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Evolutionary computation is a population-based problem solver that is
characterized by a stochastic optimization in order to solve both a single
objective and multiple objectives. Previous evolutionary computational
researches provided various design options and improved optimization through
being evolved with fitness criteria, especially when multiple design objectives
conflict with one another. In this paper, a rule-based algorithm was combined
with the evolutionary computational process to propose an assembly logic of the
modules and to improve an architectural building design in order to adapt to

environmental changes. Two algorithms - a rule based and generative algorithm-
proceeded simultaneously and provided various options as well as optimization in
real time. For the experiment set-up, existing buildings were divided into each

module; the modules were reinterpreted and reassembled with the logic driven by

Evolutionary Developmental Biology. The conclusion is that when a rule based
logic is combined with a developmental algorithm with a modular system, it is
more efficient for the design process to be analyzed, evaluated, and optimized.
The ultimate outcome provides various options in a short amount of time.
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reassembly

INTRODUCTION

Evolutionary computation is a stochastic optimiza-
tion engine and generative or developmental algo-
rithm. In the 1950s and 1960s, evolutionary systems
were researched and it was discovered that a popu-
lation of candidate solutions could be evolved to re-
solve a given problem using operators driven by ge-
netic variation and natural selection (Mitchell 1996).
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The main advantage of evolutionary computation is
“parallelism (Mitchell 1996)", through which many di-
verse possibilities can be examined simultaneously.
In particular, it is a powerful tool to resolve both sin-
gle and multiple design objectives that conflict with
one another. In order to take further advantage of
evolutionary computation and to add more flexibil-
ity into the design process, in this paper a rule-based



logic was combined with evolutionary computation.
This process provided a reconfiguration logic with a
modular system in order for the architectural design
process to be efficiently analyzed, evaluated, and op-
timized in a short amount of time.

Modularity driven by evolutionary developmen-
tal biology was applied to the rule-based algorithm,
which simultaneously proceeds with a developmen-
tal algorithm: evolutionary computation. In evolu-
tionary developmental biology, Sean Carroll (2005)
argued that even complex animals are composed of
“simple modules” that are similar to other animals
across different species. They share “master control
genes” that govern the formation, patterns, and body
parts; these genes play a role not as structural genes
but “switches”; hence, “evolution” is the “change” of
these switch systems, “regulatory genes” that govern
pre-existing structural genes (Carroll 2005). Driven
by the evolutionary developmental logic, the fol-
lowing question can be asked: Can the “regulatory
genes” be applied to architecture? Connecting this
question to a valid hypothesis, the experiment re-
veals that regulatory genes in an architectural design
was set up in order to control the formation, pattern,
and to design body parts in a modular system. As
these regulatory architectural design genes change,
various design options can be provided in addition to
design optimization. In this paper, the shared office
space was selected as an experiment to prove “how
regulatory genes can contribute to the development
and evolution of architectural design in a modular
system” by combining a rule-based logic into a de-
velopmental computational algorithm.

SHARED OFFICE, MODULARITY, AND EN-
VIRONMENTAL CONDITION

Shared office

In the fourth industrial revolution era, portable de-
vices such as tablet PCs and smart phones are signif-
icantly changing both physical spaces and places of
professional work. These technologies have encour-
aged people to work remotely and use offices in a
more flexible manner, with “hot desks” and “home

offices” replacing traditional workplace setups (Fel-
stead et al. 2005 and Bentley et al. 2016). In 2018, real
estate company Cushman & Wakefield Inc. reported
that in the Central London area, the stock of shared
office space increased by 2.7 times from 2007 to0 2017,
growing the most over the last five years. At the
experiment site in Devonshire square, London, UK,
clove, cotton, spice, silk, and Devonshire club build-
ings are located (Figure 1). They were originally trad-
ing warehouses for the East India Trade Company,
but they are currently occupied as shared offices,
contemporary offices, restaurants, and bars, among
others. The site can be accessed from New Street,
Devonshire Square, Cutler Street, Harrow Place, and
Middlesex Street. The entrances from the streets are
connected to the courtyard that is located in the cen-
ter, and main entrances and building facades face
this open space. Therefore, the relationship between
the courtyard and the office space should be consid-
ered.

Modularity

According to “UK Statistics on Waste’, waste gener-
ation from construction, demolition, and excavation
(CD&E; including dredging) was 59% (131.2 million
tons), representing over half of total UK waste; com-
mercial and industrial (C&I) waste was 17%; house-
holds waste reached 12%; and other UK waste was
12% (2014) [1]. It is necessary to provide a solu-
tion to reduce the quantity of CD&E waste. Slaugh-
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Figure 1

Site Context: in the
center of
Devonshire square,
a courtyard is
surrounded by
clove, cotton, spice,
silk, and Devonshire
club buildings.
From New Street,
Devonshire Square,
Cutler Street,
Harrow Place, and
Middlesex Street,
the entrances of the
square are
connected to the
center courtyard via
the main building
entrances.



Figure 2

Experiment Process:

Existing Buildings -
Divided - Modules -
Regulatory Genes -
Reassembly -
Evolution -
Adaptability

ter (2000) asserted that the refurbishment rate will
decline if buildings are designed to take flexibility
into account. Hence, it can be argued that instead
of demolishing an existing building and construct-
ing a new building, a building unit with a modular
system can be plugged in and out in order to be
more efficient and flexible. In addition, considering
rapid changes across workplaces and increasing de-
mands for shared office places due to the fourth in-
dustrial revolution, interchangeability with the build-
ing “module” should be taken into account.

Weather in London
The site, Devonshire Square is located at a longitude
of -0.077682 and a latitude of 51.516672. During the
summer solstice on 21 June 2018, the lowest sun ele-
vation angle was -15.10 degrees at 9:00am and the
highest was 61.93 degrees at 9:00pm. During the
winter solstice on 21 December 2018, the lowest sun
elevation angle was-61.92 degrees at 9:00am and the
highest was 15.11degrees at 9:00pm [2]. The high-
estaverage temperature in summer was 23.2 degrees
Celsius and the lowest was 15.5 degrees Celsius in Au-
gust. The highest average temperature in winter was
8.5 degrees Celsius and the lowest was 5.0 degrees
Celsius in January [3]. Considering that the weather
changes depending on the season in London, the
flexibility of building with a modular system that can
be plugged in and out every six month has clear ad-
vantages.

Therefore, when the design at the site is ap-
proached, the following three factors are critical:

+ The modular system and flexibility

+ The relationship between the courtyard and
buildings

+ Weather conditions in London

EXPERIMENT AMBITION

Considering design flexibility, site context, and
weather in London, it can be suggested that the of-
fice modules can be plugged in and out every six
month rather than remaining as one fixed building.
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For example, in summer the courtyard size can in-
crease so that it can be exposed to more daylight.
Similarly, in winter the courtyard area can be re-
duced and the office spaces can be expanded. In
order to fulfill the criteria, existing buildings were
divided into modules and reassembled with a rule-
based logic through the architectural design of “reg-
ulatory genes” (Figure 2). At the same time, with
the evolutionary engine, regulatory genes changed
and this process provided various modular building
design options, as well as optimization. More im-
portantly, it was simultaneously analyzed, evaluated,
and evolved in real time.

ooo
Divided oog
ooo
- -
Existing Buildings -
6, 7, & 8 Devonshire Modules
Repeated R ,
Genes
Rule Based Logic
o-og-0
Evolution O-0O-+0
- Oo-0-+0
Adaptation Reassembly
EXPERIMENT SETUP

The aim of the experiment s that in order for a shared
office design to adapt to its surrounding environ-
ment and achieve flexibility, a rule-based logic was
integrated into the developmental algorithm: evo-
lutionary computation. During two simultaneous
computational processes, the hypothesis was that of-
fice module designs would effectively evolve into op-
timized design solutions, providing varied options.
The evolutionary process was efficiently modified,
analyzed, and evaluated in a short amount of time.
The expected outcome was to provide design solu-



11m3=2m x 2m x 2.75m

4 x 4 modules

8m x 8m x 4.2m

Width: 2m 5 x 5 modules 10m x 10m x 4.2m
Depth: 2m
Ceiling Height: 2.75m > 6 x 6 modules > 12m x 12m x 4.2m
Floor to Floor Height: 4.2m

Minimum office space per The number of Module size

person

tions that are more flexible and adaptable. For the ex-
periment setup, three existing office buildings - 6, 7,
and 8 Devonshire buildings - were divided into mod-
ules (Figure 2). When the module was set up, a min-
imum office space per person of 11m3 was consid-
ered a sub-unit [4]. One module consisted of 4 x 4, 5
X 5, 0r 6 x 6 sub-units (Table 1).

Overall design objectives (fitness criteria) and
design regulatory genes were also set up. Since
the reconfiguration of modules will change every six
months, the design objectives in summer and win-
ter were differentiated (Table 2 and 3). Design ob-
jectives were developed to maximize the office area;
maximize or minimize the courtyard size depending
on the season; and minimize courtyard shadow. Reg-

sub-module variation

ulatory genes include the office module sizes (8m x
8m x 4.2m, or 1T0m x 10m x 4.2m, or 12m x 12m x
4.2m), the number of office modules (from 150 to
400), and courtyard size. In addition, an aggregation
logic was used as a regulatory gene and operated in
order to reassemble office modules: 4 faces (0, 1, 2,
and 3) of the office module were combined with the
faces of other modules in an aggregation logic so that
overall offices could be reconfigured. As regulatory
genes change depending on a rule-based logic, var-
ious design options were created and evolved (Fig-
ure 3). In order for each module to be efficiently re-
assembled and developed, a rule based algorithm,
WASP, developed by Andrea Rossi, as well as an evo-
lutionary engine, Wallacei X, by Mohammed Makki,

Assembly Logic
Regulatory Gene Number of Off Courtyard Size
Design Objective Office Module Size umber ot Office
Modules
Design Objective 1: Minimize Courtyard Shadow o o o
Design Objective 2: Maximize Office Area o o o
Design Objective 3: Minimize Courtyard Area o o o

Assembly Logic

Regulatory Gene

Design Objective Office Module Size Number of Office Courtyard Size
Modules

Design Objective 1: Maximize Office Area o o o

Design Objective 2: Maximize Courtyard Area o o o

Design Objective 3: Minimize Courtyard Shadow o o o
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Table 1
Module Setup

Table 2

Design Objectives
and regulatory
genes in winter

Table 3

Design Objectives
and regulatory
genes in summer



Figure 3

Design Process -
Evolutionary
Computation and
Rule Based Logic
combined

‘ Existing Building ‘

Divided
‘ Modules ‘
Regulatory Genes
+
Wallacei X Rule Based Logic
: Grasshopper WASP
Plug-in ‘ Reassembly ‘ : Grasshopper
Plug-in
Evolutionary Aggregation rules
Computation To change
T
—_ Design Solutions ————

Adaptation

Milad Showkatbakhsh, and Yutao Song, were utilized
as free plug-ins written for Grasshopper with Rhino
6. During the design, WASP and Wallacei X were si-
multaneously processed in real time (Figure 3). For
each of the winter and summer seasons, 30 individ-
uals (solutions) with 100 generations were counted,
and each had three design objectives. Therefore, a
total of 9,000 fitness values were analyzed and evalu-
ated during the evolutionary process. When individ-
uals evolved, genes were mutated and crossed over
to generate various solutions and were developed in
order to further improve optimization. In this experi-
ment, 0.9 as a crossover probability and 0.01 as a mu-
tation probability were set up.

OUTCOME

When each design objective 1, 2, and 3 were best
(rank 0), the outcomes of each phenotype are as
shown in Table 4. In winter, design objective 1 (min-
imize courtyard shadow) conflicted with design ob-
jective 2 (maximize office area space) and 3 (minimize
the courtyard area); design objective 2 and 3 con-
flicted with one another less. For this reason, phe-
notype with objectives 2 and 3 from the experiment
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were similar to each other when they were optimized.
However, in summer, design objective 1 (maximize
office area), 2 (maximize the courtyard area), and 3
(minimize courtyard shadow) conflicted simultane-
ously. For this reason, each phenotype with objec-
tives 1, 2, and 3 were varied (Table 4). More impor-
tantly, an assembly algorithm with a rule-based logic
can be set up in various ways depending on the de-
signer’s intentions. During the evolutionary process,
aggregation rules were simulated in real time with
each phenotype and analyzed with a parallel coordi-
nation plot and Pareto Front solutions, among others
(Figure 4 and Table 5). From this process, the designer
can effectively evaluate and update the design strat-
egy by modifying the assembly logic. This reconfig-
uration worked efficiently with evolutionary compu-
tation.

ANALYSIS

When design objectives 1, 2, and 3 were optimized
and averaged, the result was shown as Table 5. When
optimized and put on a parallel coordinate plot, lines
are towards to the bottom of graph. The first gen-
eration is shown in purple. When evolved by gen-
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In winter, design objective 1,

Design Objective 1

2, and 3 conflicted each

other. For this reason, Pareto Front curves are diverse

toward to each 3 objectives.

Design Objective 2

Deg
o oy
A
Yectivgy e
Desd

In summer, design objective 1 was early optimized
than design objective 2 and 3. For this reason, Pareto
Front curves are toward to 0 point of design objective
1. Design objective 2 and 3 conflicted each other and
were diverse.
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Table 4

Phenotype when
each design
objective 1,2,and 3
were optimised

Figure 4

Pareto Front
solutions - the
solutions that are
not dominated by
other solutions.
Pareto Front
solutions are shown
in Yellow Boxes.



Table 5
Diamond chart,

eration, the lines become blue. In winter, as shown
by the parallel coordination plot, objectives 1 and 3
tended to be optimized when evolved. There was a
trend struggling to be optimized in the case of solu-
tions with objective 2, but when they were part of the
last generation, the solutions had the fitness value
that corresponded to objective 2 (maximized office
area). This is reflected by the black line in the paral-
lel coordination plot, which was more optimized than
those of objectives 1 and 3 on average (Table 5). For
this reason, this phenotype is similar to the pheno-
type when the design aim corresponds to objective
1 (maximize office area) in summer (Table 4). In ad-
dition, in winter objectives 1, 2, and 3 conflicted with
one another. For this reason, the Pareto front curves
did not converge at a single point and instead moved
toward all three objectives. On the other hand, in
summer, objective 1 was optimized earlier than ob-
jectives 2 and 3. This is evident from the parallel co-
ordination plot. For this reason, as shown in Figure
4, the Pareto front solution (the solutions that are

Winter

not dominated by other solutions) curves were to-
ward the “0” point on the objective 1 axis. In summer,
on average, objectives 1 and 2 were more optimized
than objective 1 (Table 5).

More importantly, during the process, designers
can analyze and evaluate the phenotype trends in
real time so that in the middle of the simulation, by
simply changing the reassembly logic of a rule-based
algorithm, the design process can be efficiently up-
dated to improve optimization. Instead of changing
the whole design process or modifying the design
parts manually, it is effective to update only aggre-
gation rule with a rule-based algorithm when the de-
sign parts evolve with evolutionary computation.

CONCLUSION

In order to adapt to the surrounding environment
and achieve more flexibility, a modular system for
shared offices was designed, combining a rule-based
logic into a developmental algorithm: evolutionary
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computation. Instead of changing the way of com-
bining each design part manually, a simple algorithm
with a rule-based reassembly logic was applied. It si-
multaneously proceeded with evolutionary compu-
tation, various evolving design options, as well as de-
sign optimization. The project and experiment fo-
cused on the following question: “Can regulatory
genes be applied to architecture?” After a simple
change in regulatory genes using a rule-based algo-
rithm during the evolutionary process, they were si-
multaneously analyzed and evaluated in real time so
that the designers could discover optimized design
strategies for more adaptability and flexibility of ar-
chitectural designs.
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