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Abstract. The design exploration of a building aims at finding a design solution that meets certain established goals,
for instance, ensuring structural efficiency. The structural requirements are addressed by the engineer who spends
a significant amount of time building an analytical model of the architectural project, to inform the architect about
its performance. Taking this feedback into account, the architect modifies or adjusts the project and sends it back
to the engineer, thus commencing a multiple interaction process between the two experts. This can cause delays,
as the architect often makes design changes, and, therefore, the engineer has to redesign the analytical model for
analysis.
Nowadays, to speed‐up the implementation of design changes, we can take advantage of Algorithmic Design (AD)
approaches, to produce systematic design changes and explore alternative design solutions. However, when the
architect wishes to structurally evaluate the different solutions obtained, the analytical models have to be
specifically created for this analysis purpose, and their production takes a considerable amount of time.
This thesis intends to explore an interconnection between the algorithmic‐based design approach and the
automation of structural analysis. With this, the architect that uses AD can obtain faster feedback regarding the
structural behavior of his designs, to assist him in the initial phases of the design process. Using the proposed
methodology, a single computer program can describe the intended model as well as structural analytical models.
We call this approach Algorithmic Design and Analysis (ADA).
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1 Introduction
The design exploration of a building is a process that involves different disciplines. The success of a project is
dictated by how the disciplines, such as architectural design, structural engineering and detailing, as well as energy
performance, are compounded together, to achieve the designated design and performance. The communication
between the different experts is crucial, and it demands suitable means of sharing and exchanging information,
so that all involved entities can work efficiently.
The advent of computers led to the emergence of 3D modeling application paradigms, such as Computer Aided‐
Design (CAD), that allow a clear visualization and representation of certain features of a project. Using CAD tools,
designers could reach more complex and innovative solutions that cannot be easily designed manually, and which
challenge construction practices and architectural design. The rise of Algorithmic Design (AD) approaches, allows
systematic design changes using, for example, parametric tools, which facilitate the production of alternative
designs, envisioning optimal solutions (Kolarevic, 2004). As a result, the analysis and performance evaluation of
these complex designs became even more critical, and similarly to the design, this analysis cannot be easily and
rigorously done through manual means (Lee, et al., 2016). To solve this problem, digital analysis tools emerged.
Analysis tools require 3D models, which contain solely the relevant information for the analysis in question, these
are called analytical models. However, the time and effort required to produce building models and analytical
models, discourages architects to evaluate structural performance in the early design phases, more so if designers
intend to analyze several design variations. It is during the phases where the designer is experimenting with form
that these tools could have a greater impact on the design choices through an integrated structural design and
thus, improve performance. This is because the form, shape, and design of a building influences its structural
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performance (Larsen & Tyas, 2003). The lack of analysis in the initial phases of design can result in the delay of a
project, as the design can later suffer several changes to achieve structural performance requirements.
To promote the incorporation of performance in the architectural design process, we propose a direct connection
between an AD tool and the analysis software, a methodology we call Algorithmic Design and Analysis (ADA). The
AD tool supports a set of modeling operations that can produce the 3D model of a building using an algorithmic
approach. Furthermore, this tool is capable of automatically generate different model versions of the same design,
for further processing and evaluation of their performance. More specifically, it is intended that, an algorithmic
description of a building can not only produce different model versions of the building, but also the corresponding
analytical models, according to the analysis purpose.
The main goal of this thesis is to show that, by interconnecting an AD approach to project design and the digital
tools for structural analysis, the architect gains quick feedback on the behavior of his design. Taking into account
this feedback, the architect can acquire independence and freedom to explore more unconventional and
innovative solutions, which meet both the desired conceptual intents and structural performance goals. Thus, it is
intended that, through an automated process, architects can find alternative solutions that maximize performance
and structural efficiency.

2 The Role of Structural Design in Architecture
To integrate structural considerations in the design process, we must first understand the importance of a
building’s structure. In an architectural context, a structure is a physical object that is part of the character and
architecture of a building and its purpose is to provide and ensure the building’s physical integrity (Sandaker,
2007). The study of structures involves understanding the physical behavior of a building when it is affected by
external loads. It is therefore important to stress that the contribution of the structure is very crucial and must
satisfy efficiency requirements.
To integrate structure in the design process, there are several structural objectives to consider, such as
functionality, safety, economy, and aesthetics. When the design of structures is well integrated in the design
process, and all these requirements are met, buildings can benefit from more structural efficient forms (Mueller,
2014). As a result, a considerable amount of materials can be spared, and environmental impact and construction
costs can be reduced.
The designs that ensure a harmony between architecture and structural design are often considered successful
examples of both achieving aesthetic and technical goals (Mueller, 2014). This structural integration reflects on
the safety and longevity of a building. This is where designers can benefit from an integrated structural design
approach, where architecture and structure are thought and worked together from the early stages of the design
process. On the other hand, when an architectural design is developed regardless of structural considerations, the
results can be very expensive in terms of material waste, recurrent maintenance, or even unsafe constructions.

3 Digital Design in Architecture
The advent of computers and the digital revolution had a major impact in the architectural profession and brought
endless possibilities and techniques to create more elaborate and thoughtful designs, as well as rendering or
automating specific modeling tasks with great ease (Sheil, 2008). As these designs become even more complex,
new digital design methodologies such as Generative Design (GD) were developed to facilitate the production of
these designs. GD involves the elaboration of a system which creates a design, in an effortless and fast manner,
avoiding the time‐consuming and tedious task of repetitive modeling, so that that designers can make more
informed design decisions. AD is a particular case of GD, where an algorithm is the system that generates the
different design solutions. When powerful 3D modeling software is combined with GD, it can result in complex
forms.
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When designers want to readjust a complex digital model, these changes can be very tedious and time‐consuming,
and so they can take advantage of Parametric Design (PD). PD is the process of designing a building out of
geometrical entities with variable attributes, called parameters, which can be easily modified to produce variations
of a design.
AD requires the architect to know how to write programs in a programming language, and to invest time in the
construction of the algorithmic representation. However, the investment is quickly recovered when AD is
combined with PD, which easily enables the production of numerous and innovative design possibilities and
enables a greater control and power over the exploration of architectural designs (Kolarevic, 2004).

4 Building Performance
Due to the increasing complexity of architectural designs created with GD approaches, there was a demand for
software capable of analyzing and evaluating the behavior and performance of such solutions. Architects became
aware of the influence that the design of a building can have on its performance and thus analysis tools became a
common practice among the Architecture, Engineering, and Construction (AEC) industry. In the case of structural
performance, the most commonly recognized analysis tools available to evaluate architectural designs include
SAP2000, ETABS, Robot, GSA and Tekla Structures. Architects would greatly benefit of having access to these
programs to explore integrated architectural and structural design strategies.
To evaluate performance, analysis tools require an analytical model constituted solely of relevant geometrical
elements and data information for the analysis purpose. When the designer has already built a digital model, a
commonly used solution to produce the analytical model is to export the digital model into a different format.
However, a common drawback is that sometimes information loss occurs during the export process (Moon, et al.,
2011). In the case of structural analysis, some of the tools developed to transform the 3D models into different
formats are Industry Foundation Classes (IFC), TTX, and the Geometry Gym plug‐in for Grasshopper. However,
some of these approaches still require the user to input some information manually, every time the user wishes
to perform an analysis.

5 Algorithmic Design and Analysis
As mentioned before, frequently designers opt to export the digital model to an appropriate format for an analysis
tool, but this often can result in the loss of information. In this section, we explain the theoretical basis for the
proposed solution to this problem, which is also compared with the present methodology for analysis. It is
assumed that the architect is working with an algorithmic approach, where he implements a parametric design.
Figure 1 describes the typical analysis workflow, when designers intend to perform an analysis on a building. In
this workflow, the algorithmic design tool generates the 3D model of the building in a modeling tool. The digital
model is then exported to the analysis software and the results can be retrieved to the modeling tool.

Figure 1. Typical analysis workflow: (1) the algorithmic design tool generates the model in a 3D modeling tool, (2) the model is
exported to the analysis tools, where the architect can visualize the results or, (3) the results are retrieved for further processing
(Aguiar, et al., 2017).
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To avoid any interoperability issues, we propose a different analysis workflow, where the information required by
the analysis tool is instead generated by the algorithmic tool, without the need for intermediate models or
modeling tools. Through a direct communication between the AD tool and the analysis software, the data is sent
to the analysis tool containing solely the required information to perform the analysis. After the analysis is
performed, the results are retrieved to the parametric tool and can be displayed in a modeling tool, or can be
presented in other formats, such as numeric data in a spreadsheet (Figure 2).

Figure 2. Proposed workflow: (1) the algorithmic design tool generates and sends the analytical model directly to the analysis
tools, (2) retrieves the results, (3) and these can be visualized in the modeling tool. It is also possible to (4) present the results in
other formats, e.g., as numeric data in a spreadsheet (Aguiar, et al., 2017).

Our solution takes advantage of the algorithmic descriptions, produced by the architect and his team, which
contain all the relevant information of their designs, including not only building models, but also the automatic
generation of analytical models. We call this approach Algorithmic Design and Analysis (ADA). The proposed
methodology can be applied to different types of analysis. In this thesis, we focus on evaluating our approach
applied to structural performance.
Using our proposed approach, ADA, we evaluate the performance of a chosen case study by using the selected AD
tool Rosetta (Lopes & Leitão, 2011), to generate the appropriate analytical model for analysis, directly in the
chosen structural analysis tool Robot (Marsh, 2014). However, we could have selected any other AD tool and
structural analysis software. Rosetta sends the analytical model to Robot and automates its calculations, using the
same script that produces the building model in a modeling tool. The analysis of several design variation is a task
that the architect can also automate, simply by running his script in Rosetta with a set of parameter variations of
the building without any extra effort. This allows to more rapidly obtain the evaluation of both complex and
multiple design iterations and encourage the architect to address structural considerations when developing his
designs. After performing the analysis, the user can retrieve the results back to Rosetta to either generate the
deflection or stress models in AutoCAD or Rhinoceros or display the results in tables in Excel (Figure 3).

Figure 3. Rosetta connection with Robot, using AutoCAD and Rhinoceros as visualizers, and Excel to retrieve data results.
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6 Case Study
To evaluate the capabilities of the ADA approach, we selected an architectural case study to be structurally
analyzed: the Shenzhen Bao’an International Airport, located in Shenzhen, Guangdong, China, and designed by
Studio Fuksas (Figure 4). We modeled the building taking advantage of PD to describe several design variations,
and using the AD tool Rosetta to create the script that describes the building, written in the Racket language, so
that we could generate both the building model and the analytical model for structural analysis.
The structural analysis of this case study is focused on the articulated truss structure of the tubular section of the
building. The span of the tubular structure goes up to 25 meters and its shape has soft and organic variations,
characterized by different heights of the structure. We studied a section of the airport’s terminal structure with
60 meters of length. The modeled truss structure consists of circular hollow steel bar elements welded together.
The loads considered for the case study evaluations are due to the self‐weight of the structure and to the skin
coverage of the building.

Figure 4. Tubular section of the building. Source: https://structurae.de/bauwerke/flughafen‐shenzhen‐bao‐an‐terminal‐
3/fotos.

7 Analysis Evaluation
We performed four sets of evaluations, which are thoroughly explained in the following subsections:
 Case study variations – a comparison of fourteen variations of the case study’s truss structures, to select the
most effective truss type solution according to the chosen metrics for this analysis, which are: (1) the maximum
and minimum stresses suffered by the structural elements, (2) the maximum vertical displacement of the
elements and the deflection of the structure, (3) the internal forces and bending moments suffered, and (4)
the reactions at the supports;
 Structure and Interior Aesthetic – an evaluation of the structure and of the perceived interior environment in
hopes of achieving interesting results to aid in design decisions, that result from adopting different truss
solutions, assessed in the previous evaluation;
 Automated Analysis – an automation of the analysis process, using the most efficient truss type solution found
in the first and second evaluations, to assess the maximum vertical displacement of several height variations
of the elliptical section of the building, selected by the architect, to find the best performing ones;
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 Optimization – an evaluation that takes advantage of a sampling algorithm to perform the previous evaluation,
but this time, automatically finding the best solutions within a certain range of heights.

7.1

Case Study Variations

For the first evaluation, we selected fourteen truss variations of the case study but here we will present only eight
to evaluate the maximum displacement. The eight case studies are represented in Figure 5, and consist of several
truss type solutions, including the Pratt, Howe, Warren, and Warren with verticals, which were analyzed
sequentially.

Figure 5. Rendered images of the truss type structures: (A) structure without any bracing (Vierendeel beam); (B) planar Pratt
truss; (C) spatial Pratt truss; (D) planar Howe truss; (E) spatial Howe truss; (F) planar Warren truss with verticals; (G) spatial
Warren truss with verticals; and (H) Warren truss.

We obtained the maximum vertical displacement values, using Robot, for all eight case studies selected, which
happen in the vertical direction. Figure 6 shows the deformed sections of the case studies and their original
structure, as well as the maximum vertical displacement occurred.
In Figure 6, we can observe that variation A fails to ensure an acceptable maximum displacement of 12cm for a
service building, and in comparison, each of the other truss type solutions have an acceptable maximum vertical
displacement. Through the understanding of the obtained results, we can quickly assess that all solutions, but A,
are appropriate, and that the solution which behaves better in terms of the selected metric is the planar Warren
with verticals truss, F. However, we selected the solutions planar Warren with verticals, F, and spatial Warren with
verticals, G, to next evaluate a lighting criterion.
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Figure 6. The deflection section of each of the eight case study variations presented, labelled from A to H respectively (values
given in cm, the displacement scale is exaggerated).

7.2

Structure and Interior Aesthetic

A different evaluation was employed to address structural concerns and to explore the interior lighting effect that
is produced when natural light penetrates the skin coverage of the building, to better aid in the decision of the
structure to adopt. The architect’s desire for the airport terminal building was to allow a lighting effect and
reflection of the sunlight penetrating the skylight openings. For a better understanding of the effects of the
structure in the lighting of the building, we generated several rendering images of its interior using different truss
design variations. Figure 7 shows the interior lighting effect that results from adopting planar and spatial Warren
with verticals truss solutions (F and G) with different number of trusses, both of which showed to be appropriate
structural solutions. In the full document, these truss solutions were also evaluated according to several structural
metrics.
Observing Figure 7, we can conclude that the structural solution has a major impact on the interior of the building.
The density of structural elements affects the natural light penetrating the skylight openings creating different
levels of brightness and shadowiness, directly affecting the level of illumination inside the building. On the other
hand, the level of density of the structural elements affects the visual extent of the interior, changing its aesthetic.
We believe that the first solution, the planar Warren with verticals with 10 truss modules (Figure 7. A), better suits
the desired lighting effect. This solution also proved to be more appropriate regarding the evaluated structural
metrics.
Lastly, we can conclude that this evaluation illustrates the advantages of an AD approach to automatically and
easily generate different structure solutions, and to further automate the whole rendering production process for
a quick assessment and comparison between them.
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Figure 7. Interior lighting effect produced when using planar Warren with verticals solutions, F, with (A) 10 trusses, and (B) 20
trusses; and spatial Warren with verticals solutions, G, with (C) 10 trusses, and (D) 20 trusses.

7.3

Automated Analysis

For the evaluation of an automated analysis, we chose to sequentially evaluate twelve variations of the most
effective type solution, found in the first evaluation, which we think is of an interesting aesthetic, found in the
second evaluation: the planar Warren with verticals truss type. Each of the variations evaluated varies in the
maximum height of the structure, ranging from 9 to 31 meters
The maximum and minimum stress suffered, as well as the horizontal reactions (Fx) affecting each variation, can
be observed in Table 1. The horizontal reactions (Fx) at the supports are the most relevant metric because of their
large values, which act against the traction triggered in the concrete floors by the weight of the structure (visible
in Figure 4).
Table 1. The maximum and minimum peak stress supported, the maximum and minimum horizontal reactions at the supports
and the maximum vertical displacement for each of the twelve variations (A‐L).

Case Study
Variation A
Variation B
Variation C
Variation D
Variation E
Variation F
Variation G
Variation H
Variation I
Variation J
Variation K
Variation L

Building’s
height
(m)
9
11
13
15
17
19
21
23
25
27
29
31

Vertical loads
applied (KN per
node)
‐41.71
‐43.34
‐45.10
‐46.98
‐48.95
‐51.00
‐53.11
‐55.27
‐57.49
‐59.41
‐62.03
‐64.36

Maximum
Stress
(σ /MPa)
596.01
451.77
349.09
314.35
301.26
295.40
288.79
281.92
275.16
268.81
263.07
258.03
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Minimum
Stress
(σ /MPa)
‐174.90
‐241.37
‐227.33
‐219.89
‐212.56
‐205.15
‐197.48
‐189.58
‐181.56
‐173.63
‐165.95
‐158.67

Maximum and
Minimum
Reactions Fx (KN)
± 243.19
± 174.18
± 144.91
± 130.49
± 122.65
± 118.09
± 115.31
± 113.53
± 112.35
± 111.51
± 110.87
± 110.35

Maximum
Displacement
UZ (cm)
‐6.6647
‐5.7237
‐5.5000
‐5.6134
‐5.9119
‐6.3291
‐6.8321
‐7.4030
‐8.0318
‐8.7126
‐9.4418
‐10.2174

By comparing the results presented in Table 1, we can conclude that all variations, but A, are below the limit
tension resistance of the steel (540 MPa). As the value of the height increases, the maximum and minimum stress
suffered by each variation is smaller. Therefore, the variations with a greater height are the most appropriate in
regard to the traction induced in the concrete floors’ structure. The horizontal reactions happen in response to
the stress suffered. Hence, the shorter variations are affected by higher stress values, and, therefore, result in a
greater horizontal reaction response to avoid traction in the concrete floor’s structure.
Lastly, we can choose the solution that is most suitable for the building, regarding the trade‐offs between the
architectural and structural considerations. Variation F, for example, could be the chosen one, with a maximum
height of 19 meters, as it seems appropriate in terms of the maximum and minimum stresses, the maximum
vertical displacement, and the traction affecting the concrete structure. Variation F also presents elliptical
dimensions which we believe to be an interesting aesthetic.

7.4

Optimization

Max vertical displacement
(cm)

After performing the evaluation of several height variations, we decided to take advantage of an algorithm that
generates a random sampling of the design space, to perform an evaluation with a large number of iterations of a
restricted range of heights. The sampling technique used to generate different designs is the Latin Hypercube
Sampling (LHS) method (McKay, et al., 1979). LHS is a widely‐used method to generate controlled random samples,
capable of covering a great variance of the design space. Rosetta evaluated, sequentially, 46 solutions, ranging
between 11.00m and 15.00m of height, in terms of the maximum displacement metric, to choose the best
performing one. Figure 8 shows the obtained results on the maximum displacement using the LHS to search
through several possible design solutions.
‐5,45
‐5,50
‐5,55
‐5,60
‐5,65
‐5,70
‐5,75
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Height (m)

Figure 8. The maximum displacement obtained for each height variation evaluated and calculated using the LHS.

By studying the results represented in Figure 8, we acknowledge that the best performing solutions have a height
between 13.00m and 13.15m. In comparison to the previous study, the LHS proved to be very helpful regarding
the automation of multiple analysis, providing us with an optimal solution among those which were evaluated. By
tracing the selected metric, using this sampling technique, we could understand the deflection of the case study’s
design, which allows us to predict the behavior of this structure for any given height.

8 Conclusion
The structural performance of an architectural project is an aspect of great responsibility, which should be
addressed early in the initial design phases. The feedback acquired on structural analysis allows the integration of
structural design in the architectural design process, helping to improve the performance capabilities of a building
and to make more conscious decisions regarding its physical integrity. However, to perform an analysis, the user
has to create an analytical model of his design, which takes a considerable amount of time to produce, a process
that is not yet automated. This discourages architects to analyze the performance of relevant design variations,
during early phases of the design process.
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This thesis proposes an approach which helps architects consider performance evaluation, by combining
algorithmic design with analysis, resulting in an approach that we name Algorithmic Design and Analysis (ADA).
The proposed methodology provides a direct connection with the analysis tool, where the set‐up of the analysis
is automated, and the results can be retrieved to the parametric tool.
This methodology allows the architect to work on a single algorithmic description of his building that can
automatically produce both the 3D model for visualization and the analytical models for a quick assessment of the
performance. Using the proposed workflow, the architect can easily generate analytical models, and automate
this task for numerous variations without inducing more effort. This saves precious time to the architect and allows
him to understand the impact of the design choices, which helps him reach better performance results.
In the future, we intend to expand our research in several directions, namely performing analyzes on different
truss structures by varying the dimensions of the cross‐sections, which would require to implement better
algorithms to calculate the loads affecting the structure. It would also be beneficial to explore form‐finding
approaches in agreement with structural requirements, as this could allow an even greater flexibility in finding
new designs based on the performance. The structural design of an architectural project can also greatly benefit
from the application of a single or a multi‐criteria optimization process, to evaluate several relevant variations of
a building, and choose a solution which can best meet the most relevant criteria.
Finally, the evaluation of our methodology focused on the structural performance of metallic articulated type
structures. In the future, we intend to analyze reinforced concrete buildings. We also want to expand our approach
to evaluate load combinations, such as ultimate limit states and serviceability limit states.
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