure 7 = |P|/k (k is fixed at 6
by the authors, but is adjusted more precisely, as will be explained later on).

3.5.5. Improvements and multi-objective extension

In 2013, we showed that measurements (SPD, HPD) must be performed
on the total population before the reduction stage [MAR 13a], which
McGinley [MCG 11] had not realized. We also observed that it is preferable
to use dynamic values of SPD_max and HPD max, updated at each iteration
and depending on the maximum values recorded during the session. These
two improvements lead to faster convergence towards the local optimals
(or the Pareto front, in a multi-criteria framework).
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We then developed a hybrid MOGLS and ACROMUSE algorithm,
extending the latter to multi-objective processing. In fact, the 2011 version
of ACROMUSE is designed only in a single-objective framework, which
greatly limits its use. To use it with several objectives, we naturally replaced
its unique fitness with the scalarizing function of [3.6], by means of some
adjustments described in [MAR 13a]. We obtained excellent results, at the
cost of a slight increase in convergence time.

3.5.6. Use of GA as a constraint solver

The application of variation operators hardly ever results in consistency
(respect of constraints): consistent parents rarely have consistent offspring.
To resolve this defect, we can use repair mechanisms (which take a long
time and damage evolutionary capacities), ad hoc genetic operators that
guarantee the consistency of the solutions produced, but lose their efficacy
when the number of constraints increases, or even easing the constraints,
which involves setting a tolerance on which we can act. Another solution
consists of transforming certain constraints into objectives, which increases
the complexity in terms of calculations and the size of the PF, and
encourages the emergence of random or pointless solutions.

Better results are obtained when a certain degree of inconsistency is
tolerated in the solutions, which has the effect of not disturbing the evolution
too much. We often manage to decrease the inconsistency rate in this way by
introducing a z function of efficiency penalties. An elegant and effective way
of dealing with this problem is to integrate the notion of consistency into the
dominance relationship [DEB 02b], effecting selection tournaments based
either on efficiency or on the minimization of inconsistency:

x<ye (z(x)<z(y)or (z(x)=z(y) and x <)) [3.8]

Another method makes it possible to redefine the dominance relationship
by means of constraint-dominance [COE 02, COE 07]. With MOGLS, as we
do not directly use the dominance function, we use the standard scalarizing
function f(x) to penalize fitness [3.9] during the selection step
(in maximization):

f.(x)=f(x) if z(x)=0,min(f)—z(x) otherwise [3.9]
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3.6. Interactive evolutionary algorithms (IEA)
3.6.1. Possibilities and limitations

With IEAs, the user can interact with populations and intervene in
the evolutionary loop, particularly in the initialization, selection and
mutation stages, to subjectively guide evolution [LUT 05]. The usual
applications involve musical creation, image synthesis, data mining and
e-learning, and often integrate objectives relating to subjective judgments
Or sensory impressions.

Local interventions directly on the genotypical level (the coded solution)
or phenotypical level (the generated solution) may be envisaged. An
interaction on the phenotypical level can be very useful in a creative context,
from the moment when it is possible for the user to have an idea of the
partial components of the ideal solution (section 6.2.1 in Chapter 6).

Interaction encounters a certain number of limitations, however:

— Slowness of the process associated with recognition time, limited
population size and simplification of the assessment required to preserve an
interaction in real time.

— Apathy of the designer in the face of a large number of choices and
generations. To prevent repetitive interactions, we have to vary their
modalities and develop effective interrogation mechanisms (e.g. a phase of
implicit learning from choices).

— Difficulty of finding a compromise between pure optimization and
maintenance of priority interest areas in the research landscape.

— Difficulty of following the choices of the user, ensuring them a degree
of longevity, neither too short (to give the GA time to take them into
account), nor too long (to not hinder exploration of other potentially
interesting areas). Quiroz et al. [QUI 08] describe an IGA (Interactive
Genetic Algorithm) in cooperative mode, based on the most commonly used
genetic algorithm: NSGA-II [DEB 02a]. The main point of their work is the
construction at each iteration of a virtual interpolated fitness to guide the
IGA towards the (unique) choice of the user. Other solutions are assessed
based on the similarities with this choice, but this virtual
fitness is therefore no longer able to take into account the objective quality
of a solution.
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— The problem becomes yet more complicated when what we want to
optimize is not mathematically assessable or measurable (e.g. the simple
notion of satisfaction or desirability [PAI 11]).

3.6.2. Multi-objective optimization combined with an IGA

In multi-objective optimization, we seek a reasonable approximation of
the Pareto front (generally unknown). Moreover, in interactive mode, the
problem lies in finding solutions that satisfy the user’s requirements as far as
possible [KAT 13]. We often assume that these solutions must be found
somewhere on the Pareto front because we believe, from a quantitative point
of view, that the user must prefer a non-dominated solution to a dominated
one. But this is debatable if we bring in other points of view.

Then, to limit fatigue, we must promote quick and diversified
convergence to the Pareto front, which is often contradictory [LLO 05,
QUI 09]. On the other hand, however, in order not to shatter the ongoing
optimization dynamic by taking into account the successive choices of the
user, we must try to build operators that slowly and fairly constantly distort
the standard object (u=k\ strategy, few mutations and crossovers, more local
than uniform). This is what Carpentier explains in his thesis [CAR 08], in
which he sets out a very interesting method for directing a joint effort to find
and optimize solutions when the user has input his preferences.

Finally, one question is often raised about IEAs: are we obliged to
involve the user in the evolutionary loop? Is it not enough to give him a
complete Pareto front created from the convergence of a large number of
runs and to then guide him in his choices? Beyond the fact that the complete
Pareto front can take a long time to obtain, the involvement of the architect
in the form genesis process is fundamental. Working only from the optimal
result, we would neglect the non-optimized niches in which the user might
have lingered. Thus, in [QUI 08], the IGA makes it possible to retain
objectively inferior solutions if they are amplified by repeated user choices,
which puts into perspective the efficiency-based score. We therefore avoid
methods that require a lot of calculation time (e.g. local research), in favor of
focusing more on diversity. In this sense, the evolutionary path can be as
important as the final result.



Morphogenetics 75

3.6.3. A multi-objective IGA for efficient and diversified solutions

EcoGen’s genetic algorithm includes five modules: MOGLS-(pu+A) with
u=2A as an evolution strategy and a dynamic adjustment of population size
[P|, the multi-objective extension of ACROMUSE, a constraint solver, the
PADE reduction procedure and the pheromonal IGA (Figure 3.9). The
MOGLS-based method is inspired by its use in Carpentier’s thesis
[CAR 08]. Simpler to use than the NSGA-II-based method of [QUI 08], it
allows for a natural implementation of ACROMUSE, the unique fitness of
which is replaced by a scalarizing function. Furthermore, it offers more
flexibility for truly directing a research effort based on user choices in the
interactive mode.

3.6.3.1. Genome structure

We have opted for a linear (and therefore non-pleiotropic) description of
the genes associated with the positions of voxels in the “capable volume”
(CV). This kind of structure preserves “genetic patterns” and “topological
consistency” when variation operators are applied. This means that
crossovers and mutations occur in the same places along the chromosomes,
and we always remain inside the CV.

3.6.3.2. Constraints

An initial programmatic constraint concerns the specification of the
surface area to be built on, with a possible tolerance. To resolve it, we
define the z function of penalization as the gap between the imposed surface
area and its measured value for a solution. The other programmatic
constraint relates to the distribution of usage types: this is also resolved
using the same technique.

3.6.3.3. Selection

Although binary tournament selection (7=2) is most efficient for
Jaszkiewicz’s MOGLS [JAS 02], the same cannot be said for the
MOGLS-(u+1)-ACROMUSE hybridization approach. We have carried out
numerous tests to fine-tune the £ parameter of selective pressure T=|P|/k, and
ultimately obtained the value 9.5. To build the reproduction basin, T
individuals are always drawn at random from the standard population, with
reduction (but the best is chosen based on its /spd contribution), and the
operation is performed (21) times.
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3.6.3.4. Crossovers and mutations

Crossover and mutation operators are then applied to the reproduction
basin candidates (in pairs), and the new individuals are integrated into the
standard population. As the ACROMUSE mechanism is based on genetic
diversity, it can be applied independently and differently to genes of
different kinds. We obtained very good results with uniform crossover
(random inversion of genes from the parent chromosomes, in place and area,
permitted by topological consistency), multipoint mutation and a swap
operator, with the same application rates as ACROMUSE.

3.6.3.5. Replacement

The replacement stage, which is based on that described in [CAR 08],
uses the PADE algorithm. However, removal is performed by eliminating an
individual with a lower contribution to the /pd index in a case of maximum
grid density, instead of the standard scalarizing function. We begin by
applying PADE to the Pareto front only if its size exceeds a threshold
currently fixed at 40% of |P|. The non-Pareto population is then considered.
Either we iteratively remove the least consistent solutions, until we
return to the desired population size, or the number of solutions with
minimum consistency always exceeds the size limit, and the population is
reduced by PADE.

3.6.3.6. Interactivity

“How can the sensitivity and esthetics of the author
be integrated into a program that is currently managing
measurable data? We will answer this question with caution,
given that we must not seek a perfect solution, but
make compromises and find the right balance between elevated
properties and an interesting form, disposition and aspect.
This caution in the face of digital tools is part and parcel of
science, but is also necessary in order to avoid falling into
the trap of letting machines dictate our design methods. An
important instinct is to get some distance from the generated
solutions, sort them, compare them and select them so that
the retained components are as close as possible to our
expectations, as much in terms of efficiency as of form”
(Benjamin Gevers, architect).
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As the morphological criterion is fundamental for an architect, we use it
together with fitnesses to mark the prioritized forms in the landscape of
proposed solutions. This can be done simply by equipping the stochastic area
of choices with pheromonal markers M(4). Remember that, in nature, ants
move and orient themselves by means of pheromones, which are volatile
olfactory substances that act as a collective memory. This concept forms the
basis of the ACO (Ant Colony Optimization) metaheuristic, used mainly in
combinatorial optimization, using traces of pheromones to mark the
components that promote the best solutions [ALA 07, ANG 09].

Thus, when a solution is chosen by the user, we store it with its “induced
A7 [3.7] and its form in a distribution space, £E. We define a Resemblance(7)
function that compares the occupancy indices of a solution (in the capable
volume) with those of the form associated with 1. The overall resemblance
is merely the sum on E of the product of M(4) and Resemblance(2,).

At each iteration of the IGA, a single pair (A, form) is selected in £ by
means of random stochastic sorting based on markers, M. We then let the
algorithm pursue the standard iteration, but modify the selection stage: 90%
are selected on global resemblance, and 10% on Apd. This effective duration
mechanism facilitates consideration of the subjective choices and their
consolidation over the generations. The pheromonal reward is based on the
repetition of choices in E, rather than on efficiency (of which weighting A is
already taken into account). It takes place at the end of each iteration,
following which the markers, M, are updated through the evaporation
mechanism [3.10], whose rate has been adjusted to the value 0.01:

M=M(1-¢) [3.10]

This mechanism makes it possible to reinforce the user’s repeated
choices and decrease the influence of former choices. If we are not in
interactive mode, M markers are not taken into account, and undergo only
temporal evaporation.

3.6.3.7. Note: another possibility for GA/ACO hybridization

First, remember that in the classic pattern of the ACO metaheuristic
[SOL 10], a heuristic function expresses the interest of choosing an element
for itself, without reference to a construction history, while the pheromone
expresses this interest in comparison to other components, taking into
account the history of choices. Using ACO, we could associate a pheromone
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trace and heuristic function with each objective, in order to attempt to
optimize it independently from the others [ANG 09]. During the
construction stage, we would successively add the most attractive
component (produced from the heuristic by the pheromone). These
components could be positions in the capable volume in the framework of
formal constraint resolution, and the heuristic could be used, for example, to

indicate a form preference.
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Figure 3.9. Organizational chart of an iteration of EcoGen2’s genetic algorithm. For a
color version of the figure, see www.iste.co.uk/marsault/architecture.zip
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Assessment Models and Meta-models

“All models are wrong, but some are useful!” (George Box,
mathematician, [BOX 76])

The aim of this chapter is not to describe all the assessment models and
tools relating to building efficiency, but to show, based on examples, that
the various stages of architectural design (early and advanced) involve
different models and different tools. As the saying goes: “the right tool at the
right time”. This separation notably requires various descriptions (logical,
hierarchical, physical, geometrical, systemic) of the objects used, along with
the assessment models adapted to suit them.

Simplified modeling — which mainly involves assessing efficiencies in
the upstream design phases — remains a highly valuable tool, even in an age
of increasingly fast computers. Simplified representations can be obtained
from precise physical/digital models through approximation techniques
(often statistical) or reduction using meta-models.

4.1. The concept of a model

A model is always a simplified representation of reality, and its quality
depends on the knowledge and techniques available for understanding and
describing this reality. Models are used to understand, explain, design,
predict and decide. Some researchers think that a relatively incorrect model
is better than no model at all; this is true, for example, for life cycle analysis
(2.3). And a comprehension model, even an approximate one, is preferable
to no model. However, if its purpose is to predict a phenomenon, what is the

Eco-generative Design for Early Stages of Architecture, First Edition. Xavier Marsault.
© ISTE Ltd 2018. Published by ISTE Ltd and John Wiley & Sons, Inc.
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point of a model that produces results that differ greatly from reality,
especially if it is used to support decision-making?

For a scientist, modeling a system or phenomenon can involve several
phases: suggesting hypotheses, producing a pattern of interactions between
its components, describing it using a mathematical and/or algorithmic
formula and creating a prototype to reproduce it through simulation.
Modeling using mathematical and/or digital tools has six important stages:
data acquisition, calibration, simulation, sensitivity analysis, validation and
interpretation of results.

In architecture and engineering, the term model is used in various
contexts: a mock-up (physical or digital), a plan acting as a prototype, a
conceptual system designed to support understanding and diagnostics, an
analytical or algorithmic representation of phenomena and their
relationships, or simulation models (analytical, statistical, stochastic, etc.).

There are several types of modeling: imperative, declarative, generative
and meta-modeling. In imperative modeling, the designer must precisely
define all the characteristics of the objects that make up the scene or
environment, which, in order to be credible, must be abundant enough and
often long enough to model. Declarative modeling — also called reverse
simulation — enables forms and spaces to be designed from vague or
imprecise descriptions, or simply from a set of properties (morphological,
structural, operational) or objectives to achieve [GAI 03]. Often used in
architectural research, it makes it possible to obtain an iterative
approximation of models, which will then be refined, for example, with a
constraint solver combined with an optimization engine. The broader
concept of meta-modeling refers to establishing principles, rules or
formalisms, according to which the model itself is generally designed, but
from which it can also emerge.

4.2. Models and tools suited to the advanced phases of building
design

The term environment — denoting an area with uniform atmospheric
qualities, characterized by a minimum surface area, its proportions, a
volume, atmospheric characteristics with an acceptable variability depending
on use, and any other property that can be used in the detailed assessment
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model — is fairly appropriate for an architect. The same can be said for
dynamic energy efficiency simulations (thermal, lighting, acoustics,
ventilation) based on zonal modeling. Especially in the sketching phase,
manipulating spaces (themselves broken down into sub-spaces, centers and
volumes) seems more intuitive to an architect who draws their boundaries in
terms of lines or surface areas. Ideally, we would be able to use the two
approaches simultaneously, but models based on outer surface areas are
generally easier to develop and, particularly, to use in the upstream phase.

4.2.1. Detailed modeling of the energy behavior of a building

The behavior of a building is influenced by numerous factors, such as
the use of the constituent materials and their thermal properties, lighting,
HVAC (heating, ventilation, air conditioning) systems, weather conditions,
occupancy rate and user behavior. In this context of precise and detailed
calculations, Clarke has produced a detailed overview of the processes
required to build a detailed model of thermal transfer in a structure
[CLA 01]. Regarding HVAC systems in particular, a detailed energy
calculation is provided in [MCQ 05]. Also see [BON 15] for in-depth
analyses of thermal, aeraulic and lighting models.

The efficiencies of structures can be precisely assessed using reference
software programs, such as TrNsys', EnergyPlus®, BLAST®, IES-VE*,
Pléiades/ COMFIE’, DOE2°, and ESP-r/, developed to assess their efficacy
and sustainability and enable them to be energy dimensioned. A fairly
exhaustive list of 453 energy simulation software programs can be found
on the site®.

Generally, although these simulation tools are effective and precise,
based as they are on physical principles, the vast majority of them require
input data (construction details, technical mechanisms, materials,
environmental parameters) that are not readily available in the sketching

1 www.trnsys.com.

2 www.energyplus.net.

3 www.wbdg.org/tools/blast.php.

4 www.iesve.com.

5 www.izuba.fr/logiciel/pleiadescomfie.

6 www.doe2.com.

7 www.esru.strath.ac.uk/Programs/ESP-r.htm.
8 www.buildingenergysoftwaretools.com.
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phase. Therefore, they cannot be used in the upstream design phase. For
example, control of aeraulics in the upstream phase is almost impossible,
and still more so in an interactive computing way. It requires sufficiently
detailed knowledge of the geometry, openings, passive and active equipment
and conditions of use. It is the object of dynamic thermal simulations,
carried out using TrNsys, EnergyPlus and IES-VE, and requires often
lengthy calculation periods (from a few dozen seconds to several hours)
for a solution.

4.2.2. Thermal regulations in France

RT2012, the thermal regulation in force in France in 2017, was originally
based on the efficiencies of the BBC (low-energy building) label.
Calculation software programs are recommended for estimating three
efficiency indices according to the detailed Th-BCE 2012 calculation
method established by CSTB [REG 12], which is not highly suited to the
project’s sketching phases. It involves indices: Bbio (to assess a building’s
intrinsic thermal qualities, independently from its heating systems), CEP
(which assesses primary energy consumption using energy-efficient
equipment in order not to exceed a threshold of 50 kWhep/m*/year in a
private home) and TIC (conventional internal temperature, related to passive
summer comfort). An effective Bbio (the most accessible parameter for
calculation in the upstream phase) is obtained by optimizing the bioclimatic
design of the building, i.e.: (1) arranging the orientation and layout of
openings to promote solar gains in winter and reduce them in summer; (2)
prioritizing natural lighting (especially for the October—March period in
Europe); (3) reducing thermal loss; (4) taking into account inertia for
summer comfort.

4.2.3. Software environments for project simulation

In the fields of building, architecture and urban planning, multi-efficiency
simulation software programs have existed for more than 20 years. They
develop alongside the models and regularly improve their calculation
capacities, benefiting from the progress made possible by equipment and
computing systems. The calculations are certainly increasingly precise, but
they still often take a long time to perform, especially when hundreds or
even thousands of cases are being assessed, as is the case for optimization.
We will briefly present a few simulation platforms that are frequently used
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in the architectural design phase and in design offices. Most of them have
been or are still being developed in connection with research teams.

4.2.3.1. SOLENE

SOLENE is a set of urban microclimate simulation software tools
(radiative, thermal, aeraulic assessments, etc.) developed since the 1990s at
the CRENAU laboratory’. Initially designed to calculate sunshine, lighting
and thermal radiation for architectural and urban projects, the SOLENE
platform now makes it possible to simulate the influence of various urban
planning decisions on the scale of a neighborhood on surface temperatures,
outdoor comfort, energy consumption of buildings, attenuation of the urban
heat island effect and transformation of urban places and landscapes
(analysis of visibilities). It takes into account the interreflections between
buildings and calculates a long-wave radiation assessment for
each surface (infrared flows emitted and received by the building facades,
exchanges with the sky and ground). Finally, use alongside
SOLENE-micro-climat [MOR 15] supplements the program with urban
aeraulic calculations.

4.2.3.2. Pleiades+COMFIE

Pleiades is a complete building design and energy and environmental
assessment software program developed by Izuba Energies. The Alcyone
graphical modeler allows for fast entry of the building’s envelope, its
thermal properties, masks, systems and usage information. The thermal
calculation is based on the COMFIE engine developed by the “Centre
Efficacité énergétique des Systemes” (“Center for Systems Energy
Efficacy”) at the Paris Ecole des Mines. The natural light calculation is
based on the Radiance software. Systems modeling is carried out according
to the Th-BCE 2012 regulations, with the exception of the air-handling units,
which are not modeled.

4.2.3.3. EnergyPlus

This tool enables energy simulations to be carried out for one or several
buildings. Unlike SOLENE, multi-building calculations must be launched
simultaneously. For example, its Python language interface facilitates its
association with multi-objective optimization methods on the scale of a
block, or sensitivity analyses.

9 www.aau.archi.fr/crenau.
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4.2.3.4. MIT Design Advisor and ArchiWIZARD

These two tools are designed to keep the user informed during the design
phase. MIT Design Advisor'®, an online tool developed by a team at the
MIT Department of Architecture, makes it possible to produce a thermal
analysis very early in the project process, using internal contributions within
the building. It is a tool designed for architects, and it is simple to learn.
It makes it possible to obtain indications as to the efficiency of the envelope
at the very beginning of the design process. Thermal assessment is
based on physical characteristics (orientation, composition of walls) and
usage of space.

ArchiWIZARD'" is a design support software program based on various
European standards and using the current calculation methods of the thermal
regulations. It is also used in the first stages of design to verify the
energy-related challenges of the project as early as possible, but it can be
used until an advanced project definition report is produced. It produces a
precise calculation of the solar gains through the ray-tracing method, taking
into account direct solar gains and interreflections between the building and
its immediate environment. Its most important role is to make it possible to
import the geometry of the project or of an existing site from all
the currently available formats and to carry out a thermal or lighting
calculation very quickly.

4.2.3.5. Ecotect

This is a complete simulation program that connects a 3D modeler
with solar, thermal, acoustic and economic analyses. Easily connected at
the outlet to Radiance and EnergyPlus, Ecotect is used mainly in
environmental design during the conceptual stages of the project.

4.2.3.6. IES Virtual Environment

IES-VE'? is a highly professional and complete platform designed for
building simulation, for engineers as well as architects (the program offers
two entry levels). Benefiting from a large R&D team, it has an extended
range of functions: dynamic thermal simulation, winter and summer thermal
comfort assessment, reduction of the need for heating in winter, increase in

10 www.designadvisor.mit.edu/design.
11 www.graitec.com/fr/archiwizard.asp.
12 www.iesve.com.
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summer thermal comfort, specific consumption needs (heating, ventilation,
air conditioning, etc.), optimization and quantification of internal
contributions, dimensioning of natural lighting depending on use,
optimization of natural ventilation, thermal requirements assessment and
bioclimatic optimization.

4.3. Simplified modeling: difficulties and examples

In the sketching phase, the designer works from vague data and imprecise
problems. He is familiar with only one operation context (climate, urbanism
constraints, form and quality of the urban context, schedule, expectations of
the Contracting Authority). The spatial organization, the form and details of
the structure, its precise dimensioning, its materiality and its constructive
system are only rarely known in advance.

The data required for assessing the structure’s efficiencies will emerge
only in the first realizations, which justifies the fact that assessment models
often work from statistical data. However, it is not frivolous to propose
simplified building assessment tools, the obstacles and risks being
numerous, especially in terms of the physical modeling aspect and questions
relating to materials, systems and uses [ATT 12, JON 13]. Simplified or
reduced-scale physical models must overcome three major constraints:
adapting to the geometric scales of the morphological model, making do
with the available data in the sketching phase, and assessing efficiency in
short computing time.

4.3.1. Geometric scales

In the sketching phase, the geometric scales manipulated simultaneously
by the designer go frequently from the urban scale (form, profile and sketch)
of the block and the urban fragment to that of the architectonic detail
linked to the materiality envisaged for the building (constructive system,
appearance of the envelope, ornamentation). The sharpness of the geometric
models should come down from the general sketch to the scale of the area
or the spatio-functional unit. But more detailed scales may be required,
depending on the model (for example, the scale of the solar protection
device for assessing external energy contributions or risk of glare).
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4.3.2. Processing speed

The sketching phase, in an operational situation, is brief. The project
manager cannot, from an economical point of view, devote more than a few
days to a few weeks (according to the scale of the project) to looking
for solutions. A certain number of characters must be quickly stabilized,
although they can be questioned in the downstream phases, in a cyclical
movement of reverse design.

Furthermore, an evolutionary algorithm is pointless unless it works with a
sufficiently large population of solutions so that diverse solutions can
emerge. The calculations performed to produce interesting efficiency-based
solutions may take a long time when the number of objectives is high
(approximately several hundreds of iterations, depending on the number
of parameters).

To ensure the maintenance of smooth interactivity (an essential parameter
for the creative dimension of the mechanism), it is therefore crucial that
physical models can provide approximate assessments in a very short time,
preferably around a hundredth of a second or less (section 5.8 in Chapter 5).
This is obtained using:

— optimized algorithms, for each assessed criterion (frequent technical
obstacle);

— simplified modeling or meta-modeling;

— an architecture of optimized development, generally parallel.

4.3.3. Simplified thermal modeling in winter or summer
conditions

To circumvent, among other things, the lengthy calculation times and
without denying the complexity of built systems, for around 15 years,
researchers have been proposing simpler alternative models, notably for
assessing the thermal behavior of a building with quantifiable precision, or
predicting its energy consumption in a given period. Among the simplified
physical modeling methods adapted to thermal transfer in winter conditions,
we might mention:

— adaptation of the unified degree-day method, which works only in a
steady state, where a single score is used to assess the energy consumption
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of small-scale buildings where energy exchange across the envelope is
dominant [ALH 01]. This method dates from the 1960s and consists of
determining the sum of the positive gaps between an internal setpoint
temperature (18°C) and a temperature representative of the day (outdoor
climate over a given period — many climatic databases provide temperature
information for various towns. It takes into account: heat losses in kW/h,
losses from the building through the envelope and through ventilation. These
losses are offset in part by taking into account solar gains and internal
contributions. It is interesting because it requires only a few values to be
viable. Furthermore, these values can be abstract;

—the refining of the degree-day method with the implementation of
polynomial functions for predicting the energy efficiency of a
dynamic composite envelope depending on the physical characteristics of
the components of the envelope. The development of EcoGenl’s energy
consumption engine [MAR 13b] was based on this principle;

—the modification of the ASHRAE standard on the basis of a load
factor method for a residential neighborhood, a simple method that can be
manually calculated [BAR 05];

—the development of xRyC models [NAU 16], notably with frequency
and amplitude responses, which can work in a dynamic regime, to model
large buildings where the internally generated stresses are dominant and
the loads are not linearly dependent on the external/internal temperature
difference [ALH 01, VEL 15];

—inertia modeling, using a network of clustered thermal masses
[WAN 06];

—modeling techniques to obtain thermal resistance profiles for
composite walls;

—the development of regression models to predict the winter heating
consumption of a building.

We will now give a few examples, based on similar principles, for the
summer period:

— the design of simple models, based on a combination of the results of
detailed simulations, in order to determine the cooling load of a building
[YIK 01];
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—the development of empirical models based on a comparative
assessment between the real and standardized energy efficiency of a
high-efficiency residential building fitted with a cooling system [DAL 12];

—the development of digital models for predicting the thermal
behavior of buildings under the influence of all possible thermal loads and
the choice of the cooling system, in connection with the thermal comfort
requirements [TZI 11];

— approaches using bio-inspired algorithms: the development of modeling
techniques based on a simplification of the physical characteristics of
buildings through a frequency analysis and the simultaneous development of
genetic algorithms to identify the parameters of the model depending on
the operating data [WAN 06]; the development of neural networks that
calculate long-term energy demand based on short-term predictions
(generally 2—5 weeks) from the data measured [OLO 01, KAL 06, YOK 09].

4.3.4. Solar gains received by the envelope of the buildings on a
site

The reader should be aware that a patent has been filed for some units of
the EcoGen?2 software program. In particular, the three bioclimatic fitnesses
described in the following sections (and in Chapter 5) use an effective
calculation method known as “target-computing”, which is an important part
of EcoGen2’s “algorithmic heart”. Neither its software implementation nor
the details of how it works have yet been published. We will provide only a
few useful summary points for elementary understanding.

Figure 4.1. Simplified example of division of the walls and roofs of a “building and
project” set into targets (in red: those not involved in the calculation). For a color
version of the figure, see www.iste.co.uk/marsault/architecture.zip
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Solar gains are assessed based on an irradiation calculation engine,
automatic and scalable in the spatial and temporal dimensions. It is based on
a simplified ray-tracer model with, among other things, division of the built
space into targets (Figure 4.1).

4.3.5. DaylightGen

Gallas offers an approximate method that guides the designer through the
project design phases to help him overcome the complexity of taking into
account integration and control of luminous atmospheres [GAL 13]. It
enables him to declare, to define his intentions in terms of luminous
atmospheres (through a collection of images) and to realize them by
proposing architectural configurations respecting these atmospheres. The
DaylightGen tool will then determine the concepts that characterize
the effects of light affecting the designer to generate the architectural
solutions that illustrate these intentions. For this, it uses the optimization
algorithm Galapagos, which is part of Grasshopper, a parametric model of
an architectural space (DaylightBox) and an engine that simulates natural
light (Diva-for-Rhino). These software tools make it possible to generate
architectural solutions that comply quantitatively with interpretations of the
designer’s intentions. A visualization interface (DaylightViewer) makes it
possible to sort the solutions and gather their properties. The designer can
then assess the proposals by producing photorealistic simulations and verify
whether the effects produced correspond to his original intentions.

4.4. Meta-modeling

Meta-models, also called emulators, surrogate models or response
surfaces, are increasingly used to simulate and calculate efficiencies, and to
simplify complex and costly models, especially in the sketching phase. The
first point of interest for modeling the calculation of an efficiency through a
meta-model is that all the responses of the study field can then be calculated
with no need to make costly new simulations for each assessment (although
the differences compared to the real values still need to be verified). The
second is that an assessment can be conducted in a negligible amount of time
compared to the original simulation. For example, a precise calculation of
the lighting within a room takes several minutes, and can be carried out with
a reduced model in a millisecond (section 5.8 in Chapter 5).
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The starting principle is to use a simulation program with the
most precise and reliable estimations possible, validated by the scientific
community. For example, analysis of the thermal behavior of a structure
(summer/winter, day/night, morning/midday/evening variations, setpoint
temperatures and variable uses over time) will be carried out through
dynamic thermal simulation.

We will then construct an experimental design (section 4.4.2) to create a
deterministic surrogate model applied with measurable precision in a limited
variation field of samples and parameters. There are also probabilistic
meta-models, which can propose predictions outside the experimental design
and quantify the uncertainties associated with them [GOU 06]. It should be
noted that, in general, the meta-model should be rebuilt if the experimental
conditions are altered.

4.4.1. Choosing a type of meta-model

Although there is no consensus as to the best choice of meta-model, a few
recommendations can be made. Detailed, highly mathematical explanations
of each meta-model are outside the scope of this book: the reader is invited
to consult the bibliographical references cited.

Linear regression and kriging (called a Gaussian meta-model) [FAI 13]
are two different but similar methods for using the available information
to create a better prediction. Due to their relative simplicity, polynomial
linear regressions are the best-known statistical methods, most frequently
used by engineers, especially when the efficiency function to be modeled
seems fairly regular. Their sensitivity analysis is also easier. A polynomial
with a degree of > 2 makes nonlinear couplings between variables possible.
However, the higher this degree, the more experiments must be performed to
determine all the coefficients [DEC 09].

Spline-based regressions are useful if we want the function to
pass through all the samples. The same is true of kriging, which is a
prediction from neighboring data. Unadvisable if the model is particularly
nonlinear, its experimental designs are constructed from a fairly small
number of simulations [FAI 13].
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More complicated to implement, but often highly effective, orthogonal
polynomial chaos models facilitate global sensitivity analyses [SUD 14,
ARM 15].

Finally, meta-models based on artificial neural networks [GOS 13] are
“riding high”, and are now used preferentially when the function is relatively
complex (black box effect). They depend on a large number of functions and
may be highly nonlinear.

4.4.2. Experimental designs

The construction of a meta-model begins with an initial learning phase
defining an experimental design. It involves a more or less organized set of
simulations, each enabling new knowledge to be acquired by altering the set
of input variables. The aim is to obtain/validate an economic model (as few
tests as possible) by testing the respective influence of the various variables
and their combinations. Many theoretical elements make it possible, using
specific models of varying degrees of complexity, to determine at what
points simulations must be carried out [MON 14].

In practice, it is easier for a non-expert to entrust this task to a specialized
software program, such as Design-Expert from Stat-Ease'". This produces
complete, fractional, orthogonal factorial and Box—Behnken designs. The
main feature of the latter is the uniform distribution of experimental points in
the study field [BOX 60].

4.4.3. Sensitivity analysis

Let us first highlight the omnipresence of imprecision and uncertainties
in any model, and therefore in any digital simulation: models are only tools
that represent the studied phenomena with varying degrees of accuracy.
Besides, stochastic uncertainty is inherent in the natural variability of
numerous phenomena.

Furthermore, imprecision affects the sampling, filtering and
sub-specification of input data. It is still related to the digital resolution
of models: division of spaces, type of network, boundary conditions and

13 www.statease.com.
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convergence time. Finally, it concerns the subjective assessment of
efficiencies, as in [LOZ 11, VIL 12], which take into account in the
multi-criteria optimization phase the feelings of users about light perception.

The aim of a sensitivity analysis is to determine the influence of
parameters (isolated or grouped) on the variability of the response of
a model. Their number has a major influence on the dimensioning of the
experimental design, and therefore on the associated calculation period.

Two quantitative sensitivity analysis methods can be distinguished: local
analysis through propagation of uncertainties (which consists of assessing
the impact on the output of small variations of the input variables), and
global analysis, which studies how the variability of the inputs affects those
of the output. “Determining the inputs responsible for this variability using
sensitivity indices enables the mnecessary measurements to be taken to
decrease the variance of the output if this is synonymous with imprecision,
or even enables the model to be reduced by fixing the inputs whose
variability does not influence the output variables” [JAC 11].

Not many sensitivity analyses are carried out by constructing
meta-models in the upstream phase of the project in the field of building
[ARM 15, NAU 16], and almost none in architecture. We can cite a study
on the influence of climate change parameters on a building at the University
of Plymouth [TIA 11]. We have had the opportunity to be involved in this
since 2012, as the following explanations will show.

4.4.4. Study of three recent meta-models

The following works use statistical efficiency approximations through
regressive polynomial models, obtained and validated from the experimental
designs constructed using Design-Expert and databases from numerous
dynamic simulations. The three models are currently part of the EcoGen2
software program (Chapter 5).

4.4.4.1. Example 1: thermal modeling of multi-layer walls

The emergence of new technologies and the appearance of new materials,
such as those at a phase change and thin reflective products, have led to the
elaboration of refined thermal transfer models on the scale of the various
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subsystems making up the walls [HUA 06, MIR 13]. A detailed report of
these models is presented in [PAS 08].

In his thesis, Mavromatidis [MAV 11] developed a tool to simulate
thermal transfer in the envelope, taking into account the conductive
exchanges within different materials, the convective exchanges on outer
surface and the radiative exchanges modeled using the double-flow
approximation method. The original aspect of his work is that heat transfer
through radiation across the insulation system (in any air gaps) has been
modeled taking into account boundary conditions, and we have a reliable
digital model for materials that are both optically thick and thin. During his
post-doctoral research at MAP-Aria, he designed a specialized model of
thermal transfer through exterior walls to characterize the thermal resistance,
R, of a composite wall [MAV 13a, MAV 13b]. This model is available in
three versions, according to the number of layers taken into account.

These small models have potential to become simple and effective
prediction tools for comparing the thermal resistance of a variety of
composite wall configurations. They provide architects and engineers with
polynomial equations that allow for a rapid evolution of the energy
efficiencies of the envelope in the project design phase [MAR 13b].

However, regression polynomials can be used only in a steady state. To
transpose the method into a dynamic state, it could be based on xRyC
models. The approach could also be applied to inertia, depending on the
climatological nature of the site. A simplified model showing the dephasing
of an outer wall of a solution, depending on its main thermophysical
components, its tilt angle and thickness, could also be integrated into the
assessment.

4.4.4.2. Example 2: prediction of heating consumption

Due to the complexity of the problem, predicting the precise energy
consumption of a built structure is always difficult. Between 2008 and 2013,
Catalina developed various regression models with a view of estimating the
heating consumption of a building or private home with a few indicators. As
for RT2012, these models do not estimate primary energy, but only the final
energy H consumed by the building, in kW/m®, which has more physical
meaning. The inputs of these models are, for example: the form factor of the
construction, the G coefficient (volume loss of the building), the ratio of the
surface to the ground, the south equivalent surface (SES), the ground-air
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temperature difference (46) and the setpoint heating temperature [CAT 11,
CAT 13]. The 2013 model, described here, is based on 8748 dynamic
thermal simulations for various European climates. It uses the three
macro-parameters G, SES and 48to produce a quadratic polynomial [4.1].

H =18.454 — 21.498(G) — 1.844(A8) + 0.024(SES) + 4.668(G - AB)+ [4.1]

0.067(G - SES) + 0.006(SES - A8) + 12.352(G)* — 0.012(A8)?> — 0.0002(SES)*

4.4.4.3. Example 3: simplified simulation of natural lighting with the
daylight factor/meta-modeling for natural lighting

“The interior quality of a space depends on the amount of
exterior space that enters through the intervention of light and
transparency” (Frank Lloyd Wright).

In this field, we generally focus on three types of calculation: the
building’s ability to allow natural light into its interior spaces, its natural
lighting autonomy and the characterization of its summer comfort (often by
estimating the number of hours of discomfort). The International
Commission on Illumination (CIE) recommends the use of the Daylight
Factor (DF) as the simplest parameter for qualifying the natural light gains
in an interior space with windows. It is equal to the ratio of the light received
on an interior horizontal plane through daytime gains and the exterior
lighting coming in unimpeded from the sky, in the absence of direct sunlight.
It does not take into account the orientation of the facade, but only
the position of shields in the sky visibility area (any natural or artificial
object, near or far, likely to hide the sky at any time of the day: mountains,
trees, buildings).

In the upstream phase, this criterion is useful to the architect for
estimating the natural light gains of their project (although they do not know
all the properties), minimizing the artificial lighting requirements and
obtaining correct sizing of the openings for each facade. In the project
dimensioning phase, the designer can also use: the surface percentage with a
DF > 2% (DF2) and the summer solar gains on glass (SSG, in kWh/m?).
Two other indicators can be used during this phase: DF2/DF, which
expresses the abundance and uniformity of natural lighting, and DF2/SSG,
which expresses the abundance of light depending on the solar contributions.
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A normative aspect relating to working comfort is associated with the
DF: this is its optimal use field. With a reference value of 5,000 lux for
outdoor lighting, useful indoor natural lighting is fixed at 200 lux, and given
a loss of 20% due to attenuation (glass, framework, dust), we count on a
gross flow of 250 lux, i.e. a DF of approximately 5%.

The challenge was to construct a simplified model for rapidly calculating
DF on a building in a partially shaded urban area, designed using voxels. We
will now give a brief summary of this work, published in [MAV 14b].

For each housing unit (voxel), the light reception plane is 0.7 m from
the ground and contains 100 targets. The quadratic polynomial regression
models [4.2] that we have developed seek to analytically express the DF,
based on interdependent variables x;:

— dimensions of the voxel (by default: 10 m X 12 m X 4 m), scalable;
— number of centered openings on the facade (sufficient approximation);
— type of environment (atmospheric pollution);

— dimensions and depth of shields (centered on the openings).

N N N
FLI(x) bo + Z iji‘ -+ Z bi.ix? + Z binjXJ: [42]
i=1 i=1 ij=i+1

The sensitivity analysis has made it possible to detect variable couplings
and eliminate those with a negligible influence. The numerous polynomial
coefficients [4.2] are explained in [MAV 14b]. We obtained two regression
models that are more precise and quicker to assess:

— the first has five variables, a quadratic polynomial with 21 coefficients,
obtained from 41 Doehlert simulations [DOE 70] with the Dialux program'?,
which assesses the DF for a voxel with a single opening and a single shield;

— the second has 17 variables, a quadratic polynome with 45 coefficients,
obtained from 283 Box—Behnken simulations with Dialux, assessing the
DF with a maximum of four openings (one per facade, each with its own
shield; Figure 4.2).

14 www.dial.de/en/dialux.
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Figure 4.2. Dialux simulations of interior light of a parallelepipedic
volume including a maximum of four openings. For a color version
of the figure, see www.iste.co.uk/marsault/architecture.zip

To finish and validate the precision and stability of the adjustment model
(Figure 4.3), an analysis of the correlation between measurements (DF from
numerous simulations with Dialux) and estimations using the model
has been performed using statistical measurements of the error committed
(BIAS = medium difference, RMSE = typical difference) and a series of
tests (Cook’s distance, Henry plot, Box—Cox plot [MAV 14b]).
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Figure 4.3. Precision of the adjustment model of the DF calculation

4.5. Some prospects with major scientific obstacles
4.5.1. Aeraulic modeling for the upstream phase

“Knowledge of the effects of the urban microclimate on the
thermal comfort of buildings is required to create passive
bioclimatic architectures, making it possible to decrease the
energy intensity and carbon footprint of the buildings. The
possibilities for using natural ventilation depend, for example,
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not only on the morphological properties of the buildings, but
also on the climatic conditions near the buildings, such as
the movement of air and atmospheric and sound pollution.
These conditions depend on urban morphology, which has
advantages, such as the moderation of extreme temperatures
and protection from cold winter winds and the reduction of the
summer heat by means of shady roads. In other cases, the
‘urban texture’ can present disadvantages, such as the
stagnation of pollutants, which the urban morphology no longer
enables to be dispersed by the dominant winds” [ADE 11].

Today, natural ventilation can be a significant aspect of architectural
projects, in order to reduce the energy cost of buildings, preserving the
quality of the indoor environment, while improving the acoustic comfort of
the spaces. One difficulty in the project phase, when it comes to choosing a
natural ventilation system, is being able to quantify, and not only qualify,
ventilation inside the spaces in relation to wind direction and speed,
temperature distribution outside the building, and the position of obstacles
around the building.

One of our aims is to assess as quickly as possible, in the sketching
phase, the possibilities for natural ventilation, depending on a certain number
of parameters such as the wind direction and speed, the height, orientation
and layout of the building, the number and dimensions of the openings, the
presence of obstacles and their layout around the building.

Methodology: the urban environment is defined by the complexity of
the terrain (topography, relief), and the number of obstacles (buildings, other
constructions, vegetation) can be precisely known. The building is defined
by its orientation, height and occupied surface, and the dimension and
position of its openings. From a basic configuration, the additional
parameters that must be taken into account are wind direction and speed and
the difference between the indoor and outdoor temperature.

The integration of natural ventilation systems into the architectural design
process is located at the interface between a job approach and the physical
modeling of natural ventilation. Several studies have contributed to assessing
the efficiencies of natural ventilation in buildings, particularly through
experimental approaches. Reports of the latest developments in efficiency
prediction methods for buildings are provided in [MAN 03], and through
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digital studies using analytical formulae, empirical and/or semi-empirical
models, zonal and multi-zone models, and, notably, complex models from
fluid dynamics [TAB 09, HEI 10].

Mansouri provides a tool for sizing a natural ventilation system that can
be used from the sketching phases [MAN 03], through simultaneous use of
COMIS (multi-zone modeling of air movements) and TRNSYS (multi-zone
modeling of the thermal behavior of a building) software programs. Her PhD
proposes assessment criteria for air renewal techniques in relation to thermal
comfort, air quality and energy saving, and provides a methodology for
integrating natural ventilation systems into the design.

But few researchers have worked on the use of simplified HVAC models
in the upstream phase. We have found no reference to the rapid assessment
of aeraulic phenomena, which it would be useful to combine with a thermal
model that is centered less on the structure and more on the interactions on
the scale of the building.

Numerous studies into the assessment and optimization of the potential
for natural ventilation in buildings adopt a CFD (Computational Fluid
Dynamics) model, which has a certain number of advantages:

— it provides the entire data flow;

— it makes it possible to avoid reduced-scale tests (and the problems of
scale reduction) because full-scale simulations can be carried out;

— it enables the boundary conditions to be fully controlled and parametric
studies effectively integrated;

— it makes it possible to solve 3D problems (close to reality), regardless
of their degree of complexity, which prevents the problems of precision
caused by the geometric simplification of models.

The use of CFD over the last 30 years has developed alongside
the increased calculation power of computers. The first models represented
the geometry of the study zone in a very simplified way. Models
representing more detailed geometries (e.g. an entire building), then
appeared and, finally, models of several buildings representing a
neighborhood or even a town.
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But one of the major difficulties inherent in CFD simulations of
ventilation on the scale of a building/block/neighborhood lies in precisely
representing the interaction between the wind flow around the building and
the circulation of air inside. We can therefore divide models into coupled
and uncoupled approaches. The coupled approach involves a single
geometry and a single calculation field, which includes both the outside and
the inside of the building. In the uncoupled approach, the simulation of
ventilation outside the building is carried out considering the building as a
watertight body. The results of this simulation give the pressure coefficients
for the openings, and these coefficients are then used as boundary conditions
for the CFD simulation and the indoor air flow. For large openings, the
uncoupled approach can lead to significant errors, which is why the coupled
approach is often preferred.

One idea would be to design smaller models or meta-models, economic
in processing times, from CFD-3D models of building simulation, using
standard optimization strategies by means of experimental designs. It would
consist, through various experimental design methods, of developing
meta-models capable of connecting the natural ventilation flow depending
on the most influential parameters, such as wind speed and direction and the
density and average height of obstacles [SHE 12]. After a validation phase,
models developed in this way could then be combined with a thermal model
of the building.

4.5.2. Taking climate change into account in upstream design

The following account, with high potential for the future, is a recent
update of an internal production from the MAP-Aria laboratory, drawn up in
2012-2013, mainly by Lazaros Mavromatidis during his post-doctoral
research. These texts, which have not yet been published, deal with different
scales of the urban environment. For more detailed information, the reader is
invited to consult [MAV 14a].

4.5.2.1. Interactions between climate change and the urban
environment

The term climate change denotes an evolution in the statistical
distribution of atmospheric parameters (temperature, humidity, wind) for a
prolonged period (decades or centuries), as described in [VAR 14]. Planetary
and regional climate and environmental changes have a negative impact on
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the local scale (territory, metropolis, conurbation). They can take the form of
a sustainable evolution of climate conditions, and also a multiplication
of extreme or unusual episodes (heatwaves or cold snaps, heavy
precipitation leading to floods, hurricanes, etc.). The question arises as to the
adaptation of human establishments to changing environmental conditions,
an adaptation that will take multiple forms to deal with risk attenuation,
a shortage of resources, especially energy, production of crops or
manufactured goods, pollution and health, or simply the quality of life
in urban areas.

On the contrary, human and, especially, urban installations have
a significant impact on the global climate and on the near and distant
environment, in terms of greenhouse gas emissions, diverse pollutants,
global warming, changes in wind and rain patterns, hydrographic
disturbances, biodiversity, etc. The urban object itself, through its
morphology, constitution and uses, alters the characteristics of its own
environment. The form of the urban space and structures that make it up,
their materiality and use, and even the activities practiced there cause
climatic and environmental changes on various scales. On the level of
the neighborhood, this may include the phenomena of heat islands, localized
wind accelerations, excessive concentration of pollutants or imbalance of
ecosystems. On the metropolitan scale, we will note changes in the
characteristics of solar radiation, light, concentrations of pollutants,
amplification of extreme phenomena (heatwaves, floods, tempests, storms)
and their consequences. On the regional scale, dense urban environments
alter atmospheric circulation and composition, affecting the air quality of far
more than just urban areas.

Today’s towns were developed based on structural and morphological
principles, in which environmental protection and the reduction of the
impact of human actions were absent. They are adapted neither to future
changes nor to extreme episodes. Unsuited from a point of view of the
protection of their components, they will also become unsuited from a point
of view of their operational quality. Only hamlets and villages in hostile
climates have been able, over time, to develop organizations, morphologies,
mechanisms and materials that at least shelter them from the rigors of the
climate and extreme episodes [BER 04]. On the contrary, the cohabitation
of dense populations in large towns has required specific mechanisms to
enable them to work well (orthogonal hierarchized networks, densification,
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separation of functions, etc.). This has meant that proper adaptation to
climate constraints and risk prevention and attenuation has been sidelined.

Thereafter, rapid urbanization has resulted in people commuting to urban
areas, emitting increasing quantities of anthropogenic heat, which, combined
with inappropriate urban morphologies and the use of traditional materials,
such as asphalt and dark pavements, contribute greatly to the increase in
ambient temperature throughout the summer period. High surface and air
temperatures decrease comfort levels, increase the demand for energy for
cooling and contribute to higher pollution loads.

Finally, due to increased attention being paid to the energy consumption
of correction mechanisms (heating, air conditioning, artificial lighting), we
have recently been rediscovering the benefit of knowledge of macro and
microclimatic phenomena and their impacts on living conditions in urban
areas, and, therefore, the need to qualitatively and quantitatively assess the
impact of urban planning decisions on the local and global climate and,
consequently, on living conditions [MAS 00]. In the same way, the alteration
of metropolitan strategies aiming to develop practices in terms of mobility
(modal shift, reduction of journey time and distance, optimization of routes,
etc.) and urban renewal (densification and intensification) contributes to this
movement to optimize the natural and energy resources available and reduce
anthropogenic impacts on the natural and climatic environments.

4.5.2.2. Modeling of interactions between climate and the urban
environment

Fairly recent research, including [HUA 12, MOR 15], has shown that:

— the climatic/microclimatic characterization of the urban environment is
highly complex, due to the interdependence of five flows: sunlight, dominant
winds, natural convection, pollutants and anthropogenic production;

— orography has an effect on the local climate. The position of built
spaces in relation to reliefs and expanses of water and their orientation in
relation to the dominant winds decrease or increase the effects of
global climate change, alter the flow and thermo-hygrometric properties of
air, the concentrations of pollutants, cloud cover and intensity of solar
radiation [TOM 08];

— the intensity of greenhouse gas emissions and pollutants depends on the
location of activities and their energy consumption. The concentration of
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pollutants, or their non-dispersal due to the spatial distribution of activities,
can cause public health problems [KAL 93, AND 06];

— the modification of the geometry and make-up of exchange surfaces
(ground and buildings) with the ambient air forms local microclimates (heat
islands, windy areas) or more global ones (canopy and urban boundary
layer), altering the thermals and dispersal of pollutants, potentially causing
problems with comfort and health [ELI 06, BER 04, FRA 04];

— urban spaces are neither designed for nor adapted to increased exposure
to extreme episodes (floods, high waters, tempests, heatwaves and cold
snaps). The heatwaves in Europe in summer 2003 clearly demonstrated the
vulnerability of the population and deficiencies in the adaptation strategies,
as well as the inefficiency of the built space for protecting against climatic
extremes [BEN 03, SCH 04]. Yet, climate change simulations suggest that
the frequency, duration and intensity of heatwaves will increase [MEE 04,
PAT 05, AND 06, END 06];

—actions altering the urban area (start-up of activities, densification,
development of public spaces, planting, modification of surface states) have
an effect on sensitive atmospheres and thermal, light and acoustic comfort
[HUI 01, DRI 92, GAG 86].

4.5.2.3. Ambitious objectives for building

We should consider how a complex phenomenon such as climate change
can be integrated into the overall design of the building from the upstream
phase onwards. It is no longer enough to design a bioclimatic structure that
consumes less energy in the current context: we must also contribute to an
adapted design of future climatic evolution, not only in terms of temperature
but also of local climate variability, if possible, without having to oversize
insulation from now on.

Yet, the design of a building today, in a precise place, is almost never
adapted to possible extreme climate scenarios, because the thermal
regulations suffer from a lack of anticipation, due to the absence of
predictive models in the long term. The models developed by researchers
[MAS 09/14, HUA 12] focus on significant interaction phenomena between
building, neighborhood, town, climate and environment. However, none
of these models are likely to be calculated in interactive time by an
appropriate mechanism.
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4.5.2.4. Difficulties

A systemic understanding of the interrelations between the forms and
uses of the town and climate and environmental changes is difficult, due to
the numerous uncertainties relating to understanding the complexity of
the climatic and environmental system [VAR 14]. Indeed, there has been
immense uncertainty as to what the real impact of climate change in the
urban environment will be between 2050 and 2100. In this still distant
period, a scarcely predictable evolution of anthropogenic, social and
economic systems, along with increases in temperature that may reach six
degrees according to some models, will come together [MAS 09/14]. If we
want our living environments to be adapted to the climate of the second half
of the century, we must urgently begin to alter the design of buildings and
urban planning strategies.

In the absence of any information on future weather and climate
conditions, it is difficult to come up with appropriate architectural and
urban responses. When this data exists, a multidisciplinary collaboration is
required for the synthesis and analysis of the data to generate useful
information. Planners, urbanists and architects lack the knowledge,
information and tools required to integrate this attention to environmental
changes into their design approach, whether they are designing from scratch
or adapting the urban environment to future conditions [GUN 16].

The current trend is to create approximate models of the energy impact of
a structure, making it possible to simulate, in a reasonable period of time,
the phenomena on various scales, using predictive climate data (based on
medium- or long-term scenarios). For example, the DRIAS site' provides
local climate projections (predicted for 2050, 2085, 2100, etc.) produced in
French modeling laboratories (IPSL, CERFACS, CNRM-GAME).

However, modeling requires information that is not necessarily available,
or not on the scale considered: it involves detailed microclimatic
observations and the use of adequate models for adapting conventional
weather data to the spatial and temporal scales in question.

Thus, Birmingham’s “low carbon architecture” model [BIN 14] has been
calibrated, using probabilistic weather data, for studying the efficiency of
buildings in various future climates. The analysis indicates that climate

15 www.drias-climat.fr.
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change will require a robust approach dealing not only with higher summer
temperatures, but also lower winter temperatures [HUW 14].

45.2.5. Models and tools for urban climatic simulation in the
upstream phase

Some aspects of climatic simulation tools could be integrated into the
software programs used in the design of urban space [CHA 05]. Tools
integrating management resources, the use of space onsite and the planning
of building construction could provide an overall model managing climatic
data and stimulating architectural and urban design. Low-level information
on the composition of urban spaces, the dimensions of the building and the
circulation of air could be used to generate useful simulations of urban
microclimates and test alternative solutions during the upstream phase
of urban projects.

Models used in urban planning and design exist, but require considerable
expertise [BAN 07, BER 04, CHE 03]. In the same vein, meso-scale weather
models can be used to assess the insular climatic and environmental effects
of urban heat attenuation scenarios, but they are too sophisticated for
decision-making on the urban or architectural scale.

The ambition is therefore not to build an exhaustive model of these
interactions on a detailed scale, but to characterize the major parameters of
the negative effect of environmental modifications on the town and of the
town on the environment. We will seek effective models on the scale in
question (neighborhood, block, structure), sufficiently robust to handle the
parcel data available in the upstream design phase and sufficiently rapid to
be applied to large sets of solutions in a generative approach.



3)

The EcoGen Software Program

In the words of architects:

“One of the most individual aspects of the work carried out
around EcoGen is the attention devoted to the question of the
interface between the software program and the architect. The
program aims to involve the architect in the optimization
process: he can foster the survival or disappearance of certain
phenotypes with every iteration, and thus influence the
trajectory of the natural selection process, depending on the
architectural qualities of the solutions that are offered to him.
This approach therefore seeks to overcome the limitations of a
computational generative process, by combining it with the
architect’s cognitive processes. The digital optimization tool
can be influenced by elements outside the optimization criteria
that govern it, and is therefore a possible design assistance
tool. Even inside the workings of the software, there are two
major tensions relating to the use of the digital tool: the attempt
to find a technical solution to a complex problem using the
calculation powers provided by digital technology, leading to
the creation of an optimized architecture, and the desire to
control and appropriate a tool with restrictive functioning to
create unique architectural production, within its cultural
environment. In the search for a complex problem-solving tool,
it is ultimately the question of the software interface, its
ergonomics and its appropriation, guarantees of the success of
the symbiosis between calculation process and cognitive
process, which seems to be at the heart of this quest.

Eco-generative Design for Early Stages of Architecture, First Edition. Xavier Marsault.
© ISTE Ltd 2018. Published by ISTE Ltd and John Wiley & Sons, Inc.
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It is therefore interesting to see, through the example of the
work carried out around EcoGen, how an initially technical
approach to optimizing a complex problem using digital tools
ultimately finds its solution in a reflection on the ergonomics
and relationship of the architect and the tool, inviting us to
reflect on how the position of architecture is developing in an
increasingly technology-based society” (Xavier Bucchianerti).

“For me, EcoGen has the huge advantage of being very simple
to use and having a hidden intelligence that makes it a discreet
assistant — one that understands what you want to do, doesn’t
ask too many questions, and simplifies design — the type of
assistant that you can put in your smartphone to quickly come
up with a few ideas when on-site” (Hervé Lequay, scientific
manager of the MAP-Aria laboratory).

5.1. Genesis of the project

The MAP Laboratory’s research into generative eco-design flourished
after the EcCoGen project, Eco-Conception Générative, funded between
2011 and 2012 by the Agence Nationale de la Recherche (ANR, French
National Research Agency) in the framework of the “Creativity: contexts,
stakeholders, objects, process” project. This experimental development
project united the MAP-Crai, MAP-Aria and Codisant-Sitcom-Interpsy
(Université Nancy 2) laboratories'. At an institutional level, the project was
labeled by the Labex IMU (Intelligence des Mondes urbains) in Lyon in
2012.

Initially, it involved two years of exploratory “proof of concept” research,
focused on the capacity of evolutionary generative tools to promote the
creativity of architects when it comes to designing eco-efficient buildings
[MAR 12a, MAR 12b]. In the context of ecological transition, our aim was
not to build yet another software program specializing in energy calculations
for structures, but to:

—make operational design assistance part of the architect’s standard
process in the upstream design phase when the project is vague and the
data imprecise;

1 eccogen.crai.archi.fr/wordpress/equipes.
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—reposition architectural design in the context of designing a structure
whose envelope, orientation, morphology and materiality respond to
contemporary issues and adapt to an existing built context. The idea is to
quickly provide the architect with solutions that satisfy multiple constraints
and present efficiencies that develop in the right direction as he manipulates
the tool;

— stimulate the designer’s creativity by proposing innovative structures
and morphologies that are better adapted to environmental challenges,
emerging requirements in terms of quality of life, and present and future
energy issues;

— promote the emergence of architectural solutions that are better suited
to their local context than preconceived “standard solutions™ that are then
vaguely improved.

The EcCoGen project promoted an interdisciplinary approach and
knowledge-sharing between architects, engineers, computer experts and
knowledge engineers: cross-fertilization of points of view and methods,
construction of more effective theoretical analysis tools and benefiting
from the contributions of various disciplines. It has given rise to two
independent software developments based on very distinct approaches to
generative design: one at MAP-Crai (EcoGen-N), focusing on design
based on eco-models, the other at MAP-Aria following in the footsteps
of a parametric software environment for optimized solution generation
(EcoGen-L, the subject of this chapter).

5.1.1. EcoGen-N (MAP-Crai)

EcoGen-N optimizes morphological figures based on eco-models,
defined using parametric operators. The environmental strategy implemented
is based on 17 eco-models, identified and generated in various ways, through
the geometric or physical definition of project elements (rounded form, solar
hemicycle, multiple angles, etc.) or the use of specific clusters (nearby patio,
corbel terraces, balcony screens, etc.).

EcoGen-N combines a set of processes integrated into the Grasshopper
tool from Rhinocéros® in the form of three types of cluster (collections of
objects and parametric functions). It involves: 1) generic clusters enabling

2 www.rhino3d.com/fr.
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the model to be initialized and visualized, a capable volume generated, and
patios and screens created; 2) transformation clusters allowing for
deformation operations through displacement, rotation or homothety of the
building or floors in a linear or quadratic way; 3) eco-clusters enabling
parametric eco-patrons to be constructed.

The input parameters of each cluster can be associated with value
intervals, which the designer is free to specify. These intervals can represent
the descriptive genes of the analogon. The designer is thus free to construct
the genome associated with his parametric model. The genetic algorithm
Galapagos used here is integrated into the Grasshopper software
environment. At the end of the process, the designer can take note and
visualize the most efficient solutions. He can then modify the make-up of the
genome or the construction of the parametric model in order to restart the
evolutionary process or export the geometry of the analogon.

The assessment cluster ensures the formatting of the descriptive data of
the analogon, the validity of geometric data, the communication of data to
the energy assessment engine EnergyPlus (essentially thermal assessment)
and the storage of information in a database.

This solution offers the freedom of intuitive parametric modeling and
leaves the designer free to choose his approach, enabling him to explore his
own rationales or morphological references and design hypotheses, and to
define his constraint areas where optimization takes place.
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Figure 5.1. The workings of EcoGen-N under Rhinocéros/Grasshopper.
For a color version of the figure, see www.iste.co.uk/marsault/architecture.zip
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This generative approach through eco-models should be further
examined. Eco-models, a sensitive and qualitative approach to architectural
design, are a structuralist intuition of a proto-architecture that is defined
more from the designer’s intentions (corbel, patio and atrium, massive
forms, continuous surfaces, underground volumes, -earth-to-air heat
exchangers, etc.), rather like in declarative modeling, but in a relatively
unconstrained way, which opens up the field of possibilities, rather than
obstructing it. For researchers, a question now arises: how can we build a
generative approach for éco.mod based on a list of eco-models to use in
morphological generation? The idea is attractive, but has certain conceptual
and technical obstacles.

5.1.2. EcoGen-L (MAP-Aria)

This is a program that creates efficient forms out of nothing by
assembling uniform spatial and functional units distributed in a 3D grid,
acting as an available volume for the installation of the architectural
program. The forms are selected and assessed by means of various criteria
using an interactive genetic engine.

The rest of the chapter will give a detailed explanation of this EcoGen-L

’

software variant, henceforth called “EcoGen”.

5.2. General principles of EcoGen
5.2.1. An original proposal

EcoGen is a software wizard for architectural eco-design, a source of
proposals and analytical data, assisting the designer in the creation phase.
Its components are designed to reduce the disconnect between the post-
design creation and optimization phases by means of a continuous and
gradual process.

It helps solve the problem of the lack of tools for assessing the
quantitative efficiencies of buildings during the first design phase. In this
phase, decisions with the greatest impact are made when it comes, in a given
urban and climatic context, to composing the general forms of a structure,
depending on various criteria that ensure a sufficient level of efficiency in
view of bioclimatic and environmental efficacy requirements, notably
relating to energy.



110 Eco-generative Design for Early Stages of Architecture

It assists the architect in the project sketching phase, stimulating their
creativity by proposing contextualized, evolving solutions for the program,
responding to efficiency analyses, and enabling them to choose from a range
of possibilities that is often too broad to be examined exhaustively and in a
necessarily limited period of time. Unlike building engineering tools,
EcoGen is not an a posteriori control software program. It is a generative
program designed to assist the architect in creating eco-efficient solutions: it
“talks” to them to find effective and personalized solutions. The user can
direct and guide the search for satisfactory solutions, while keeping in mind
the achieved efficiencies.

For reasons relating essentially to small-scale modeling difficulties and
calculation times, EcoGen was not designed as a non-standard form-
generating software program. Chapter 6 will return in part to this question,
suggesting some avenues for further research.

5.2.2. A one-of-a-kind tool

EcoGen is the fruit of five years of reflection, research, developments and
experiments. It is, to our knowledge, the only interactive tool for multi-
criteria bioclimatic optimization in the initial design phase, capable of
generating one or more buildings in a built environment (block, plot), in an
interactive way, with a user-friendly and almost playful interface.
Facilitating dialogue with engineering design offices, EcoGen is rapid,
powerful, interactive and intuitive. Furthermore, it is autonomous and not
based on any paid-for software program.

Thanks to an interactive genetic algorithm and a multi-criteria
optimization engine (bioclimatic, ecological, economic), EcoGen offers the
architect-user, in the initial design phase, families of morphologies adapted
to the local contexts (urban and environmental) and built environment
(nearby blocks and plots of land).

However, it is not designed only for formal research or project
representation. It is a tool uniting rapid calculation of efficiencies and
assistance in design in the upstream phases of solutions to functional,
technical and environmental components, combining simplified assessment
models, regressive polynomial meta-models, morphological models and
interactive genetic algorithms (IGA).
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To achieve this, EcoGen has called upon six fields of research with
scientific obstacles: eco-design (definition and specification of efficiencies);
architectural morphogenesis based on geometric, functional and projective
models; reduction of complex models and prediction of behavior; overall
optimization of efficiencies through evolutionary algorithms and the search
for compromises; human—machine interface (interaction with morphogenesis
and optimization engines, multiple visualizations and annotations of
solutions, in situ perspectives); optimization and parallelization of efficiency
calculation algorithms.

However, the solutions proposed cannot be efficient in all the dimensions
that make an architectural project successful. For example, EcoGen does not
yet assess solutions in terms of construction, functionality, and, still less,
sensitive criteria. It does not yet deal with either active technical
mechanisms, renewable energies, or eco-construction, essential additions to
bioclimatic design by 2020, in order to greatly reduce overall and
operational energy consumption. Furthermore, the architect must rework
their proposals to address the other constraints inherent in any construction
project.

5.3. A generative and modular tool

EcoGen belongs to the family of generative software tools based on
population evolution. Its principle is to iteratively generate a number of
solutions, using two engines: one morphological, the other genetic. Some
solutions, deemed effective, are crossed with each other and/or mutated to
generate new ones, which will then be assessed based on certain criteria
chosen at the outset by the user and, of course, modified depending on the
results obtained.

EcoGen considerably simplifies the design loop: proposal — assessment
— modification — new proposal. Like any carefully designed optimization
algorithm (section 3.4), that of EcoGen attempts to achieve two objectives
permanently: searching through a vast number of diversified solutions and,
at the same time, increasing the efficacy of the families of solutions that
seem best adapted to the situation.

During each session (also called a run), the algorithm builds an initial
population that is either random or based on the results of previous
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experiments. This population evolves fairly quickly at first, rejecting
inefficient individuals and generally optimizing the others. It does not
provide the most effective solution, but makes it possible to find non-
exhaustively among a vast range of possibilities, families of solutions that
are optimized for the chosen criteria.

Each time EcoGen is launched for the same initial site and program data,
the random generator is initialized with a different value. This makes it
possible to obtain an approximation of the Pareto front (section 3.4) in just a
few runs via various convergence trajectories and therefore to temporarily
display varied, but increasingly efficient solutions.

5.3.1. Operating methods

EcoGen can work in autonomous mode (without human intervention,
except for pause or stop), and, ultimately, propose a list of optimized
solutions for the program and criteria selected by the user.

However, it can also work in assisted mode (interactive). In this case,
each time the partial results are consulted, the user can tell it which
solution/s of those displayed he is interested in, depending on subjective
criteria (morphological, esthetic) or objective criteria (efficiency-based,
constructive, functional), and thus guide evolution in one or more preferred
directions. The software program will then give them more opportunities to
combine with others for the following generations, using the pheromonal
mechanism of choice persistence described in section 3.6. However,
although EcoGen tries to preserve the characteristics of the selected objects,
it nonetheless continues to optimize the rest of the population, to avoid
quickly falling into what we call a “local well” [GOL 89].

The effects of these selections cannot be immediate: several dozen
generations are generally required before solutions turn towards a particular
morphology. Furthermore, we must not lose sight of the fact that the choice
of a selection, if often made based on esthetic (morphological) criteria, can
produce less efficient results for certain criteria. This choice is therefore a
reasoned act, based, if possible, on attentive study of the solutions presented
and noted by EcoGen.
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We can, of course, alternate autonomous behavior and interactive
behavior by selecting specific solutions and then allowing EcoGen to evolve.

5.3.2. Modularity

EcoGen, which currently works only with the Windows operating system,
is composed of four modules: an interface, a morphological generator, a
genetic optimization algorithm and a fitness assessment engine. Since the
2012 version, EcoGenl (whose block diagram, shown in Figure 5.2, remains
almost identical), real progress has been made in the choice of modules
(Figure 5.9) and the rapidity of calculations, mainly thanks to two new and
very different programming environments, which communicate intelligently
through a sockets mechanism, optimized to reduce delays:

— Java-Processing [REA 07], an environment designed to write the first
three modules, with 3,900 lines of code;

— EcoGen_Evaluation Server, an ultra-fast efficiency assessment
program, with no interface, but a console displaying calculation details
(Figure 5.3), written in C++/OpenMP, with 4,000 lines of code.
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Figure 5.2. EcoGen1 block diagram
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Latitude = 45.716 degres -
Longitude = 5.866 degres
Climat-DTh = 16.1384

Minsock initialised.

Mbre total de cibles de UC 11628
time_precompute UG 1.73321 =
fNllocation de la population OK

hytes from 127.8.8.1:6801 Iter in 4.83895 ms
hytes from 127.8.8.1:6801 Iter in 7.00841 ms
bytes from 127.8.8.1:6801 Iter in 5.2812 ms

bytes from 127.8.8.1:6801 Iter in ?.68778 ms
bytes from 127.8.8.1:6801 Iter in 4.18485 ms

Figure 5.3. Execution of the EcoGen2 assessment module (extracts)

5.4. Urban, morphological and programmatic contexts
5.4.1. Site and operational context

The operational context is characterized by a place, a climate-solar model
(defining the local characteristics taken into account in the solar and thermal
calculations), urban constraints and programmatic data. The rules of town
planning authorize the construction of buildings following precise
constraints: distance from the road, rules relating to semi-detached
properties, maximum height and buildable area. These rules enable a capable
surface area to be defined (Figure 5.5) and through extrusion, a capable
volume, CV (as defined by the architect Rem Koolhaas), adjustable (a
specific EcoGen feature).

Figure 5.4. 3D view of the (fairly small) urban
site in Lyon and a typical capable volume
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When the program starts up, the default operating area is a brownfield
site (2012) in the Gerland neighborhood in Lyon (Figure 5.4), and the
climate-solar model that of the Lyon region, provided by EnergyPlus.

5.4.2. Morphological and functional description

EcoGen works in a morphological rationale of modular allocation within
the capable volume, now considered a 3D grid to be filled by elementary
functional units called voxels. Some voxels can be “frozen” (Figure 5.5,
pink) to take into account regulatory or alignment-related constraints, for
example. According to this plan, a building generated by EcoGen, called a
solution, is an aggregation of adjustable parallelepipedic units with
customizable dimensions. Typically, a voxel may represent a volume of
8 m X 10 m on the ground, and 3 m high (slab to slab). Its surfaces can be
material, opaque and sloped, can receive solar and light energy and
contribute to heat transfer.

To promote more ambitious and free formal searches, EcoGen2 also
allows for quantified rotation of the capable volume (in intervals of 10°)
moving any intersections with the built environment (ideally, satisfying a
distance constraint fixed by the local land use plan, or PLU). Overhanging
forms can therefore emerge from the optimization of solar energy
harnessing, interacting with the site (Figure 5.11), thus promoting
architectural creativity, particularly in a small or dense environment.

The division of capable space into elementary voxe! units is also a choice
that promotes a simplified implementation of the genetic variation operators
and the program’s search for algorithmic and calculation efficiencies
(particularly for assessment). Indeed, with each iteration, EcoGen generates
and assesses hundreds of possible solutions, ultimately proposing only a few
to the user. It must do this extremely quickly for ergonomic reasons
(section 5.8).

From a semiological point of view, this morphological solution also has
the advantage of being an interpretation unit based on a hermeneutic trio:

— functional unit: programmatic uses and functions are associated with
each voxel. Direct interpretation of the cell in a programmatic unit is
possible: this is a software option. It can represent a building for a block of
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flats (caption: housing), an office unit for a service building (caption: office),
or a retail space for a commercial structure (caption: activities).

— structural unit: the initial orthogonal grid refers to a structural principle
based on a framework of posts/girders. Currently, the structural validity of
solutions is not considered, but it could be taken into account by integrating
at least one gravity-related constraint.

— atmospheric unit. each voxel can be considered in isolation; it is a
unitary space whose atmospheric conditions can be stable on the scale of
human perception. The implementation of simplified heat or light
assessment models is then authorized (uniform unit of volume and wall
surface).

The approach is therefore consistent in scale, the voxel becoming the
base unit, subject to the interpretations and many readings that the architect
can make of the solutions that he observes. He must then take on these
solutions and translate the arrangement of the voxels into a formal
vocabulary closer to his architectural aspirations (Figures 5.13 and 5.14).

Figure 5.5. In green: a capable surface of 7 x4 voxels, 12 x 12 x 3 m, set back
from the east and west roads. In pink: non-buildable areas. For a color
version of the figure, see www.iste.co.uk/marsault/architecture.zip

5.4.3. Description of a program

An editable “program file” describes the ground area of the plot of land
(Figure 5.5, green), the dimensions of the voxels, the maximum number of
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floors and the “objective surface area” to attain (programmatic constraint). A
tolerance can be defined for this via the interface, which is useful for
exploring freer forms. The possibility of dividing the plot into n separate
zones makes it possible to establish a construction program with » distinct
buildings, the maximum height being, for now, a global parameter. The
distribution of the types of voxel use is either free (emerging from
optimization) or fixed by the user via percentages. It is then managed by a
constraint solver during the evolution process. All these parameters can be
altered via the interface.

5.5. Bioclimatic optimization of the generated solutions
5.5.1. The example of EcoGen1

The first bioclimatic assessment criteria introduced in EcoGenl (2012—
2013) were relatively simple to implement. The assessment engine was a
Grasshopper script (Figure 5.6), working under the Rhinocéros software
program and developed in the MAP-Aria laboratory by Florent Torres, a
Master’s student in architecture, to assess three efficiencies:

— compactness, standardized in [0, 1];

—winter energy requirements, through simplified assessment of solar
gains and heat losses with the unified degree days (UDD) model (see
below);

—the shaded area projected by the structure onto its built environment
(called solar courtesy). This was calculated by a ray tracer on a matrix of
targets laid out regularly on the vertical facades of the urban context
(Figure 5.6), with six characteristic solar positions predetermined for the
winter and summer solstices.

The winter thermal assessment was calculated based on the simplified
model of UDD [CAR 04], which seemed one of the most relevant in the
upstream phase. Indeed, it was a justified approximation in the initial design
stage where not all the parameters are identified, with the consideration of
solar gains on the glass surfaces depending on the geolocalization of the
project and losses through transfer depending on the thermal resistance of
the envelope and requiring very few calculations.
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Figure 5.6. EcoGen I: automatic assessment of the fitnesses of an
analogon in the Rhinocéros/Grasshopper calculation environment. For
a color version of the figure, see www.iste.co.uk/marsault/architecture.zip

5.5.2. Granularity of design

Very often the materiality of the architectural object is underestimated in
the sketching phase although it is a key parameter in energy-efficient design
and one of the most difficult to preserve until the planned object is produced.
Furthermore, having an idea of certain material details that contribute to
efficiency can reinforce the creator’s subjectivity during this stage because it
is he who explores the material feasibility of his structure based on proposals
made by the software tool. This point of view connects creativity (as a
dialogue between the designer and the object in which its appearance is often
crucial) to eco-efficiency and the future of the “designed” project.

EcoGenl’s “white mock-up” has freed us from materiality. Yet, as
architectural design is a multi-scale procedure, researchers working on the
project debated the idea of using more detailed scales in the sketching phase,
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thereby exceeding its usual limitations. In doing so, we can avoid extensive
modification of the architectural object during the production phase,
which often occurs and causes debates between the architects and the design
office engineers.

Furthermore, when a bioclimatic design is involved, there is still a
tendency to prioritize a fairly constraint-free initial project design (except for
normative standards), which will have to be transformed as far as possible
into an efficient object before (and sometimes during) its production. Having
to correct the object to make up for deficiencies often contradicts the
architect’s initial creativity. It is not about bypassing the various design
offices, whose employees and knowledge contribute to the co-development
of the architectural project. However, in this specific sketching phase, where
creativity is based on only a few people, it is desirable to have creation
support tools that integrate, for the non-expert, a number of useful eco-
efficient calculation modules.

For all these reasons, we introduced the option to define the envelope
components in EcoGen2, notably to carry out a preliminary multi-criteria
diagnosis of its energy efficiency. This decision, which brings us into a
summary draft phase, can be a valuable aid for the user’s thought process,
ensuring that the envelope is efficient for the chosen criteria.

5.6. EcoGen2 assessment criteria

Of course, the strong point of EcoGen?2 is that it integrates a much fuller
bioclimatic optimization into the initial design phase, based on the overall
form of the structure and the specification of certain envelope components.
It leaves the realm of the abstract and indeterminate, to which the previous
version belonged, proposing more detailed solutions, although the current
state of interface development does not yet enable all these components to
be visualized.

Let us remember that EcoGen2’s bioclimatic optimization begins by
taking into account the overall orientation of the building, its layout, the tilt
and degree of openness of its facades, and its screening effects, in order to
boost solar gains (in the heating season, at least, because the bioclimatic
quality of a structure always behaves correctly in winter). Efficiency
assessment focuses on natural heat and light gains. Heating requirements are
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then assessed based on the intrinsic thermal qualities of the building,
independent of any active system and the occupancy of interior spaces (this
data is very vague in the initial phase of the project). However, as we take
into account a division in usage types, we could calculate artificial heating
and lighting consumption still more precisely from the sketching phase.

At this level, we are interested in neither the addition of technical
atmospheric control mechanisms (some of which can have a significant cost,
although they lead to a decrease in consumption and better comfort), nor
active cooling mechanisms (whose use is really justified only when summer
temperatures become extreme, and in very hot countries).

EcoGen2 generates solutions that are (at the time of publication)
compromises in the Pareto sense of four criteria relating to bioclimatism.
The models were explained in detail in Chapter 4; we will therefore recall
only the essential points here:

— the compactness of the generated volumes. We opted for the non-
dimensional version of compactness (section 2.5.1).

— prediction of heating consumption.

Between 2008 and 2013, the researcher Tiberiu Catalina carried out a
series of studies aiming to predict with quantifiable precision the thermal
behavior of a building depending on a few macro parameters, and its energy
consumption [CAT 08a, CAT 08b, CAT 11, CAT 13]. The sketching phase
thermal efficiency calculation module of an EcoGen2 building solution is
based on its regressive meta-model from 2013, the most versatile so far,
because it is validated for a wide range of configurations in Europe
[CAT 13]. Following numerous conversations with the author, we were able
to improve and enhance the model by means of developments between 2015
and 2016, to take into account new situations. For example, the thermal
assessment engine currently takes into account the built environment, in a
similar way to the solar gains engine.

The orientation and slope of the envelope surfaces in relation to the sun
for different times of day and year, and the composition of the envelope
components (type of material and glazing), are parameters that are integrated
into the G and SES variables of the meta-model (section 4.4.4.2) to estimate
thermal gains and losses. For each usage type (office, shop, home), EcoGen2
uses a realistic parameterization whose properties (surface, glazing,
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insulation) depend on whether or not the building faces south, but, for now,
remain fixed. Indeed, in the absence of an economic criterion limiting excess
and also to avoid an overload of genetic calculations, these parameters are
not subject to genetic evolution.

For more difficult calculations, notably dimensioning, one option is to
replace the thermal resistance of a wall in Catalina’s 2013 meta-model with
one of Mavromatidis’s polynomial meta-models (section 4.4.4.1), assessing
the thermal resistance of multi-layer walls depending on the thermophysical
properties of the materials (density, thermal conductivity, porosity and
emissivity), and on the wall’s vertical tilt angle and thickness. These
parameters, peculiar to each usage type or facade, can be integrated into the
evolutionary engine as genetic traits of solutions when the parametric
optimization mode is activated.

— the solar gains received by the envelope of all the buildings on the site.

The question of the “right to sunlight” is partly dealt with ahead of the
project because the Contracting Authority often dictates its location, which is
chosen to fit in with the right to sunlight constraint, which is part of urban
regulations. However, for reasons of efficiency and creativity, we enable this
volume to have several possible orientations, even making it capable of
intersecting the built neighborhood (this is, of course, excluded for voxels,
each of which respects a distance from the existing structure as per the local
land use regulations).

EcoGenl obtains a compromise between maximizing solar courtesy on
nearby buildings and maximizing the solar gains of the solutions generated.
This requires two contradictory fitnesses to be calculated and maintained. In
EcoGen2, overall solar gains (direct, diffused and reflected by the ground)
are now assessed and optimized on the scale of the local site, and not the
structure, via a single fitness. The solution implemented consists of
maximizing the overall solar gain of the site received by the built envelope
(including roofing, above-ground), for example, in the heating season,
without prioritizing any particular building. Separate optimization of solar
courtesy is therefore no longer necessary.

This principle complies with the emerging questions of the collaboration
of buildings in energy production and consumption (eco-neighborhoods
[YEP 11], smart grids, new positive energy buildings from 2018 in France)
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and the reduction of heat islands. It is adapted to energy mutualization,
necessarily based on the total gains of the site, especially when the
construction schedule on a plot is spread over several years.

Overall solar gains are calculated based on a simplified use of the exact
irradiation model described in [ASH 09]. The fitness used is equivalent to
the efficacy of the envelope’s harnessing of solar energy. We can easily
deduce the “photovoltaic potential” of the roof and/or facade from this
(section 5.9.6).

Another important point: in bioclimatic design, we often seek to
minimize solar gains in summer to decrease peak temperatures inside
buildings. This aim is generally opposed to that of maximizing gains during
the heating season (October—April in Western Europe). However, in the
context of global warming, this minimization of summer solar gains could
soon no longer mean anything, especially given the excellent level of
insulation that we now know to expect from the envelope. However, above
all, to move towards low-environmental-impact, energy-positive buildings
(aim of the E+C- reference), it can be useful, depending on the type and
location of the project, to maintain a good level of solar gain during this
period in order to have enough local energy (e.g. photovoltaic) to fuel the
cooling systems. We therefore no longer have a contradictory winter solar
gain/summer solar gain ratio, which makes it possible, among other things,
to decrease the number of efficiencies assessed at the risk of extending the
solar gain duration taken into account for the whole year.

— promoting natural lighting inside the building.

Introducing a “daylight factor” (DF) efficiency makes it possible to
optimize the orientation, exposure and natural lighting potential of an
architectural form in the sketching phase. Let us remember that in sizing, the
DF is used to guarantee comfortable and uniform natural lighting in an
interior space with openings and to minimize its artificial lighting
requirements. At this design stage, the model that we have developed
(section 4.4.4.3) simplifies a complex calculation and provides a fairly
precise and rapid response. It does not claim to deal with all the variables
required for a complete calculation of lighting. However, it assists the
architect by providing him with an “equivalent glazed surface” per wall, a
sort of guide for positioning openings on the facades at his convenience:
influencing the number, location and dimensions according to how the areas
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are used, with this tolerance being justified in the sketching phase. In
practice, the DF is assessed for each voxel, then aggregated into an
efficiency that promotes natural lighting of buildings as far as possible and
helps decrease electricity consumption.

5.7. Interface and interactivity

The sophistication of efficiency assessment engines and generative
engines charged with exploring a vast range of possibilities must be met
with simplification and maximum intuitiveness of the interface. It must
present theoretical results that are often complicated to read
(multidimensional), but are made accessible, using suitable indicators, to
non-experts, who must be able to use them confidently and be alert to the
possible consequences of poor choices. The relationship between the
operator and the software environment is therefore as important as the
functioning of the program itself.

The multi-visualization of data, the contextualization and the
representation of efficiency concepts are at the heart of the problems, as are
the links between efficiencies and morphologies. Our work has therefore
been carried out in view of presenting the user with multidimensional
indicators, initially facilitating the understanding of connections between
forms and efficiencies, and more effectively guiding its interaction with the
generative process.

Finally, as it is almost impossible to visualize multidimensional Pareto
fronts, it may be processed in groups of two fitnesses, since this is how most
decision-makers perform analyses [RIV 13]. We have yet to find a subtle
way to present these images without overloading the interface.

5.7.1. Description of the interface

The EcoGen human-machine interface enables the user to control the
entire evolution process and interact with the genetic algorithm and the
calculated populations.
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Figure 5.7. View of the whole EcoGen?2 interface, with display of

elites and impulse choices (OMAP-Aria, Renato Saleri). For a color
version of the figure, see www.iste.co.uk/marsault/architecture.zip
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It is made up of two moveable screens: the incubator, which provides a
visualization of an elite population (Figure 5.7) and the perspective view
(Figures 5.10 and 5.11), which zooms into the selected solution, making it
possible to observe it in its urban context and move around it. In each view,
a transformation of perspective — identical orbital rotation for all solutions —
enables them to be compared from different points of view. We can also
break them down into layers of voxels to visualize the interior.

For each individual, two levels of information are proposed. The first is
the phenotypical representation of the solution (3D geometry), which can be
manipulated through orbital rotation and assists with subjective
interpretation. The other is the relative efficiency profile of the individual,
which represents an objective and comparative knowledge base of each
individual within the population. The designer can, at any time, select one or
more solutions from the population of elites or memorization zone to guide
the evolution in directions determined by their phenotypical properties, their
efficiencies and the temporal continuity of similar choices. He can also
remember the individuals that he wishes to preserve, which may later be
selected to redirect the optimization.

On start-up, the main window shows the layout of the project on the
ground (Figure 5.5), in the incubator. Here, the EcoGen interface is broken
down into four main areas (Figure 5.8):

—In the proposal zone, the “elite” solutions proposed by EcoGen are
displayed, preferably chosen from the “Pareto front” of the population. Only
nine solutions are chosen and displayed in a 3 x 3 square for better visual
comfort and to prevent the decision-making process from becoming too
cumbersome. They represent, for each iteration, a good sample of the variety
of morphological families of the Pareto front, both diversified and efficient.
Each is marked by squares of color, indicators corresponding to the
efficiency criteria, selected from compactness, heating consumption, solar
gains, interior light, etc. This graphical notation method produces an
indicator of relative efficiency: the larger the square, the better the
efficiency. The user can therefore identify and prioritize the solutions that
are more efficient in terms of one or more criteria or those that are
equivalent across all the criteria. Finally, the surface area actually affected is
displayed for each solution.
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information zone proposal zone control zone "impulse choice" zone

Figure 5.8. Interface: the four main zones of the incubator. For a color
version of the figure, see www.iste.co.uk/marsault/architecture.zip

To help the user in interactive mode, for each elite, EcoGen displays an
indicator of the consistency of the choices based on overall resemblance, in
the form of a colored disk (section 3.6). If the disk is green, the solution is in
line with previous choices. If the disk is red, it is quite different. If it is
orange, a compromise has been made. This indicator is very useful for
helping the user to make new choices. Notably, if all the resemblance indices
displayed are bad for several successive iterations, this tells the user that the
choices made are no longer consistent with the previous ones, which can
help him correct his approach, if he wants to.

— The command zone makes it possible control the behavior of EcoGen.

—The information zones specify the graphic codes used, provide
information on the status of simulation and programmatic data of the
session.
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— The impulse choice (or memorization) zone makes it possible to store
up to 12 solutions for the duration of the run. They are therefore preserved
and can be designated in interactive mode as templates in a later generation,
or saved.

The EcoGen interface therefore manages three populations:

— the standard population, of variable size, P, from a few dozen to a few
hundred individuals (P is adjusted dynamically depending on the number of
genes). Initially created to be pseudo-consistent with the programmatic
constraints, it can also be initialized from the overall Pareto front M, in view
of thorough optimization;

—the selection S of small “impulse choices” (twelve cases): this is
the population of “elites prioritized” by the user, but which no longer
undergoes evolution;

—the overall Pareto front M of all the runs launched with the same
parameters, which can be visualized on demand.

5.7.2. The command zone

EcoGen allows for more extensive optimization, if the user desires it,
starting with the best results from previous sessions. The “RUN PARETO”
button launches the work session from the overall Pareto front. these
solutions are loaded in the initial population and other random solutions
are produced if the algorithm deems them useful for supplementing the
initial population.

The monitoring zone makes it possible to monitor the evolution process.
The time of each run is displayed. A message in green indicates the current
status of EcoGen.

Finally, a graphic with vertical bars shows the level of population
evolution based on the generational comparison between two successive
Pareto fronts in the fitness space. This measure involves adding up the



128 Eco-generative Design for Early Stages of Architecture

Euclidean distances between the closest elements in the two fronts. It is
robust and works even if the fronts are differently sized. A bar extending
beyond the blue line indicates a significant evolution, while a bar beneath
this line shows a minor evolution. A decrease in the frequency of the bars
denotes a convergence zone, which may be local (well). As for the yellow
curve, this is a measure of control of the diversity/efficiency of the
ACROMUSE module (section 3.5.4). Based on a mix (SPD, HPD), it makes
it possible to verify, through its regularity (normal status), the stability of
this measure during a run.

5.7.3. Launching a new session

A session begins when a file coming from the Program directory is drag-
and-dropped into the proposal zone of the main EcoGen window. In
particular, this kind of file defines the capable surface, a maximum extrusion
height and the dimensions of the voxels. This is, therefore, the time to use
the interface to adjust the program parameters: surface to build on, surface
tolerance, maximum number of floors, usage type constraints (optional) and
choice of efficiencies to be optimized.

When the Run button is clicked for the first time, the program creates a
random initial population whose size suits the program parameters. At the
end of this phase, nine solutions are displayed in the proposal window, and
the genetic evolution process then occurs automatically and iteratively.
During the first phases of the session, the solutions are not very efficient,
except by chance. Depending on the size of the project, a few dozen (or a
few hundred) generations might be required before efficient solutions start to
emerge for one or more criteria.

5.8. Assessment of “high-efficiency” solutions and calculations

Designing a decision-making support tool accessible to architects
requires the creation of calculation codes that are fast enough to assess large
quantities of data in interactive time and robust enough to work with
incomplete or imprecise data [EIB 03]. Furthermore, the speed of the
assessment calculations greatly influences the waiting time for the user of
the program. Yet, in the vast majority of cases, the assessment is the link in
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the chain that requires the longest calculation time in running an
evolutionary algorithm.

Furthermore, algorithmic efficacy, which is always crucial, depends
greatly on the architecture dedicated to parallelism. It is generally trickier to
obtain using a GPU (graphic processing unit), whose specific memory
architecture regularly imposes major constraints on the developer. For
around a decade, the use of highly parallelized GPUs has made it possible to
increase by several orders of magnitude the most consuming phase of a
genetic algorithm: efficiency assessment [MAI 11]. However, the task is
often difficult and unsuited to building assessment algorithms and the code is
not very stable in time.

On the other hand, multi-core CPU (central processing unit) parallelism
has existed for several years and makes it possible, without being fitted with
a high-end graphics card, to obtain gains that are linearly proportional to the
number of cores. And with Intel Xeon Phi cards’, which can each contain
several dozen cores, the efficiencies can be fairly substantial.

The slowness that affected the interactivity and overall ergonomics of
EcoGenl (an obstacle to the creative aspect of the system) was rectified
between 2013 and 2015. The processing speed has been increased by a factor
of 1000 since the first EcoGenl prototype, by combining algorithmic
efficacy, simplified modeling, meta-modeling and parallelization of
calculations on CPU. The magnitude of an assessment of the three
bioclimatic efficiencies is currently 1 ms per solution on a recent computer
fitted with a four-core CPU.

This gain of three orders of magnitude (including two on the algorithmic
level) has been made possible through the combined use of C++/OpenMP
libraries* and increased algorithmic efficacy, obtained jointly by optimum
geometry-describing structures and the use of polynomial meta-models. We
have designed the most generic possible C++ classes to avoid
reprogramming everything if the morphological model is changed. This has
also made it possible to process larger projects and discretize the capable
volume more accurately.

3 www.intel. fr/content/www/fr/fr/products/processors/xeon-phi/xeon-phi-processors.html.
4 www.openmp.org.
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of the EcoGen2 software program. For a color version
of the figure, see www.iste.co.uk/marsault/architecture.zip

Figure 5.9. Current status and evolution (colored bubbles)
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5.9. Short-term prospects

5.9.1. Eco’Gen: a future prospect for project eco-design and
economics

Currently being developed (Figure 5.9), Eco’Gen will be the most robust
version of our program for eco-design. It aims to optimize efficiencies that
are now concentrated around three aspects: energy, comfort and overall cost.
Two efficiencies are currently being developed (as they appear on the
interface): environmental cost (approach relating to a summary life-cycle
analysis) and overall economic cost, estimated over the life cycle.
Minimizing the overall costs (ecological and economic) involves a summary
LCA (current scientific obstacle), including an estimation of the carbon
footprint. Finally, the improvement of summer thermal comfort and the
introduction of building rationales (currently absent from EcoGen2) will
soon supplement the range of assessable efficiencies. Materiality does not
concern only wall composition; it is also closely connected to the building
system and inertia of a structure.

5.9.2. LCA in the sketching phase

In the architectural sketching phase, with the exception of VizCab
(section 2.6.5), no generative software program seems to incorporate a
summary LCA approach.

We have seen (section 2.3.2) that verification tools such as novaEQUER,
ELODIE, Bilan Produit and BEES are more suited to the advanced design
phases (significant expertise required, a large quantity of precise data to be
provided). However, Peuportier confirms that these tools can be used
upstream, using generic data (material property averages, for example), in
the summary draft stage [PEU 13a]. Similarly, Gobin highlights that EQUER
can make it possible to “carry out a prior LCA on the basis of an initial
sketch, so as to define the challenges and validate the objectives used, from
the programming phase” [GOB 11]. The two authors, however, avoid one
central question: that of the reliability of results in the upstream phase with
basic and not very precise data (50% precision at best — is this reasonable?).

Initially, an LCA limited to the envelope materials would make it
possible to compare the environmental quality of multiple solutions whose
efficiencies may be close from a point of view of form, functions and energy
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consumption during use. Then, the addition of an overall project cost is
mandatory for limiting the onerous technical solutions that emerge from
optimization (e.g. outsized windows to capture light, triple glazing, efficient
materials). We can therefore define limit thresholds for: 1) number of
windows (initially to limit costs in the absence of an economic assessment of
the project and promote summer comfort), 2) excessive insulation for winter
requirements (in the temporary absence of summer comfort assessment, to
which over-insulation may be detrimental).

5.9.3. Assessment of solar energy potential

One objective that has been fairly easy to achieve since the development
of “target computing” (section 4.3.4) is the rapid assessment of the solar
potential of a site and its energy production capacities, according to the
solutions generated. Here too, one of the issues is processing speed.
Concerning the assessment of a site’s solar gains and buildable plot of land,
we have demonstrated the feasibility of very rapid calculation during the
development of EcoGen2 with simplified modeling based on adjustable
voxels. However, this is already a highly promising breakthrough for other
types of morphological model because the assessment engine takes into
account the availability, orientation and slope of envelope surfaces and the
shade levels due to near and distant screens.

In the context of estimating the solar potential of the site/building, targets
may be automatically labeled (roof, facades, use of support voxel or
neighboring buildings). Furthermore, the shade level over time is calculated
directly from the upstream pre-calculations. Another advantage is that, in the
interface — by means of a transmission protocol for this more abundant data
to be set up — the results of the calculations can be accessible during a pause
for the display of energy values by targets, openings and walls (via bilinear
interpolation, for example).

We must then estimate the annual energy production for thermal and
photovoltaic systems from the solar gain assessment, and characterize the
data required to identify the best areas to place solar panels. The tool must
assess the share due to solar energy in the production of the system
(buildings and/or islands) and attempt to achieve ‘“energy-positive”
efficiency. A high-energy-efficiency island currently has an overall energy
efficiency of less than 25 kWh EP/m?/year, for the following five uses:
heating, cooling, domestic hot water, lighting and ventilation.
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5.9.4. Interactions

While the materiality of the envelope is not demonstrated, the EcoGen
approach lends itself well to interpretation of the volumes and forms by the
architect, who takes the generated solutions and translates them into his own
conceptual vocabulary (at the risk of sidelining efficiency indicators based
on the fact that the generator optimizes the solutions). However, an approach
that supports informed creativity must allow for:

—producing details of each component of the envelope (nature,
insulation, thickness, type of material, number of windows, energy received
or lost, etc.) on demand;

— interaction among components, which is technically trickier to carry out
so that the architect can manipulate his object, select materials, for example
from a database (local or remote) and guide the evolution more effectively
based on his choices;

— manually modifying a solution from its genotype or phenotype. This
has not yet been programmed for reasons of interface simplicity and
because it requires the structure of the genetic algorithms used to be revisited
in depth.

As far as we know, such capacities in the upstream design phase with an
evolutionary tool do not yet exist. They could reinforce the success of
Eco’Gen and give the creator the advantage of selecting geometric
elements and materials based on his inspiration, guided by a broad display
of assessments.

5.9.5. Prospects for moving beyond the voxel-based approach

The voxel composition method is often chosen for its aggregate logic,
similar to conventional project strategies in architecture. However, the
solutions represented by boxes (even adjustable ones) carry a formal image
corresponding to an architectural style with connotations and which is even
old-fashioned, despite the reminiscences found in highly modern architectural
production (the Confluences neighborhood in Lyon, France, for example).
Formal and material interpretation, and therefore creativity, can be reduced.
Let us remember here that the aim of the ANR EcCoGen project was to
explore other phenotypical representation codes to facilitate creativity.
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The difficulty also lies in the need to spatially represent the solutions,
allowing the architect alone to interpret these “capable volumes” in his own
architectonic language. We might imagine, for example, letting the user
choose between various morphological representation methods (boxes,
spheres, points, facets, vectors, grids, point clouds, etc.), or producing these
forms in the various architectural vocabularies [ABE 14].

However, in doing this, we greatly alter the nature of the envelope
elements on which the efficiency calculations are based, which potentially
creates other problems for which we do not yet have a solution. It is always
difficult to create morphological models adapted to the envisaged physical
models and satisfy the architect at the same time. Avenues for research are
outlined in the next chapter.

5.9.6. Phylogenetic representations of design dynamics

Some architects who use EcoGen believe that the dynamics of
populations as well as the points of interaction with the user are traces of the
history of design, a sort of memory of the hypotheses formulated, rejected or
accepted by the user. Like a study book, this memory contains abandoned
directions that the designer may want to explore later, either to find
inspiration or when the avenue taken proves fruitless.

This “phylogenetics of the sketch”, which is important for architects who
often explore several connected directions and need to return to earlier points
in the process to test and compare other directions for research, is currently
unexplored. In terms of ergonomics, only a “rewind” button is present in the
interface. Of course, we must consider ways to explore, understand and
represent this memory in order to facilitate the designer’s activity. Sorting
and selection mechanisms within populations help us to understand the
phylogenetics of solutions.

5.10. Experiments, results, development
5.10.1. Results

The following illustrations present concrete examples of autonomous
optimization with EcoGen2 (from the Pareto fronts of emerging functional
configurations), for two fictional construction programs on the Gerland site
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in Lyon (respective imposed surface areas of 12,080 m” on at most 16 floors
— Figure 5.10 — and 22,800 m” on at most 20 floors — Figure 5.11).

> OBJECT! 5

Figure 5.10. Perspective view in EcoGen2, construction project of 12,080 m’
over at most 16 floors (for the structure colors, see the caption of Figure 5.8).
For a color version of the figure, see www.iste.co.uk/marsault/architecture.zip

Figure 5.11. Perspective view in EcoGen2, construction project of 22,800 m? over at
most 20 floors, with acceptable overhang. The hollow space that emerges at the
center promotes solar courtesy (for the structure colors, see the caption of Figure 5.8).
For a color version of the figure, see www.iste.co.uk/marsault/architecture.zip

It cannot be denied that the integration of ACROMUSE into EcoGen and
the improvements that we have made to it (multi-objective extension and
refinement of parametric adjustments) are two of the strong points of this
work, initially aiming to foster creativity, and therefore benefiting from an
ability to optimize in diversity. It has been meticulously tested with all the
combinations of objectives.

Figure 5.12 shows an example of optimization on three energy objectives
(heating consumption, solar gains and compactness). The program is built on
10 floors maximum with an imposed surface area of 8,040 m* and 17 well-
diversified Pareto individuals are obtained after 1,000 iterations.
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Figure 5 12. Example of exploration of a Pareto front: construction program of
8,040 m® on at least 10 floors, 17 optimized, fairly diversified individuals (for the
structure colors, see the caption of Figure 5.8). For a color version of the figure, see
www.iste.co.uk/marsault/architecture.zip
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5.10.2. Assessment of creativity in an evolutionary design
environment

Between 2012 and 2015, the MAP teams carried out a series of
experiments with approximately 100 Master’s students. The first experiments,
which were supervised by the Codisant laboratory, gave rise to video
recordings (Figure 5.15), questionnaires and interviews. This cognitive
psychology laboratory sought to assess the stance of designers using EcoGen
and the methods of solution emergence, and to characterize some of the
creativity mechanisms implemented over the course of the sessions. The
analysis produced the following results:

—based on eco-efficiency criteria and planning constraints, EcoGen
makes it possible to browse very open spaces: the tool produces
unconventional and sometimes unexpected or unpredictable morphological
solutions;

—it makes the operator-designer aware of questions of ecological
efficiency, which he generally considers only later in the process;

— it makes the designer think about the hierarchy of efficiencies (heat,
light, morphological). Architecture students are aware of environmental
concerns, but lack the knowledge and analysis tools required to be at ease in
these fields. They consider EcoGen an aid to better understanding the
relationships between form, matter and efficiencies, which contributes to the
implementation of educational methods and tools for developing their skills
in the design of effective and eco-efficient structures;

— it questions intervention scales: should we prioritize the form and
overall efficiency of the structure — which tends to produce version I of the
software program — or should we consider smaller scales (the functional
unit of the home or office, for example), the expected and obtained
efficiencies being strongly correlated to the local characteristics of the cell
(orientation, exposure, exposed surface area/protected surface area ratio,
altitude, adjacency)?

— it questions the requisite degree of interaction between the designer and
the tool, notably in terms of the preliminary knowledge required both in the
field of eco-efficiency and in the understanding of solution emergence,
selection and optimization mechanisms and the degree of intervention that
this knowledge makes possible (trust in the tool, selection of families of
solutions inconsistent with those expected from the program, etc.);
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— finally, it questions and leads the designer to question the place of
creativity in a process in which it is initially the tool that creates the formal
solutions.

Figure 5.13. Objects expressing reworked proposals. Experiments of April 2012:
a) sketch from an annotated perspective, b) objects expressing a reworked
proposal with Sketchup software. For a color version of the figure, see
www.iste.co.uk/marsault/architecture.zip

The experiments conducted in 2014-2015 in the framework of the
PALSE/MapCOD project, supported by the Rhone-Alpes region in France,
have increased interest in the EcoGen tool for training students. During a
time-limited exploratory process (three lots of three hours), they were able to
assess its ability to propose optimized morphologies in a design exercise in
the sketching phase from urban and programmatic data. One aim was to
assess the impact of EcoGen on the project practices and perceived creativity
of the students. All these tests led to the improvement of the tool (2014—
2015), particularly with a view to efficiency.

Solution before refining Solution after refining

Figure 5.14. Objects expressing a reinterpretation of a solution proposed by
EcoGen. Experiments of May 2014: a) rough sketch, b) arranged sketch
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5.10.3. Morphological generation, efficiency and innovation

These experiments demonstrated the creative potential of a multi-criteria
optimization tool for assisting decision-making in the sketching phase,
designed to explore wvaried morphological solutions. Although the
pre-established morphogenetic model makes it impossible to interact with a
free formal composition, which can impede creativity, EcoGen is an
interesting tool for creativity, once the users retain the freedom to
hierarchize information (notably criteria). Furthermore, the abstraction of
this formal model is open to creative interpretation because it leaves users
free to perceive forms in a stack of potentially misshapen blocks. Some
students who have used EcoGen have mentioned the curved forms (wave,
winding path, turning thread, etc.) in proposals made of blocks, thereby
regaining their function of a creative architect (Figures 5.13, 5.14 and 5.15).
This prompted Hervé Lequay, scientific manager of MAP-Aria, who led the
project, to say: “I don’t think students confuse EcoGen’s voxel approach,
which is, for them, a method like any other of producing an initial
morphological sketch, with a materialization of the architectural object,
where they give body and reality to forms, surfaces, the embodied space.
The ‘stacked boxes’ vocabulary can be an assumed choice, but an architect
will never stop at this phase if he does not qualify the walls and
internal spaces”.

Analysis of the data collected through the experiments also shows that the
design assisted by EcoGen is performed from the form towards efficiency.
If, at first sight, efficiency could be a decision-making criterion, making it
possible to retain or remove the form in question, the reality of the activity is
more complex and analysis of the process of form choice reveals three
typical stages. First of all, the designer identifies a programmatic constraint
compatible with the tool’s formal proposals. In the second phase, these are
interpreted and the designer builds a knowledge base connecting form and
efficiency. Thus, morphological archetypes, even eco-models, are identified
by the designers, and these formal configurations become hallmarks to be
preserved over the generations. The third selection stage is a hierarchization
of efficiency criteria, which remains subjective and dictates the choices and
the view of the designers. The creative activity of the designer is therefore
based on establishing a link between programmatic constraints, efficiency
levels and formal solutions.
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Figure 5.15. Collaborative work on EcoGen1 in 2012

Finally, feedback shows that trust in the proposals made by the EcoGen
program contributes to a creative freedom that other assistance or «
posteriori control tools do not allow for. Here, the designers worked on
exploratory activities of seeking solutions and understanding interactions.
The tool is used as an idea generator, with the bioclimatic or environmental
efficiencies displayed remaining as the driving parameters. Furthermore, the
morphological forerunners generated become supports for mediation
between several designers, allowing for collaboration and objectification of
intentions. The value of the solutions generated and the necessary critical
distance must, however, remain conditions of design activity. Therefore,
although the tool facilitates convergence and reasoned decision-making, it
must guide them by means of stimulating discussions, allowing for
comparisons, combinations and confrontations.

5.10.4. Potential targets, dissemination and training in
professional environments

Software tools such as EcoGen, in which the innovative and creative
dimension is not disconnected from the consideration of parameters and
efficiency criteria, are precursors of sophisticated solutions that will very
soon be available to architects. Through their interface, they will also
provide additional support for communication between the architect and
his/her collaborators. For example, the preferred criteria and typologies can
be combined to make selections and architectural choices in real time within
a real dialogue, especially when very different forms can quickly be obtained
and visualized.
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Furthermore, when used appropriately, EcoGen2 can be a vast help in
associating technology with design, a key aim in the current context of
sustainable development. Indeed, it very early on takes into account
technical considerations with which the architect struggles, firstly because
his knowledge in these fields is limited and also because working with
a professional from each specialism makes the design process longer and
more complicated.

After five years of R&D, which have led, among other things, to very
quick execution, EcoGen2 can now be integrated into architectural design
training at architecture schools, initial or continuous, in the framework of
project learning or sciences and techniques for architecture (thermal, lighting
engineering). Teaching of architectural project design is often disconnected
from theoretical classes on methods and tools of energy and environmental
assessment of structures. Extensive training in eco-friendly techniques and
strategies is often difficult due to a lack of tools appropriate to the level of
knowledge and availability of students. Software programs such as EcoGen
seem to directly fulfill this role of early awareness of the challenges of
eco-efficiency in building and the consequences of project choices in the
upstream phases. They are therefore an important part of training centered
on the questions of use, atmosphere and architectural and urban quality.

However, EcoGen’s main target is project managers and architecture
firms. It can help them to more effectively and quickly control the
efficiencies of buildings, and to discuss more productively with project
managers and design offices. The latter may be interested in a global
approach to environmental assessment in the sketching phase.

Finally, collaboration with architecture firms and other professionals in
living environment planning (town planners, design offices) must make it
possible to test the tool in operational situations and to improve its use by
and availability to training bodies. This phase includes several aspects:
assessing the extent of the preliminary knowledge required for effective
mobilization of the tool’s capacities, and assessing the consequences of
generative tools on user behavior and the project strategies employed.



6

Bio-inspired Perspectives

In the field of architecture, studying the links between eco-design,
biomimicry and creativity now seems key. However, other bio-inspired
perspectives are possible. For example, in artificial evolution, research teams
have been interested for years in proteomic algorithmic and second-order
approaches, which have not yet reached the fields of design. More
specifically, structuralist approaches based on self-organization ought
to be explored. Coevolutionary approaches between a generative software
program and an architect sketching out his project are also emerging issues
in architectural design. Finally, longer-term studies can be carried out
to find other ways to interact with the drivers of morphogenesis
and assessment, which would make it possible, for example, to look for
solutions based on project sketches or plans. To achieve this, other
generative models must be envisaged, notably supported by deep learning
and adapted interfaces, which replace human thought and learning within the
decision-making process.

6.1. Biomimicry issues in architecture

“Learn from nature: that is where our future lies”. (attributed to
Leonardo da Vinci)

“What we have to learn from nature is to understand its
technology”. (Rachel Armstrong [AND 13])

Eco-generative Design for Early Stages of Architecture, First Edition. Xavier Marsault.
© ISTE Ltd 2018. Published by ISTE Ltd and John Wiley & Sons, Inc.
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6.1.1. The genesis of bio-inspiration in architecture

“The idea of biological architecture does not date from the
2000s, or even from the initial ecological awareness of the
1970s [...]. The phenomenon existed throughout the 18"
century and culminated at the turn of the 19", when biology
became established as an original science, based on its methods
[...]. Finally, for the whole of the 20™ century, the concepts of
cell biology took over, and their architectural uses were
manifold: from Le Corbusier’s ‘hygienist urbanism’ to
Frederick Kiesler’s ‘biotechnical surrealism’. However,
although the knowledge of living things and its role in
architecture should not be reduced to merely the modern
history of biology, the influence of biology on architecture in
the 21 century must also not be underestimated [...] The work
of the art historian George Hersey (1999) on what he called
‘architecture’s biological roots’ does not hesitate to make
biology a universal key to all analogies [...]. In terms of
seeking forms, ideas or principles, in terms of operational
vocabulary, concepts or images, biology is presented as a
modern and inexhaustible source, and certainly one of the main
references for many architects”. [CHU 12]

In the major transition between the industrial age and the ecological age,
a 2007 report from the French senate called biomimicry “one of the
toolboxes of the fourth industrial revolution”. Many paths are yet to be
explored in the morphogenesis of living forms and the constructive and
conceptual analogies that we can make with architecture. Furthermore, for
generative eco-design, the current nascent research should lead to robust
methodological approaches and extensive, multi-scale solution databases
that can be used from the sketching phase. With this in mind, the first
methods developed by researchers to help architects with biomimicry design
can be interpreted as a positive sign (section 6.1.3).

6.1.2. Biomimetic architecture: towards a rebirth of form?

If nature is an uncontested source of inspiration for mankind, how should
we view the design of architectural forms in the age of fashionable
biomimicry and the more laborious progress of knowledge on the
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biogenesis of living things? To what extent is it possible to be inspired by
natural systems and to apply them to architecture or architectural design?
How can we use biomimicry to design more efficient structures or
envelopes, or to produce passive energy for our buildings?

Let us begin by identifying four stages in time:

1) Bio-inspiration, which has more or less always existed (an idea is
“stolen” from nature: airplane wings inspired by birds’ wings, for example).
In terms of seeking forms, ideas, principles or concepts, biology is presented
as a model, an inexhaustible source and a reference for many architects.

2) The bioclimatic architecture of the 1970s—1990s, with the integration
into the natural environment and varyingly successful attempts to use
external flows of energy (wind, light, heat) and matter (earth, water).

3) Biomorphism (simple “copy and pasting” of a form or process, without
prior scientific investigation), very fashionable since 1990, but often
destabilizing. The attraction of biomorphic architecture is initially explained
by the presence of soft, organic, visually pleasant, reassuring forms,
promoting imagination or strangeness, and, of course, modern forms, with
bold, futuristic and even ecological appearances. In this first stage, for lack
of a complete and coherent view of the morphogenetic mechanisms at work
in nature (we will have to wait a while longer, believe me), we use only its
morphological abundance, on certain scales.

However, biomorphism is only rarely accompanied by an overall
scientific approach, and has nothing to do with eco-design. We are still at the
stage of formal inspiration and esthetic emotion of a project that seems
innovative, but may be technically poor, expensive, or even environmentally
unfriendly. We admire the author, the “futurist, visionary architect”, for the
novelty of the form or for his technical prowess. The example of very tall
“green” towers demonstrates this frame of mind, where towns are now in
competition and care more for their image than for the well-being of their
inhabitants [SAL 07]. I am always critical of both architects who are skilled
in “form for form’s sake”, promoting an esthetic that often has no meaning
and is expensive, not very eco-friendly and barely functional, and radical
functionalists who have lost their sense of esthetics.
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4) The biomimetic approach, intrinsically inter- and cross-disciplinary,
goes much further and has a scientific and sustainable' foundation®. It brings
together a wide community of researchers who are fascinated by the
ingenuity of living things and are involved, among other things, in energy
transition. “I/t is a scientific and philosophical approach that recognizes
nature as an expert in sustainable development for more than three billion
years of the evolution of living things. Nature has already solved the
problems with which we are confronted. Animals, plants and microbes are
accomplished engineers” [BEN 97]. The approach pioneered by the
ecologist Janine Benyus has flourished for the last 20 years. It involves
finding inspiration in nature in order to innovate and attempt to resolve some
current technological and environmental challenges and, in time, to work
towards making all human activities more sustainable and harmonious.

There are still few buildings whose design and functioning have been
guided by an overall biomimetic approach. These are mainly symbolic
buildings, created by ambitious architects and pioneers in the field. For
example, the architect Vincent Callebaut is trying to refresh his practice of
eco-design, inspired by biomorphism (intelligence of natural forms), bionics
(intelligence of structures of living things and materials) and biomimicry
[CAL 08]. The aim of this new architectural practice (called Archibiotic) is
to construct metabolic, autonomous, positive-energy buildings, in symbiosis
with their environment, recycling their own waste. The architect Michael
Pawlyn highlights three types of action to be carried out, inspired
by solutions that have been tried and tested by nature: radically increasing
the effectiveness of our resource management, moving from linear and
polluting economics to cyclical economics, and using solar energy in
massive quantities [PAW 11].

6.1.3. Methodologies and findings

In an eco-design approach, “biomimicry is a tool that supplements our
technical, architectural and constructive knowledge to lend a sustainable
and responsible dimension to our design methods [...]. The biomimetic
approach has great potential for architecture, from which many sustainable

1 www.biomimicry.net.
2 www.asknature.org.
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constructions and innovations have emerged. It is the result of cooperation
between architects, biologists, biomimics and engineers” [CRU 16].

There are two coexisting approaches to biomimicry:

— from biology to technology (solution-based): spontaneous selection of
an element of the living being that has interesting properties, with the aim of
finding an industrial or architectural application for it;

— from technology to biology (problem-based): we look for a solution to
one of mankind’s technological or functional problems in nature.

For building and architecture needs, “biomimicry research is turning
towards multi-regulation systems. However, today’s classical architecture is
still following the idea that an element is designed for a function. For
example, facades are made up of different layered materials that each
perform a unique task (ventilation, thermal insulation, vapor barrier,
acoustic insulation). This design method challenges the natural principles of
systems of multi-functional elements, dynamically interlinked and adapted to
temporal variations in climate conditions” [CRU 16].

Biomimicry can be integrated into architecture on three levels: forms,
materials and ecosystems, the latter two inspired by construction processes
involving recycling and regeneration (the ESA methodology of Maibritt
Pedersen Zari [PED 12]), while the first is devoted to the energy
optimization of the building’s envelopes. To this end, the diagrammatic
BioGen method developed by Lidia Badarnah [BAD 12, BAD 15] helps
architects and engineers to design multi-functional, adaptable envelopes and
facades, which behave like living organisms. Taking into account the four
fundamental flows — water, air, heat and light — the method helps create
transitive envelopes that resolve the challenges of multi-regulation for a
given climate.

In terms of materials, it is useful to remember that living things use
non-toxic, 100% recyclable raw materials, found nearby, and that they
arrange them in successive layers in the surrounding temperature to form
their habitat. Finally, in an ecosystem, what is waste for some is raw
materials for others. And this mutual dependence is still more fundamental:
it is a system whose parts are not interchangeable, like the pieces of a
mechanical object. There are life logics of groups and species in ecosystems,
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from which we must draw inspiration in order to learn to design differently
and construct sustainably, in a simpler way.

It is not about systematically looking for analogies on a large scale but
mechanism by mechanism and level by level, justified by the fact that, until
now, the organicity of a building being still fairly artificial, we can still
approach its components with more or less independent techniques.

In a short amount of time, the number of global publications on
biomimicry and its applications has surpassed the linear growth stage.
This trend will certainly continue and should make it possible, in the
medium term:

—to promote the energy efficiency of constructions and their envelopes
(first principle of economy in nature);

— to obtain more efficient, gentle, agreeable forms and structures, even if
they may sometimes seem radically different from those proposed by
classical or modern architecture;

—to gradually move away from economics of linear growth based on
fossil and/or distant resources, working as much as possible with local
products, and using as little energy as possible for transformations. “The
architecture of the future will employ all available materials in their proper
place. Using exclusive high-tech materials can only define a restricted
architecture” [SAL 07];

—to gradually abandon polluting solutions and integrate recycling
into design;

— to work to obtain metabolic and non-toxic materials, facilitating: weight
loss for structures, self-ventilation, heat exchanges, environmental
adaptation, self-repair, saving and storage of water, harnessing, local
production and transfer of energy;

—to design envelopes that are “living” (breathing, filtering,
self-concealing, luminescent [FER 14], heating, cooling [GUT 14], etc.) and
reactive [PER 12, LLA 14], for example to climate change;

—to help solve cross-cutting problems, such as the management of water
and energy, thermoregulation, the construction of efficient and light
structures and the regeneration of the ecosystems implemented [PED 12];
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—to review in depth our hyper-technological design of life and
artificialization of living things, which goes hand-in-hand with it on
all levels.

6.1.4. Conclusion

A fascinating, almost enchanting universe lies open to anyone who
contemplates and studies the natural and living worlds, from the
macroscopic to the microscopic. We understand its attraction for architects,
designers of habitats, forms and living spaces. This partly justifies the
current fashion for biomimicry, as long as it does not merely copy-and-paste
nature. We must fully enter into the intelligence of living worlds to grasp
their fundamental principles, and those that can then be carried over to
architecture. This is the subject of Alexander’s last book, The Nature of
Order [ALE 02, ALE 04, ALE 05], which is highly recommended reading.

6.2. A return to the theories of evolution
6.2.1. A brief history of natural evolution

The evolution of living things is a scientifically recognized fact, although
we continue to use the word theory, which denotes hypothesized
explanations. Two centuries of research have shown that all living organisms
are united by links of ancestry, proven by the observation and analysis of a
very large number of living and fossil species, and, over the last 20 years,
the comparison of their genetic heritages [COL 10]. This can be based only
extremely rarely on experiments (scarcely reproducible, given the timescales
involved), although there are “in-vivo” areas in some parts of the world,
where researchers are able to observe it. More recently, computing models
produced in the context of artificial evolution have helped us to understand
some explanatory mechanisms on the genetic level (section 6.3.4).

In the scientific community, three historical methods are distinguished for
explaining the phenomenon of biological evolution: Darwinian evolution
(we now speak of neo-Darwinism, encompassing genetics, which was
unknown at Darwin’s time, around 1850), Lamarckian evolution [LAM 09]
and Baldwinian evolution [BAL 96].
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Lamarck was the forerunner of the theories of evolution [LAM 09]: he
suggested that an individual could directly transmit the characteristics
acquired throughout its lifetime to its offspring, and thus quickly adapt to its
environment. This concept of feedback from the phenotype to the genotype,
known as the “inheritance of acquired characteristics mechanism”, has been
proved generally wrong, with a few exceptions.

The neo-Darwinian theory is the best known, because it offers a plausible
explanation for many evolutionary behaviors observed in the world of living
organisms. In 1859, Darwin, who was, above all, an excellent observer of
nature, laid out all known living species over a large time-scale in a tree of
life formed of inter-related organisms. The neo-Darwinian mechanism is
based on the convergence of two phenomena: natural selection imposed by
the environment — the individuals that are best adapted to their environment
reproduce more efficiently and survive — and non-guided variations of “the
genetic material of species” (explanation after Darwin). Nature therefore
uses chance and natural selection to gradually make species evolve, even if
Darwin had already recognized the shortage of observable transitory forms.
These are also the two principles that underlie the first evolutionary
algorithms (1970).

Finally, the later Baldwinian approach [BAL 96] is a way of reconciling
Lamarckism and Darwinism, without using Lamarck’s (unproven)
hypothesis, which states that learning directly affects the genome.
For Baldwin [BAL 96], selection also depends on experience
(individually acquired characteristics reinforcing or replacing similar
hereditary characteristics).

It took a century of work after the publication of Darwin’s theory to
discover the genomic basis of evolution. DNA, a remarkable macromolecule
composed of sequences of pairs of bases called nucleotides (four possible
letters: A, C, G and T), with the capacity for self-repair, was discovered by
Crick and Watson in 1953. DNA molecules are themselves wrapped up in
chromosomes within the nucleus of each cell. A DNA “instruction” is called
a gene, and it can be made up of hundreds or thousands of nucleotides,
whose determination is empirical. The genome is not a linear sequence of
independent genes. In living organisms, genes form a highly connected,
complex network (pleiotropy).
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DNA is not an explicit morphological implementation plan, but the code
that enables the proteins that make up the cells (and therefore organs,
metabolic networks, etc.) of a living organism to be manufactured. Proteins
are made directly by decoding one or more genes from the partial replication
of DNA fragments by cytoplasm ribosomes.

6.2.2. What’s new since Darwin?

“Science is always a series of refutable proposals. Anything
that cannot be refuted belongs to the realm of magic or mystery,
not science” (Ilya Prigogine, quoted in [HEU 98)).

In nature, the adaptation of living species to their environment is a proven
fact, but no one has ever demonstrated that a form appears when the function
becomes necessary, through a series of trials and errors, based on random
genetic mutations. The historical Darwinian explanation now seems
insufficient for many researchers, for whom evolution is mainly based on the
organization of the living complexity. Today, the study of evolution takes in
four major interacting scientific fields: paleontology, molecular biology,
genomics and the theory of complexity (which has advanced considerably
through the study of living organisms).

Biologists and geneticists are only in the early stages of understanding
the mechanisms of the morphogenesis of living organisms, i.e. the passage
(Figure 6.2) of the genotype (DNA code) to the proteome (cellular proteins),
and then to the phenotype (the living organism). The studies of the geneticist
Andras Paldi [PAL 09] especially question the dominant theory of genetic
determinism. Notably studying cloning, he suggests a form of epigenetic
inheritance in which all the proteins and micro-organelles of the cytoplasm
(which ensures metabolic and structural properties) contribute to
morphogenesis as much as the DNA genes do.

Other approaches, called “structuralist”, focus on classifying emerging
forms using the laws of chemistry and physics. We will cite the works of the
geneticist and biochemist Michael Denton on the forms of proteins
[DEN 02]: although there are tens of millions of proteins, they take just over
one thousand basic forms, they are always grouped in morphologically
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limited structures. The Nobel laureate in medicine Christian de Duve has
demonstrated that the laws of biochemistry produce constraints so strict that
mutational hazard is channeled [DE 05]. Simon Conway-Morris, one of the
greatest living paleontologists, has demonstrated that within evolution, many
paths produce almost identical results, which he calls “convergences”
towards biological forms in an ultimately fairly limited number [CON 09].
This approach postulates the existence of something similar to attractors in
mathematics, through which evolutionary paths are channeled towards stable
functional forms. These structuralist analyses produce a view according to
which “natural selection exists on many levels in nature, but is not the only
or the main driver of evolution. In living organisms, structure — and
therefore form — is more important than function (usefulness of an organ).
[...] This tends to indicate the existence of internal logics in the individual
development of each organism” [STA 09].

6.3. New morphogenetic approaches
6.3.1. Urban forms and pleiotropy

An initial example of a bio-inspired morphogenetic approach is a study
carried out between 2001 and 2003 at MAP-Aria, the aim of which was to
understand the internal consistency of urban forms by detecting their internal
similarities. Achieving this required finding an approximate mathematical
model (analysis phase), in order to automatically produce new urban
morphologies (synthesis phase). The researchers intuitively used a method of
fractal image compression to code, using an “iterated function system”
(IFS), the “urban footprint + height” pair, transformed into an image.

Figure 6.1. Synthesis of a self-similar urban fabric via an IFS

One genetic formalism has consisted of considering the IFS of an image
as a chromosome whose genes represent local self-similar transformations,
and then using crossover operators. As well as using the IFS (genotype)
on the urban plan (phenotype), the morphological information is distributed
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pleiotropically across all the genes. Due to their fractal principle, [FSs have
the advantage of enabling both global and local forms to be analyzed and
synthesized. Therefore, on the scale of buildings, we can observe the
morphological details resulting from the self-similarities detected on
more global levels (Figure 6.1). For more information, see the synthesis
article [MAR 05].

6.3.2. Complexity and evolution of built environments

Architecture, just like the construction on which it is based, is not
complex, even if some morphological and organizational aspects might lead
us to describe it as such. From a morphogenetic point of view, there is no
global principle of organicity, nor self-organization, nor evolution (other
than in the method of copying and transformation of tried and tested models
or solutions), although like a living organism, every structure has a hierarchy
of forms and functions.

A building does not evolve in the Darwinian sense, and it does not
reproduce. There is no principle of variation or selection through
competition (except, perhaps, in an architectural competition stage!). It
evolves very little during its life cycle and can retain its errors for a long
time before being fixed, renovated, or even abandoned, and ultimately
simply destroyed. It may also inspire later generations of architects, and, in
this sense, have descendants, in terms of the method of production through
copy and variation without explicit DNA.

If there is evolution, it is found on certain scales of a town
(self-organization), or even in construction, design and planning practices.
Thus, the phases of building and neighborhood design are generally complex
and evolutionary (technically, cognitively, historically, etc.). The pyramid of
complexity “cell — tissue — organ — limb — body — society —
ecosystem” may be transposed onto the urban environment, and partly onto
the building, without a principle of morphogenesis, as in nature.

There is no urban DNA in the genetic sense (coding pattern, integrated
memory), just as one part of the building is not intrinsically linked to another
by a genome (the approach described in section 6.3.1 deals only with a
morphological code, not architecturally-guided morphogenesis). However,
from a purely functional point of view, the metabolic analogy of the body
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seems fairly appropriate: they must provide energy and nutrients for all their
parts (distribution mechanism constrained by the topology of the body) and
remove their waste.

In architecture, we do not use a cellular approach (micro) with copying
and differentiation at all, even on the most basic construction level. We
initially deal with a set of components on the meso or macro level, with
constructive principles and rules of assembly and organization. The plan of
all the objects produced is not coded in a cellular nucleus. It is causal
(decided and scheduled), and its logics are, above all, external: those of the
designer and the manufacturing and implementation techniques, always able
to be improved and constantly evolving. As for that of a town or
neighborhood, it is the result of self-organization and emergence just as
much as of precise planning.

We propose that these logics and rules should be considered potential
entries in a new morphogenetic system: they could be stored as
“non-coding material” in a chromosome dedicated for this purpose and
ultimately used in a buffer zone between genotype and phenotype, like the
proteome (section 6.3.4).

6.3.3. Evolutionary creativity

In artificial evolution, we are almost obliged to define objectives to be
reached, as soon as we become interested in optimizing measures or
efficiencies in the phenotypical space. In the evolution of biological systems,
meanwhile, nature is unaware of what we call efficiencies, surprising as that
may seem. Viable organisms are content to live and produce offspring. Of
course, they all evolve (individuals, species, ecosystems), each following its
own rhythm. However, this evolution can be studied in other terms than that
of optimization. And the “Darwinian” survival of “the fittest” individuals
alone cannot explain the wealth of forms produced in nature. Hence the
question: what principles are hiding behind natural morphogenesis?

In 2001, Gero asked the question: “can an algorithm be creative?”
[GER 01]. For 40 years, the practice of artificial evolution in many
disciplinary fields has not challenged the relevance or efficiency of
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the algorithms inspired by neo-Darwinism for problems related to
optimization. They correspond to natural microevolution, i.e. adaptation.
Processes of morphogenesis use the phases of optimization, but these phases
are almost certainly not enough to produce original forms, and we must
introduce a likely method of producing an analog of macroevolutions in
genetics.

I am entirely convinced, having read the conclusions of eminent
researchers such as Pierre-Yves Oudeyer, that Darwinism is not a principle
of morphogenesis [OUD 13]. We must distinguish — beyond simply using
evolutionary algorithms — what comes from morphogenesis and what comes
from adaptation. Without denying that the two are linked, it is rare for an
optimization process of an initial form to produce a radically different form.
A “qualitative leap” is rare if morphogenesis has not been designed for
this purpose. Yet, without a strong structural approach, I do not think that
we can innovate and boost creativity in the field of morphogenesis,
particularly in generative architecture. However, few researchers have
worked on these subjects.

Finally, chance creates nothing in itself, but channeling it into
evolutionary and/or structuring algorithms makes it possible to access sets of
optimized solutions via multiple paths, and, in doing so, to stimulate the
creativity of the user, sometimes leading to serendipity.

6.3.4. Structural or second-order evolution

This section is a brief summary of texts by Beslon [BES 08a] and
Lefort-Mathivet [LEF 07].

We talk about second-order evolution (or indirect selection) when
individuals are selected not only for their adaptation to an environment but
also for their evolvability, i.e. their capacity to ultimately evolve “better”. In
nature, evolutionary mechanisms have structured the genome, leaving it
some freedom in the coding and placement of genes along the chromosomes.
And researchers have shown that a dynamic gene structure facilitates this
second-order evolution (evolution of evolution).
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AEVOL is one of the first in silico models of experimental evolution (or
artificial evolution), developed by the Beagle team at LIRIS in Lyon’.
Organisms are described in three levels of organization (Figure 6.2): the
genome (double-stranded circular sequence), the proteome (collection of
functional elements translated from gene sequences) and the phenotype
(functional capacities).

The authors have demonstrated that second-order selection is at work in
the algorithm, making it possible to shape genomes by altering the sizes of
the non-coding zones and the number and order of genes (unusual with
conventional GAs). Therefore, as genetic structure is variable, we can use
more varied mutational mechanisms than those that appear within normal
GAs: rearrangements. The evolution of individuals is accompanied by
profound mutations in the structure of their genome (number of genes,
variations in genome size, size of non-coding sequences), which move
through phases of expansion, then compression, and finally stabilization,
with the improvement of efficiencies.

Although such a mechanism is initially very interesting in artificial
evolution, the structure of AEs generally prohibits this, because
the evolutionary processes are fixed. In 2007, Guillaume Beslon and
Virginie Lefort proposed, for optimization purposes, the RBF-Gene
algorithm [LEF 07], using the evolutionary characteristics observed in
AEVOL. Like AEVOL, it has an intermediary level between the phenotype
and the genotype: the proteome, a set of “proteins” that make it possible to
vary the structure of the genome without altering the phenotype, in the
knowledge that these variations will influence future reproduction. The AE
can then adapt its complexity to respond to environmental conditions.

6.3.5. A proposal for bio-inspired architectural genetics

Today, researchers must reflect on a more global approach to
structuralism [ROU 10] — particularly relevant in the sketching
phase — having spent several decades studying the adaptation of objects to
the requirements of the efficiencies chosen by the user.

3 liris.cnrs.fr/equipes?id=64.
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Figure 6.2. Classic and proteomic genetic approaches (adapted
from Lefort-Mathivet [LEF 07]). For a color version of the figure,
see www.iste.co.uk/marsault/architecture.zip

Since the study that we conducted in 2003 with the IFS (section 6.3.1),
we have wanted to construct a bio-inspired architectural morphogenesis. In
this context, we now want to challenge structuralist formalism as a resource
for  promoting, among other  things, prior  morphological
proposals not limited to predefined architectural models. Exploring types of
architectone other than those based on voxels is therefore one of the aims of
this research.

To extend the morphogenesis capacities of a generative tool, one
promising avenue for research is the concept of the proteome [LEF 07],
which consists of separating the substrate of evolution into three fields, as in
biology: the genome, the proteins produced by reading the genes, and the
cells/tissues/organs/objects produced with these proteins. This could be
broken down for a building as follows:

— the proteins represent materiality: elements, materials, binders, etc.;

—the DNA contains the genes of the project (the coding elements of an
intelligent selection of these proteins), and also the knowledge accumulated
throughout history, which evolves slowly (construction processes, rules of
assembly, procedural models, architectural techniques, design methods,
etc.), as an analogy with non-coding chromosome sequences in biology;
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— and, finally, the phenotype: a solution that can emerge from interactions
between the genome and the proteome (Figure 6.2). We must emphasize the
complex nature of these interactions, whose blueprint is far from a linear
decoding of information carried by the “project genes” (feedback). An
exciting construction!

6.4. Assisted creativity, coevolution and design of learning
systems

6.4.1. Ergonomics and design of coevolutionary and learning
systems

Darwinian natural selectionworks very well for the adaptation of species
to many types of constraint, but we often forget cooperation, which is
omnipresent in nature, built on bonds of coevolution between species and
groups of species. Bio-inspiration encourages us to think about design
support software systems, with less optimization and better compatibility,
which involve coevolving the architect/generative engine pair.

Beyond the possible evolutions of EcoGen, which aim to enable the user
to interact in many ways with the population of generated objects, there is a
high demand for tools that are highly adapted to the design methods of
architects, responding to ergonomic and cognitive challenges that are
essential if they are to be acceptable in an operational situation. The methods
are certainly very varied [CHU 12] and, although considerable efforts have
been made on the level of the interfaces, the prototypes being developed in
laboratories are far from providing an interactive multi-criteria diagnosis
(even a very approximate one) from a project sketch or plan (e.g. Minos).
Research is aiming to get there but there are still major scientific obstacles in
the way, notably in artificial intelligence (e.g. real-time recognition of
gestures or drawing by hand and its interpretation).

Building on the record of past years in order to better understand efficient
eco-design strategies, we might envisage autonomization/automatization of
the design process, no longer based on rules outside human thinking (e.g.
Darwinian selection), but on learning abilities that are closer to the workings
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of the human brain. This is why deep learning® appeals to us, more in terms
of designing learning systems for architecture than of the technique in itself.

The powerful software environments and deep learning equipment that
have emerged over the last 2 years (such as AlphaGo’ and TensorFlow® from
Google and the DGX-1 server from Nvidia’) may soon facilitate a radical
reworking of our approach to decision-making support. The principles of
learning, solution seeking and optimization on which EcoGen is based will
be reassessed through the prism of these new techniques, provided that we
have adequate foundations for learning, which is the challenge! We must
produce a network with a large number of bodies so that it can learn enough.

Otherwise, Bayesian networks may be an alternative if we want to learn
about the probabilistic relationships between cause and effect, so as to better
design and anticipate the pathologies of the building, for example [HAN 16].

6.4.2. Computational resonance and artificial creativity

This research was conducted by Joaquim Silvestre at Keio University,
under the supervision of Professor Ikeda and in collaboration with Professor
Francois Guéna from MAP-Maacc. The aim was to study a “computational
object”, where user, hardware, software and architectural production interact
to identify the artificial intelligence or creativity known as computational
resonance. Many experiments and observations have been conducted in
various contexts and using various tools. This body of work has enabled
various parameters characterizing computational resonances to be identified.
The results have led to the testing of an original use of convolution
networks, which are widely used to recognize forms in images but can also
produce images from combinations of various categories [SIL 16], and
stimulate creativity at the beginning of the design process.

4 deeplearning.net.

5 deepmind.com/research/alphago.
6 www.tensorflow.org.

7 www.nvidia.com.



Conclusion

We have reached the end of our journey. A series of general presentations
and techniques have provided a broad view of generative eco-design and
suggested avenues for research and reflection, even in fields that may seem
somewhat removed from the original topic. We have mainly shown that,
in the sketching phases, researchers put a lot of effort into energy-related
aspects, with a major impact on the overall cost of the construction and
functioning of buildings. The environmental aspect — particularly lifecycle
analysis and, recently, low carbon — is still treated as the poor relation.
We have tried to find some reasons for this. However, this should not last
too long and, sooner or later, as with BIM, methods and tools will make it
possible to integrate it more effectively into current practices for designing
new structures and renovating tens of millions of buildings.

For now, I would like to end with a less technical look at some aspects
that have until now been deliberately ignored in this book, relating, among
other things, to the consideration of complexity in the ways we design,
behave and interact with the world around us. I am well aware that I have
often strayed some distance from the original topic of this book, which is
certainly still emerging, taking the reader down unusual paths. But I believe
it is necessary, especially today, when we claim to place mankind at the
center of the architectural project, to bring together external disciplinary
contributions in order to attempt to achieve a form of consistency, even
beyond trendy global thinking, within the natural worlds that we observe and
the technical and cultural systems that we build.

Eco-generative Design for Early Stages of Architecture, First Edition. Xavier Marsault.
© ISTE Ltd 2018. Published by ISTE Ltd and John Wiley & Sons, Inc.
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As always, we must take the time to inform ourselves, to read and to
allow our intuition to sketch paths that we would not have envisaged through
linear thinking. This may take time. It is essential!

Architecture and complexity

Salingaros reminds us that “if science has revealed anything in the last
100 years, it is the coherent character of the universe, demonstrated by its
ordained complexity. Natural morphogenesis unites matter, establishing
multiple connections on different scales and increasing the system’s overall
coherence” [SAL 09]. We can no longer ignore all of this! However, it
shows that the majority of major theoretical concerns, such as the
hierarchical complexity of the architectural form and the algorithms that
generate adaptive structures, are almost entirely absent from current
architectural thinking and teaching. They are even deliberately
circumvented or hijacked in favor of a destructuring of form (inspired by
deconstructivism), radically opposed to the self-organization of complex
systems, a process that builds internal connectivity networks.

Furthermore, “there is a basic confusion in contemporary architectural
discourse between processes and final appearances. Just because something
is created on a computer screen does not validate it, regardless of the
complexity of the program used to produce it. One has to ask: what are the
generative processes that produced this form, and are they relevant to
architecture?” [SAL 09].

Most architects use generative programs, but, for now, few seem to
understand Christopher Alexander’s “fifteen fundamental properties”, which
generate “living” and harmonious structures [ALE 02, ALE 04, ALE 05].
Some of them, who have the ability and the resources, supported by research
and development teams, try to program environments based on similar
properties, such as Generative Codes'. The generative approach based on
eco-models, which we suggested examining in more detail in section 5.1.1,
should also move in this direction.

1 www.patterns.architexturez.net.
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Architecture and sensitivity

The eco-design of built environments has meaning only if it enables
humans to live in better conditions, so that they can thrive. The first
attribute of an architectural work, as Frank Lloyd Wright said, is to create a
feeling of well-being in interior and exterior spaces. Yet, to supplement the
previous section, “the term architecture denotes the relationships between
the various elements of a system and the specific way in which they are
integrated into a coherent series, upon which we feel the fulfillment of a
feeling of life” [SAL 09].

Few people have read Alexander’s extensive overview, The Nature of
Order [ALE 02, ALE 04, ALE 05]. Well before the first works in sensory
neuropsychology appeared — like those of Erich Fromm, the real father of
the biophilia theory [FRO 64] — the author understood the existence of links
between our “neuro-wired” sensitivity and the evolution of mineral and
living forms in nature. On a similar subject, based on the perception,
experience and artistic sensitivity of people, Alain de Botton provides in
Architecture du bonheur an extensive biophilic reflection on the importance
of buildings and items of furniture promoting feelings of fulfillment in the
people who live there, possess them or are regularly near them [DEB 06].
This knowledge, which seems embedded in the innate connective structures
of our brains, makes it possible to explain how we feel in the face of some
architectural forms or in certain spaces, ranging from feelings of well-being
to stress, disorientation, and even deeper psycho-sensory problems,
depending on the case and the people. A word to the wise...

Contemporary forms and challenges

Finally, controlling form has never been an objective suited to the
challenges of the human habitat. At the beginning of the 21st Century, we
need habitable places with a low environmental impact. In light of these
priority issues, the question of form may seem marginal. Of course, it cannot
be so for architects, and still less for those who support the artistic side of the
profession. However, it presents endlessly recurring challenges with the
objects from digital design and their production method [KOL 10],
particularly their constructability and psycho-sensory impact. Finally, the
main thing is to know whether the question of form is detrimental to the
others, and whether architects can preserve and construct organic links
between their products and their immediate environments.
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Complexity and human behavior

At the dawn of the 21st Century, technique, or rather technoscience, took
on a major, not to say hegemonic, role in our daily lives. My aim here is not
to question this fact, but to highlight some of its limitations and propose
some counterbalances.

First, researchers are unanimous: in the immediate future, and even in the
medium term, we have neither the knowledge, the methodological tools, the
models nor the simulation power to approach complex anthropogenic
systems in their entirety, so as to provide real software programs to support
decision-making. Certainly, there has been a lot of research into these
questions all over the world, passionate researchers, vast amounts of
resources and partial successes. However, interdisciplinary, and even
cross-disciplinary, work is not yet sufficiently developed, despite the
encouragement of project calls and the efforts of some scientific research
bodies to review the compartmentalization of university scientific fields.
And, in any case, we come up against limitations and major scientific,
technical and human obstacles, and will continue to do so for the
foreseeable future.

Furthermore, the problems that mankind has always faced are never only
technical, economic and political. They are the result of habits and varyingly
free decisions, repeated millions of times, which structure and shape our
consumption habits and social lives (this is the botfom-up component of
complexity). Human behavior is certainly not dissociated from technical
behavior, but it needs to be taken into account very seriously, beyond the
capacity of models and simulations. The desire to educate mankind to
behave better, and to take into account the complexity of the environments
in which we live, now seems essential.

Simplicity, restraint and global ecology

Post-industrial society is attempting to reduce the ecological footprint of
its activities while maintaining an exceptionally high-quality lifestyle,
at the cost of damage to its environment, to which mankind tries to adapt,
often through an excess of technological equipment that increases
the environmental debt still further, particularly in urban environments and
poor countries. Yet we have seen that in nature, complexity expands on a
basis of energy minimization, or rather, frugality. There is an increasing
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need to take this principle into account in social and economic life,
and I believe that the vital challenges will oblige us to do so sooner or later,
whether we want to or not.

At the same time, “there is an evident saturation among western
populations, committed to a program of growth in whose results they have
less and less of a share” [COU 10]. Restraint to counterbalance the excesses
of technoscience appears increasingly necessary. Lifestyle choices with low
ecological impact must be proposed and guided, to re-insert human beings
into new fabrics of social relationships, and redirect or even cancel the

projects with the most negative impact on the lives of vulnerable populations
[GAD 09].

Is the rural exodus irreversible?

Finally, we will probably see, sooner or later, an inversion of the rural
exodus phenomenon, because the very principle of very large towns seems
increasingly unsustainable. We welcome the fact that this awareness has
made a lot of progress and will surely bring about a revival of the rural
world and the emergence of “human-scale” living environments, designed
more ecologically (without fossil energy or pesticides, and only a few
vehicles), and with all the intelligence required to provide their occupants
with the most dignified and fulfilling living conditions. The evidence of
good environmental behavior and good living, a force of human ecology,
will find its purpose in this return to a more natural and peaceful life.

Thus, in all things, it seems to me that we must both find and discover the
wisdom of action suited to the challenges of the modern world. “4 global
ecology — which considers all aspects of mankind and nature, without
opposing or separating them — conveys a simplicity that can be understood
by as many people as possible”. You need only read [BES 14] to be
convinced of it.
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