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Abstract

In this work, quantitative evidence on whether the aesthetic value of architectural design is
associated with its structural response is investigated. The procedure for this study was based
on 170 parametric projects, as well as their structural analysis results. The aesthetic value of
an architectural project is an ambiguous concept, as it is based on each individual’s percep-
tion of beauty. This is highlighted in the corresponding literature on parametric design, form-
finding, and aesthetics, as well as in an extensive bibliometric analysis of several hundreds of
research papers with respect to aesthetics and structures. Henceforth, a questionnaire was
developed and given for vote to 23 persons from a variety of disciplines such as architects,
engineers, as well as people with profession irrelevant to structures and/or aesthetics. The
mean value of the votes of the questionnaire was considered as the dependent variable of the
mathematical model, while the structural response parameters, internal forces and nodal dis-
placements, were set as the Independent variables of the model. The obtained data were ana-
lyzed with regression analysis, utilizing linear and machine learning models, revealing a
significant link between structural response and aesthetics.

Keywords: Building Aesthetics, Structural Behaviour, Structural Analysis, Machine Learn-
ing, Regression Analysis.
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1 INTRODUCTION

Architectural design is highly dependent on structural behaviour and a variety of studies
exist in the corresponding literature. Monedero [1] has performed an analysis of the existing
literature on parametric design, stating that in the last few years there has been an evolution in
technology, while architects have started using it to their advantage. In particular, parametric
design is a process of mathematical and programming algorithms, which creates multiple
components and operations, assisting the designer to create any complex artifact from simple
lines and curves to a composite project which is usually difficult to understand, but it’s beauti-
ful aesthetically. By utilizing structural plugins such as Katamba 3D [2]—[6], the creator can
investigate the structural analysis results during the architectural design, and change the pro-
ject so as the structural configuration will be adequate. Shells have been a frequent object of
research [7] as it is often seen in nature. Santiago Huerta [8], explains that Gaudi had been
using physical models and graphic methods to support his designs. Accordingly, huge col-
umns support the domes of the Sagrada Familia which bring to mind trees. Similarly, by uti-
lizing computer algorithms, Milo§ Dim¢i¢ [9] demonstrates that by using the same surface
and the same number of points, which can be structural objects, you can create a number of
different batches that have better structural behaviour than other ordinary objects. Further-
more, at the Post Rotterdam, which has been refurbished [10], the redesign of the building had
been done with the aid of Grasshopper3d [3], a software capable for parametric design, in
combination with other software in order to find the optimum structural response based on
form-finding. The author concludes that these types of tools in design help a lot in finding an
ideal figure and furthermore performs excellently in regards to the structural part of the design
by making calculations in a short period of time.

In a review paper [11], John S. Gero refers to the fact that after the 19th century, architec-
ture is not considered only as art but also as a science-based on its evolution at its current
stage. As a conclusion, he states that architecture combines science that doesn’t only create
forms and objects but also adjusts them with reference to the human factor in combination
with its structural analysis. Natural forms are not drawn or created based on aesthetics but on
their structural behaviour in combination with different types of materials [12]. Famous archi-
tects like Antonio Gaudi, and to some extend Luigi Nevri and Frei Otto have studied these
natural forms in order for them to conclude and create a more natural and organic architecture.
The conclusion of this study is that if an architect studies organic designs, he discovers a new
world, says the author. To achieve this, one needs a lot of different trials, with different meth-
ods, considering environmental issues, materials, engineering and often he refers to pure luck.
Michela Turrin [13], refers to the advantages that arise from the parametric design and how
easy one can find different forms with the same rationale. She continues by explaining that
this is key in the architectural form. Paolo Basso [14] explains that all organic geometric
forms that exist are arranged and can be configured based on the NURBS curves, concluding
that in the fields of both architecture and engineering new methods need to be found in re-
gards to research, analysis and resolution. The approach of parametric design or other soft-
ware that use NURBS curves gives the user full control over the smoothness of the object that
is being created.

In a statement on Frei Otto [15], Boho Rasch mentions that Frei Otto is fascinated by or-
ganic, physical forms (the same happens when we minimize the inclination forces), and
lightweight construction. He also states that the architect uses computer-aided means and the
vast potential they have in order to specify the shape and behaviour of such organic forms. He
concludes that Otto believes in the organic, lightweight form as he believes that it improves
the human health and mood, but also nature itself. Renaud Aleis Pierre Emile [16] refers to

3858



Nikolaos P. Bakas, Neofytos Christofi, John Bellos, Dimitris Antoniou and George Markou

the current tools of design and analysis, as being highly powerful and that they can allow
someone to produce and analyze any structural form. However, most of them are not allowed
to use such means in the pure design stage of a project. The parametric design allows for a
rapid study of complex geometric shapes and can be combined with an algorithmic analysis
and optimization to design with performance as a parameter as well as objective. In his con-
clusions, he states that his work reflects that parametric design can be extended by using
ground breaking computer-based ideas in the research for design with an epicenter to perform
in creative ways.

Neri Oxman [17], mentions that the recent development of computer-based geometry and
the expansion of the CAD software packages that support geometrical model design, com-
bined with the research on design, lead to the evolution of analysis tools. Such tools have now
been expanded in order to include complex computerized methods for non-Euclidean geome-
tries, such as the B-spline curves and the NURBS surface. Hence, there will be a new model
that studies the form and the implementation of design at the same time. If such an emersion
is possible, then this knowledge that computerized geometry offers will be one of the most
important forms of disciplined knowledge in computerized design software in architecture.
Allen Carlson [18], mentions that aesthetics and nature are directly linked and that the rela-
tionship between science and nature is controversial. He also supports the environment and
the nature we live in has led us to each one of our own aesthetics. The need of nature is to
create something functional and at the same time light [19]; which is a result of constant op-
timization, that has been going on for millions of years, and which will continue to be as long
as this world exists. Accordingly, the concept of form-finding is a process of optimizing the
static equilibrium of the structure, finding the corresponding structural form, and architectural
synthesis at the same time. The theory of evolution of the species in nature has inspired com-
puter scientists, to develop the so-called evolutionary optimization algorithms [20], [21]. The
purpose of this work was to investigate whether the structural behaviour of an architectural
artifact is linked with the beauty of the design. It was attained, by utilizing 170 parametric
structures, and their structural analysis results, via machine learning techniques.

2 BIBLIOMETRIC LITERATURE REVIEW

In order to investigate the literature related to architecture, computational design and struc-
tural analysis, the following bibliometric techniques where implemented. Initially, the Google
Books database [22], based on 25 million books was searched using Architectural design,
parametric design, computational design and form-finding. In Figure 1, it is depicted that in
the last few years, and in particular since 1960, more people have begun to look for and learn
about parametric design and have also begun to deal with computational design and form-
finding as well. Additionally, from Figure 1, it is derived there is a proportion in the world
looking for architecture after parametric design and then for form-finding. Interestingly, these
are the steps that an architect can follow to design an organic form.

Growth rates of scientific knowledge correspond to a doubling every 9 years [22]. Hence, a
vast amount of research papers were investigated with respect to their keywords associations,
utilizing a procedure developed in [23], [24]. Figure 2, is the bibliometric map for the key-
words of the 1414 documents, obtained from a search in Scopus database [25], comprising the
term aesthetics. The frequency of its keyword is indicated with a number before the text,
while the size of the corresponding circle is proportional to this frequency. Furthermore, the
distances between the circles indicate the number of co-occurrences of these keywords in the
papers’ database. Utilizing this clustering technique, two major clusters are constructed, one
with aesthetics in the center, near with the perception, architecture design and innovation
keywords.
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Figure 1: Google Books results of search terms

"17 :design process”

"8 :case study”
"7 "10 :design activity"

7 :communication "12 :philosophy of design”

"16 :architectural design™

"17 :design education" !

\

"7 :conceptual design”

"0 styling™

12 :creativity"

"8 :design research”

"7 :user behaviour"

"7 :product development” "16 :design theory"

"12 :product design”

"12 :perception”

"54 :aesthetics" "8 :engineering design"

"9 :innovation”

"35 :architecture"
"20 :design" "7 :bridges”

"7 restoration”

"11 :participatory design"

"11 :public space" "11 :urban design”

"7 :modernity” "13 :modemism" "9 :sustainability" "10 :interior design"

Figure 2: Scopus search for aesthetics

Accordingly, Figure 3, was created, by narrowing the search with the specific keywords of
Table 1, as well as limiting the results with the generic keyword stuctur®. Accordingly, tow
clusters are developed, one at the bottom left side relative to the engineering literature with
keywords structural engineering, engineering design, structural design- and another at the top
right region of the map with keywords such as aesthetics, design process, perception etc.
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Figure 3: Scopus search for aesthetics with specific keywords
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Table 1: Special keywords for the final database construction
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3 STUDIED DATABASE

Seventeen projects have been used, of which all had ten different, parametric variations, by
changing the slider components in the software [2], [3], and have been created mainly by the
third-year students of the school of architecture at Neapolis University Pafos, in their modules,
Computational Design and Advanced Structural Systems. From these ten alterations, we get
sixteen structural analysis results, regarding the maximum and minimum displacements, nodal
rotations, internal axial forces and bending moments. All these results are included in Appen-
dix II, while indicative results are demonstrated in Table 2. These sixteen output values from
each variation of the projects, in combination with a questionnaire which was completed by
architects, engineers and other people, not related to this profession, will be analyzed statisti-
cally in order to investigate the hypothesis that structural response is correlated with the aes-
thetic value of each project. The aesthetic value was considered as the mean value (for each
project) of the participants to this research. The questionnaire was filed by 23 people and the
mean value of the responses was used as the dependent variable, representing an unbiased in-
dicator for aesthetic value.

N (max) N(avg) M(max) M(avg) Tx(max) Tx(avg) Ty(max) Tz(avg) Rx(max) Rx(avg) Ry(max) Ry(avg) Rz(avg) aesthetics
001 1.6E+00 5.2E-01 2.9E-01 7.8E-02 1.7E-04 4.0E-05 5.5E-05 4.8E-05 6.3E-05 1.4E-05 1.9E-04 5.7E-05 9.3E-06 4.2E+00
002 1.5E+00 4.6E-01 2.4E-01 7.1E-02 1.2E-04 3.7E-05 3.0E-05 4.6E-05 5.0E-05 1.2E-05 1.6E-04 5.5E-05 9.8E-06 3.9E+00
003 1.7E4+00 5.3E-01 3.0E-01 7.1E-02 1.7E-04 3.4E-05 6.9E-05 4.2E-05 7.5E-05 1.5E-05 1.9E-04 4.9E-05 1.1E-05 3.9E+00
004 1.7E+00 S54E-01 3.1E-01 8.2E-02 2.0E-04 4.5E-05 5.1E-05 5.4E-05 9.2E-05 1.5E-05 2.1E-04 6.1E-05 8.8E-06 3.8E+00
005 1.5E+00 4.8E-01 2.6E-01 7.1E-02 1.2E-04 3.2E-05 3.1E-05 3.9E-05 4.2E-05 8.6E-06 1.6E-04 5.1E-05 6.3E-06 3.8E+00
006 1.5E+00 4.4E-01 2.4E-01 5.6E-02 1.0E-04 2.1E-05 3.7E-05 2.6E-05 5.3E-05 8.8E-06 1.4E-04 3.6E-05 8.0E-06 3.8E+00
007 1.4E+00 4.2E-01 1.9E-01 S.1E-02 7.0E-05 1.5E-05 3.1E-05 1.9E-05 3.4E-05 7.6E-06 8.6E-05 2.8E-05 6.5E-06 3.8E+00
008 1.4E+00 4.3E-01 1.9E-01 5.5E-02 6.7E-05 1.8E-05 3.0E-05 2.2E-05 3.1E-05 8.0E-06 8.7E-05 3.2E-05 6.4E-06 3.8E+00
009 1.3E+00 4.0E-01 1.7E-01 5.0E-02 6.2E-05 1.7E-05 2.8E-05 2.1E-05 2.8E-05 8.1E-06 7.9E-05 2.9E-05 6.4E-06 3.7E+00
010 1.5E+00 4.5E-01 2.4E-01 5.9E-02 1.5E-04 2.5E-05 1.1E-04 3.1E-05 7.2E-05 1.7E-05 1.4E-04 3.8E-05 1.5E-05 3.7E+00

Table 2: Structural analysis results for structure 001-010

The numerical procedure was started by creating ten versions of each project by using the
software Rhino [4], and its plugin Grasshopper3d [3] and then save ten renders from a differ-
ent viewing point of each alteration. For the static solution of these projects the plugin Ka-
ramba3d [2], [5] was used, in which we came up with the maximum and minimum internal
forces and also the maximum and minimum displacements. Furthermore, a questioner on
Google docs (Appendix I), was created with all the images, which are included in Appendix
I11, in order for people to vote. From this feedback, an excel file was created so as to be ana-
lyzed with regression analysis. Furthermore, the top five projects that were voted, are demon-
strated in Figure 7. Finally, two examples of the code that was used in Grasshoper3d, and one
example code from Karamba3d are depicted in Appendix III.

In Figure 7 - A, which is a curved hanging bridge, the concept is to rotate around from its
vertical axis to pass the ships under the bridge. Figure 7 - B, is a hanging bridge in a straight
line similar to the previous one. In Figure 7 - C, we still demonstrate a hanging bridge of simi-
lar structural rationale, in the simplest form. In Figure 7 — D, we show a parametric shell with
polygonal openings on the roof. Finally, in Figure 7 - E a large-scale enclosure is demonstrat-
ed. Accordingly, in, Figure10, the corresponding code in the Grasshopper3d [3] program and
the congruent code is for the project of Figure 7-B. Then the code for the project of Figure 7-
A is demonstrated in Figure 11 with an optimization tool to the right in order to find a place
where the bridge has the minimum bending moments. Finally, for the same project, we see the
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Karamba3d [2] code and the various values we output for moments and displacements (see
Figure 12 in Appendix II).

C-D: Parametric projects 081, 236

E: Parametric project 107

Figure 4: Highest rated projects

4 HEADINGS

In order to perform the regression analysis, the results of each project were normalized to
have zero mean and unit standard deviation, so as to utilize the same range for the Karamba3d
results for its project and the statistical analysis to be more representative. The projects with
irrational values of internal forces were excluded from the database via anomaly detection
software [26], as they probably had errors in the connectivity of the model. We used three
Machine Learning simulations, in order to construct prediction models, and in particular, Lin-
ear Regression [27], Random Forests [28], [29], and Gradient Boosting [30], [31], as devel-
oped in Julia [32] programming language. In Table 3, the accuracy metrics indicate a strong
link among the structural analysis results, with the aesthetic value, as computed by the ques-
tionnaires. Afterwards, sensitivity analysis [33], [34] was conducted in order to investigate the
influence of each independent variable to the dependent, by keeping all other variables con-
stant at their Median value. In Figure 8, the corresponding results for Aesthetic value vs
Bending Moments over Axial Forces are depicted, exhibiting a decreasing pattern. This is in
accordance with the rationale of Antonio Gaudi [7] and the minimum bending moments of
arches and domes.

3863



Nikolaos P. Bakas, Neofytos Christofi, John Bellos, Dimitris Antoniou and George Markou

b
3.8 —
. Medians - Random Forests
o 3T ’ B Medians - Gradient Boosting
= F # Medians - Linear Regression
= 3.6 -
o (e
& 35— »
n
o
o 34— »._5‘
Z o g -
3.3 - am i semuli = =
‘:; - » * (3
32 - “*.
. . MR . .
0 3] 10 15 20
M over N
Figure 5: Sensitivity analysis
Methods Pears. Corr. MAE RMSE MAPE MAXPE Alpha
Random Forests 0.8156 0.1460 0.1980 0.0466 0.2065 0.5704
Gradient Boosting 0.9732 0.0183 0.0771 0.0055 0.1761 0.9469
Linear Regression 0.3769 0.2449 0.3155 0.0800 0.3533 0.1154

Table 3: Accuracy Metrics of Machine Learning Models

S CONCLUSIONS

This research was an attempt to contribute to the question of many architects and civil en-
gineers on whether the structural response of a structure is useful to the stability of the build-
ing, or it has another utilization on the architectural synthesis as well. The literature regarding
parametric design and form-finding, although indirectly refer to the aesthetics of the structure,
lack any identification of a numerical link between the structural response and aesthetics of
the structure. This was farther investigated and confirmed with bibliometric analysis of the
literature regarding aesthetics and structural response, where the clusters of the aesthetic relat-
ed keywords were separated from the engineering related keywords. An adequate amount of
projects (170) were developed and studied in order to construct a database for such an investi-
gation. The regression analysis confirmed numerically that there exists a link between struc-
tural response and aesthetics.
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Appendix I: Figures, of the studied projects
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Appendix II: Example Codes
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