
 

Building structural design generation and optimisation
including spatial modification
Citation for published version (APA):
Davila Delgado, J. M. (2014). Building structural design generation and optimisation including spatial
modification. [Phd Thesis 1 (Research TU/e / Graduation TU/e), Built Environment]. Technische Universiteit
Eindhoven.

Document status and date:
Published: 01/01/2014

Document Version:
Publisher’s PDF, also known as Version of Record (includes final page, issue and volume numbers)

Please check the document version of this publication:

• A submitted manuscript is the version of the article upon submission and before peer-review. There can be
important differences between the submitted version and the official published version of record. People
interested in the research are advised to contact the author for the final version of the publication, or visit the
DOI to the publisher's website.
• The final author version and the galley proof are versions of the publication after peer review.
• The final published version features the final layout of the paper including the volume, issue and page
numbers.
Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above, please
follow below link for the End User Agreement:
www.tue.nl/taverne

Take down policy
If you believe that this document breaches copyright please contact us at:
openaccess@tue.nl
providing details and we will investigate your claim.

Download date: 24. May. 2023

https://research.tue.nl/en/publications/7d5d158c-756d-41d5-affa-05aba1b540e9


/ Department of the Built Environment

bouwstenen 200

Juan Manuel Dávila Delgado

Building Structural Design 
Generation and Optimisation 
including Spatial Modification

Building Structural Design Generation and O
ptim

isation 
including Spatial M

odification
200



Building Structural Design 
Generation and Optimisation 
including Spatial Modification

PROEFSCHRIFT 

ter verkrijging van de graad van doctor aan de 

Technische Universiteit Eindhoven, op gezag van de 

Rector Magnificus, prof.dr.ir. C.J. van Duijn, voor een 

commissie aangewezen door het College voor 

Promoties in het openbaar te verdedigen 

op donderdag 18 december 2014 om 16.00 uur 

door 

Juan Manuel Dávila Delgado 

geboren te México D.F., México 



Dit proefschrift is goedgekeurd door de promotoren en de samenstelling van de 
promotiecommissie is als volgt:  

voorzitter:  prof.ir. E.S.M. Nelissen 

1e promotor: prof.dr.ir. J.G.M. Kerstens 

2e promotor: prof.dr.ir. B. de Vries 

copromotor: dr.ir. H. Hofmeyer 

leden: prof.dr. I. Horváth (TU Delft) 

dr. M.Y. Rafiq (Plymouth University, UK) 

prof.dr.ir. A.S.J. Suiker 

prof.dr.-ing. P.M. Teuffel 



 
  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This research has been financed by the dr.ir. Cornelis Lely Stichting, which in turn 
was supported by Rijkswaterstaat, part of the Dutch Ministry of Infrastructure and 
the Environment. 

  



 
  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Bouwstenen 200 

A catalogue record is available at the Library of the Eindhoven University of 
Technology. 

ISBN: 978-94-6259-449-4 

Cover design: Juan Manuel Dávila Delgado 

© Copyright 2014, J.M. Davila Delgado 

All rights reserved. No part of this publication may be reproduced, stored in a 
retrieval system, or transmitted, in any form or by any means, electronic, 
mechanical, photocopying, recording or otherwise, without the previous written 
permission from the copyright owner. 

  



v 
 

Acknowledgements 

This dissertation marks the end of my eight-year stay in the Netherlands. These have 
been among the most challenging and edifying years of my life. No man is an island, no 
Ph.D. is either. I would like to thank all the people that made the completion of this 
research project a reality. A project situated in the intersection of several disciplines (in 
this case applied mechanics, design systems, and structural design) always represents 
particular challenges and it makes for a difficult, but rewarding, research project. 

I would like to express my gratitude to my first supervisor prof. Jan Kerstens for 
fostering this research project in his Applied Mechanics group and for his valuable 
advice and supervision. I am very grateful to prof. Bauke de Vries, my second supervisor, 
of the Design Systems group for his relevant suggestions and significant support to bring 
this research project to a successful completion. 

I truly appreciate my co-supervisor, dr. Hèrm Hofmeyer, for being always available, 
for instructing me on scientific practice and critical thinking, and for being thorough in 
his reviews. I believe that during these four years we have made some remarkable 
achievements. 

I highly appreciate the time, effort, and comments of the members of the doctorate 
committee dr. Yaqub Rafiq, prof. Akke Suiker, prof. Patrick Teuffel, and especially prof. 
Imre Horváth for the insightful and fruitful discussions. 

I would like to thank the dr.ir. Cornelis Lely Stichting for funding the research 
project and to acknowledge the time and input of the members of the professional user 
committee: ir. M. de Vries (ALFA Development), ir. J. Fennema (Construsoft), ir. J. van 
der Meulen (H2M Architecten), ir. A.P.H.W. Habraken (ARUP), ir. A. Wijnen (De 
Twee Snoeken), prof.ir. F. van Herwijnen (ABT). 

I am grateful to dr. Rudi Stouffs, my M.Sc.-thesis supervisor, whom in 2010, 
informed me about the Ph.D.-vacancy at the TU/e and has been always available for 
advice. I would like to acknowledge dr. Patrick Janssen for supporting my academic stay 
at the National University of Singapore and for his tutorials on genetic algorithms and 
Dexen. I thank Firus Faizal for introducing me to Southeast Asian culture and cuisine. 

I would like to thank the Design Systems group of the Department of the Built 
Environment, at the TU/e, for the facilities provided to run simulations. Thanks to Jakob 
Beetz and Joran Jesurrun for their advices, and thanks to Sjoerd Buma for arranging the 
processing setup. Furthermore, I am grateful for the support of the secretaries of the 9th 
floor, Marlyn Aretz†, Bianca Magielse, Nathaly Rombley, and Karin Nisselrooij-
Steenbergen.  

I would like to acknowledge the work carried out by the following students: Carola 
Smulders, Firat Gelbal, Dennis Peeten, Ron van den Kerkhof, and Jasper Verheul for the 



vi 
 

implementation of parts of the strategies, and Haroen Zakhimi for his work related to 
the internal validation of localisations. 

During my years at the TU/e, I gladly collaborated with other fellow Ph.D.s at 
PromoVE, the Ph.D.-association of the TU/e. We organised events and help out several 
Ph.D.-candidates that were facing difficulties during their projects. I like to acknowledge 
the enthusiasm and hard work of Shakith Fernando, Maxim Hendriks, Yulia Kiseleva, 
Jan-Jaap Oosterwijk, and Dennis Schunselaar. 

I was fortunate enough to meet a number of colleagues throughout the four years of 
my Ph.D.-project. I would like to thank my former Ph.D.-colleagues of the Structural 
Design unit Frank Huijben, Lex van der Meer, Ronald van der Meulen, Roel 
Spoorenberg, Sander Zegers, my mate Florian Heinzelmann and my travel mate Sarme 
Silitonga, for the chats and laughs during lunch, coffee breaks, and after-work beers. I 
appreciate the time, chats, and trips shared with the visiting researchers Feray Maden, 
Monica Nicoreac, Alexei and Maria Orlov, and Ester Pujadas. Thanks to Rianne Dekker 
and Rianne Luimes for their company and chats during coffee breaks, in the last stages 
of my Ph.D.-project. Thanks to my all fellows and fellow Ph.D.s from the 9th floor 
Erfaneh Allameh, Sjoerd Buma, Feiyu Geng, Mohammadali Heidari, Joran Jessurun, 
Thomas Krijnen, Kai Liao, Jiadun Liu, Wiet Mazairac, Giuliana Scuderi, Cahyono 
Susetyo, Tong Wang, Chi Zhang, and my travel and house mate Saleh Mohammadi for 
the chats, lunches, after-work beers, and dinners. I would like to thank my friends at 
Eindhoven Ismail, Alper, Gari, Juan, Meseret, Bahar, Jenny, Andrey, and Arina for 
making my stay a pleasant experience. 

 Gracias a todos mis amigos que hicieron de mi estancia en este país una 
experiencia agradable; en especial agradezco a Oswaldo y Sandra, a Diego y Nora, a 
Carlos y Carmen, a mis incansables compañeros Israel, Isabel, Joaquín, Limber, y 
Eduardo. Mi estancia aquí no hubiera sido la misma sin los eventuales destellos de 
Comida Mexicana, Los Chilaquiles, Los Tamales, El Pozole, El Pan de Muerto, La 
Cochinita Pibil, entre otros esfuerzos que hicimos por acercar el país que dejamos.  

Quiero agradecer a toda mi familia por su incondicional apoyo y muestras de 
cariño. A mis tíos Tere y Mats† agradezo su apoyo durante toda mi estancia en Holanda, 
siempre fue reconfortante saber que estaban cerca; así mismo a mis primos Mike, Kris, y 
Henke; a Marce, Moi y Aoi, por las pláticas, los momentos agradables, por las largas 
tardes de juegos de mesa y videojuegos. Gracias Moi por ayudarme durante mis pininos 
en programación. Mi gratitud de manera particular a mi tía Carmen por su apoyo en 
esta mi empresa en el extranjero.  

Mi especial agradecimiento a mis queridísimas hermanas, Citla e Ile, por su 
invaluable apoyo y cariño. A mis padres, Moru y Tere, agradezco su incondicional 
apoyo, consejos, y el ejemplo y amor que me brindan, sin los cuales nunca hubiera 
podido terminar mi doctorado. Este es un logro mío como de ustedes cuatro. Gracias a 
Dios por todo. 

 



vii 
 

Preface 

This dissertation is, in the first place, a report on research carried out during the period 
2010-2014. Nonetheless, it represents as well a milestone in a quest for insight on 
building spatial and structural design interaction, which exists at Eindhoven University 
of Technology, in the Structural Design Group, since 1992. 

At that time, Professor H.S. Rutten and Associate Professor H.J. Fijneman were 
convinced that, regarding the use of computers in the field of structural engineering, if 
one would understand mathematics and computing science (i.e. logic), computers could 
be used not only for stress-engineering (via the finite element method), but for 
improving –or even generating- the building structural design as well. Therefore, from 
December 7, 1992 on, 2 M.Sc.-research projects and 1 M.Sc.-thesis project were carried 
out. A Prolog computer program resulted that first applied space allocation to generate a 
2D ground plan, then cyclically applied (a) structural grammars to provide the level with 
a structural design, (b) space allocation to generate the spatial design for the next level, 
based on the structural design below. As such, an automated and level based alternating 
spatial-structural development of the building was carried out (Hofmeyer, Rutten, 
Fijneman, 2006). 

To follow up the research above, a Ph.D.-project was initiated on November 1, 
1994. After a literature study on computer supported design, three topics were proposed. 
(I) The implementation of a co-evolutionary design process by automatic (a) 3D pattern 
recognition of shapes that relate to a structural design, (b) application of a structural 
design, (c) optimisation by repositioning structural elements, (d) replacing the spaces in 
the structural design, and (e) manual reconfiguration of the spaces. (II) Optimisation of 
structural element positions via heuristic rules taking into account the function and 
behaviour of elements, or alternatively using the element positions as design variables in 
gradient-based optimisation of the structural design. (III) Generating 3D structural 
designs via 2D topology optimisation, e.g. via a box template analogy. Hereafter, the 
research focussed on (II) to study numerical optimisation (e.g. shape and topology 
optimisation), to develop configuration optimisation (step (c) above), and to formulate a 
model to relate the two techniques, the model to be implemented in existing numerical 
optimisation software. During a short-term research fellowship, at the Institut für 
Baustatik, led by Professor E. Ramm, at Universität Stuttgart, research was carried out 
on optimisation benchmark tests and the alternative in (II). The Ph.D.-project was 
discontinued on April 30, 1995. 

It was Professor J.G.M. Kerstens, with his background in Applied Mechanics, Civil, 
and Aerospace Engineering and Design (e.g. Storm Surge Barrier Rotterdam, Olympus 
telecommunication satellite), who in 2004 enthusiastically promoted the continuation of 
the research in his Applied Mechanics group. In what followed, the insight arose that 
besides supporting the design process - by providing (possibly improved) structural 
designs - there is a need for understanding the fundamental relationship between space 
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and structure, and the assumption was made that this understanding, and understanding 
of the design process itself, could be provided by automated cycles in which spatial 
designs are transformed into structural designs and vice versa. This reasoning was the 
basis for a research proposal, approved by the “dr.ir. Cornelis Lely Stichting”, financed 
by “Rijkswaterstaat” (being a part of the Dutch Ministry of Infrastructure and the 
Environment), and which completely financed this dissertation. 

During the period 2010-2014, the research was subject to many interesting, but 
often conflicting ideas and suggestions. With hindsight, the project did start with 
implementing the automated cycles (now more specifically: strategy B), with the 
intentions above, but naturally, from that moment on it was influenced by many events 
along the route. First of all, Professor A.S.J. Suiker advised to make the research more 
formal, which led to a description of certain behaviour of the automated cycles as 
“Asymmetrical Subspace Optimisation (ASO)” as such now part of future research. 
Furthermore, he stressed the need to include topology optimisation. Additionally, 
Professor I. Horváth explained the difficulties related to the intention to extrapolate the 
research beyond the initial domain (architecture), e.g. to mechanical or industrial 
design. This led to a renewed focus on building spatial and structural design, and even 
more specifically on structural design and optimisation. He and Professor B. de Vries 
required a detailed description of the framework of the research as well. This led to the 
definition of the research structure best presented in the summary of the dissertation. 

The work here contains several novelties, to mention the most important: 3D 
pattern recognition applied to spatial building designs and used for structural zoning; 
Automated splitting for conformal geometries; Automated stabilisation; Automated 
loading; Topology optimisation for finding 3D building structural topologies; Spatial 
design modification based on structural design feed-back, and together enabling 
automated cycles of spatial-structural design transformations, which also have been 
compared against evolutionary techniques. Looking back at the original intentions from 
1992, it should be said that these intentions have been more than achieved, which makes 
this dissertation a milestone indeed. 

September 19, 2014, the STW Open Technology research proposal “Excellent 
Buildings via Forefront MDO, Lowest Energy Use, Optimal Spatial and Structural 
Performance” was approved, being the best proposal in the group. The proposed 
research will continue the research line initiated by this dissertation. For this, a Ph.D.-
candidate at Eindhoven University of Technology will extend the dissertation work with 
building physics aspects via the ASO description, whereas a Ph.D.-candidate at Leiden 
University will focus on the formal optimisation aspects by developing a combined 
gradient-based and evolutionary strategy for multi-objective optimisation (MEMO). 
Combining the two methods, ASO and MEMO, buildings will become more energy 
efficient, with optimal building spatial and structural design correlation. 
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Summary 

Currently, if a building structural design is optimised in a design process, optimisation 
takes place after development of this design, and is applied to the structural elements. In 
this dissertation, 4 new strategies have been developed to automatically (i) optimise the 
entire structural design instead of its elements, (ii) use optimisation to automatically 
suggest a structural design, (iii) modify the spatial design of the building -to increase the 
design possibilities for the structural design- by spatial feedback or (iv) find optimal 
structural designs by random variation of the spatial design and structural design. The 
strategies define the methods to be used, set directives for data management, and define 
evaluation criteria and means of representation (i.e. how the results are presented). 
These strategies support the design process by providing evaluated design variants via 
rational procedures for the first 3 strategies, and random procedures for the last strategy. 
The 4 strategies have been implemented via a single so-called Building Structural 
Optimisation Toolbox (BSO Toolbox), ensuring a consistent formulation, automated 
application, and validation of the strategies. 

The first strategy A, named Structural Grammars and Topology Optimisation, is 
conceived to resemble a design process: Based on a spatial building design, the 
developed procedures structural grammars, geometrical redefinition, automated 
stabilisation, and automatic loading are applied to generate a structural design, 
composed of structural elements. Additionally, an existing method, topology 
optimisation, is used to enable the redistribution of structural mass, within the 
boundaries of the given structural elements, to obtain optimal structural performance, in 
this particular case reflected by minimal total strain energy. 

Strategy A2, named 3D Topology Optimisation, improves strategy A from the 
limitation that structural mass can only be distributed within the boundaries of the given 
structural elements. Instead, it generates a structural design directly as follows: First a 
structural grammar transforms the building spatial design into a homogeneous solid 
mass. Subsequently, topology optimisation is applied, now redistributing the structural 
mass over the complete volume of the spatial design, which results in both optimal 
performance (here minimal total strain energy) and a suggested layout of the structural 
design. 

Strategy B, named Structural Grammars, Topology Optimisation, and Spatial 
Feedback, entails a design process in which spatial design modifications are carried out 
based on the development of the structural design. It starts as strategy A, but the optimal 
finite element model is followed by deletion of elements with low total strain energy. 
Then, space deletion removes spaces with a high number of associated deleted finite 
elements. Hereafter, spatial requirements (here: spatial volume and number of spaces) 
are restored by scaling and subdivision of spaces, and this modified spatial design is fed 
back as input of the strategy. Compared to strategy A, this strategy increases the design 
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possibilities for the structural design, since variation of its basis -the spatial design- is 
allowed. 

The last strategy C, named Genetic Algorithms, randomly generates variants of the 
initial spatial design of the building and, based on these, random variants of the 
structural design. The variants of the structural design are evaluated via the finite 
element model. Some of the best performing variants are used for the next cycle of 
generation of variants, using an existing genetic algorithm. The strategy results in 
combinations of a spatial and accompanying structural design, with improved behaviour 
of the structural design (using minimal total strain energy as the optimisation goal) 
compared to structural designs based on the initial building spatial design. 

Strategies A, A2, and B all use coupled procedures, in the case of strategy B to 
enable an automated cycle in which 3D spatial and structural designs co-evolve, which is 
a novel achievement. Many coupled procedures, some also used for strategy C, are new 
or improved developments as well: 3D structural grammars, 3D zoning (3D pattern 
recognition, applied before the grammars), geometrical redefinition both for the 
building spatial and structural design, automatic stabilisation, automatic loading, space 
deletion, and scaling and subdivision.  

Strategies A and A2 both provide optimised structures (strategy A within the 
boundaries of the given structural elements, strategy A2 by using the complete spatial 
volume). As such they have been applied for comparison to 3, 5, and 18-level spatial 
designs of buildings, using vertical, horizontal, and combined loads. The performance 
indicator and spatial requirements used are total strain energy, and spatial volume and 
number of spaces. For both strategies, for all buildings, the vertical load cases show a 
similar efficacy, whereas for the horizontal load cases (including the combined load 
cases), topology optimisation is more efficient for taller buildings. This is due to the 
vertical load resulting in a linear varying strain distribution over the height, whereas the 
horizontal load shows a quadratic distribution. Thus, for the latter case height increase 
of the building leads to larger total strains differences (than for vertical load), for which 
naturally topology optimisation becomes more efficient. Strategy A, applying only 
structural elements at space boundaries, does not show any infringement of structural 
mass in the spaces. However, for strategy A2, using the complete spatial volume for its 
distribution of mass, 20 to 80 % of the spaces will be infringed with structural mass. This 
does not imply that the number of useable spaces decreases with the same amount, as for 
both strategies additional voids occur as well, due to removed structural mass, leading to 
up to 50 % of new open spaces. 

The strategies B and C both allow for modification of the spatial design, strategy B 
via spatial feedback and strategy C by random generation of the building spatial and 
structural design. As such, they have been compared by application to 2 building spatial 
designs, having 3 and 8 levels respectively. For the performance indicator and spatial 
requirements above, but the first now including structural volume as well, both methods 
provide improved building designs. Strategy B yields increasingly improved designs for 
each cycle, whereas for strategy C the average performance improves over many 
generations. For strategy B, it has been shown that for a vertical live load case, the 
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number of levels is correlated with the total strain energy, even when the spatial and 
structural volume, and the total load applied remain constant. For a combined load case, 
including vertical live load and horizontal wind, the total strain energy relates to the 
number of loaded vertical areas. Due to this difference, spatial modification is effective 
for internal vertical load, but not for external horizontal wind load, i.e. it is load type 
dependent. 

A real design process of a constructed building has been studied and described 
using the format of the data and process models of strategy B, i.e. as a sequence of 
alternating spatial and structural designs. The design process shows that the (initial) 
spatial design of the building is modified due to the accompanying structural design 
having a high spatial inconformity factor, and that structural designs are based on the 
spatial designs with regards to column grid size for enabling specific corridor openings 
and dedicated structural elements for the cantilevered spaces (3D space truss or shear 
wall supported slabs). A simulation using strategy B, using a simplified model of the 
initial building spatial design, shows a reducing building height and defragmentation 
due to spatial modification, as explained above. As such, the objective of minimum total 
strain energy is achieved, due to both topology optimisation and spatial modification, 
additionally providing useful design variants following the spatial requirements. 
However, modification of the spatial design and structural designs based on the spatial 
designs on the level of detail of the real design process cannot be found, for the spatial 
inconformity factor is not part of the optimisation. 

All four developed strategies demonstrate that entire structural designs (instead of 
individual elements) can be optimised, design variants can be provided via real design 
process and evolutionary based rational strategies, and spatial design modification –by 
space deletion, scaling, and subdivision, or by random variation- increases the design 
possibilities for the structural design. Spatial design modification, a tactic that could 
show up in design practice as well, is proven to not follow intuition that repositioning 
space and associated structural elements to highly strained locations leads to better 
performance, due to load type dependency. This additionally shows the need for 
applying the developed strategies in design practice. 

Future research should focus on taking into account additional disciplines, e.g. 
building physics, as follows. Strategy B now finds a locally optimal building structural 
design for a building spatial design in so-called free design space. For this, building 
physics aspects can be included naturally if the strategy is formulated as Asymmetric 
Subspace Optimisation (ASO). Introducing a second strategy, using a prescribed design 
space, it is possible to find proven Pareto frontiers of optimal building designs. This can 
be achieved by developing a combined gradient-based and evolutionary strategy for 
multi-objective optimisation (MEMO). Then the two strategies can be combined: If 
MEMO receives a local optimal solution from ASO, this solution will be used to extend 
the prescribed design space of MEMO. On the other hand, if MEMO finds 
improvements of building designs found by ASO, these will be migrated to the building 
designs used for ASO.  
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Strategy A and A2 now either use complete fixed or complete free space for 
structural mass, but this should be subject to research. For this, first an universal (e.g. for 
architecture, mechanical engineering, and industrial design) formulation of spatial 
requirements (e.g. a number of spaces with certain volume, volumes that should be 
connected via certain surfaces, etc.), should be made, based on mereotopology. Then a 
new strategy A3 is developed, which applies structural optimization including a number 
of movable spaces, and if needed applies a non-gradient based solution method. After 
strategies A, A2, and A3 have been made compatible with the spatial requirements 
above, a comparison can lead to knowledge on (i) how the different strategies perform 
given specific spatial requirements, (ii) which spatial requirements exist implicitly in 
heuristic procedures, (iii) whether better designs results if –traditional- heuristic 
procedures are left, (iv) which strategies to select for future research and design. 

More generally, in future research strategy B could be used to study (i) the influence 
of a selected procedure on the measured design evolution, (ii) the influence of a selected 
procedure on the behaviour of other procedures (measured by their effect on input and 
outcomes), (iii) the fundamental relationship between spatial and structural design, by 
finding relationships between their performance indicators along the cycles. 
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1 

Introduction 

The research presented in this dissertation is introduced here. Firstly, the context, 
challenges, and relevance are presented in section 1.1 (for a detailed overview of the 
state-of-the-art, please refer to chapter 2). The general intention and the research 
hypothesis are presented in the subsequent section 1.2. In section 1.3, the research 
objective and the research questions addressed in this dissertation are given. The 
research framing methodology and an explanation of the research approach is described 
in section 1.4. An overview of the contents of the dissertation and the scientific 
contribution are presented in sections 1.5 and 1.6 respectively. Lastly, in section 1.7 the 
terminology convention and a glossary of the most used terms are presented. 

1.1 Context, challenges, and relevance 

Within the area of Architecture, Engineering, and Construction (AEC), the building 
design process is generally understood as the creation of a plan (commonly referred to as 
design) to realise a building. It is a complex and multidisciplinary task in which several 
disciplines are involved. The  final outcome of the building design process is the result of 
an iterative process in which the plan (design) undergoes several adaptations to meet 
pre-defined and arising requirements of all the involved disciplines (Haymaker et al, 
2004; Maher, 2000). 

It is often acknowledged that by improving the building design process (or any 
other design process) its outcomes will improve as well (Kalay, 2004; Cross, 2008; 
Brooks, 2010). Consequently, significant efforts have been made to study, to understand, 
and to improve the (building) design process. Additionally, it is believed that 
systematizing (Brooks, 2010) and documenting the (building) design process will 
improve the quality of (building) design practice and education. 

Research on the (building) design process can be described using two categories: (i) 
research on design process models, which is the study, formulation, and development of 
guidelines to model and organise the (building) design process; and (ii) research on 
design support methods, which is the development of techniques to support the 
(building) design process. Note that driven by the recent advent of computers, most 
research efforts have been placed on researching design support methods rather than on 
design process models.  

Different disciplines, within and outside the AEC area, develop process models and 
support methods that do not account for the multidisciplinary characteristics of the 
(building) design process (as noted by Haymaker et al, 2004) or for the interdependency 
between disciplines (as explained by Mora, Bédard and Rivard, 2008). Structural 
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engineering is one of the disciplines involved in the building design process. It deals with 
the development and analysis of structural designs of buildings. They can be defined as 
assemblies of structural elements, which are used to construct a building (figure 1.1). 
One of the main objectives of the structural design is to transfer and resist acting loads 
on the building (Gordon, 1978) to ensure usability and to avoid collapse. 

Design support methods for building structural engineering have been widely 
researched and developed. They are mainly focused on: (i) analysis, for which support 
methods have been developed to simulate physical phenomena and predict results. For 
example to simulate the behaviour of a reinforced-concrete beam subjected to 
incremental loads to predict when cracks will occur, or to simulate the thermal 
expansion of a steel structure to predict occurring stresses. And (ii) optimisation 
(Christensen and Klarbring, 2009), which determines design variable values for optimal 
performance of the structural elements. For example, to find the optimal cross-sectional 
areas of truss members, or to find the optimal thickness distribution of a metal sheet, so 
to minimise total strain energy. Lastly, support methods, for optimisation, that develop 
design alternatives instead of finding optimal design variables have been developed as 
well (Maher, Poon and Boulanger, 1996; Rafiq and Mathews, 1998; Park and Grierson, 
1999; Shea and Cagan, 1999a; Geyer, 2009). Note that building designs can be also 
optimised regarding their other (non-structural) aspects, e.g. functionality, costs, 
environmental and social impact. However, in this dissertation only structural 
optimisation is considered. 

 
Figure 1.1 
Structural design of the “Metaforum” building (under construction), Eindhoven University of 
Technology, The Netherlands. 

   Even though structural analysis and optimisation methods have been researched, 
in building design practice, structural optimisation is not used frequently, and if it is 
used, it has often a marginal influence on the development of the overall building 
structural design. This is different from other disciplines, e.g. mechanical engineering, 
where structural optimisation is central to the design process. One reason is that the 
involvement of structural engineering usually does not start at the beginning of the 
building design process but at a later stage, when changes to the plan (design) are more 
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costly and difficult to make. Another reason is that structural design support methods do 
not contemplate the interdependency between the involved disciplines (as noted by 
Mora, Bédard and Rivard, 2008). For example, they do not take into account the 
interdependency between spatial and structural design aspects. More importantly, 
structural design support methods thus do not promote the integration among 
disciplines and do not facilitate the exchange of information between them (Malkawi, 
2005). As such, agreement exists among AEC practitioners that structural engineering 
feedback is required early on in the building design process (Mora, Rivard and Bédard, 
2006). 

However, to account for this interdependency of disciplines and to provide 
structural engineering feedback are not aims that can be accomplished easily. This is 
because (architectural) spatial design and structural engineering are inherently different. 
They have different objectives, both solving their problems in different manners, and 
both measuring their success according to different scales (Peters, 1991). Furthermore, 
the characteristics of the early stages of the building design process are not compatible 
with the requirements to perform structural analysis and optimisation. This is because 
the goal of structural optimisation is to find an optimal solution given specific boundary 
conditions, material properties, element dimensions, etc. Whereas the early stage of the 
building design process is an exploratory phase where several alternatives are 
investigated to gain a better understanding of the design problem at hand (Maher and 
Poon, 1996), thus here only limited information is available and objectives and 
conditions are ill-defined.  

Further research is needed to address the incompatibility above and to facilitate the 
collaboration between spatial and structural design disciplines. This considering that the 
built environment is responsible for about 40 % of the total use of energy and materials 
(European Commission, 2005), and that it is also responsible for our (visual) experience 
of cities, buildings, and other human occupied areas. Therefore, it is of utmost 
importance that each building, as part of this environment, is optimal with regards to a 
minimum use of energy and materials, functionality, comfort, safety and aesthetical 
quality. The research in this dissertation seeks to contribute to the improvement of the 
building design process by developing strategies to provide structural engineering 
feedback at early stages of the building design process. It addresses the interdependency 
between two disciplines (spatial and structural design), promotes and facilitates 
information exchange, and deals with the aforementioned incompatibility. 

1.2 General intention and research hypothesis 

The general intention of this research is to contribute to the improvement of the 
building design process, and its outcomes. The main assumption is that there is only 
limited consideration of structural engineering aspects at early stages of the building 
design process. This can be improved by providing structural engineering feedback, i.e. 
optimised and evaluated variants of building (structural) design solutions, in a rational 
and automated manner. Consequently, the hypothesis of this research project is: 
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Employing (automated) building structural design generation 
and optimisation -possibly including spatial modification- at 
early stages of the building design process, supports the design 
process by providing structural engineering feedback and 
evaluated and optimised design variants, via rational 
procedures. 

1.3 Research objective and research questions 

To be able to investigate the research hypothesis, so-called strategies are introduced, 
which are sets of procedures that enable generation and optimisation of building 
structural designs, including spatial modification. These strategies are based on a 
realistic design process, formal methods like structural optimisation or genetic 
algorithms, or combinations of these. Therefore, the research objective of this project is: 

To devise a set of strategies that enable building structural 
design generation and optimisation, excluding or including 
spatial design modifications, at early stages of the building 
design process, using a systematic and automated approach. 

In the remaining part of the thesis, the research objective will often be mentioned more 
briefly as "developing strategies to enable structural optimisation at the early stages of 
the building design process", so leaving out "generation", "spatial modification", and 
"systematic and automated approach".  

The literature study has not revealed research work that directly tackles the 
formulated objective, see chapter 2. Following the hypothesis and research objective, the 
following research questions can be formulated:  

› What procedures are needed for a strategy to enable building 
structural design generation and optimisation, excluding or 
including spatial design modifications, at early stages of the 
building design process? 

› What type of information about building structural designs 
and spatial design modification can be provided once the 
strategies are applied? 

› How can strategies be (internally and externally) validated? 
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› What are the advantages of applying the strategies at early 
stages of the building design process? 

In the next section the research approach used to answer the aforementioned 
research questions is presented.  

1.4 Research approach 

The research approach used is based on a framing methodology for design research, so-
called design inclusive research (Horváth, 2007). As such, using terminology of this 
paper, the research has a middle level of contextualisation, i.e. it supports disciplinary 
analytical and constructive design research; it allows for knowledge, explanations, and 
predictions from various disciplines; and contemplates the generation of knowledge and 
tools for problem solving. Three phases can be distinguished (figure 1.2): 

 (1) Pre-study, in which the research problem and its context are investigated and a 
path to solve the problem is defined. The objectives of the first phase are to aggregate 
knowledge about the research problem and its context, to define a critique of the current 
situation, to formulate hypotheses and research questions, to set up objectives, and to 
develop theories to solve the research problem. This chapter 1 presents the outcomes of 
the pre-study together with chapter 2, in which a literature survey and classification of 
the research on supporting the building design process is presented. 

(2) Development and Implementation. In this phase, concepts and methods to solve 
the research problem are developed and testable prototypes are implemented. More 
concretely here, the objectives of phase two are to develop and implement strategies that 
enable structural generation and optimisation at early stages of the building design 
process. Chapter 3 presents an overview of the followed approach to develop and 
implement these strategies.   

(3) Post-Study: In this last phase hypotheses are verified, research questions are 
answered, and the testable prototypes are evaluated and validated. In this research work 
the implemented strategies are evaluated and compared, conclusions and guidelines for 
their use in practice and academic applications are presented, and suggestions for 
further research are given. 

1.5 Outline of the dissertation 

The dissertation consists of 10 chapters. Chapter 2 presents a literature overview and 
classification of research supporting the building design process. Chapter 3 describes the 
method by which the strategies have been developed. It also presents the so-called 
Building Structural Optimisation Toolbox (BSO Toolbox), a computational tool 
implemented to simulate and test the developed strategies. 
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Chapters 4 to 7 present strategy A (named Structural Grammars and Topology 
Optimisation), strategy A2 (named 3D Topology Optimisation), strategy B (named 
Structural Grammars, Topology Optimisation, and Spatial Feedback), and strategy C 
(named Genetic Algorithms) respectively. Each chapter begins with an explanation of 
the workflow of the strategy followed by a detailed description of the underlying 
procedures. 

 
Figure 1.2 
Phases of the employed research approach.  

Chapter 8 presents three case studies: (1) a comparison between strategy A versus 
strategy A2, (2) a comparison between strategy B versus strategy C, and (3) a real-life 
building design process compared with its simulation by strategy B. 

A discussion about the merits and limitations of the strategies is presented in 
chapter 9, which also includes guidelines for their use in practical and academic 
applications. The dissertation finalises with chapter 10, presenting recommendations for 
further research and alternative applications of the implemented strategies. 

1.6 Scientific contribution 

During the course of this research project, parts of the research work have been 
published in scientific journals and conference proceedings. Detailed contributions to 
the state-of-the-art are presented in chapter 2, section 2.4. In this section a list of 
publications is given, related to the chapters of this dissertation: 

› Chapter 4, Strategy A: Structural Grammars and Topology Optimisation [1–4]. 

› Chapter 5, Strategy A2: 3D Topology Optimisation [5-7]. 
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› Chapter 6, Strategy B: Structural Grammars, Topology Optimisation, and Spatial 

Feedback [8, 9]. 

› Chapter 7, Strategy C: Genetic Algorithms [10]. 

› Chapter 8, Validation [11–14]. 

[1] Davila Delgado, J.M., Hofmeyer, H., Kerstens, J.G.M., 2011. Automated Generation of 
Structural Solutions based on Spatial Designs to serve as a Support Tool in Early Stages 
of the Design Process. In: H.-J. Bargstädt and K. Ailland, eds., Proceedings of the 11th 
International Conference on Construction Applications of Virtual Reality (CONVR 2011). 
Weimar, Germany: Bauhaus-Universität, pp. 758–768. ISBN: 978386068458-0. 

[2] Davila Delgado, J.M., Hofmeyer, H., 2012. Fundaments for developing an automated 
structural optimization tool based on strain energy. In: A. Volkov and I. Bilchuk, eds., 
Proceedings of the 14th International Conference on Computing in Civil and Building 
Engineering (14th ICCCBE). Moscow, Russia: Publishing House “ASV”, pp. 1–8. ISBN: 
978593093877-7. 

[3] Hofmeyer, H. and Davila Delgado, J.M., 2012. Spatial-structural interaction and strain 
energy structural optimisation. In: A. Borrmann, P. Geyer, Y. Rafiq and P. De Wilde, 
eds., Proceedings of the International Workshop: Intelligent Computing in Engineering 
(EG-ICE 2012). Munich, Germany: Technische Universität München, pp. 1–10. ISBN: 
978300038455-4. 

[4] Davila Delgado, J.M. and Hofmeyer, H., 2013. Automated generation of structural 
solutions based on spatial designs. Automation in Construction, Volume 35, pp. 528–
541. ISSN: 0926-5805. 

[5] Davila Delgado, J.M. and Hofmeyer, H., 2014. Optimising building structural topologies. 
In: M.G. Karlaftis, N.D. Lagaros and M. Papadrakakis, eds., Proceedings of the 1st 
International Conference on Engineering and Applied Sciences Optimization (OPT-i 
2014). Kos, Greece: Institute of Structural Analysis and Antiseismic Research School of 
Civil Engineering, National Technical University of Athens (NTUA), pp. 1965–1976. 
ISBN: 978960999946-5. 

[6] Hofmeyer, H. and Davila Delgado, J.M., 2014. Generation of Structure Concepts via 3D 
Topology Optimisation. In: H. Li, Y. Rafiq and P. De Wilde, eds., Proceedings of the 
International Workshop: Intelligent Computing in Engineering (EG-ICE 2014). Cardiff, 
UK: Cardiff University, School of Engineering, pp. 1–10. 

[7] Hofmeyer, H. and Davila Delgado, J.M., 2014. 3D topology optimisation including a 
movable void. In: H. Li, Y. Rafiq and P. De Wilde, eds., Proceedings of the International 
Workshop: Intelligent Computing in Engineering (EG-ICE 2014). Cardiff, UK: Cardiff 
University, School of Engineering, pp. 1–10. 

[8] Davila Delgado, J.M. and Hofmeyer, H., 2013. Research Engine: A Tool to Simulate and 
Study Spatial-Structural Design Processes. In: J. Zhang and C. Sun, eds., Proceedings of 
the 15th International Conference CAAD Futures 2013: Global Design and Local 
Materialization, Berlin, Germany: Springer Berlin Heidelberg, pp. 96–108. ISBN: 
978364238973-3. 
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[9] Davila Delgado, J.M. and Hofmeyer, H., 2013. Automated Simulation and Study of 
Spatial-Structural Design Processes. In: R. Stouffs and S. Sariyildiz, eds., Proceedings of 
the 31st International Conference on Education and Research in Computer Aided 
Architectural Design in Europe (eCAADe 2013). Delft, The Netherlands: eCAADe and 
Faculty of Architecture, Delft University of Technology, pp. 155–164. ISBN: 
978949120705-1. 

[10] Davila Delgado, J.M. and Janssen, P., 2014. Finding optimal spatial and structural 
designs of buildings using genetic algorithms. To be submitted to Advanced Engineering 
Informatics. ISSN 1474-0346. 

[11] Hofmeyer, H. and Davila Delgado, J.M., 2013. Automated Design Studies: Topology 
Optimisation versus One-Step Evolutionary Structural Optimisation. Advanced 
Engineering Informatics, Volume 27(4), pp.  427-443. ISSN: 1474-0346. 

[12] Hofmeyer, H. and Davila Delgado, J.M., 2013. Finite element deletion and topology 
optimisation for building structural optimisation. In: S. Kajewski, K. Manley and K. 
Hampson, eds., Proceedings of the 19th CIB World Building Congress. Brisbane, 
Australia: The School of Civil Engineering and Built Environment, Queensland 
University of Technology, pp. 1–12. ISBN: 978098755421-5. 

[13] Davila Delgado, J.M. and Hofmeyer, H., 2014. Building Structural Design Generation 
and Optimisation including Spatial Modification. To be submitted to Design Studies. 
ISSN 0142-694X. 

[14] Hofmeyer, H. and Davila Delgado, J.M., 2014. Generative and Evolutionary Building 
Spatial and Structural Design Exploration. Submitted to Artificial Intelligence for 
Engineering Design, Analysis & Manufacturing. ISSN 0890-0604. 

1.7 Terminology 

A complete list of terms used in this dissertation is presented in appendix A, whereas 
this section only contains an introductory selection. Terms with capitals in the first letter 
of the word refer to an instance of the term used in or processed by an implementation 
of a strategy. On the other hand, terms without capitals refer to the generic usage of the 
term. For example, Structural Element refers to the instance of the term processed by the 
implemented strategies, whereas structural element refers to an element used in a real-
life building. 

Building design process: 
The process of creating a plan to realise a building. Early stages of the building design 
process refer to the initial parts of the process (for a detailed description see chapter 3, 
section 3.2.1). 

Strategy: 
A specific set of procedures to enable structural optimisation at early stages of the 
building design process. The implementation of a strategy is a computational tool that 
implements the procedures.   
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Building Spatial Design: 
An assembly of Spaces that describe the shape of the volume encompassed by a building. 

Structural Topology: 

The layout of a structure, an assembly of load-bearing Architectural Elements (walls, 
columns, beams, slabs, etc.), which represent the structural elements to be used to realise 
a building.  

Building Structural Design: 

An assembly of Structural Elements with the objective to withstand loads, and for which 
a structural analysis can be performed. 

FE Model: 
A finite element model representing the Building Structural Design and for which a 
finite element simulation can be performed. 

Optimal FE Model: 
A FE Model for which the distribution of the relative density of its Finite Elements is 
optimal given prescribed boundary conditions and load case(s) (see optimal distribution 
of relative densities below). 

Modified Building Spatial Design: 
A spatial design solution resulting from the implementation of strategy B, which 
preserves the same volume and number of Spaces as the Building Spatial Design used as 
input, but with a different space configuration. 

Relative density: 
A unit-less scalar (between 0 and 1), which affects the stiffness of a Finite Element by 
linearly decreasing its ability to resist deformation in response to an applied load. It is an 
indication of the Finite Element’s contribution to withstand loading. 

Optimal distribution of relative densities: 
Distribution of the Finite Elements’ relative densities for which the total strain energy of 
the Structural Design is minimal, given boundary conditions and load case(s). 

Spatial feedback: 
A set of procedures performed in the implementation of strategy B (P6 and P7 in chapter 
6, sections 6.3 and 6.4, respectively). It is the modification of the Building Spatial Design 
so it accords better with the Optimal FEM Model. The Modified Building Spatial Design, 
resulting from this modification, is then fed back to the input of strategy B so a 
subsequent cycle can be carried out. 

Inconformity factor χi: 
Percentage of the number of Spaces infringed (Si) by structural volume allocated during 
topology optimisation by S, where S is the total number of Spaces in a Building Spatial 
Design: χi = Si/S. 

Building design solution: 
A set of a spatial design of a building with its corresponding structural design. 



10 
 

  



11 
 

2 

State-of-the-art 

2.1 Introduction 

This chapter presents an overview of past and ongoing research that is relevant to the 
research presented in this dissertation. Classification attempts have been made to define 
and formalise research on (building) design. Cross proposes to subdivide research on 
design in three main classes, based on the source of knowledge or object of study, as 
follows: (i) research on design epistemology, in which the object of study is the actors 
(designers) who perform the process of designing; (ii) research on design praxeology, in 
which the objects of study are the practices and processes of designing; and (iii) research 
on design phenomenology, in which the objects of study are the outcomes of the process 
of designing (Cross, 2007). 

In this chapter, only research on design processes (design praxeology) and within 
the area of Architecture, Engineering, and Construction (AEC), is discussed. Figure 2.1 
presents a diagram illustrating the categories in which past and ongoing research on 
design processes can be classified. Firstly, it can be subdivided in two types of research: 
(i) the development and study of design process models, which comprises the formulation 
of frameworks and guidelines to formalise and organise the process of designing, to be 
presented in section 2.2; and (ii) the development and implementation of design support 
methods to aid and improve the design process and its outcomes, to be presented in 
section 2.3.  

In the overview presented here special attention has been paid to the AEC area and 
more specifically to research on spatial and structural design at early stages of the 
building design process. Nonetheless, in section 2.2 on design process models, 
contributions from other disciplines such as software engineering, mechanical 
engineering, and industrial design are referenced as well, for they are relevant and 
applicable to the AEC area. In section 2.4, the contributions of this dissertation to the 
state-of-the-art are discussed, which are also indicated in figure 2.1.  

2.2 Design process models 

The formal and systematic study of design processes is particularly recent (Brooks, 
2010), from the beginning of the 1960’s (Cross, 2007). The first underlying assumption 
of the study of design process models is the idea that by improving the design process, 
design outcomes will improve as well. Additionally, it is believed that formalising and 
systematizing design processes will raise the standards of design practice and education. 
For this reason, theoretical models that abstract or idealise the process of designing have 
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been formulated and studied. Most of these models chart a route through the design 
process from beginning to end (Lawson, 2006) and define a set of identifiable activities 
to be followed so to reach a desired solution. Three main types of design process models 
are noted in literature: descriptive, prescriptive, and integrative models (Cross, 2008). 

 (1) Descriptive models. In this category, design process models are grouped that 
describe how the design process occurs. These are solution-focused models that describe 
a deliberately basic model of the process of designing by defining general stages of 
activities, usually starting with the generation of a solution concept and ending with the 
communication of the design solution. Each step has a heuristic nature in which general 
guidelines, rules of thumb, and previous experience determine the specific activities to 
be followed. As an example, a basic descriptive model comprises four stages: exploration, 
generation, evaluation, and communication (Cross, 2008). These models originated 
from rational design support methods for architecture and planning (Alexander, 1964) 
and models specifically for town planning (Levin, 1966). Specially for engineering, more 
detailed descriptive design process models have been developed in which activities and 
outputs are defined separately (Asimov, 1962; Rosenstein, Rathbone and Schneerer, 
1964; French, 1998). Additionally, in order to formalise software development processes, 
these types of models have been applied for software engineering as well, being the most 
notable example the so-called waterfall model (Royce, 1970). 

(2) Prescriptive models. The intention of these design process models is to 
determine a systematic set of specific steps to be followed (mostly: analysis, synthesis, 
and evaluation) so a successful design result can be achieved (Jones, 1984). More 
detailed models, which include interactions with outside parties such as clients and 
sources of information (Archer, 1969, 1984), and which differentiate the activities to be 
followed based on forms of reasoning (i.e. deduction and induction) have been 
developed as well (March, 1984). For engineering, models have been developed that 
prescribe more detailed steps, requirements, and specific outputs (Pahl and Beitz, 1984; 
VDI, Association of German Engineers, 1986). Prescriptive design process models for 
software development have been developed as well (Boehm, 1988; Blaauw and Brooks, 
1997). Descriptive and prescriptive models are based on the assumption that the process 
of designing is a search for a design solution through a large combinatorial space 
(Simon, 1969). For this, well-defined design problems and requirements are needed and 
the search process is believed to be essentially the same for different disciplines 
(Gregory, 1966). However, in reality design problems are usually ill-defined and 
requirements change throughout the design process, which led to the development of 
integrative design process models. 

(3)  Integrative models. These models seek to account for the iterative, evolutionary, 
and multidisciplinary aspects of the design process. The underlying idea of these models 
is that the design process is not about first defining a design problem and then searching 
for an optimal design solution, but that the design problems and solutions are 
investigated at the same time (Maher, 2000; Gero, 2004; Hofmeyer and Kerstens, 2008). 
Improvements and validations of these integrative models have been carried out as well 
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(Dorst and Cross, 2001; Vermaas and Dorst, 2007; Howard, Culley and Dekoninck, 
2008; Wiltschnig, Christensen and Ball, 2013). 

2.3 Design support methods  

Already five decades ago, the need for formulation and implementation of 
computational tools to assist (building) design processes was acknowledged (Dawson, 
1961; Eberhard, 1962; Coons, 1963; Souder and Clark, 1963). Computers were first used 
to facilitate and accelerate the creation of design documents, enabling the generation of 
more complex products and increased productivity (Grobman, Yezioro and Capeluto 
Guedi, 2010). Later, computational tools were developed that played an active role in the 
(building) design process by generating solutions (Frazer, 1995; Shea, Aish and 
Gourtovaia, 2005).  

As is also shown in figure 2.1, design support methods can be classified into the 
three categories i) Descriptive methods, which focus on the formalisation of data 
structures; ii) Interoperability and interaction methods, which since recently facilitate 
the interoperability between disciplines involved in the building design process; and iii) 
Cooperative methods, in which the methods take an active role in the building design 
process by generating design solutions. 

2.3.1 Descriptive methods 
Descriptive research can be subdivided in two groups: Data structures, and Parametric 
model development and data acquisition. 

(1) Data structures. This group of research is currently referred to as Building 
Information Modelling (BIM) (Van Nederveen and Tolman, 1992; Eastman and Siabiris, 
1995; Eastman, 1999; Eastman, Teicholz, Sacks and Liston, 2011). BIM is an approach to 
generate, manage, and maintain digital representations of a building during all stages of 
the building design process, including construction and operation (Gu and London, 
2010). It finds its origins in the engineering disciplines, where it is referred as product 
modelling (Krause et al, 1993; Gu and Chan, 1995; Ranta et al, 1996; Männistö et al, 
1998) and product modelling standards for the AEC area (Luiten et al, 1993; Tolman, 
1999), which were inspired by these at the same time. For BIM, surveys and future 
perspectives exist (Howard and Björk, 2008; Cerovsek, 2011; Volk, Stengel and 
Schultmann, 2014). Frameworks for BIM have been developed as well, which at different 
conceptual levels organise the domain’s knowledge (Succar, 2009; Eastman et al, 2010; 
Jung and Joo, 2011). Nevertheless, the main object of research has been the development 
of data structures to store, organise, and exchange specific (e.g. spatial design) building 
data (Björk, 1992; Sause, Martini and Powell, 1992; Khemlani, 1998; Eastman and Jeng, 
1999; Rivard and Fenves, 2000; Sacks, Radosavljevic and Barak, 2010), structural design 
data (Martini and Powell, 1990; Weise, Katranuschkov and Scherer, 2000), and 
combined spatial and structural design data (Rafiq and MacLeod, 1988; Grierson, 1998; 
Matthews, Duff and Corner, 1998; Rivard and Fenves, 2000; Scherer and Gehre, 2000; 
Mora, Rivard and Bédard, 2006; Mora, Bédard and Rivard, 2008). 
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Figure 2.1 
Categories of design process research. Categories in which the research project is involved are dotted 
boxes, with existing and newly developed methods on the bottom.  
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(2) Parametric model development and data acquisition. This group is first related 
to research on relations or constraints between (often spatial) information in a building 
data model, so-called parametric modelling: As such, parts of the design information of 
the building can be changed in a coordinated way (Woodbury, 2010). For geometrical 
constraint problems, basic solving techniques are surveyed in literature (Hoffmann and 
Joan-Arinyo, 2005) and implemented systems exist as well (e.g. Aish and Woodbury, 
2005). However, the largest amount of research effort has been placed on using 
parametric modelling to directly solve design problems (Kilian, 2006; Park and Holt, 
2010; Ciblac, 2011; Turrin, von Buelow and Stouffs, 2011; Turrin, Buelow, Kilian and 
Stouffs, 2011; Veliz, Medjdoub and Kocaturk, 2011). Similar developments specifically 
for structural engineering exist as well: For example, a geometric modelling framework 
has been developed that detects structural problems in spatial designs (Mora, Bédard 
and Rivard, 2008). Another developed framework uses form-finding and structural 
optimisation in a single model (Coenders and Wagemans, 2005). Examples of real-life 
projects approached using parametric methods are available as well (Liapi and Kim, 
2004; Holzer, Hough and Burry, 2007; Rolvink, Van de Straat and Coenders, 2011).  

Secondly, research in this group focuses on methods to acquire data from (i) 
existing 3D (BIM) models and (ii) physical buildings. As an example for the latter case, a 
research project was focused on automatically generating parametric 3D models from 
images of existing buildings and infrastructure (Brilakis et al, 2010). For the former case 
(i), methods have been developed to automatically acquire data from general models to 
generate new specific models for e.g. performing a structural, lighting, or thermal 
comfort analysis (Borrmann and Rank, 2009; Paul and Borrmann, 2009; Lenda and 
Ligas, 2012; Sugihara and Kikata, 2013; Won, Lee and Cho, 2013; Yi et al, 2014). 
Literature also presents techniques to simplify existing models for physics simulations 
(Thakur, Banerjee and Gupta, 2009) and, especially for structural engineering, methods 
are presented to automatically generate an analysis model (e.g. a FE model) based on a 
design model (Rafiq and MacLeod, 1988; Park and Dang, 2010; Hofmeyer, Van 
Roosmalen and Gelbal, 2011; Smulders and Hofmeyer, 2012; Mikchevitch and Pernot, 
2013). Note that most of these efforts deal with single structural elements, however, 
complete building structural designs are considered as well (e.g. Davila Delgado and 
Hofmeyer, 2013a). 

2.3.2 Interoperability and technology interaction methods 
The category of Interoperability and technology interaction methods is subdivided in the 
two groups (1) Interoperability and (2) Technology interaction: 

(1) Interoperability research seeks to facilitate the interoperability between 
disciplines in the early stages (Wang, Shen and Xie, 2002) and later stages (Shen et al, 
2010) of the building design process. Taking account of advances in web-based 
information and communication technologies, frameworks are developed (Haymaker et 
al, 2004; Singh, Gu and Wang, 2011), standards for interoperability (Liebich et al, 2013), 
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and computational tools to organise and structure the exchange of information 
(Rosenman et al, 2005; Park and Nagakura, 2014). In addition, collaborative virtual 
environments have been developed (Nguyen and Tan, 2011; Beck et al, 2013), which 
seek to improve the long-distance interaction among the parties involved in the building 
design process.    

(2) Technology interaction. In this group, research is focused on developing novel 
ways to interact with technological devices (computers, mobile phones, etc.), within the 
(building) design process. Examples are touch and haptic interaction (Hsiao and 
Johnson, 2011; Chen and Schnabel, 2011; Langenhan et al, 2011), 3D vision interaction 
(Kulik et al, 2011), and natural language interaction (Niemeijer, De Vries and Beetz, 
2014). Additionally, it deals with augmented reality (e.g. Seichter, 2003) and novel 
visualisation techniques (e.g. Dorta et al, 2011). For structural engineering, web 
applications (Gracia and Bayo, 2013) and alternative ways to visualise results (Rafiq and 
Rustell, 2014) should be mentioned as well. 

2.3.3 Cooperative methods 
Cooperative methods can be subdivided in two sub-categories (1) Analysis and 
optimisation methods and (2) Generative methods. 

2.3.3.1 Analysis and optimisation methods 
The Analysis and optimisation methods sub-category can in turn be subdivided in two 
groups: 

(1) Simulation and prediction methods. This group comprises methods that 
simulate and thus predict physical phenomena to support design decisions. Similar 
methods to simulate non-physical phenomena -such as pedestrian navigation within 
built environments- have been developed as well (e.g. Kneidl, Borrmann and Hartmann, 
2011). Within the AEC area, the most prominent representatives of this research group 
are methods to predict performance for structural engineering, usually via the finite 
element method (Cook et al, 2002; Zienkiewicz, Taylor and Zhu, 2013) and indoor 
climate performance, e.g. using computational fluid dynamics (Chen and Zhai, 2003; 
Hensen, 2004). For structural engineering, research is still active on the creation of 
frameworks (e.g. Beucke, 2012), on the improvement of simulation methods e.g. (Wei, 
Wang and Xing, 2010; Saffari et al, 2013), and on enabling better solution schemes and 
using different programming approaches to improve efficiency in the calculations e.g. 
(Cirak and Cummings, 2007; McKenna, Scott and Fenves, 2010; Ji, Cheng and Wang, 
2011; Li, De Wilde and Rafiq, 2011; Cho and Hall, 2012; Park and Nagakura, 2014). 
Lastly, so-called physics engines, which were first developed in the gaming industry, 
recently have been used as an alternative to the finite element method to perform 
structural analysis (Makris et al, 2013; Senatore and Piker, 2014).  

(2) Optimisation methods. This group sees methods developed to find optimal 
solutions for design variables, given objectives functions and boundary conditions. In 
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the AEC area, optimisation methods are used to tackle problems for a variety of 
problems, however only structural optimisation is considered below.  

Size optimisation, shape optimisation, and form finding can be regarded as 
traditional structural optimisation methods (Kocaturk, Van Weeren and Kamerling, 
2003; Bletzinger et al, 2005; Van Steirteghem et al, 2005; Christensen and Klarbring, 
2009), which deal with only a few continuous design variables, and simple constraints. 
Improved and alternative methods have been developed, to mention first Topology 
Optimisation (Bendsøe and Kikuchi, 1988; Sigmund, 2001; Bendsøe and Sigmund, 
2003), a subcategory of shape optimisation. It is a deterministic gradient-based method, 
which performs well for convex optimisation problems. Research to improve and extend 
the method is an active field (Yulin and Xiaoming, 2004; Andreassen et al, 2010; Wei, 
Wang and Xing, 2010; Ullah, Trevelyan and Matthews, 2014; Zuo and Xie, 2014), one 
example specifically is the account for design-dependent loads (Zhang, Liu and Zhang, 
2010). Improvements to the efficiency of the method have been developed as well, taking 
advantage of better solvers and parallel processing (Vemaganti and Lawrence, 2005; 
Wang, Sturler and Paulino, 2007; Amir, Stolpe and Sigmund, 2009). The method has 
been employed for different applications such as teaching architectural design (Mullins 
et al, 2005) and as an exploration tool to be used at early stages of the building design 
process (Stromberg et al, 2010; Hofmeyer and Davila Delgado, 2013a; Mostafavi, Beltran 
and Biloria, 2013; Davila Delgado and Hofmeyer, 2014a; Hofmeyer and Davila Delgado, 
2014b). 

Alternatives to the traditional optimisation methods have been developed -
primarily to deal with discontinuous objective functions, with many design variables, 
under complex constraints- often part of the category of nature-inspired meta-heuristic 
algorithms (Yang, 2010). An example is the genetic algorithm, which is the most 
researched and implemented method within this category. It is based on the evolution 
process of biological organisms in which over many generations, populations evolve 
according principles of natural selection (Holland, 1975; Goldberg, 1989; Mitchell, 1998; 
Gen and Cheng, 2000; Sivanandam and Deepa, 2008). Overviews of genetic algorithms 
exist for diverse types of optimisation problems (Galletly, 1992; Beasley, Martin and Bull, 
1993; Konak, Coit and Smith, 2006). As well as a selection of engineering optimisation 
problems solved with genetic algorithms (Matouš et al, 2000; Greiner, Winter and 
Emperador, 2001). Specifically for structural design a comprehensive survey of 
applications can be found in Kicinger, Arciszewski and De Jong, 2005a: Genetic 
algorithms have been applied mainly to the optimisation of truss structures (Jenkins, 
1991; Rajeev and Krishnamoorthy, 1992; Koumousis and Georgiou, 1994; Wu and 
Chow, 1995; Hajela and Lee, 1995; Ohsaki, 1995; Rajan, 1995; Rajeev and 
Krishnamoorthy, 1997), but frame structures (Jenkins, 1997; Pezeshk, Camp and Chen, 
2000), large structures (Adeli and Cheng, 1994), and large steel structures (Sarma and 
Adeli, 2001; Dimou and Koumousis, 2003; Kicinger, Arciszewski and De Jong, 2005b) 
have been studied in this context as well. Genetic algorithms have additionally been used 
as an alternative to topology optimisation (Chapman, Saitou and Jakiela, 1994; Jakiela et 
al, 2000; Wang and Tai, 2005), for example to optimise stocky beams (Annicchiarico and 
Cerrolaza, 2001; Deb and Goel, 2001; Hamda et al, 2002). 
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Several other, nature-inspired meta-heuristic, methods have been developed: 
simulated annealing (Van Laarhoven and Aarts, 1987), the ant colony algorithm (Dorigo 
and Blum, 2005), particle swarm optimisation (Kaveh and Talatahari, 2009), bee colony 
optimisation (Karaboga and Basturk, 2007; Alatas, 2010), the firefly algorithm 
(Gandomi, Yang and Alavi, 2011b; Yang, 2012), and a cuckoo search algorithm 
(Gandomi, Yang and Alavi, 2011a). Evaluations, comparisons, and reviews of these 
optimisation methods can be found in literature (Hasançebi et al, 2009; Elbeltagi, 
Hegazy and Grierson, 2005; Clarke, McLay and McLeskey, 2014; Cardillo et al, 2012; 
Fister et al, 2013; Rios and Sahinidis, 2012). Mostly, the methods above have been used 
to optimise single structural elements, however, examples exist where more complex 
problems have been optimised (Park and Grierson, 1999; Mathews, 2000; Kicinger, 
Arciszewski and De Jong, 2005b; Geyer, 2009). 

2.3.3.2 Generative methods 
Three types of generative methods, which generate and stimulate design solutions, can 
be defined: procedural, heuristic, and evolutionary (Kalay, 2004): 

(1) Procedural methods. These simulate techniques used by designers, taking 
advantage of the computer to generate and evaluate large numbers of design solutions 
(Eastman, 1973; March and Steadman, 1974; Baybars and Eastman, 1980; Galle, 1981). 
The underlying idea of procedural methods is complete enumeration, i.e. to 
systematically find all possible solutions for a given design problem so the designer –or a 
computational tool- can evaluate them to select a satisfactory solution. This has been 
applied to building spatial design, commonly known as space allocation or automated 
facilities layout (Buffa, Armour and Vollmann, 1964; Whitehead and Eldars, 1964; 
Willoughby, Paterson and Drummond, 1970; Shaviv and Gali, 1974; Mitchell, Steadman 
and Liggett, 1976), a comprehensive review given by Liggett, 2000 (including the more 
recent heuristic and evolutionary methods, to be discussed below). The disadvantage of 
procedural methods is that as the design problem becomes more complex, the number 
of solutions increases to an unmanageable number, which is known as combinatorial 
explosion. Solutions have been developed, often by constraining the solution space (e.g. 
Gross et al, 1987; Keatruangkamala and Nilkaew, 2006). Procedural methods are also 
used in other areas of the building design process, for example to recognize architectural 
layouts (Reffat, 2006) or to recognize zones in building spatial designs by 3D pattern 
recognition (Hofmeyer and Kerstens, 2006). 

(2) Heuristic methods, which are experience-based methods that collect and use 
existing knowledge (from other disciplines or existing design solutions) to find adequate 
solutions for new design problems. Heuristic methods cannot ensure that a solution for 
the design problem will be found or is optimal, but they at least may solve a design 
problem that cannot be solved by procedural methods otherwise (e.g. due to 
combinatorial explosion). For example, analogical methods have been developed to 
generate architectural layouts based on principles of electrical flows to create integrated 
circuits (Schwarz, Berry and Shaviv, 1994) and on principles of physics of motion (Arvin 
and House, 2002). Another example is case-based reasoning, which adapts an existing 
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solution to the current problem (Oxman, 1994; Heylighen and Neuckermans, 2001; Goel 
and Craw, 2006; Wriggers et al, 2008). 

Lastly, knowledge-based engineering methods, also known as expert systems or 
rule-based methods, capture the knowledge and expertise of designers via design rules. 
These rules are to be applied when certain situations in a design problem are 
encountered (for example: the height vs. length of a beam should be approximately 
1:10). A critical review of the development of these methods has been written (Verhagen 
et al, 2012) and since inception it remains an active research area (Hayes-Roth, 1985; 
Flemming, 1988; Jain et al, 1991; Carrara and Kalay, 1994; Bernal and Eastman, 2011). 
As an example, an expert system framework has been developed to automatically 
generate all the documents needed to design a building from its inception to its 
construction (Sacks and Warszawski, 1997). The user would input the requirements of 
the building (i.e. location, function, finishing standards, etc.) and the expert system, in 
several stages and drawing information from expert-knowledge sources, would generate 
the necessary documents, e.g. the architectural program (functions and floor areas), the 
footprint and outline of the building, the architectural layout, the structural design, the 
construction schedule, etc. Similarly,  a prototype expert system has been implemented 
to assist in generating structural designs at a conceptual level (Fenves, Rivard, Gomez 
and Chiou, 1995; Fenves, 2000). In this case the client needs, the budget, and constraints 
are used as input and the system generates the architectural program, the schematic 
structural design, and the building configuration (i.e. the footprint and outline of the 
building). 

Another rule-based method is shape grammars, which uses geometrical design rules 
to develop architectural layouts (Stiny, 1979, 1980; Knight, 1992, 1994), and being an 
active research area (Wang and Pinto Duarte, 2002; Kotsopoulos, 2005; Pinto Duarte, 
2005; Rieffel, Valero-Cuevas and Lipson, 2009; Benros et al, 2011; Ruiz-Montiel et al, 
2014). Shape grammars have been applied to other aspects of the building design 
process, from data acquisition (Lee et al, 2006), code-checking (Eastman et al, 2009), to 
the automated design of scaffoldings (Kim and Teizer, 2014).  

For structural engineering, shape grammars have been applied for the generation of 
optimal truss structures (Shea, Cagan and Fenves, 1997; Shea and Cagan, 1997), taking 
into account aesthetic considerations as well (Shea and Cagan, 1999a, 1999b). Another 
example of grammars used for structural engineering is the development of intelligent 
parametric templates (Sacks, Warszawski and Kirsch, 2000). In this article, the 
implemented prototype is able to define the position of the core, the location of the 
columns, and the configuration and sections of the floor slabs, based on the shape and 
size of the building. Detailed component-based shape grammars (and corresponding 
data models) have been developed as well, to define the use of columns, beams, trusses, 
walls, and slabs for the generation of optimal frame-based halls (Geyer, 2008). Lastly, so-
called structural grammars have been developed. These generate structural designs based 
on building spatial designs first subjected to 3D pattern-recognition (Hofmeyer, 2007; 
Hofmeyer and Bakker, 2008; Davila Delgado and Hofmeyer, 2013a).  
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 (3) Evolutionary methods. The above procedural and heuristic methods are 
computational adaptations of human design processes. Conversely, the evolutionary 
methods here are based on biological evolution principles. Note that the evolutionary 
methods are similar to the nature-inspired meta-heuristic algorithms discussed in 
section 2.3.3.1. However, in 2.3.3.1 these were used for finding a single optimal solution, 
whereas in this section the objective is to generate novel alternatives of design solutions 
to acquire an overall insight of the problem at hand (Maher and Poon, 1996), and for 
which thus diversity among design solutions is appreciated. 

Evolutionary methods have been used primarily for the generation of architectural 
form (Gero and Kazakov, 1996; Jagielski and Gero, 1997; Schnier and Gero, 1998). 
Literature presents an overview of methods (Frazer, 1995; Moreno-de-luca, 2013), such 
as cellular automata, L-systems (Rocker, 2006), and genetic algorithms, the latter being 
the most employed. Overviews and frameworks for their use in architectural design are 
available (Renner and Ekárt, 2003; Janssen and Frazer, 2005; Janssen, 2009). For 
example, genetic algorithms have been used to generate alternative solutions for the size 
and location of openings in a building, considering energy efficiency for heating, 
cooling, ventilation, and artificial lighting (Caldas and Norford, 2002; Caldas, 2008). 
They enable assistance in conceptual building design considering functional and energy 
performance in combination with shape preferences (Bittermann, 2011). Cost 
considerations based on the overall shape of the building and on the selection and 
placement of structural elements have been taken into account as well (Rafiq, Mathews 
and Bullock, 2003; Rafiq and Rustell, 2014). Lastly, genetic algorithms have been used 
for conceptual structural design of buildings (Grierson and Khajehpour, 2002) and to 
generate floor layouts and furniture as well (Strug, Grabska and Ślusarczyk, 2014). 

2.4 Contribution and discussion 

It has been explained that design support methods aid in three different activities, i.e. 
generation, evaluation, and optimisation of (building) design solutions. Although 
frameworks exist (e.g. Sacks and Warszawski, 1997), implementations that support all 
these three activities have not been realised, or only focus on specific components of a 
building (Makris et al, 2013; Mostafavi, Beltran and Biloria, 2013). Additionally, research 
efforts are fragmented and the disciplines involved are focused on their own areas of 
expertise. Implementations that facilitate a fluent interaction between disciplines are still 
to be developed. 

This dissertation contributes to the state-of-the art by combining existing and 
newly developed methods, shown in figure 2.1, into four fully implemented strategies. 
These strategies enable the generation, optimisation, and evaluation of conceptual entire 
building design solutions in a fully automated and seamless manner, an achievement not 
found in literature so far. Regarded disciplines are building spatial and structural design, 
and as such the strategies additionally improve the interaction between structural 
engineering and the generation of architectural form. The strategies and 
implementations have been developed for testing the hypothesis in chapter 1, which 
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states that the design process will be supported by structural engineering feedback at 
early stages of the design process (Davila Delgado and Hofmeyer, 2013b, 2014a, 2014b), 
and the provision of optimised design variants via rational procedures. 

Newly developed methods in this research are: (i) automated 3D geometrical 
redefinition of non-conformal 3D models (Hofmeyer, Roosmalen and Gelbal, 2011); (ii) 
automatic kinematic stabilisation of undetermined structural designs (Hofmeyer and 
Russell, 2009; Smulders and Hofmeyer, 2012); (iii) automatic loading of structural 
designs (Hofmeyer, 2011); modifying building spatial designs based on structural 
considerations, so-called spatial feedback (Davila Delgado and Hofmeyer, 2013c), and 
(iv) 3D Structural grammars, explained in section 2.3.3.2. 

For the research group Data structures (figure 2.1), the developed strategies 
naturally provide automatic generation of structural design and FE model data, based on 
spatial design data (Davila Delgado and Hofmeyer, 2011, 2013a). 

This research draws from several research efforts presented in the state-of-the-art. 
Most notably, one of the strategies developed can be considered as an implementation of 
the co-evolutionary design process model (Maher, 2000). Furthermore, the research has 
been inspired by methods to formalise data for conceptual spatial and structural design 
(Rafiq and MacLeod, 1988; Rivard and Fenves, 2000; Scherer and Gehre, 2000; Mora, 
Rivard and Bédard, 2006), divides the building spatial design in zones as also carried out 
by others (Mora, Rivard and Bédard, 2006), and takes into account methods to generate 
conceptual structural designs (Sacks, Warszawski and Kirsch, 2000). For example, in 
literature a structural grid based on a 2D spatial design is generated (Rafiq and MacLeod, 
1988), while here a 3D spatial design is used to add structural elements. Finally, in this 
dissertation existing methods are used, such as the finite element method, topology 
optimisation (Sigmund, 2001), and genetic algorithms (Janssen, 2009), and an existing 
structural optimisation method has been adapted to be used specifically with the spatial 
feedback method, so-called 1-step evolutionary structural optimisation (Hofmeyer and 
Davila Delgado, 2013a, 2013b). 

As can be seen in figure 2.1, these new, adapted, and existing methods, embedded 
in the state-of-the-art, and partly using the co-evolutionary design model and (new) data 
structures, yield "Building Structural Design Generation and Optimisation including 
Spatial Modification", as explained not found in literature so far. 

 In the next chapter, the method employed to develop the strategies, their 
objectives, requirements, and restrictions is presented. Additionally, a brief description 
of the developed strategies is given and the so-called BSO Toolbox, a computational tool 
implemented to simulate and test the developed strategies, is also presented. 
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3 
Development of strategies 

3.1 Introduction 

This chapter defines the strategies and presents their development process in section 3.2. 
Section 3.3 gives an overview of the strategies developed (A, A2, B, and C). All strategies 
have been implemented via a so-called Building Structural Optimisation Toolbox (BSO 
Toolbox), which is explained in section 3.4. 

3.2 Definition of strategies and development process 

A strategy is a set of procedures, and fulfils the research objective: to enable structural 
optimisation at early stages of the building design process (as explained in chapter 1, 
section 1.3, for obtaining the complete research objective, the former has to be extended 
with "generation", "spatial modification", and "systematic and automated approach"). 
Additionally, a strategy can also be seen as an information platform that enables a two 
way exchange of information between building spatial design and building structural 
design (optimisation). 

In the development process, a first step (i) is to investigate the nature of the early 
stages of the building design process, followed by a definition of its characteristics using 
previous studies and design process models (e.g. Gregory, 1966; Archer, 1969, 1984; 
Simon, 1969; Royce, 1970; Jones, 1984; March, 1984; Pahl and Beitz, 1984; Boehm, 1988; 
VDI, Association of German Engineers, 1986; French, 1998; Maher, 2000; Gero, 2004; 
Lawson, 2006; Cross, 2008; Howard, Culley and Dekoninck, 2008). Based on this 
investigation, a design process model of the early stages of the building design process 
can be defined (sub-section 3.2.1). (ii) The second step is to study relevant structural 
optimisation methods as used within the AEC area, after which methods can be selected 
for application (sub-section 3.2.2). (iii) After that, the incompatibility between early 
stages of the building design process and structural optimisation can been defined 
(section 3.2.3), which enables (iv) the fourth step that defines requirements and 
restrictions for the strategies (sub-section 3.2.4). (v) Lastly, actual strategies have been 
developed, which follow the defined design process model, use the selected optimisation 
methods, and follow the defined requirements and restrictions. 

3.2.1 Early stages of the building design process 
In building design practice, once the function of the building is determined (e.g. an 
apartment tower, train station, supermarket, or auditorium), a spatial arrangement of its 
functions is developed. This arrangement is based on the connections needed among 
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functions (e.g. in an apartment the dining function is best placed near to the kitchen) 
and often it also conforms to spatial requirements needed to perform the required 
functions. This spatial arrangement is referred to as a building spatial design, and it 
outlines the overall shape of the building, figure 3.1. 

At early stages of the building design process, normally several spatial designs are 
developed. The alternatives seek to find different solutions to deal with various 
considerations, aside from the functional ones, such as orientation (for thermal 
comfort), solar incidence, views, etc. These considerations belong to different disciplines 
and it may be the case that the structural engineering discipline is not among them at 
this stage. Most often, the alternatives are developed by non-experts and based on 
limited information.  

 
Figure 3.1 
Examples of spatial designs of buildings. (a) Social housing project in Milan, StudioWOK: heights of 
volumes are based on solar incidence (insolation); (b) Buildings at the Statue Square in Hong Kong; 
(c) Willis Tower (formerly known as Sears Tower) in Chicago, Skidmore, Owings, and Merrill: the 
building was  designed as  a set of nine volumes in a 3 × 3 bay; (d) Marina Lofts project in Fort 
Lauderdale, Florida, Bjarke Ingels Group: the overall volume of the building was defined so to 
maximise views to the waterfront; (e) Project for the Axel Springer SE Media Campus in Berlin, 
Bjarke Ingels Group: a building that wraps around an interior courtyard to increase interaction 
between users. 

Several efforts have been made to scientifically define the building design process. It 
can be defined as a search problem, modelled as a one-time linear process, with defined 
requirements, resulting in a single solution (Simon, 1969, also: Gregory, 1966; French, 
1998; Royce, 1970). However, in reality the design process is iterative, and has ill-defined 
and changing requirements, which result in several solutions. Nevertheless, Simon’s 
definition is still relevant and influences many ongoing research projects. Refined design 
process models have been proposed (Maher and Poon, 1996; Gero, 2004; Cross, 2008; 
Howard, Culley and Dekoninck, 2008). For example, the early stages of the building 
design process can be defined as an iterative process where the search is performed in 
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both the design problem space and in the solution space (Maher and Poon, 1996), and 
the objective is to explore tentative solutions to gain understanding of the problem 
rather than to find an optimal solution (Maher, Poon and Boulanger, 1996). As such, the 
design process is defined as a co-evolutionary process where solutions and requirements 
co-evolve through mutual interaction (Maher, 2000).  

In this research project a model of the early stages of the building design process is 
developed using the co-evolutionary approach (Maher, Poon and Boulanger, 1996; 
Maher, 2000). The design process model is depicted in figure 3.2: It consists of a spatial 
and a structural domain. Procedurally, it starts with a Building Spatial Design, which is 
used as a basis to create a Building Structural Design. Based on the Building Structural 
Design performance (and on the initial Building Spatial Design) a new Building Spatial 
Design is generated. The latter can be used to again create a new Building Structural 
Design. In this way, the Building Spatial Designs and the Building Structural Designs 
(solutions and requirements) co-evolve during the building design process. 

 
Figure 3.2 
Diagram of the employed design process model as basis for developing the strategies. 

Note that when referring in this dissertation to instances of spatial designs of 
buildings processed by the strategies (or here the design model) the following capitalised 
term is used: "Building Spatial Design". This distinction will also apply to instances of 
structural designs, for which the term "Building Structural Design" is used. 

3.2.2 Structural optimisation 
Structural optimisation, within the AEC area, deals with finding design variable values 
for structural designs of buildings so that one or several objectives, e.g. minimal weight 
or maximal stiffness (Christensen and Klarbring, 2009), are achieved. Note that a 
building design can be also optimised regarding other aspects such as for functionality, 
cost, environmental and social impact, etc. However, in this dissertation only structural 
optimisation is considered. 
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The mathematical notion of structural optimisation is to minimize (or maximize) 
an objective function f(x,y) that relates the design variables x (structural design 
properties) with its response, subject to boundary conditions c: 

min ( , ), 1,2,...if i M=x y    (Eq. 1) 

( , ) 0, 1,2,...,jc j J= =x y    (Eq. 2) 

State variables y represent the response of the design (e.g. displacements). A multi-
objective optimisation problem exists when several objective functions are present (i.e. 
M >1). 

The group of gradient-based structural optimisation methods can be subdivided in 
three categories (Christensen and Klarbring, 2009): (i) size optimisation, where the 
dimension of a structural element is optimised, for example the thickness distribution of 
a metal sheet; (ii) shape optimisation, where the geometry of a structural element is 
optimised, and the connectivity and the boundaries of the structural element do not 
change; and (iii) topology optimisation, which is the most general form, where the 
geometry of the structural element is optimised and the connectivity and the boundaries 
may change as well. Shape optimisation is a subclass of topology optimisation, however, 
different methods are used for its practical implementation, and as such it is considered 
as a different category (Christensen and Klarbring, 2009).  

Of the three categories presented above, topology optimisation has been selected for 
the strategies in this dissertation. Its most general definition is “to find an optimal layout 
for a structure” (Bendsøe and Sigmund, 2003). The layout of a structure can be regarded 
as an assembly of load-bearing architectural elements (walls, columns, beams, etc.), 
which in this research project is defined as a structural topology. The generality of its 
results (an optimal structural topology rather than e.g. an optimal thickness distribution 
of a sheet) facilitates its coupling with the early stages of the building design process. 
Moreover, compared to the other categories, topology optimisation requires the least 
amount of data, i.e. loads, support conditions, and structural volume (Bendsøe and 
Sigmund, 2003). 

Additionally, research has been carried out on non-gradient-based optimisation 
methods, to deal with discontinuous objective functions, multiple local optima, multiple 
objectives, and gradients difficult to predict. These methods have been presented 
comprehensively in chapter 2, section 2.3.3.1 as “nature-inspired meta-heuristic 
algorithms”. For one of the strategies, a genetic algorithm, the most researched and 
implemented method in the group of meta-heuristic algorithms, has been selected to 
explore its benefits and to compare it against the gradient-based method selected above. 

3.2.3 Differences between the early stages of the building design process and 
structural optimisation 
Based on the previous sections, figure 3.3 shows differences between early stages of the 
building design process and structural optimisation. For the former, the objective and 
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the preconditions are undefined, whereas for structural optimisation a defined objective 
and boundary conditions are necessary. Unspecific information, limited engineering 
knowledge, and lack of specialised software are characteristics of the early stages of the 
building design process, while for structural optimisation specific information, advanced 
engineering knowledge, and specialised software are required. 

The strategies in this dissertation should enable structural optimisation at early 
stages of the building design process. To achieve this, a strategy should act as an 
interface between the early stages of the building design process and structural 
optimisation, as shown in figure 3.3. In the next sub-section 3.2.4, requirements and 
restrictions for the strategies are presented in more detail.  

3.2.4 Requirements and restrictions of the strategies 
Given the fact that a strategy should provide an interface as explained above, a 

strategy should: (i) define the initial objectives (e.g. minimal total strain energy) and 
preconditions (e.g. initial structural mass), (ii) define specific information (e.g. 
mechanical properties of the materials), (iii) contain engineering knowledge (e.g. 
automatically apply loads and constraints, ensure kinematic stability, and ensure 
conformal geometries), (iv) avoid the need for specialised (commercial) software.  

 
Figure 3.3 
Strategy as an interface between early stages of the building design process and structural 
optimisation. 

Based on the research objective, a specifically defined objective of the strategies is to 
provide building structural design generation and optimisation, excluding or including 
spatial design modifications, at early stages of the building design process, using a 
systematic and automated approach. This leads to the following additional 
requirements: 
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(i) A Building Spatial Design should be sufficient as starting point (input) for 
the strategy. This because only spatial designs of buildings are dealt with in 
early stages of the building design process.  

(ii) It should allow application by the same non-experts currently involved in 
early stages of the building design process, so no specialised structural 
engineering knowledge should be required. 

(iii) Because of the characteristics of the early stages of the building design 
process, results from the strategy should be available in short periods of 
time (hours). 

(iv) The strategy should be able to account for the evolutionary characteristics 
of the building design process: Requirements and solutions may change 
through mutual interaction. 

To ensure successful development and implementation, the restrictions for a 
strategy can be listed as follows: 

(i) Only Building Spatial Designs derived from buildings dealt within the 
AEC area such as offices, apartments, schools, hospitals, etc. can be 
processed. The strategy is not intended to be used to process Building 
Spatial Designs derived from the so-called iconic architecture, i.e. unique 
ground-breaking buildings, which seek to attract attention mainly by their 
spectacular physical form (Kaika and Thielen, 2006). 

(ii) To provide only information on applicable Structural Topologies, for 
which each has been optimised given prescribed spatial and structural 
conditions. As such, the implementation of a strategy should neither be 
considered as a traditional structural optimisation tool nor as a tool that 
generates definitive structural design solutions to be used directly to 
construct a building. 

(iii) To take into account only structural engineering considerations. 
Functional considerations related to the Building Spatial Design are not 
contemplated (e.g. functional relationships between spaces, accesses, 
horizontal and vertical circulations). However, spatial properties of the 
Building Spatial Design such as total volume and total number of spaces 
will be considered.  

(iv) To be used only during early stages of the building design process. The 
intention of the implemented strategies is not to produce detailed design 
solutions of buildings. 
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3.3 Developed strategies  

Four strategies have been developed, resulting from the selected design process model 
(co-evolutionary design) and optimisation methods (topology optimisation and genetic 
algorithms). 

The first strategy A, named Structural Grammars and Topology Optimisation, is 
conceived to resemble a design process: Based on a Building Spatial Design, a Building 
Structural Design is developed. Referring to figure 3.2, it contemplates only an (initial) 
single step from the spatial domain to the structural domain, and therefore can be 
defined as a one-cycle direct process. In more detail, for the Building Spatial Design a 
Structural Topology is generated, by means of structural grammars (heuristic rules to 
add load-bearing architectural elements to a spatial design). Then, a Structural Building 
Design and a corresponding Finite Element Model are developed. Additionally, topology 
optimisation is used to enable the redistribution of structural mass, within the 
boundaries of the given elements of the Building Structural Design, to obtain optimal 
structural performance, in this particular case reflected by minimal total strain energy. 
This results in a so-called Optimal Finite Element Model, which may suggest a new 
layout for the Building Structural Design. 

Strategy A2, named 3D Topology Optimisation, releases strategy A from the 
limitation that structural mass can only be distributed within the boundaries of the given 
structural elements. First a structural grammar transforms the Building Spatial Design 
into a homogeneous solid mass. Subsequently, topology optimisation is applied, now 
redistributing the structural mass over the complete volume of the spatial design, which 
results in both optimal performance (here minimal total strain energy) and a suggested 
layout of the Building Structural Design. The only difference between strategy A and A2 
is the used structural grammar. However, this difference causes such significant changes 
in behaviour, as will be shown in chapter 8, that A2 is defined as a different strategy.  

Strategy B, named Structural Grammars, Topology Optimisation, and Spatial 
Feedback, is an extension of strategy A. It has been developed to account for the 
evolutionary characteristics of the building design process and to investigate the 
consequences of structural engineering feedback (e.g. an optimal distribution of relative 
densities) for the Building Spatial Design. Strategy B follows the design process model in 
figure 3.2 completely, thus being a multi-cycle iterative process, allowing Building 
Spatial Designs and Building Structural Designs to co-evolve. Technically, strategy B 
starts as strategy A, but the Optimal Finite Element Model is followed by deletion of 
elements with low total strain energy. Then, spaces are removed with a high number of 
associated deleted finite elements. Hereafter, spatial requirements (here: spatial volume 
and number of spaces) are restored by scaling and subdivision of spaces, and this 
Modified Building Spatial Design is fed back as input to the strategy. Compared to 
strategy A, this strategy increases the design possibilities for the Building Structural 
Design, since variation of its basis -the Building Spatial Design- is allowed. 

The last strategy C, named Genetic Algorithms, randomly generates variants of the 
initial Building Spatial Design and, based on these, random variants of the Building 
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Structural Design. The variants of the Building Structural Design are evaluated via a 
Finite Element Model. Some of the best performing variants are used for the next cycle 
of generation of variants, using an existing genetic algorithm. The strategy results in 
combinations of a Building Spatial Design and accompanying Building Structural 
Design, with improved behaviour of the Building Structural Design (using minimal total 
strain energy as the optimisation goal) compared to Building Structural Designs based 
on the initial Building Spatial Design. Note that, inevitably, it neither is based on the 
design process model in figure 3.2, nor uses topology optimisation. However, it 
potentially finds design solutions across the local minima that limit strategy A, and 
provides random and strong variation of the Building Spatial Design, instead of the 
deterministic and limited modification of strategy B.  

In order to implement and compare the strategies, a computational tool has been 
developed. This so-called “Building Structural Optimisation Toolbox (BSO Toolbox)” is 
presented in the next section 3.4. 

3.4 Building Structural Optimisation Toolbox  

The BSO Toolbox is a stand-alone computational toolbox, written in C++, and 
intentionally platform independent by using OpenGL for 3D rendering and GLUT for 
user interaction and window creation (Kilgard and Robins, 2014). However, the current 
version has only been verified to compile and run on Windows. 

The code can be considered to consist of 5 modules: 1 visualisation module and 4 
data processing modules. Figure 3.4 depicts the modules and their relationships. The 
white rectangles represent the modules and the arrows represent a relation in which one 
module calls for functions of the other module. Please note that these modules are not 
explicitly defined in the code, but are depicted in figure 3.4 to provide a clear 
understanding of the overall organization of the toolbox. Although the C standard 
library, C++ standard library, and other libraries are used throughout the program, they 
are not depicted in figure 3.4 for sake of clarity. 

The visualisation module displays 3-dimensional models of the data models 
(Building Spatial Designs, Structural Topologies, Building Structural Designs, and FE 
Models) resulting from the other modules (Peeten and Hofmeyer, 2010). The 
initialisation module reads data from the input files, initialises variables to be used 
throughout the simulation, and generates files to store the data to be generated. The 
Building Structural Design generation module generates Building Structural Designs to 
be analysed and optimised by the FE analysis and optimisation module. Lastly, the 
Spatial feedback module generates the Modified Building Spatial Designs. Please refer to 
appendix D for a detailed description of the structure and organisation of the code. 

For strategy C, additional software is used to handle the genetic algorithms: Dexen 
(Janssen, 2009, 2013). Dexen stands for Distributed EXecution ENvironment, which 
provides population-based optimisation algorithms. It employs an asynchronous 
decentralised approach, which allows parallel processing. Figure 3.5 illustrates the 
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overall relationship between Dexen and the BSO Toolbox. Dexen is responsible for 
generating the random population of individuals and for the ranking, deletion, and 
reproduction of individuals, whereas an executable and dedicated version of the BSO 
Toolbox is responsible for evaluating the generated individuals. Text data files are used 
for communication. Note again that the Dexen modules in figure 3.5 are not explicitly 
coded but are used here to illustrate the set-up. A detailed explanation of the relation 
between Dexen and the BSO Toolbox can be found in appendix D. 

 
Figure 3.4 
Diagram illustrating the overall organisation and function of the BSO Toolbox.  

 
Figure 3.5 
Diagram illustrating the relation between BSO Toolbox and Dexen. 

3.5 Concluding remarks  

In this chapter the strategies have been defined and the process to develop them has 
been presented. The strategies act as an interface to enable structural optimisation at 
early stages of the building design process, which leads to related requirements. 
Additionally, the detailed research objective leads to requirements. To ensure successful 
development and implementation, restrictions have been formulated as well. Four 
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strategies that follow the requirements and restrictions have been presented. Strategy A 
is based on a realistic design process, and provides optimal finite element models that 
may suggest building structural design variants. However, during optimisation, it only 
distributes structural mass over predefined structural elements. Therefore, strategy A2 
has been developed, which distributes structural mass over the complete building. 
Strategy B adds spatial feedback to strategy A, enabling spatial modification due to the 
results of the structural optimisation. As such, co-evolutionary design is modelled. 
Finally, the design process model is left, so is direct structural optimisation, and all 
design variables are randomised, by using a genetic algorithm for strategy C. Note that 
due to the genetic algorithm, the Building Structural Design is still optimised, however, 
not via direct structural optimisation.  
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4  
Strategy A: Structural Grammars and  

Topology Optimisation 

4.1 Introduction 

Chapter 3, section 3.2.1, has explained the early stages of the building design process, 
however without taking structural design aspects into account: In general, after the 
selection of a spatial design, the architect or structural engineer formulates a 
corresponding structural topology, which is an assembly of load-bearing architectural 
elements (walls, columns, slabs, etc.) representing the structural elements to be used to 
construct the building. Then, based on the structural topology, a structural design of the 
building is developed, being an assembly of structural elements with the objective to 
withstand loads (Gordon, 1978). In this part of the process the materials and the 
preliminary shape and dimensions of the structural elements are determined (Mora, 
Bédard and Rivard, 2008). Finally, the structural design is optimised for strength, 
stiffness, and construction costs, by finding optimal design variable values (e.g. number 
of structural elements, element and connection dimensions). Strategy A is conceived to 
resemble this design process above, delivering an optimised structural design for a given 
spatial design, given the optimisation objective and spatial requirements. Subsequently, 
this optimised structural design may suggest a different structural design to be used, as 
will be shown in chapter 8. In this section 4.1, the workflow of strategy A is presented by 
explaining the process and data models. Then in consecutive sections, each procedure 
used in the process model is explained in detail. 

4.1.1 Workflow entailed by strategy A 
The workflow of the implementation of strategy A is depicted in figure 4.1, using 
function modelling methodology IDEF0 (National Institute of Standards and 
Technology, 1993). Grey-shaded rectangles represent the procedures; at the centre of the 
rectangle the name of the procedure is shown and on the bottom right its identification 
code. The procedures are linked by arrows. Capitalised text, at the end of jagged lines or 
arrows tips, represents the resulting data of each procedure. Lowercase text then 
represents parts of this data. 

The workflow of the implementation of strategy A is as follows: (1) The procedure 
Generate Spaces P0 uses the input and settings data to generate a Building Spatial Design. 
(2) The procedure Structural Grammars P1 generates a Structural Topology based on the 
Building Spatial Design. (3) Then, within the procedure Structural Topology Post-
processing P2 the Structural Topology is geometrically redefined, made kinematically 
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determined, and geometrical and mechanical properties of the Structural Elements are 
defined. (4) After that, in the procedure FE Model Pre-processing P3, a Finite Element 
Model is generated and load cases are defined. (5) Finally, in the procedure Topology 
Optimisation P4 the FE Model is optimised. The final result is a FE Model showing an 
optimal distribution of relative densities of the Finite Elements, given the optimisation 
objective (here minimal total strain energy), and spatial requirements (here: the initial 
Building Spatial Design). 

Figure 4.2 shows the data model of the implementation of strategy A using a UML 
class diagram. UML stands for Unified Modelling Language (Object Management 
Group, 2011), which is a specification to generate software engineering diagrams. One of 
them is the class diagram, a static structure diagram, which describes the structure of a 
system, in this case strategy A. It does so by illustrating the system’s components, named 
classes, its attributes and functions, and the interactions among them.  

 
Figure 4.1 
Process diagram of the implementation of strategy A: Structural Grammars and Topology 
Optimisation. 

The model for (the implementation of) strategy A consists of five groups of classes 
(UML: packages): Building Spatial Design, Structural Topology, Building Structural 
Design, FE model, and Optimal FE model. They are represented by light-grey rectangles 
and result from the procedures shown in figure 4.1. The white rectangles represent the 
classes, here shown without attributes and functions for clarity. Three types of 
relationships are present in this diagram: (1) Association, depicted by a line without 
arrowheads, which represent a simple connection between classes. (2) Inheritance, 
depicted by a line with a white-filled arrowhead, which represents a hierarchical 
connection where one “master” class has several sub-classes. For example in figure 4.2, 
within the Building Structural Design package, the “master” class Structural Element has 
three sub-classes: Truss, Beam and Flat-Shell. (3) Aggregation, depicted by a line ending 
in a white-filled rhombus, which represents that the class with the rhombus is built up 
by a collection of other classes. The numbers next to the classes represent the number of 
class instances needed for the relationship. For example, the class Space, in the Building 
Spatial Design package, is the aggregation of 8 instances of the class Point, 12 instances 
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of the class Line and 6 instances of the class Area. For undetermined numbers, the 
asterisk (*) refers to one or more instances.  

 
Figure 4.2 
UML class diagram illustrating the data model of the implementation of strategy A. Five groups of 
classes are depicted: Building Spatial Design, Structural Topology, Building Structural Design, FE 
Model and Optimal FE Model.  

4.2 Generate Spaces 

This first procedure uses the input and settings data to generate the Spaces of the 
Building Spatial Design. The settings data is used to define values for the following 
variables, which are used throughout all the procedures in strategy A:  

1. The structural grammar to be used, see section 4.3, Structural Grammars.    

2. The load case, either a vertical live load case, horizontal wind load case, or a 
combination of them, see section 4.5.1, Loading. 

3. The Structural Elements to be used for Kinematic Stabilisation, either trusses, 
beams or flat-shells, see section 4.4.3, Kinematic Stabilisation. 

4. The number of divisions D in which structural elements will be divided, after 
which these divisions become finite elements, see section 4.5.2.2, 
Discretisation. 

5. Tolerance thresholds for the convergence criteria of the finite element 
simulations and the Topology Optimisation procedure, see section 4.5.2, FE 
Structural Analysis and section 4.6, Topology Optimisation. 

The input data contains the dimensions of each Space, i.e. its width (w) in the X-
direction, its depth (d) in the Y-direction, and its height (h) in the Z-direction, and also 
defines the x, y and z coordinate values of the initial Point of a Space (figure 4.3a). 
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Using the input, this procedure generates Spaces by defining the 8 corner Points 
from the coordinates of the initial Point and the dimensions of the Space (see figure 
4.3b). Hence, the coordinates of Point 1 are the same as the coordinates of the initial 
Point i.e. (x, y, z); the coordinates of Point 2 are (x+w, y, z), etc. The generated Spaces are 
“right cuboids”, convex polyhedrons of six rectangular faces that meet in a right angle. 
Their local coordinate system is aligned to the Global Coordinate System; which in turn 
is aligned –for loading purposes later on- to the Cardinal Directions i.e. North, West, 
South, and East (see figure 4.3b). The complete set of Spaces composes the Building 
Spatial Design.  

 
Figure 4.3 
Example of (a) input data and (b) generated Space. 

4.3 Structural Grammars 

Based on the Building Spatial Design, the second procedure generates a Structural 
Topology, an assembly of load-bearing Architectural Elements such as Truss, Wall, 
Column, and Slab (see also figure 4.2) via structural grammars. These structural 
grammars prescribe addition of Architectural Elements to Spaces that meet certain 
conditions. They have been inspired by shape grammars (Stiny, 1980; Knight, 1992; 
Wang and Pinto Duarte, 2002; Kotsopoulos, 2008) and on methods to generate 
structural designs based on spatial designs (Rafiq and Macleod, 1988; Sacks, Warszawski 
and Kirsch, 2000). As is shown below, the structural grammars applied should be 
considered as a technique to provide an initial structural mass distribution to the 
Building Spatial Design, not as a procedure for developing realistic Building Structural 
Designs, as in the literature above. The three implemented structural grammars are 
presented in figure 4.4 and work as follows: 
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Structural Grammar 1 (SG1): 

 For each Space:   

4 Walls are added that overlay the (vertical) areas of the Space within the 
following set of Points: (1,2,7,6), (2,3,8,7), (3,4,5,8), (4,1,6,5). 

1 Slab is added that overlays the (top) area of the Space within the 
following set of Points: (6,7,8,5).  

Structural Grammar 2 (SG2): 

 For each Space:   

4 Columns are added that overlay the (vertical) lines of a Space within the 
following set of Points: (1,6), (2,7), (3,8), (4,5). 

1 Slab is added that overlays the (top) area of a Space within the following 
set of Points: (6,7,8,5).  

Structural Grammar 3 (SG3) prescribes that: 

 For each Space:   

4 Trusses are added that overlay the (vertical) lines of a Space within the 
following set of Points: (1,6), (2,7), (3,8), (4,5). 

4 Trusses are added diagonally between the following Points of a Space: 
(6,2), (2,8), (8,4), (4,6). 

1 Slab is added that overlays the (top) area of a Space within the following 
set of Points: (6,7,8,5).  

Note that when two Spaces are adjacent, the structural grammars will generate 
coincident elements, e.g. a Wall for each surface of each Space leading to coincident 
Walls. This is solved during the FE Pre-processing, see section 4.5. 

 For a detailed explanation of the procedure Structural Grammars, including other 
applications, please refer to Davila Delgado and Hofmeyer, 2013a. Structural grammars 
can be applied to groups of Spaces as well. In that case, a 3D pattern recognition 
algorithm is used that generates all possible combination of Spaces (so-called zones) for 
the Building Spatial Design. Then, these zones instead of Spaces can be used as basis to 
add Architectural Elements, which relates to the working method of structural 
engineers, looking for large geometrical shapes in the spatial design that can be provided 
with an efficient structural design. This possibility, including the 3D pattern recognition 
algorithm, which is not used in the implementation of Strategy A here, is detailed in 
literature (Hofmeyer and Bakker, 2008). 
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Figure 4.4 
Structural grammars. 

4.4 Structural Topology Post-processing 

During this procedure (P2 in figure 4.1), the Structural Topology is converted into a 
Building Structural Design. Figure 4.5 shows a process diagram of procedure P2, again 
using IDEF0 (National Institute of Standards and Technology, 1993). Here it should be 
noted that single number IDEF0 processes (e.g. P2) are mentioned like that, whereas that 
two-digit number processes (e.g. P21) are defined as “steps”. 

 
Figure 4.5 
Process model of procedure Structural Topology Post-processing (P2). 
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First, the geometrical and mechanical properties of the Structural Elements are 
defined by the step Materials Definition (P21). Then, Geometrical Redefinition (P22) is 
performed twice:  (a) to facilitate the correct definition of loads, and (b) to ensure that a 
correct finite element mesh can be generated. Lastly, the Structural Topology is made 
kinematically determined using the step Kinematic Stabilisation (P23). Next these three 
steps are further explained. 

4.4.1 Materials Definition 
The four architectural elements (Truss, Column, Wall, and Slab) are converted into the 
three Structural Elements Truss, Beam and Flat-Shell as follows: 

  
Architectural Element 
(Structural Topology) 

Structural Element                                   
(Building Structural Design) 

Truss Truss (steel) 
 Sectional area (Asectional):                       100x100 mm2 
 Young’s modulus (E):                           200,000 N/mm2  
 Poisson’s ratio (v):                           0.3 

Column Beam (reinforced concrete) 
 Sectional area (Asectional):                      30x30 mm2 
 Young’s modulus (E):                          30,000 N/mm2  
 Poisson’s ratio (v):                          0.3 

Wall and Slab Flat-Shell (reinforced concrete) 
 Thickness (t):                          150 mm 
 Young’s modulus (E):                          30,000 N/mm2  
 Poisson’s ratio (v):                          0.3 
  

 

Note that in applied mechanics the term flat-shell defines a non-curved structural 
element, with a small thickness compared to its other dimensions, which accounts for 
(uncoupled) normal and bending behaviour. As such, it can be used here for both walls 
and slabs. 

4.4.2 Geometrical Redefinition 
Geometrical Redefinition splits Lines and Areas such that they become a conformal 

geometry, which means that a) no Points (of the Lines and Areas) are located 
somewhere along another Line or in another Area, other than at Line ends or Area 
corners, which is equivalent to stating that no T-joints are allowed between Lines, and b) 
that Lines and Areas are not allowed to intersect other than being connected at their 
edge Lines or end Points. The used method for geometrical redefinition is presented in 
depth in Hofmeyer, Roosmalen and Gelbal, 2011 as “Method A: line–line, line–area 
intersection, and pattern recognition”. It evaluates “line to line” and “line to area” 
intersections to generate new Points and Lines. Then, it uses a pattern recognition 
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algorithm to discover the newly spawned Areas bounded by the newly created Points 
and Lines.  

   The step Geometrical Redefinition (P22 in figure 4.5) applies the method above 
twice. The first application makes conformal all the Areas of Spaces of the Building 
Spatial Design to help defining the correct wind loads later on. For example in figure 
4.6a, the East facing Area of Space 1 is partly inside the Building Spatial Design (dark 
grey, not to be wind loaded), and partly outside the Building Spatial Design (light grey, 
to be wind loaded). Once this Area has been split -as it is not conformal with the South 
facing Area of Space 2- the resulting two new Areas can be loaded appropriately. In this 
first application, additionally an orientation tag is assigned to each Area depending on 
the cardinal direction (n: North, e: East, s: South, w: West, t: top, b: bottom, o: interior), 
for future loading, see section 4.5.1, Loading. 

 
Figure 4.6 
Geometrical redefinition for (a) aiding with correct wind loading and (b) achieving a conformal 
geometry. 

The second application concerns the Structural Elements to ensure a correct 
functioning finite element mesh (see section 4.5): If Structural Elements would be 
subdivided in Finite Elements without being conformal -using an equally distributed 
element size- then the Nodes of the resulting Finite Elements could be non-coincident 
(figure 4.6b) leading to incorrect results. During this second application, Lines of the 
Areas of the now conformal Building Spatial Design are taken into account as well (as 
“virtual” Structural Elements). This to ensure that the loading on the Areas of the 
Building Spatial Design can be transferred directly to “underlying” Structural Elements 
with the same or smaller size, as will be explained in section 4.5.1, Loading. 

4.4.3 Kinematic Stabilisation 
The last step (P23 in figure 4.5) is to generate a stable (kinematically determined) 
Building Structural Design, not having any mechanisms, which are characterised by 
sections of structural elements that can move freely, with respect to other sections, 
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without the action of any forces, figure 4.7a. To address mechanisms, the figure shows 
structural elements or constraints (to displacements or rotations) can be added. 

It is not certain that the Building Structural Design resulting from the previous 
steps is kinematically determined, because in the previous process Structural Grammars 
and steps Materials Definition and Geometrical Redefinition this aspect is not taken into 
account. 

 
Figure 4.7 
(a) Examples of mechanisms and their possible solutions (b) example of an unstable structure made 
kinematically determined. 

This step first generates a finite element model of the Building Structural Design 
and investigates if the global stiffness matrix is singular. If this is the case, the Structural 
Design is kinematically undetermined, and the mechanisms can be located by 
calculating the null space of the global stiffness matrix. This is a set of null vectors; each 
satisfying the following condition: 

=Kn 0      (Eq. 3) 

Where K is the global stiffness matrix and n is a null vector. The null space of the 
global stiffness matrix is calculated using a singular value decomposition method 
(Galassi, 2007). Each null vector specifies the nodes where a mechanism is located and 
the degrees of freedom at these nodes in which it can displace. Therefore, now it is 
possible to add constraints or structural elements as follows: (1) The first displacement 
of the first null vector is taken and a Structural Element is added that constrains the 
displacement in that direction. For example, a Structural Element is added that connects 
the investigated Node with another Node located in displacement direction. (2) Then the 
null space is calculated again. If the addition did not reduce the number of null vectors, 
then the added Structural Element is discarded and new options are explored. If it did 
reduce, then (3) the step continues to the next displacement of the null vector. (4) Lastly, 
it repeats the previous steps until all displacements of all null vectors have been vanished 
and thus a kinematically determined structure has been found (figure 4.7b).  
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The implemented step is able to add: (a) Truss elements, which only resist axial 
forces and therefore can only constrain displacements in one direction; (b) Beam 
elements, which resist axial forces, transversal forces, and bending moments, and thus 
can constrain displacements in three directions and three rotations; and (c) Flat-Shell 
elements, which resist in-plane (axial) forces, out-of-plane (transversal) forces, and 
bending moments, and thus can constrain displacements in three directions and in three 
rotations. Boundary constraints can also be added, in this case to model the foundation 
of the Building Structural Design. In the settings data (figure 4.1) it is defined which 
Structural Element is used to stabilise the Structural Topology; for the implementation 
of strategy A flat-shells are used. Note that the selection of the Structural Element used 
for stabilisation influences the resulting Building Structural Design. For strategy A, 
however, structural grammar SG1 is applied to  every Space, resulting in a kinematically 
determined design, only to be constrained at the foundation. As such, this step has no 
influence on the results of the implementation of strategy A. 

Note that the addition of structural elements above is part of an automated 
algorithm, so the position at which the Structural Elements will be positioned cannot be 
steered by the user, however will affect the resulting Building Structural Design. As 
explained for the selection of the type of Structural Element, this effect is not relevant for 
the step in strategy A. The implementation of this step is presented in depth in 
(Smulders and Hofmeyer, 2012). 

4.5 FE Model Pre-processing 

During this procedure FE Model Pre-processing (coded as P4 in figure 4.1), a load case 
is defined first, explained in section 4.5.1, and hereafter a FE Model is generated, to be 
presented in section 4.5.2. 

4.5.1 Loading 
Two categories of load cases have been developed namely vertical live load and 
horizontal wind load. Other loads (e.g. own weight and seismic) are not taken into 
account. Note that it is possible to simulate one load case or several cases acting at the 
same time. The load case(s) to be used are defined under settings (figure 4.1). Next it is 
explained how both categories of load cases are implemented.  

4.5.1.1 Vertical live load case 
The vertical live load case prescribes an equally distributed surface load (in the negative 
z-direction) on each horizontal flat-shell of the Building Structural Design. The 
magnitude of the load is defined in the settings data. 

4.5.1.2 Horizontal wind load case 
For the horizontal wind load case, first four orthogonal cardinal directions (North, West, 
South and East) and four non-orthogonal cardinal directions (North-West, North-East, 
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South-West and South-East) are defined, as shown in figure 4.8. Then wind pressure, 
shear or suction q is formulated for the facades of the Building Spatial Design following 
figure 4.8 and Eurocode 1, NEN-EN 1991-1-4 (European Committee for 
Standardisation, 2005): 

 α β η= ⋅ ⋅ ⋅direction component typeq p   (Eq. 4) 

Where p is a 1 kN/m2 equally distributed load caused by wind, defined via the 
settings data. The αdirection factor takes into account the direction of the wind with respect 
to the global coordinate system (figure 4.8). If the wind acts in the positive direction of 
the coordinate system then the value of αdirection equals 1; if it acts in the negative 
direction it is -1. The factor βcomponent accounts for the direction of the wind related to the 
building facade. If the wind falls in orthogonally (in the figure on the left), the value of 

βcomponent equals 1, if it falls in under a 45° angle (figure 4.8 on the right) it equals 1/ 2 . 
Lastly, ηtype corrects for the type of load. If the wind causes pressure, ηtype equals 1, and for 
suction and shear, ηtype equals 0.8 and 0.4 respectively. 

 
Figure 4.8 
Wind cardinal directions and loads. 

Once it is known which loads are acting on the facades of the Building Spatial 
Design, these loads are assigned to the Areas of the Building Spatial Design, depending 
on their orientation tag (see section 4.4.2, Geometrical Redefinition). For example, all 
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the loads acting on the North-facing facade of the Building Spatial Design in figure 4.8 
are assigned to all Areas of the Building Spatial Design with orientation tag “n”. 

To load the Structural Elements, the possible location of each Structural Element 
within the Areas is investigated as shown in figure 4.9. If a Flat-Shell is completely 
coincident with the investigated Area, the equally distributed load is directly assigned to 
the Flat-Shell (Case 1). If all four Lines of the Area are occupied by a linear Structural 
Element or by a Line of a Flat-Shell perpendicular to the investigated Area (Case 2), first 
the tributary areas A1 and A2 and the lengths of lines A and B (A and B) are 
calculated. Next, equally distributed line loads are derived as follows: 
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q q    (Eq. 5) 
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The resulting loads are assigned to the Structural Elements that are coincident with 
the boundary lines (bold) of the corresponding tributary areas A1 and A2. For all the 
other cases illustrated in figure 4.9 the same approach is followed. 

Note that for Case 7 in figure 4.9 the complete load is assigned to a single boundary 
(bold) line. This case usually does not occur, but if it does, a warning is displayed that 
non-realistic results may occur. 

 
Figure 4.9 
Possible positions of structural elements within loaded areas. 

4.5.2 FE Structural Analysis  
The FE structural analysis, also used in the other strategies, is not meant here for stress 
engineering, i.e. to provide an accurate prediction of stress and strain to safely construct 
a building. Its main purpose is to serve the topology optimisation procedure used in 
strategies A, A2, and B, and to serve the genetic algorithm in strategy C, for all of which 
it evaluates the structural behaviour of the Building Structural Design, so improved 
design variable values can be tried. 
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The finite element method (FEM) is a commonly used method in structural 
engineering. It provides approximate solutions to applied mechanics problems of 
continua. For example, the displacement field in a continuous structure is often complex 
and cannot be solved analytically, which makes it problematic to predict (local) strains 
or stresses for given loads and boundary conditions. By using the FEM, the continuous 
structure is discretised into small elements for which the displacement field is 
approximated. This allows predicting the relationship between forces acting on these 
elements and their displacements. As such, the elements are assembled and the 
displacement field of the complete structure can established, including estimations of 
strains and stresses at each location (Cook et al, 2002; Zienkiewicz, Taylor and Zhu, 
2013). The finite element method can be regarded as consisting of three steps: 
Idealisation, Discretisation and Assembly and Solution, each explained below. 

4.5.2.1 Idealisation 
An idealisation step in a real design process concerns the translation of a real structural 
design into a FE model, consisting of nodes and finite elements. First, a mechanical 
model of the real structural design is made, which assumes that the behaviour of each 
structural element follows either truss action, beam theory, plate theory (for shear walls 
and plates) or continuum (volume) theory, and models the foundation (or other 
supporting structures) as rollers, hinges, clamps, or spring loaded supports. Dimensions 
of the real structural elements have to be translated to dimensions used in the theories 
(e.g. width and height become second moment of inertia in beam theory). This 
mechanical model is then provided with finite elements, these most often using the same 
theory as which was used by the mechanical model for a specific structural element. 
Supports are modelled via boundary conditions, or elements for more complex 
behaviour, e.g. for spring loaded supports. 

For the research here, the Building Structural Design is already a mechanical model 
for its Structural Elements are defined following the theories above (for example: a Beam 
is following beam theory), dimensions are given in the Material Definition step (section 
4.4.1), and boundary conditions have been defined in the Kinematic Stabilisation step 
(section 4.4.3). This allows directly the provision of elements, for which three types of 
finite elements can be used, figure 4.10: 

 (1) Truss element, a linear finite element of constant sectional area and two nodes 
(i, j). It can only resist axial forces and it has three degrees of freedom at each node: 
translations in the local x, y, and z-directions (ux, uy, uz). The derivation of the stiffness 
matrix is based on the presentation of such elements in literature (Cook et al, 2002).   

(2) Beam element, a linear finite element of constant sectional area and two nodes 
(i, j). At each node it can resist axial forces, two shear forces in local x and z-directions, 
one twisting moment, and two bending moments. It has six degrees of freedom at each 
node, three translations and three rotations in the local x, y, and z-directions (ux, uy, uz, 
rx, ry, rz). It is based on a beam element presented in literature (Przemieniecki, 1968). 
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(3) Flat-Shell element, a planar finite element of constant thickness and four nodes 
(i, j, k, l). At each node it can resist axial forces, two shear forces in local x and z- 
directions, one twisting moment, and two bending moments. It has six degrees of 
freedom at each node, three translations and three rotations in the local x, y, and z- 
directions (ux, uy, uz, rx, ry, rz). The element’s in-plane behaviour (membrane action) is 
based on the presentation of such elements in literature (Cook et al, 2002). The 
element’s out-of-plane behaviour (bending action) is implemented using the DKQ 
element developed by Batoz and Tahar, 1982. For both behaviour types, membrane and 
bending actions, standard 2×2 numerical integration is used. To provide resistance to 
the rotation perpendicular to the plane (rz), a drilling stiffness kdrilling equal to the mean 
of the values of the stiffness matrix is used. 

 
Figure 4.10 
Structural elements: truss element, beam element, and flat-shell element 

4.5.2.2 Discretisation 
Discretisation involves meshing, the subdivision of the Structural Elements into Finite 
Elements. The number of divisions (D) in which the Structural Elements are subdivided 
is defined under settings (see figure 4.1). Two types of Structural Elements have to be 
subdivided, namely linear elements (Truss and Beam) and planar elements (Flat-Shell) 
For each type, the discretisation step is explained below, including the distribution of the 
load. 

Linear Structural Elements are subdivided into equal length Finite Elements, their 
number equal to the number of divisions (D). To distribute the assigned line Load 
(qlinear) to the Nodes of the Finite Elements, a load distribution factor Dlinear is calculated 
as follows: 

 =
+
1

1linearD
D

     (Eq. 7) 

Dlinear is then multiplied with the length (l) and with the assigned Load (qlinear) of the 
linear Structural Element to obtain the nodal force (f) to be applied at each Node of the 
Finite Element: 

[ ] [ ] [ ]= ⋅⋅ mN m N/mm    linear linearf D l q   (Eq. 8) 
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For example, if a Structural Element is subdivided in two Finite Elements (i.e. 
= 2d  and = 1 3linearD ) then three Nodes are generated, so a third of the Load of the 

structural element is applied to each Node. Note that the Structural Elements can have 
Loads assigned in several directions (x, y or z), resulting in several nodal forces for each 
node as well. 

For planar Structural Elements, it is first checked if its four Nodes are co-planar by 
calculating their volume spanned (via the determinant of the matrix containing the 
coordinates of the four nodes), which in the implementation should then be smaller than 
1

20  of the structural element’s shortest dimension. The next step is to calculate the load 
distribution factor Dplanar: 

 
( )

=
+ 2
1

1
planarD

D
     (Eq. 9) 

The forces to be applied at each Node are calculated as follows: 

 [ ]    = ⋅   ⋅ 2 2mm mmN N/    planar planarf D qA  (Eq. 10) 

However, the force calculated above is incorrect for Nodes along the edge or at a 
corner of the Building Structural Design, as here no load contribution occurs from 
adjacent finite elements on one side (for the edges) or two sides (for the corners). Thus 
the forces applied on the Nodes located at the corners are multiplied by a factor 0.25, 
and the edge Node loads are multiplied by 0.5. 

The subdivision of planar Structural Elements is carried out in three steps, as 
depicted in figure 4.11: (1) Using the coordinates of the Nodes of the Structural Element 
(i, j, k, l), equidistant new Nodes are created, yielding a number of line segments along 
each line equal to the number of divisions D. (2) Then, a line connecting the first new 
Node located in between Node i and Node j and the last new Node located in between 
Node k and Node l is created. In addition, a line connecting the first and last new Nodes 
in between Node j and Node k, and in between Node l and Node i is created. On the 
intersection of these new lines a new Node is created. (3) Lastly, using the newly created 
nodes a finite element is constructed. Similar to steps 2 and 3, steps are repeated for all 
other finite elements. 

4.5.2.3 Assembly and Solution 
In the last step, the global stiffness matrix K is assembled using the stiffness matrices of 
the Finite Elements. Then, using the global vector of nodal forces f, the global vector of 
displacements u can be obtained by solving the system of linear equations: 

 =Ku f     (Eq. 11) 
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In more detail, the global stiffness matrix K is assembled as follows: (1) The stiffness 
matrix of each Finite Element is generated according its local coordinate system and is 
then translated into the global coordinate system using a transformation matrix. (2) It is 
defined how many degrees of freedom exist for each set of all coincident Nodes. (3) 
Then all these degrees of freedom are listed. (4) A global stiffness matrix of the size of 
the degrees of freedom is generated, which is then filled with the corresponding elements 
of the Finite Element stiffness matrices. 

 Once the global stiffness matrix has been generated, the displacement and rotation 
constraints defined during Kinematic Stabilisation (section 4.4.3) are applied by 
substituting zero values (1 for the diagonal terms) in the rows and columns of the global 
stiffness matrix that correspond to the constrained degree of freedom. Lastly, the vector 
of forces (f) is defined by specifying the nodal forces acting in a specific degree of 
freedom. The solution of the linear system of equations =Ku f  is carried out by a bi- 
conjugate gradient stabilized solver for sparse square problems named “BiCGSTAB” 
(Sleijpen and Fokkema, 1993; Guennebaud and Benoit, 2014). As this is an iterative 
solver, a solver tolerance should be provided (or a maximal number of iterations), the 
former being addressed in the settings (see figure 4.1).  

 
Figure 4.11 
Meshing algorithm for a planar Structural Element 

4.6 Topology Optimisation 
Topology optimisation has been introduced in chapter 2, section 2.3.3.1 with respect to 
its position among other optimisation methods, and in chapter 3, section 3.2.2 to be 
selected as the most general form of gradient-based optimisation. In this section, its 
implementation in strategy A is presented. The implementation can be found in 
literature (Sigmund, 2001), and is summarized here in five steps, using the equations 
from literature as well: 

(1) The stiffness matrices (Ke) of the finite elements (e) are multiplied by the so-
called relative density (xe) to the power (p), as follows: 

{ }∀ → p
e e ee xK K

    (Eq. 12) 

xe can take values from 0 to 1; in the first cycle the value equals 0.5. The relative 
density allows a power decrease or increase of the element stiffness. If the sum of all 
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relative densities is kept constant, it thus allows the distribution of stiffness over the 
finite element model.  

(2) Next, the global stiffness matrix is assembled and =Ku f  is solved. Then, the 
total strain energy c(x) of all the finite elements (N) is calculated as follows: 

 
1

( )
N

T T
e e e e

e
c x

=
= =∑x u Ku u K u     (Eq. 13) 

(3) Next the sensitivity of the total strain energy to the variation of the element’s 
relative density is calculated as follows: 

 1( ) p T
e e e e ec x px −∂ ∂ = −x u K u    (Eq. 14) 

(4) To avoid localised differences in the finite elements relative densities, a mesh-
independency filter (Bendsøe and Sigmund, 2003) is applied to the new found values of 
xe. The equations below can be explained as follows: for element e under investigation, 
all elements f that are within a predefined distance rmin from element e are considered for 
the mesh-independency filter. For these elements, the average sensitivity, weighted for 
distance to e, is determined and assigned to element e. This mesh-independency filter 
can be seen as averaging the finite element relative densities (xe) over a domain (rmin). 
This filter is applied to generate a mesh-independent solution and to avoid checkerboard 
solution patterns (one finite element with full density next to another one with zero 
density). For strategy A (in which only flat-shells are used) the value for rmin is defined as 
the distance between node i and node k of the largest flat-shell (figure 4.10).  

 

{ }

1
1

min min

( ) 1 ( )

( , ) ( , ) 1,2, , N

∧
∧

∧
=

=

∧

∂ ∂
=

∂ ∂

= − ∈ ≤ =

∑
∑



N
f f

Ne fffe f

f

c cH x
x xx H

H r dist e f f N dist e f r e

x x

 

 (Eq. 15) 

 (5) Lastly, a better set of relative densities (xe), which could result in a lower total 
strain energy value, c(x), is found as follows: 
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(Eq. 16)  

The new relative density of the finite element is decreased or increased 
proportionally with a maximum value m, regarding a minimum limit xmin (to avoid local 
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singularities in the stiffness matrix). Since the total structural mass should remain 
constant, all the relative densities are scaled with the factor λ (deduced with a bi-section 
algorithm). 

The steps described above are repeated until the difference between old and new 
obtained xe converges to being smaller than a prescribed convergence threshold. In case 
several load cases are defined, one finite element simulation is run for each load case in 
step (2), and results for equations (Eq. 13) and (Eq. 14) are summed up in steps (2) and 
(3) (Sigmund, 2001). The method results in a FE Model with optimal relative densities 
for all finite elements. 

4.6.1 Clustering 
The last step of this procedure visualises the results. For that, the Finite Elements 

are grouped into eight “similarity groups” or “clusters”, from highest to lowest relative 
densities. The grouping is carried out by a clustering algorithm based on the K-means or 
Lloyd’s algorithm (Macqueen, 1967). It subdivides a set of observations (x1,x2,…,xn) into 
k number of sets S={S1,S2,…,Sk} to minimize the sum of squares within clusters, where μi 
is the mean of the values in set Si as follows: 
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   (Eq. 17) 

This algorithm was implemented to acquire good qualitative and quantitative 
understanding of the optimal relative density distributions, which traditional grouping 
techniques cannot provide. For example, an ordered list can be made by defining a 
group of the first 20% of entries in the list, then defining a group of the second 20% of 
entries, and so on. In this case, it is likely that in a single group entries exist with very 
different values. If another traditional approach is used, for instance a set of predefined 
threshold values to determine in which group the entries should be clustered, then the 
majority of entries are grouped into only one or two clusters, which leaves the other 
clusters unused. 

The implementation works as follows: (1) the relative densities are sorted in a list 
from minimum to maximum values. (2) A number of clusters (in this case 8) is taken 
and initial cluster centroids (mean values of the clusters) are estimated. (3) Each density 
in the list is assigned to the cluster with the nearest centroid. (4) Each centroid is 
updated with the average density in its cluster. (5) Steps (3) and (4) are repeated until no 
exchanges of entries among clusters occur.  

For visualisation, different colours are assigned to the clusters, ranging from red for 
the highest densities to blue for the lowest densities. This is illustrated in figure 4.12, 
which shows a FE Model in the middle (its vertical cross-section on the right) having an 
optimal distribution of relative densities. 



51 
 

 
Figure 4.12 
Example of an FE Model showing an optimal distribution of relative densities, vertical cross-section is 
indicated by dotted lines. 

4.7 Concluding remarks 

The implementation of strategy A transforms input (dimensions and positions of 
Spaces), using settings, into an Optimal FE Model. Within the strategy, Structural 
Grammars are used, which result in a Building Structural Design built up of Structural 
Elements. These Structural Elements form the boundaries for the redistribution of 
structural mass in the Topology Optimisation procedure. The resulting Optimal FE 
Model indicates where structural mass should be located and as such visually suggests a 
layout for the Building Structural Design, which is –naturally- equal to or a reduction of 
the Building Structural Design before optimisation. Next chapter presents strategy A2, 
named 3D Topology Optimisation, which removes the limitation that structural mass 
can only be redistributed within the boundaries of the Structural Elements. 

  



52 
 

  



53 
 

5 

Strategy A2: 3D Topology Optimisation 

5.1 Introduction 

Strategy A2, named 3D Topology Optimisation, improves strategy A from the 
limitation that structural mass can only be distributed within the boundaries of the given 
structural elements. Instead, it generates a structural design directly as follows: First a 
structural grammar transforms the building spatial design into a homogeneous solid 
mass. Subsequently, topology optimisation is applied, now redistributing the structural 
mass over the complete volume of the spatial design, which results in both optimal 
performance (here minimal total strain energy) and a suggested layout of the structural 
design. In this section 5.1, the implementation of strategy A2 is presented by explaining 
its workflow and data model. Then, in the consecutive sections 5.2 to 5.4, the procedures 
of the implementation of strategy A2 that differ from the procedures of strategy A are 
presented in detail. Lastly, in section 5.5 concluding remarks are given. 

5.1.1 Workflow entailed by strategy A2 
Figure 5.1 shows the process diagram of the implementation of strategy A2 using IDEF0. 
The workflow is similar to strategy A, however, some procedures work differently, 
identified as such by “d” at the end of their identification code.  

 
Figure 5.1 
Process diagram of the implementation of strategy A2: 3D Topology Optimisation  

(1) The procedure Generate Spaces P0 uses input and settings data to generate a Building 
Spatial Design. (2) The procedure Structural Grammars P1d generates a Structural 
Topology, composed completely of equally distributed structural mass, based on the 
input. (3) Then, within the procedure Structural Topology Post-processing P2d  boundary 
constraints are applied for the foundation, and mechanical properties of the Structural 
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Elements are defined. (4) After that, in procedure FE Model Pre-processing P3d, a FE 
Model is generated and one or more load cases are defined. (6) Finally, in procedure 
Topology Optimisation P4 the FE Model is optimised. The final result is an Optimal FE 
Model showing an optimal distribution of relative densities of the Finite Elements, given 
the optimisation objective (here minimal total strain energy), and spatial requirements 
(here: the initial Building Spatial Design). 

The UML class diagram in figure 5.2 gives the organisation of the data used in the 
implementation of strategy A2. The Building Spatial Design is equal to the Design in 
strategy A. The Structural Topology is composed of the class Architectural Element, of 
type Brick, which is composed of 8 instances of the class Point. The Building Structural 
Design is composed of the class Structural Element, of type Solid, and of the class 
Constraint, which is associated with the Points that define the Solid. The FE Model is 
composed of the class Finite Element, of type FE Solid, and of the class Load, the latter 
associated with the FE Nodes, which are used to define the Finite Elements. Lastly, the 
Optimal FE Model is composed of the class Optimal FE of type OFE Solid. 

 
Figure 5.2 
UML class diagram illustrating the data model of the implementation of strategy A2.  

In the following sections, procedures are presented in detail that differ from their 
corresponding procedures in strategy A, i.e. Structural Grammars P1d, Structural 
Topology Post-processing P2d, and FE Model Pre-processing P3d. Please refer to 
chapter 4 for the description of the procedures Generate Spaces P0 and Topology 
Optimisation P4. 

5.2 Structural Grammars 

This procedure Structural Grammars (P1d in figure 5.1) employs Structural Grammar 4 
(SG4) that prescribes the addition of an Architectural Element of type Brick as shown in 
figure 5.3: 
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Structural Grammar 4 (SG4): 

 For each Space:   

1 Brick is added that fills the complete Space within the following set of 
existing Space defined Points: 1, 2, 3, 4, 5, 6, 7, and 8. 

In the current implementation of strategy A2, Structural Grammar 4 is not applied 
to the individual Spaces of the Building Spatial Design, however, for practical reasons to 
the overall Building Spatial Design, using a single Brick, and directly from the input data. 
For the simulations carried out in chapter 8, this implicit implementation delivers 
exactly the same results as the piece-wise application of SG4 presented here. 

 
Figure 5.3 
Structural Grammar 4 (SG4).  

5.3 Structural Topology Post-processing 

During procedure Structural Topology Post-processing P2d, Structural Elements of the 
type Solid (figure 5.2) are generated from the Architectural Elements of type Brick with 
the following properties: 

  
Architectural Element 
(STRUCTURAL TOPOLOGY) 

Structural Element                                   
(BUILDING STRUCTURAL DESIGN) 

Brick Solid (concrete) 
 Young’s modulus (E):          30,000 N/mm2  
 Poisson’s ratio (v):          0.3 
  

Normally, now geometrical redefinition should be applied (see chapter 4, figure 
4.5), but because the Structural Design -being a single Solid- is conformal, this is not 
needed. The same applies partly to the step Kinematic Stabilisation (P23, see chapter 4, 
section 4.4.3) as well: Because the Structural Design is a single Solid, it is kinematically 
determined naturally, and thus only the foundation needs to be taken into account. For 
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this, constraints are applied to all the bottom Points of all Structural Elements at the 
bottom, which restrict displacements in all three directions (ux, uy, uz). 

5.4 FE Model Pre-processing 

In procedure FE Model Pre-processing (P3d in figure 5.1) a load case is defined, 
explained in section 5.4.1, and a FE Model is generated, as presented in section 5.4.2. 

5.4.1 Loading 
For the implementation of strategy A2, the same two categories of load cases are used as 
for strategy A: a vertical live load case and a horizontal wind load case.  

For the vertical live load case, an equally distributed load (qp,v) is defined in the 
global negative z-direction at every top Area of a Space, within the Points 5, 6, 7 and 8 
(see Points definitions in figure 5.3). Note that whereas vertical load was applied to the 
Building Structural Design and transferred to the Finite Element Nodes in strategy A, 
here in strategy A2, for practical reasons, the vertical load will directly be transferred 
from Spatial Design to Finite Element Nodes, as will explained in the next section.  

For the horizontal load case, equally distributed loads (qp,h) are defined on the 
Structural Element (Solid) Areas, which represent wind blowing from four orthogonal 
cardinal directions (North, West, South, and East) and four non-orthogonal cardinal 
directions (North-West, North-East, South-West, and South-East). The equally 
distributed loads are defined in the same way as in the implementation of strategy A (see 
chapter 4, sub-section 4.5.1.2). Note that whereas horizontal load was applied to the 
Building Spatial Design and transferred via the Structural Design to the Finite Element 
Nodes in strategy A, here in strategy A2, for practical reasons, the horizontal load is 
directly applied to the Structural Design and transferred to the Finite Element Nodes, as 
will explained in the next section. 

5.4.2 FE Structural Analysis 
Two differences exist between the FE Structural Analysis employed for the 
implementation of this strategy A2 and the one employed for the implementation of all 
the other strategies (and presented in chapter 4, sub-section 4.5.2). Namely, for A2 a 3D-
solid Finite Element (FE Solid in figure 5.2) is used, which is described in sub-section 
5.5.2.1. Consequently, a different meshing algorithm is used as well, which is explained 
in sub-section 5.5.2.2.    

5.5.2.1 Idealisation 
Used for this strategy, FE Solid is a tri-linear Finite Element with 8 nodes (i, j, k, l, m, n, 
o, p) each with 3 degrees of freedom, i.e. displacements in the local x, y, and z-directions 
(ux, uy, uz), as depicted in figure 5.4a. Its stiffness matrix has been derived analytically 
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using the principle of stationary potential energy and the following displacement 
functions: 

= + + + + + + +
= + + + + + + +
= + + + + + + +

1 2 3 4 5 6 7 8

9 10 11 12 13 14 15 16

17 18 19 20 21 22 23 24

( , , ) a a a a a a a a
( , , ) a a a a a a a a
( , , ) a a a a a a a a

u x y z x y z xy yz xz xyz
v x y z x y z xy yz xz xyz
w x y z x y z xy yz xz xyz      (Eq. 18) 

The stiffness matrix of the Finite Element ke is found by integrating the following term 
over the volume V:   

  
= ∫ T

e dVk B EB
    (Eq. 19) 

Where B is the matrix relating internal strains and nodal displacements, for which 
terms have been derived by differentiation of the displacement functions. E is the 
elasticity matrix that relates stress and strain as function of the mechanical properties of 
the material. 

5.5.2.2 Discretisation 
For discretisation, the Structural Element is subdivided as follows: (i) the width (w), 
depth (d), and height (h) of the Structural Element are divided by the corresponding 
number of divisions (Dx, Dy, and Dz in figure 5.4b) to obtain the set of dimensions wnew, 
dnew, and hnew of the Finite Elements. (ii) Then, starting at the origin, the coordinates 
(xnew, ynew, and znew) of the Nodes of the Finite Elements have been determined as follows: 

{ }∈= 0,1, xnew
x

k k D
wx
D

  (Eq. 20) 

{ }∈= 0,1, ynew
y

k k D
dy

D
  (Eq. 21) 

{ }∈= 0,1, znew
z

k k D
hz

D
  (Eq. 22) 

Lastly, (iii) Nodes are defined using these coordinates, and Finite Elements, of the 
type Solid, are defined. Divisions Dx, Dy, and Dz are defined in the settings data. 

After discretisation (meshing) has been performed, the vertical load is applied as 
follows. For each loaded Space Area, Finite Element Nodes located on this Area will be 
loaded by a nodal force set as the area of the Space Area multiplied with the equally 
distributed load, divided by the number of Nodes located on the Area. 
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Likewise regarding the horizontal load, for each loaded Solid Area, Finite Element 
Nodes located on this Area will be loaded by the nodal force calculated as the area of the 
Solid Area multiplied with the equally distributed load, divided by the number of Nodes. 

 A nodal force calculated above is incorrect for Nodes along the edge or at a corner 
of the Building Structural Design, as here no load contribution occurs from adjacent 
finite elements on one side (for the edges) or two sides (for the corners). Thus the forces 
applied on the Nodes located at the corners are multiplied by a factor 0.25, and the edge 
Node loads are multiplied by 0.5. 

The step Assembly and Solution of the procedure FE Structural Analysis is the same 
as for the implementation of strategy A, see chapter 4, sub-section 4.5.2.3. 

 
Figure 5.4 
(a) Finite Element of type FE Solid; and (b) Structural Element of type Solid can be subdivided in 
different divisions along its width (w), depth (d), or height (h). 

5.5 Concluding remarks 

Strategy A2’s implementation uses the input (dimensions and positions of Spaces) to 
produce an Optimal FE Model. The applied structural grammar results in a Building 
Structural Design that is a single Solid, with equally distributed mass, spanning the 
complete Spatial Design. Also, this Structural Design only forms boundaries at its outer 
surfaces, with regards to the distribution of structural mass in the topology optimisation 
procedure. The resulting Optimal FE Model indicates where structural mass should be 
located and as such visually suggests a layout for the Building Structural Design, 
completely free in the Structural Design Volume, however possibly interfering with 
Spaces. Next chapter presents strategy B, named Structural Grammars, Topology 
Optimisation, and Spatial Feedback. This strategy B resembles a co-evolutionary design 
process, in which spatial design modifications are carried out based on the development 
of the structural design. This leads to increased design possibilities for the structural 
design, since variation of its basis –the spatial design- is allowed. 
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6 

Strategy B: Structural Grammars,  

Topology Optimisation, and Spatial 

Feedback 

6.1 Introduction 

In a building design process, a reconsideration of initial requirements may occur after a 
design solution is suggested, resulting in a co-evolutionary process, where design 
requirements and solutions evolve concurrently (Maher, 2000). Strategy B, named 
Structural Grammars, Topology Optimisation, and Spatial Feedback, has been 
developed to account for these evolutionary characteristics as follows.  Strategy B first 
follows strategy A, resulting in a first design solution, i.e. the Optimal FE Model. Then 
the initial requirements, i.e. the Building Spatial Design, are reconsidered by generating 
a Modified Building Spatial Design, which accords better to the Optimal FE Model. This 
Modified Building Spatial Design is then used as input for a subsequent run, leading to a 
co-evolutionary process. It should be noted that strategy B does not directly converge to 
a local optimal design solution as did strategy A, because requirements (the Building 
Spatial Design) change for every cycle. However, due to the latter, the investigated 
solution space is larger than in strategy A, and consequently, a global or a better local 
optimal design solution may be found. In this section 6.1, a description of the 
implementation of strategy B is given by explaining its entailed workflow and data 
model. Then, in the consecutive sections, 6.2 to 6.4, each procedure used in strategy B, 
different from strategy A, is explained in detail. 

6.1.1 Workflow entailed by strategy B 
Figure 6.1 shows a process diagram of the workflow entailed by the implementation of 
strategy B, using IDEF0. The first five procedures (P0 to P4) are the same as for strategy 
A, the remaining three (P5 to P7) are explained below: 

 (6) During the procedure FE Deletion (P5) the Finite Elements with a specified low 
relative density are deleted. This is done under the assumption that they contribute the 
least to withstand the prescribed loads. (7) Then, the procedure Space Deletion P6 
investigates how many deleted Finite Elements are located within each Space of the 
Building Spatial Design. The Spaces with the most deleted Finite Elements are deleted. 
This is done using the hypothesis that for an efficient structural design, Spaces -which 
need structural mass to be constructed- should not be programmed at locations where 
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this mass is not needed. (8) Lastly, the procedure Scale and Subdivide P7 restores the 
volume and the number of Spaces of the Building Spatial Design, which were 
compromised during the previous procedure. The resulting modified Building Spatial 
Design may be used as input for the procedure Generate Spaces, and this feedback 
process can be repeated as desired.  

 
Figure 6.1 
Process diagram of the implementation of strategy B: Structural Grammars, Topology Optimisation 
and Spatial Feedback. 

The UML class diagram in figure 6.2 gives the organisation of the data model of the 
implementation of strategy B, which consists of eight groups of classes. The first five 
groups (Building Spatial Design, Structural Topology, Building Structural Design, FE 
Model, and Optimal FE Model) are the same as for strategy A. Therefore, for clarity only 
their main classes are presented in figure 6.2 (for the complete diagram, please refer to 
figure 4.2 in chapter 4). The group of classes Reduced FE Model is composed of the 
classes: Deleted FE and Maintained FE; they represent the Finite Elements with the least 
and the most relative density respectively. It is also shown that the classes Deleted FE 
and Space, of the Building Spatial Design, are used to generate two Space sub-classes: 
Maintained Space and Deleted Space. They compose the Intermediate Building Spatial 
Design and represent the Spaces with the least and the most amount of deleted Finite 
Elements respectively. Finally, it can be seen that the Maintained Spaces are used to 
generate the new Spaces of the Modified Building Spatial Design. The Modified Building 
Spatial Design follows the spatial requirements of the Building Spatial Design (i.e. here 
the same total volume and number of Spaces), however with a different arrangement of 
Spaces. 
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6.2 FE Deletion 

A previous procedure, Topology Optimisation P4, has distributed relative densities (a 
scaling factor -to a certain power- in front of the element stiffness matrix) such that 
minimal total strain energy was found. Therefore, Finite Elements with the lowest 
relative densities contribute the least to the load distribution and may be deleted to a) be 
able to delete Spaces as well (see section 6.3, Space Deletion) and b) to obtain suggestions 
for a new Building Structural Design, see chapter 8. The deletion of Finite Elements is 
carried out as follows. During the previous procedure, Topology Optimisation P4, the 
Finite Elements have been grouped into eight clusters, as a function of their relative 
densities. Now, in this procedure P5, the Finite Elements contained in the number 
(defined under settings, see figure 6.1) of clusters with the lowest relative densities are 
deleted.  

 

Figure 6.2 
UML class diagram illustrating the data model of the implementation of strategy B. 

For a typical building, figure 6.3 shows the deletion of 6, 4, or 2 clusters of finite 
elements, for both a vertical and a horizontal load case. If many clusters are deleted (e.g. 
6) only structural element fragments remain (for the horizontal load) or structural 
elements are removed (at the top for the vertical load case). If few clusters are removed 
(e.g. 2), it is difficult to recognise the suggestion for a building structural design. Using 
this information, and experience with many more simulations as shown in chapter 8, it 
has been decided to remove 4 clusters by default. In chapter 8, section 8.7.3, a sensitivity 
analyses will be presented that shows that it is important to delete finite elements, 
however the exact number of deleted clusters is not significantly influencing the deletion 
of Spaces, the next procedure to be presented. 
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The reduced FE Model may not be kinematically determined anymore, as is clearly 
visualised in figure 6.3 at the top left. But this is not an issue, as the reduced FE Model is 
used for suggesting a building structural design (in a real design process), or for the 
deletion of Spaces in the next procedure, and no further finite element simulations are 
carried out. 

 
Figure 6.3 
Optimal FE Models for which 6, 4 and 2 clusters of Finite Elements are deleted, when the vertical live 
(1.8 kN/m2) and the horizontal wind load (1 kN/m2) cases are used. Building Spatial Design: 16 
Spaces (3×3×3m) arranged 2×2 at 4 levels. Constraints: for all bottom Points ux, uy, uz, rx, ry, rz = 0. 
Structural grammar SG1, FE Flat-Shell, shell thickness equals 150 mm. Young’s modulus: 30,000 
N/m2, Poisson’s ratio: 0.3, Solver tolerance: 0.001. 

6.3 Space Deletion 

For this procedure, identified as P6 in figure 6.1, it is investigated how many deleted 
Finite Elements are located within each Space. This by using the Node coordinates of the 
Finite Elements and the Point coordinates of the Spaces. Note that each Finite Element 
belongs either completely to (a) a single Space or (b) two Spaces if it overlays an Area of 
a Space adjacent to an Area of another Space (figure 6.4a). This due to the procedures P0 
to P3 used. If a deleted Finite Element belongs to two Spaces, it will be taken into 
account for each of these Spaces. 

Next, Spaces with the most deleted Finite Elements are deleted as follows: (1) the 
Spaces are sorted in a list, from highest to lowest number of deleted Finite Elements. (2) 

4 deleted clusters 2 deleted clusters6 deleted clusters

Optimal FE Model

4 deleted clusters 2 deleted clusters6 deleted clusters

Optimal FE Model

Vertical live
load case

Horizontal wind
load case



63 
 

Directed by the “Space deletion position”, defined in the settings data (figure 6.1) a 
position in this list is selected. (3) Finally, all Spaces that have the same or higher 
number of deleted Finite Elements as the Space in the selected position of the list are 
deleted. 

 
Figure 6.4 
(a) Finite Elements completely belong to one or maximal two Spaces; (b) in most cases Spaces to be 
deleted are located at the top section of the Building Spatial Design. 

6.4 Scale and Subdivide 

As a result of the previous procedure, properties of the Building Spatial Design have 
been changed (e.g. building height, total volume, number of Spaces, number of levels), 
for which in this procedure the most important ones will be restored, namely the volume 
and the number of Spaces. 

For restoring the volume, the width and depth of the maintained Spaces of the 
intermediate Building Spatial Design are proportionally increased, as this is more 
relevant in design practice than increasing the level height. Furthermore, scaling only the 
height could lead to restoring the original Building Spatial Design after subdividing the 
Spaces (to be presented next) as illustrated in figure 6.5.  

First, a scaling factor (s) is obtained from the volume of the Building Spatial Design (Vo) 
and the volume of the intermediate Building Spatial Design (Vf) as follows: 

= o

f

V
s

V
    (Eq. 24) 

Then, the x and y-coordinates of all Points of every Space are multiplied by the 
scaling factor (s). The result is Spaces scaled up only along their width (w) and depth (d) 
but not along their height (h).  
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As is shown in figure 6.5 for illustrative purposes, if scaling only along the height 
(h) would be carried out, then the z-coordinates of all points of every Space should be 
multiplied by the scaling factor (sheight), which is deduced as follows: 

o
height

f

Vs
V

=    (Eq. 25) 

Once the scaling to obtain the original volume has been carried out, then the Spaces 
are subdivided so that the initial number of Spaces (S) of the Building Spatial Design is 
restored. The subdivision procedure has two cases (A and B). Case A works if the 
number of deleted Spaces (Sd) is equal or higher than the number of maintained Spaces 
(Sm). Then all the maintained Spaces are subdivided by the number of divisions (D), as 
follows:  

 +
≥ → = + 

 
0.5d m

d m
m

S S
S S D

S   (Eq. 26) 

The number of divisions D is defined in equation 26 as round down to the nearest 
integer. The Spaces will be subdivided in such a way that the resulting width (wnew) and 
depth (dnew) of the subdivided Spaces are similar in length. Therefore the number of 
divisions in which a Space is subdivided along its width (Dw) and depth (Dd) is calculated 
as follows: 
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{ }

{ }
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12,15,18      3 3
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(Eq. 27) 

For example, in the last case, if the number of divisions D equals 30 then the 
maintained Spaces are subdivided along their width (w) in 5 parts (Dw =5)  and along 
their depth (d) in Dd =D/5. If the number of divisions does not fall in any of the previous 
cases, then Spaces are subdivided along their largest dimension (width or depth). If both 
width (w) and depth (d) are equal then the Space is subdivided along its width (w). 

Case B is used when the number of deleted Spaces is smaller than the number of 
maintained Spaces. First it is checked –among the maintained Spaces- whether they have 
different sizes.  

 

Three cases are investigated: (1) if there is a Space that has a more than twice as 
large floor area as any other Space as follows: 
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   (Eq. 28) 

If this is true, then this largest Space is subdivided into Spaces of the same width (w) 
and depth (d) as the smallest maintained Space. If hereafter eq. 28 holds true again, then 
the second largest Space is subdivided into Spaces of the same width (w) and depth (d) as 
the smallest maintained Space, and so on, until no large Spaces exist anymore or the 
total number of maintained and deleted Spaces (Sm+Sd) is reached. (2) For the case that 
no Space is more than twice as large as any other and Spaces have different sizes, then 
the Spaces are ordered by size from largest to smallest and the largest Space is subdivided 
in two Spaces. After that, the same action is carried out for the second largest Space until 
the total number Spaces (Sm+Sd) is reached. (3) For the case that all Spaces are of the 
same size; the first listed Space is subdivided in two Spaces, followed by the same action 
for the next Space in the list, until the total number Spaces (Sm+Sd) is reached. Note that 
the Spaces are sorted in an ordered list (from low to high values) based first on their x 
coordinate value, secondly on their y coordinate value, and lastly on their z coordinate 
value.  This means that for case (3) the first Spaces to be subdivided are located at the 
bottom section of the Building Spatial Design (figure 6.4b). For case B, Spaces are 
subdivided along their largest dimension (width or depth). If both width (w) and depth 
(d) are equal then the Space is subdivided along its width (w). 

 
Figure 6.5 
Difference between scaling in height vs. scaling in width and depth. 
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6.5 Concluding remarks 
Strategy B starts with the input of dimensions and positions of Spaces, transforms this 
into a Building Spatial Design, and then uses this design to initiate cycles of Structural 
Design generation, optimisation, and Spatial Design modification, the last resulting in a 
Modified Spatial Design that is used as input for the next cycle. Compared to strategy A, 
this strategy B allows more design possibilities for the Structural Design, for its basis, the 
Spatial Design, is modified, and this with the explicit aim to increase performance for 
the Structural Design. Although optimisation elements are part of the strategy, it cannot 
be seen as a pure optimisation method, e.g. it will not necessarily converge. This because 
it is based on a co-evolutionary design model, in which design requirements (the Spatial 
Design) and design solutions (the Structural Design) co-evolve. Practically, this can be 
understood by noting that the procedure Topology Optimisation finds a new 
optimisation problem every cycle, and this new problem does not necessarily have a 
lower local minimum of total strain energy. Nevertheless, in chapter 8 it will be shown 
that not only Topology Optimisation (P4) but also spatial feedback (via P6 and P7) can 
have significant influence on the improvement of the structural design. The next chapter 
presents strategy C (Genetic Algorithms), which also allows variation of the Building 
Spatial Design, but not using a systematic method similar to this strategy B, but via 
random variation steered by performance measurements.  



67 
 

7 

Strategy C: Genetic Algorithms 

7.1 Introduction 

The last strategy C, named Genetic Algorithms, resembles strategy B with respect to 
allowing spatial modification, however, this modification is not systematic but via 
genetic algorithms, which also applies to the optimisation of the structural design. As 
such, this strategy C first randomly generates variants of the spatial design of the 
building, based on the input, and following, for each variant an accompanying structural 
design is defined. Such a set of spatial design and structural design is named an 
individual. Starting with a first cycle, all individuals, together defined as the population, 
are evaluated via the finite element model (in this case for total strain energy). Then 
elements of some of the best performing individuals are used for creating a number of 
new individuals that replace the same number of worst performing individuals, leading 
to a partly renewed population: a generation. As this cyclic process continues, the 
population is composed of increasingly better solutions (i.e. with lower total strain 
energy). In this section 7.1, the implementation of strategy C is presented by explaining 
its entailed workflow and data model. In the consecutive sections 7.2 to 7.6, procedures 
performed in the implementation of strategy C are presented in detail. Lastly, in section 
7.7 concluding remarks are given. 

7.1.1 Workflow entailed by strategy C 
The workflow of strategy C is shown in figure 7.1, using IDEF0. Most procedures run in 
the BSO Toolbox, their identification code starting with P, however some procedures are 
carried out by Dexen, introduced in chapter 3, section 3.4, and indentified starting with 
C. Additionally, the character “c” at the end of an identification code explains that the 
procedure is a modified version of a similar procedure used in Strategy B. The workflow 
of the implementation of strategy C is as follows: 

(1) The procedure Development of Random Population C0 develops an initial 
Population by generating a Genotype, a random concatenated string of digits, for each 
Individual. (2) Procedure Generate Spaces P0c generates a Building Spatial Design for 
each (partly decoded) Genotype. (3) During the procedure Scale and Subdivide P7 each 
Building Spatial Design is scaled and subdivided to restore spatial requirements, i.e. total 
spatial volume and number of Spaces. (4) In procedure Structural Grammars P1c, a 
Structural Topology is generated for each Spatial Design, via partly decoding the 
associated Genotype. (5) In procedure Structural Topology Post-processing P2, the 
Structural Topologies are geometrically redefined, made kinematically determined, and 
the geometrical and mechanical properties of the Structural Elements are defined. (6) 
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Procedure FE Model Pre-processing and Evaluation P3c generates a FE Model, applies 
prescribes loads, performs a finite element simulation, and reports the performance, i.e. 
the total strain energy and structural volume. (7) Lastly, procedure Ranking, 
Elimination, and Reproduction C1 selects a number of Individuals, ranks them based on 
the performance scores, discards a predefined number of less performing Individuals, 
and reproduces the same number of best performing ones. These reproduced 
Individuals will be processed by P0c, P7, P1c, P2 and P3c, where after procedure C1 can 
be carried out again. This cyclic process continues and is terminated on user request, i.e. 
when a determined number of Individuals has been generated or when a defined 
amount of simulation time has elapsed. 

 
Figure 7.1 
Process diagram of the implementation of strategy C, named Genetic Algorithms. 

Figure 7.2 presents an UML class diagram for the data used in strategy C. For 
clarity, the groups of classes Building Spatial Design, Modified Building Spatial Design, 
Structural Topology, Building Structural Design, and FE Model are given for their main 
classes only (complete in figure 4.2, chapter 4). Presented in detail is the group of classes 
Population. The class Individual is composed of classes out of the groups of classes 
Building Spatial Design, Modified Building Spatial Design, Structural Topology, 
Building Structural Design, and FE Model. Additionally, it is composed of the class 
Genotype, which in turn is composed of the class Gene. 

In the following sections, each procedure of the implementation of strategy C is 
presented in detail, with the exception of Scale and Subdivide P7 and Structural 
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Topology Post-processing P2, which are exactly the same as used for the other strategies, 
see chapter 6, section 6.4 and chapter 4, section 4.4, respectively. 

 
Figure 7.2 
UML class diagram illustrating the data for strategy C.  

7.2 Development of Random Population 

This procedure develops an initial Population of Individuals based on the input as also 
used for the other strategies: a list of Spaces defined by their dimensions and locations. 
Each Individual is represented by a Genotype, which is a concatenated string of Genes 
(digits). Together the Genes contains the data to generate a specific Building Spatial 
Design and a Structural Topology. For each Space 6 Genes are used: The first Gene 
determines whether the Space will (Gene=1) or will not (Gene=0) be used during the 
generation of the Building Spatial Design. The remaining 5 Genes determine the 
Architectural Element (out of 4) to be added (Gene=0, 1, 2, or 3) on each of the 5 Areas 
of the Space, when generating the Structural Topology (for the last Gene, values 2 and 3 
are not possible).  

The procedure functions as follows: (i) for each Space in the input, a set of 6 
random Genes is generated, taking into account the permitted values of the Genes 
above; (ii) the dimensions and position of each Space are linked to its 6 Genes; (iii) the 
sets of Genes are concatenated, from first to last generated, which results in the complete 
Genotype of an Individual, figure 7.3. (iv) Steps (i) to (iii) are repeated for the number of 
required Individuals, defined in the genetic algorithms settings as the population size. (v) 
Specifically for the asynchronous approach of Dexen (see appendix D), a group of 
Individuals is randomly selected from the population to be processed first by the 
subsequent procedures, this number given in the genetic algorithms settings as well. 
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Figure 7.3 
Example and format of Genotypes. A set of 6 Genes defines properties of a Space. 

7.3 Generate Spaces 

This procedure, indentified by P0c in figure 7.1, decodes parts of the Genotype to 
generate an Intermediate Building Spatial Design. First, a Building Spatial Design is 
generated using the dimensions and positions of Spaces provided in the input, using the 
same method as P0 (chapter 4, section 4.2). Then, Spaces are deleted for which the first 
Gene is 0 (shown as a first step in figure 7.4). Similar to the Intermediate Building Spatial 
Design in strategy B, also here this design does not follow the spatial requirements (with 
respect to volume and number of rooms). With Scale and Subdivide (P7), these 
requirements are restored here (see chapter 6, section 6.4 for details). Figure 7.4 depicts 
an example where 2 Genotypes have been processed, first by Generate Spaces and then 
by Scale and Subdivide, resulting in 2 Modified Building Spatial Designs. Note that Scale 
and Subdivide generates new Spaces for the Building Spatial Design, but the Genotype 
remains the same. However, for the next procedure, new Spaces will obtain the 
Structural Grammar Genes (the last 5) of the Space that was split. 

7.4 Structural Grammars 

In this procedure, indentified with P1c in figure 7.1, for each Space the last 5 Genes are 
used to apply Structural Grammars to add Architectural Elements to the Space, similar 
to the Structural Grammars for the other strategies. Figure 7.5a presents the Area 
associated with each of the last 5 Genes, whereas figure 7.5b shows the Structural 
Grammars applied as function of the Gene value. For example, if the second Gene (the 
first of the last five) has value 3, to the Area with Points 1,2,7,6, four Trusses will be 
added. Note that there is no Gene for the bottom Area, as in that Area no Architectural 
Elements will be added. The end result of this procedure P1c is a Structural Topology 
defined by a randomly generated Genotype. Once this Structural Topology has been 
generated, a Building Structural Design is developed via procedure Structural Topology 
Post-processing (P2), which can be found in detail in chapter 4, section 4.4. 
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Figure 7.4 
Example of two Modified Building Spatial designs derived via two Genotypes.  

 

 
Figure 7.5 
(a) Illustrates which Areas of a Space are referred by the position of a set of the last 5 Genes; (b) 
example of the four possible options in which Architectural Elements can be added to  an Area of a 
Space. 
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7.5 FE Model Pre-processing and Evaluation 

During the procedure FE Model Pre-processing and Evaluation (indentified as P3c), a 
FE Model is formulated and load cases are defined. These parts of this procedure are 
equal to the parts in procedure FE Model Pre-processing (P3) in chapter 4, section 4.5. 
Differently in this procedure P3c, only a single finite element simulation is performed 
for each Individual, the procedure not being iteratively called by Topology Optimisation 
(P4). Resulting displacements from the finite element simulation are used to predict the 
total strain energy by equation 13 (see chapter 4, section 4.6). Additionally, the total 
volume of all Structural Elements is calculated. 

7.6 Ranking, Elimination, and Reproduction 

The first step of this procedure (indentified by C1 in figure 7.1) is to randomly select a 
number of Individuals (evaluation sample) to be processed (e.g. 20 Individuals). Then, 
the second step is using a Pareto method that ranks the selected Individuals based on 
both their performance scores (total strain energy and structural volume). After that, in 
the third step the procedure eliminates a number of the lowest ranked Individuals (e.g. 2 
Individuals), and it reproduces the same number of highest ranked Individuals. For this, 
randomly a method is selected out of two methods with a certain probability, given in 
genetic algorithms settings. The first method is crossover, in which the Genotypes of the 
two Individuals are separated into two parts at a random position of the string. Then, the 
left parts of the Genotypes are exchanged, resulting in two crossed over new Genotypes. 
The second is mutation. This method changes one digit at a random position of each of 
the two Genotypes being reproduced. Note that the mutation follows the Gene 
possibilities, i.e. the first and last Gene can only be 0 or 1, and the remaining can take 
values between 0 and 3. 

The Population size, the evaluation sample, the number of Individuals to be 
eliminated and reproduced, and the probability factors to be used in the simulations 
have been defined based on theoretical and empirical studies (Grefenstette, 1986; Jong 
and Spears, 1990). 

7.7 Concluding remarks 

This chapter 7 has presented the implementation of strategy C, which starts with a set of 
Spaces, given by their dimensions and positions, and -when halted after certain time or 
number of generations- yields a large number of Building Spatial Designs, each with an 
associated Structural Design. The later designs are generated, the more they will tend to 
show lower total strain energy and lower structural volume than the first generated 
designs. Due to random generation and reproduction, strategy C can overcome local 
minima in search for a global minimum, which is not the case for gradient-based 
optimisation methods, e.g. topology optimisation as used in strategies A, A2, and B. In 
the next chapter 8, all four strategies will be validated. 
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8 
Validation 

8.1 Introduction 

In this chapter, it is investigated whether the implemented strategies achieve their 
defined objective, which is to enable building structural design generation and 
optimisation, excluding or including spatial modification, using a systematic and 
automated approach. As explained in chapter 1, section 1.3, this objective is often 
abbreviated as "enabling structural design at early stages of the building design process". 
For this investigation, the implemented strategies have been validated by two approaches 
(Matt, Brewer, and Sklar, 2010; Mark and Reichardt, 2001):  

(1) External validation, to determine if the results of the implemented strategies are 
generalizable and transferable, see sub-sections 8.2 and 8.3. This has been carried out by 
performing three case studies: (i) comparison 1, in which strategy A is compared with 
strategy A2 in section 8.4, (ii) comparison 2, in which strategy B is compared against 
strategy C in section 8.5, and (iii) real-life building, in which a real design process of a 
constructed building is compared with the co-evolutionary design process of strategy B, 
in section 8.6.  

(2) Internal validation, to determine how sensible the results of the simulations are 
to variations in input and settings (see figure 4.1), see sub-section 8.7. This validation has 
been made for relevant procedures, assuming that the validation remains valid once the 
procedures are coupled to work as a complete implemented strategy.  

8.2 External validation method 

Table 8.1 shows the characteristics and outputs of each strategy, from which two 
comparisons have been defined. In comparison 1, strategy A and strategy A2 are 
compared as their implementations both entail one-cycle direct processes and result in 
Optimal FE Models. The implementations of strategy B and strategy C are compared in 
comparison 2, for their implementations both entail iterative and co-evolutionary 
processes, with spatial modification, resulting in Modified Building Spatial Designs and 
Optimal FE Models. 

For comparison 1, three variants of generic Building Spatial Designs are used as 
input to perform simulations. Besides validating the objective of the strategies above, it is 
focussed on comparing topology optimisation for distributing structural mass within 
structural elements or completely freely, with regards to optimisation efficiency, space 
infringement, and suggested building structural designs. Comparison 2 uses two variants 
of generic Spatial Designs. It is focused on evaluating the two types of spatial 
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modification -also compared to not using modification- and comparing design process 
based and evolutionary design for their optimisation qualities. Also here, the objective 
above will be validated.  

Lastly, as mentioned, a case study has been performed in which a (co-evolutionary) 
design process of a constructed building is simulated using the co-evolutionary strategy 
B. This with the aim to compare design variants resulting from the real process and 
strategy B, and to evaluate the strategy's optimisation and spatial modification aspects in 
relation to the real process.  

 
Table 8.1 
Characteristics and outputs of the implemented strategies. 

8.3 Setup of the simulations  

Here the characteristics of the simulations performed for the external validation are 
explained. First, the Building Spatial Designs are presented in sub-section 8.3.1. Then, in 
sub-section 8.3.2, the restrictions of the simulations, and in 8.3.3 the measuring criteria 
are discussed. 

8.3.1 Building Spatial Designs 
For the used Building Spatial Designs, three categories have been defined: (i) high-rise 
Building Spatial Designs, which have a ratio between a dimension of the base and the 
height of approximately 1:9; (ii) middle-rise Building Spatial Designs, which have a ratio 
of approximately 1:2.5; and (iii) asymmetric low-rise Building Spatial Designs, in which 
one of the dimensions of the base is larger than the other and where the ratio between 
the smaller dimension of the base and the dimension of the height is approximately 1:1. 

All the Building Spatial Designs consist of cubic Spaces 3×3×3m., as 3m. is 
considered a normal level height and the smallest regular span for a structural element in 
a real building. For implementation, all the Building Spatial Designs are orthogonal and 
aligned to the global Cartesian coordinate system. Furthermore, they only model main 
usable spaces and do not consider functional considerations such as accesses, horizontal 
and vertical circulations, as was discussed for the restrictions in chapter 3 (sub-section 
3.2.4). 

One-cycle direct ● ●
Iterative ● ●
Co-evolutionary ● ●
Spatial modification ● ●

Optimal FEM Model ● ● ● ●
Modified Building Spatial Design ● ●

Strategy C

Outputs

Characteristics Strategy A Strategy A2 Strategy B



75 
 

8.3.2 Restrictions of the simulations 
Simulation time for the strategies is mainly a function of the simulation time for the 
Finite Element models, which is determined by the problem size (number of degrees of 
freedom (DOF)), the required number of iterations, and the solution algorithm, related 
to CPU power and memory size. For the computer used, a Intel Core2 Duo E8400 @ 3.0 
GHz with 4.0 GB and solver BiCGSTAB (Sleijpen and Fokkema, 1993; Guennebaud and 
Benoit, 2014), for strategy A and B the number of DOF's has been controlled by 
restricting the number of Spaces of the Building Spatial Design to 72 and the number of 
divisions D (see chapter 4, sub-section 4.5.2.2) to 10. For strategy A2, which does not 
consider individual Spaces but only the complete Spatial Design, a restriction to the 
number of divisions has been set as Dx × Dy × Dz ≈ 30 000. Lastly, for strategy C, using an 
Intel Xeon E5-2650 @ 2.60 GHz with 12 GB, processing time is restricted to 200h. 

The number of divisions not only influences simulation time, as suggested above, 
but especially determines the accuracy of predicted displacements, and thus strains, and 
stresses. Therefore, mesh size sensitivity analyses have been performed in section 8.7.1: 
For strategies A and B, accurate finite element simulations are needed to correctly use 
topology optimisation, and D=10 delivers this accuracy. For strategy C, the finite 
element simulations only relatively rank the performance of individuals, and for this 
D=6 is sufficient. Strategy A2 yields accurate results with 6 to 8 divisions for each Space. 

8.3.3 Measuring criteria 
Three types of measurements are taken: (1) measurements related to the computational 
performance of the implementations of the strategies, (2) measurements related to 
structural engineering considerations, and (3) measurements related to spatial design 
considerations.  

 For comparison 1, the computational performance measurements are the time t 
and the number of iterations n needed for the Topology Optimisation procedure to 
converge. The measurements related to structural engineering are the total strain energy 
Ui measured at the beginning of the Topology Optimisation procedure and Uf measured 
at the end. Additionally, a so-called efficacy optimisation factor O is obtained, being the 
ratio between Ui  and Uf. Lastly, the standard deviation σ of the optimal relative densities 
is calculated. Regarding spatial considerations, a spatial inconformity factor χi and a 
spatial emergence factor χe are calculated as follows: 

χ =
i

i

S
S

    (Eq. 29) 

χ =
e

e

S
S

    (Eq. 30) 

Where S is the number of Spaces of the Building Spatial Design, Si is the number of 
Spaces infringed by structural volume, and Se is the number of emergent Spaces, which 
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occur as a result of Topology Optimisation. A Space is considered to be infringed when 
more than 50% of its spatial volume Vsp is occupied by structural volume Vst. For 
example, in Figure 8.1 a Building Spatial Design composed of 9 Spaces and its 
corresponding Optimal FE Model are presented. In this case 8 Spaces (denoted by the 
character i) are infringed by structural volume of the Optimal FE Model. This leads to a 
spatial inconformity factor χi equal to 8/9 = 0.88. Regarding the spatial emergence factor, 
in figure 8.1 it can be observed that one Space emerges from the optimal distribution of 
relative densities (denoted by the character e) that does not exist in the Building Spatial 
Design. Thus in this case χe equals 1/9 = 0.11. An additional example on how χe is 
determined is illustrated in figure 8.14. In the horizontal cross-section, at 21m, a 
different arrangement of 9 emergent Spaces is found, indicated with red dotted lines, 
than the one used as input (figure 8.3). This investigation should also be carried out for 
the other levels, after which the spatial emergence factor can be calculated. A last 
example is illustrated in figure 8.18, explained in the caption. The determination of χe is 
not completely deterministic, however, stills gives an indication on the implications of 
the optimal distribution of relative densities for the Spatial Design. 

 
Figure 8.1 
Explanation of the spatial inconformity factor χi and a spatial emergence factor χe. 

For comparison 2, regarding strategy B, in addition to the measurements above 
(excluding χi and χe), also other measurements are carried out: the decrease of Ui at each 
cycle of the simulation, the number of levels L and the spatial volume Vsp of the Building 
Spatial Design, the structural volume Vst of the Building Structural Design, the number 
of initial Spaces S and the number of Deleted Spaces Sd, the percentage of Deleted 
Spaces, the total area subjected to loads Aloaded, and the simulation time t. For strategy C, 
the total strain energy Ui and structural volume Vst are recorded for each generated and 
evaluated individual.  

Additionally, resulting Optimal FE Models and Modified Building Spatial Designs 
are visualised. For the Optimal FE Models, colour-coded images (colour scales vary) 
display the optimal distribution of relative densities, enabling the recognition of 
suggested Building Structural Designs. 



77 
 

8.4 Case study 1: comparison 1 (A versus A2) 

The first comparison, applying strategy A and strategy A2, uses three Building Spatial 
Designs (defined as application case I, II, III) and three load cases (a vertical live load 
case, a horizontal wind load case, or a combined load case), leading to 2 × 3 × 3 
simulations as code indentified in table 8.2. In the next sub-section 8.5.1 the settings of 
the simulations and the application cases are explained. In the subsequent sub-sections 
8.4.2 to 8.4.5, the results of selected simulations are presented. Lastly, the overall findings 
of comparison 1 are discussed in sub-section 8.4.6. 

 
Table 8.2 
Listing of performed simulations for comparison 1. 

8.4.1 Settings and application cases 
The Building Spatial Design used for application case I (figure 8.2) is an 18-level high-
rise building. It consists of 72 cubic Spaces, each having dimensions equal to 3×3×3m. 
Its width and depth equal 6m and its height equals 54m. The ratio between width and 
height equals 1:9. On the right of figure 8.2, two tables list the settings of each of the six 
simulations. The vertical live load case equals an equally distributed load (in the global 
negative Z-direction) of 1.8 kN/m2 on the top horizontal Areas of Spaces for each of the 
18 levels. The horizontal wind load case prescribes wind blowing from the four cardinal 
directions North, West, South and East, being an equally distributed 1 kN/m2 (for more 
details refer to chapter 4, sub-section 4.5.1). Simulations with strategy A employ 
structural grammar SG1, which prescribes the addition of Walls (Flat-Shells) at every 
vertical Area and one Slab at the top horizontal Area of each Space (for more details see 
chapter 4, section 4.3). The thickness of the Walls and Slab (Flat-Shells) is set to 150 mm. 
Conversely, simulations using the implementation of strategy A2 employ structural 
grammar SG4, which prescribes the use of Bricks (Solids) (see chapter 5, section 5.2). 
Materials Definitions and Divisions conform to section 4.4.1, 5.3, and 8.3.2. Bottom 
Points are constrained so that no displacements or rotations can occur. The solver 
tolerance, which applies to the finite element solver, is set to 0.001. Additionally, the 
topology optimisation convergence threshold (see section 4.6) is set to 0.075.  

    Building Spatial Design     Load case Strategy A Strategy A2

    Vertica l  l i ve load  A.I.v vs . A2.I.v

    Horizonta l  wind load A.I.h vs . A2.I.h

    Combined  A.I.c vs . A2.I.c

    Vertica l  l i ve load A.II.v vs . A2.II.v

    Horizonta l  wind load A.II.h vs . A2.II.h

    Combined A.II.c vs . A2.II.c

    Vertica l  l i ve load A.III.v vs . A2.III.v

    Horizonta l  wind load A.III.h vs . A2.III.h

    Combined A.III.c vs . A2.III.c

         Comparison 1

Application case I

Application case II

Application case III
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Figure 8.2 
Application case I: Building Spatial Design and settings for simulations A.I.v, A.I.h, A.I.c, A2.I.v, 
A2.I.h, and A2.I.c. Values for D, Dx, Dy, Dz are indicative, exact values are given in the figures for the 
simulations. 

Figure 8.3 
Application case II: Building Spatial Design and settings for simulations A.II.v, A.II.h, A.II.c, A2.II.v, 
A2.II.h, and A2.II.c. Values for D, Dx, Dy, Dz are indicative, exact values are given in the figures for 
the simulations. 
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Figure 8.4 
Application case III: Building Spatial Design and settings for simulations A.III.v, A.III.h, A.III.c, 
A2.III.v, A2.III.h, and A2.III.c. Values for D, Dx, Dy, Dz are indicative, exact values are given in the 
figures for the simulations. 

Figure 8.3 and 8.4 show application cases II and III respectively, following the 
format described above. Application case II is an 8-level middle-rise building, which 
consists of 72 cubic Spaces of 3 × 3 × 3m each. The width and depth are both 9m and the 
height equals 24m. The ratio between width and height is 1:2.5. Finally, application case 
III resembles a 3-level low-rise building with different sized sides. Also 72 Spaces, 
3×3×3m, are used. Its width is 9m, its depth equals 24m, and its height is 9m. The ratio 
between its width and its height is 1:1. 

 The 8 most relevant simulations (out of 18) will be described in the following 
sections, others can be found in appendix C. The results of each simulation are 
presented in figures, e.g. figure 8.5: The table at the top left lists the employed load case, 
the number of divisions, and measurements as described in section 8.3.3. The graph at 
the bottom left plots the distribution of relative densities versus the number of Finite 
Elements (FE), using a (different) appropriate scale for each simulation. On the right are 
a colour-coded Optimal FE Model and its vertical cross-section. The colour red 
represents highest relative densities and dark blue represent the lowest densities. The 
legend of the strain energies presented in the first figure of each simulation (e.g. figure 
8.5) applies to all other figures of the simulation as well (i.e. figures 8.6, 8.9, and 8.10), 
but note that between simulations scales may vary. Additionally, a set of horizontal 
cross-sections at various heights of the Optimal FE Model is presented (e.g. figure 8.6). 
The images at the top row present the optimal distribution of relative densities, while in 
the images at the bottom the finite elements with the least strain energy have been made 
transparent, to increase clarity. Lastly, front views (e.g. figure 8.9) and 3D views (e.g. 
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figure 8.10) may be used as well. Note that some cross-sections have perspective views 
behind the cutting plane, which appear as dark areas in the cross-sections.  

8.4.2 Simulations A and A2, application case I, horizontal wind loads 
Figure 8.5 shows simulation A.I.h. The optimal distribution of relative densities 
resembles a structural design with diagonal braces along the facades at the top, 
complemented with a compressing ring at the roof. At the bottom, the high relative 
densities form an outlining wall. This is verified by the horizontal cross-section in figure 
8.6. The spatial inconformity factor χi equals 0, for no Space has been infringed by 
structural volume, whereas the spatial emergence factor χe equals 0.23, because 17 
emergent Spaces (visible as the complete open floors in figure 8.6) are suggested by the 
optimal distribution of relative densities. 

Figure 8.7 and 8.8 show the results of simulation A2.I.h. As structural design, the 
relative density distribution suggests a tube with decreasing thickness towards the top. 
Factor χi equals 0.27, which indicates that 27% of the Spaces have been infringed by 
structural volume, and the spatial emergence factor χe equals 0.25. The latter because at 
every level 1 emergent Space can be found, thus in total 18 emergent Spaces over 72 
Spaces of the Building Spatial Design. 

Front views and vertical cross-sections of both simulations can be found in figure 
8.9 and 8.10. For the vertical cross-sections, there is a striking similarity between strategy 
A that can only distribute structural mass over the structural elements and strategy A2, 
which is completely free in this respect. This is because the Building Structural Design 
used in A has vertical cross-sections that completely consist of Flat-Shells, thus forming 
a completely free distribution space for topology optimisation in 2D. The relative density 
distribution can be understood if the building is regarded as a beam, clamped supported 
on one side, and under equally distributed load, resulting in a quadratic and increasing 
bending moment towards the support. For both strategies, topology optimisation 
reduced total strain energy nearly 7 times, as is indicated by the efficacy optimisation 
factor O (6.93 for A.I.h and 6.87 for A2.I.h). The values of χe are also similar (0.23 and 
0.25), but as presented χi equals 0 for A.I.h and 0.25 for A2.I.h. 

8.4.3 Simulations A and A2, application case II, vertical live loads 
The Optimal FE Model of simulation A.II.v shows a structural design of arches and 
columns, both along the facades and interior walls, with columns bifurcating towards 
the ground, figure 8.11.  This is also shown by figure 8.12, which additionally indicates 
that columns are wider in the interior and near the ground. Both the spatial 
inconformity factor χi and the spatial emergence factor χe equal 0. 

Figure 8.13 shows the table of results of simulation A2.II.v and two images 
illustrating the Optimal FE Model and its vertical cross-section respectively. Along the 
facade, the optimal distribution of relative densities suggest a structural design of 
columns and arches, similar to strategy A. However, in the vertical cross-section some of 
these columns branch inwards, connecting with interior arches of different shapes and 
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dimensions at different heights. This makes for a three-dimensional structural design, 
interfering significantly with the spatial design, also shown by figure 8.14. Consequently, 
many Spaces have been infringed (χi=0.38) and more than half of them are reconfigured 
(χe=0.55). 

Figure 8.15 and 8.16 show comparative views of the resulting Optimal FE Models. 
Both strategies suggest a structural design of columns and arches, but the number, 
location, size, and shape of these structural elements are different. And what could have 
been observed already in figure 8.13, strategy A2, although being completely free in its 
distribution of structural mass, still respects the floors of the Spaces, due to the applied 
floor loads. Compare this with figure 8.9, where the omission of floor loads results in a 
hollow tube. For simulation A.II.v, topology optimisation reduced total strain energy by 
a factor 4.13 (see O in figure 8.11). This reduction was 3.35 for A2.II.v (see O in figure 
8.13). The graphs plotting the optimal distribution of relative densities differ as well. For 
simulation A2.II.v most of the Finite Elements have either a high or a low relative 
density, which indicates clear localisation, whereas for A.II.v most of the Finite Elements 
have a high relative density and low density elements are not present. 

8.4.4 Simulations A and A2, application case III, horizontal wind loads 
Figure 8.17 shows the results of simulation A.III.h and images showing the resulting 
Optimal FE Model, including a front view and two vertical cross-sections. The highest 
relative densities are located at the outlining areas (facades and roof) of the Optimal FE 
Model. The front view illustrates that within these outlining areas, the highest relative 
densities are located at the bottom and, as the height increases, a truss-like pattern 
appears in the top, connected with half-ellipses in the roof. Figure 8.18 presents three 
horizontal slices of the ground (0-3m), first (3-6m), and second (6-9m) levels. On the 
ground level an outlining wall exists, stiffened with interior walls with openings. Going 
upwards, on the first level the facade and interior walls open up to become braced 
frames at the second level. As is expected, the spatial inconformity factor χi equals 0. As 
illustrated in figure 8.18 emergent spaces exist, leading to χe equal to 0.19.  

Figure 8.19 shows the results of simulation A2.III.h. The optimal distribution of 
relative densities resembles a braced frame that runs along the complete length. High 
relative density localisations can be observed in the outlining areas of the Optimal FE 
Model as well, resembling an outlining wall. The number of levels, number of Spaces per 
level, and the space configuration of the Building Spatial Design used as input (figure 
8.4) are not respected. Nearly 90% of the Spaces are infringed (χi=0.88) and the spatial 
emergence factor equals χe = 0.44. 

Figure 8.20 shows comparative front views and vertical cross-sections of the 
resulting Optimal FE Model. Again, whereas strategy A resembles a practical building, 
strategy A2 results in a structural design dominating the spatial volume such that the 
building seems not to have practical significance. Contrary to the simulations so far, the 
effectiveness of topology optimisation in simulations A.III.h and A2.III.h differs 
substantially (O = 4.45 for A.III.h and O=2.57 for A2.III.h). The patterns of the optimal 



82 
 

distributions of relative densities, as plotted in figures 8.17 and 8.19, are also different: 
For A.III.h, most of the Finite Elements have either a high or a low relative density, being 
more typically so far, while for A2.III.h, peaks are observed for relative density values of 
approximately 0.1, 0.4 and 1.0.  

8.4.5 Simulations A and A2, application case II, combined loads 
Figure 8.21 presents the results of simulation A.II.c. At the bottom an outlining wall is 
present, upwards bifurcating in columns (which along the corners bend inwards) that 
towards the top transform in diagonal braces. Also interior columns are wider at the 
bottom and smaller in the middle, as shown in the vertical cross-section. Figure 8.22 
additionally shows that the columns are arranged in a concentric pattern. None of the 
Spaces has been infringed (χi=0) and only four emergent Spaces are suggested by the 
optimal distribution of relative densities (χe=0.05). 

Results of simulation A2.II.c are presented in figure 8.23. Similar to previous 
simulations, a tube structure is suggested, with increasing wall thickness towards the 
foundation. Due to the floor loads, the interior space is differentiated, showing vaults 
associated with the levels of the Spatial Design. In figure 8.24 it can be observed that at 
the bottom levels most of the Spaces are infringed, leading to a spatial inconformity 
factor χi of 0.38. On the other hand, only 6 emergent Spaces are suggested by the optimal 
distribution of relative densities, thus the spatial emergence factor χe is 0.08. 

Figure 8.25 and 8.26 show comparative views of strategy A and A2. For both 
simulations, high relative densities appear at the outlines of the Optimal FE Model 
(indicating wind load, see 8.4.2), whereas at the inside columns and braces appear for 
simulation A.II.c and vaults for simulation A2.II.c (indicating vertical live load, see 
8.4.3). For both simulations, topology optimisation reduced the total strain energy 
nearly four times: 3.52 for A.II.c and 4.2 for A2.II.c. 
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Figure 8.5 
Simulation A.I.h: results and visualisation of the Optimal FE Model. Note that the relative density 
legend presented in this figure applies to all the figures corresponding to simulation A.I.h (i.e. figure 
8.6, 8.9, and 8.10). 

 
Figure 8.6 
Simulation A.I.h: horizontal cross-sections at various heights of the Optimal FE Model. Top row 
displays all Finite Elements; bottom row displays only the 4 clusters of Finite Elements with the highest 
relative densities. Note that the cross-sections have perspective views behind the cutting plane, which 
appear as dark lines in the cross-sections.  
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Figure 8.7 
Simulation A2.I.h: results and visualisation of the Optimal FE Model. 

 
Figure 8.8 
Simulation A2.I.h: horizontal cross-sections at various heights of the Optimal FE Model. Top row 
displays all Finite Elements; bottom row displays only the 5 clusters of Finite Elements with the highest 
relative densities. Note that the relative density legend presented in figure 8.7 applies to this figure as 
well, and to all the figures corresponding to simulation A2.I.h (i.e. figure 8.9 and 8.10). 
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Figure 8.9 
Front views and vertical cross-sections of the Optimal FE Models of simulations A.I.h and A2.I.h. 

 
Figure 8.10 
Optimal FE Models of simulations A.I.h and A2.I.h displaying only the 5 clusters of Finite Elements 
with the highest relative densities. 
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Figure 8.11 
Simulation A.II.v: results and visualisation of the Optimal FE Model. 

 
Figure 8.12 
Simulation A.II.v: horizontal cross-sections at various heights of the Optimal FE Model. Top row 
displays all Finite Elements; bottom row displays only the 4 clusters of Finite Elements with the highest 
relative densities. Note that the cross-sections have perspective views behind the cutting plane, which 
appear as dark lines in the cross-sections. 
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Figure 8.13 
Simulation A2.II.v: results and visualisation of the Optimal FE Model. 

 
Figure 8.14 
Simulation A2.II.v: horizontal cross-sections at various heights of the Optimal FE Model. Top row 
displays all Finite Elements; bottom row displays only the 6 clusters of Finite Elements with the highest 
relative densities. Dotted lines indicate emergent spaces. 
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Figure 8.15 
Front views and vertical cross-sections of the Optimal FE Models of simulations A.II.v and A2.II.v. 
Note that the vertical cross-section of simulation A.II.v has perspective views behind the cutting plane, 
which appear as dark areas in the cross-section. 

 
Figure 8.16 
Optimal FE Models of simulations A.II.v and A2.II.v displaying only the 6 clusters of Finite Elements 
with the highest relative densities. 
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Figure 8.17 
Simulation A.III.h: results and visualisation of the Optimal FE Model. 

 
Figure 8.18 
Simulation A.III.h: horizontal sections of the three levels of the Optimal FE Model. Only the 4 clusters 
of Finite Elements with the highest relative densities are displayed and the Finite Elements at the 
horizontal areas (ceilings) are not shown. The dotted lines indicate the difference between an existing 
spatial configuration (three Spaces) and an emergent Space (one Space). 
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Figure 8.19 
Simulation A2.III.h: results and visualisation of the Optimal FE Model. 

 
Figure 8.20 
Front views and vertical cross-sections of the Optimal FE Models of simulations A.III.h and A2.III.h. 
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Figure 8.21 
Simulation A.II.c: results and visualisation of the Optimal FE Model. 

 
Figure 8.22 
Simulation A.II.c: horizontal cross-sections at various heights of the Optimal FE Model. Top row 
displays all Finite Elements; bottom row displays only the 4 clusters of Finite Elements with the highest 
relative densities. Note that the cross-sections have perspective views behind the cutting plane, which 
appear as dark lines in the cross-sections. 
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Figure 8.23 
Simulation A2.II.c: results and visualisation of the Optimal FE Model. 

 
Figure 8.24 
Simulation A2.II.c: horizontal cross-sections at various heights of the Optimal FE Model. Top row 
displays all Finite Elements; bottom row displays only the 7 clusters of Finite Elements with the highest 
relative densities. 
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Figure 8.25 
Front views and vertical cross-sections of the Optimal FE Models of simulations A.II.c and A2.II.c. 
Note that the vertical cross-section of simulation A.II.c has perspective views behind the cutting plane, 
which appear as dark areas in the cross-section. 

 
Figure 8.26 
Optimal FE Models of simulations A.II.c and A2.II.c. For simulation A.II.c displaying only the 5 
clusters of Finite Elements with the highest relative densities; for simulation A2.II.c 7 clusters are 
displayed. 
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8.4.6 Overall findings of comparison 1 
Both strategies A and A2 have shown to enable building structural design generation 
and optimisation (excluding spatial modification) using a systematic and automated 
approach. 

For a high-rise building under horizontal wind load, both strategies suggest a 
structural design similar to a tube that has increasingly more structural mass towards the 
foundation. For strategy A, this increasing mass shows up in the transition from a 
diagonal braced frame at the top to an outlining wall at the foundation. For strategy A2, 
an outlining wall starts right at the top, gradually increasing its thickness towards the 
foundation. Floors are never suggested as floor loads are not present. A middle-rise 
building under vertical live load suggests a structural design consisting of columns and 
arches, for both strategies. Naturally, these columns and arches are aligned with facade 
and interior walls -connected to well pronounced floors- for strategy A, whereas 
applying strategy A2, a three-dimensional structural design is suggested. Here branching 
columns crossing the building interior are observed, connecting arched domes under, 
again, well pronounced floors. The low-rise building with rectangular ground plan has 
been loaded with horizontal wind load, resulting in different suggested structural 
designs: Strategy A shows solid facade and interior walls, transforming to diagonally 
braced frames towards the top. Strategy A2 suggests building size diagonal shear walls 
along the complete length, combined with outlining walls, making the building mainly a 
three-dimensional structure. Finally, the middle-rise building has been loaded with both 
horizontal wind load and vertical live load. As expected, the suggested structural designs 
are a combination of the designs above. 

Figure 8.27 lists the data measured for all simulations in case study 1, and the 
efficacy factor, spatial inconformity factor, and spatial emergence factor have been 
plotted as well in figure 8.28. In this figure it can be seen that when using the vertical live 
load case, topology optimisation is equally effective, irrespective of the height of the 
Building Spatial Design; when using the horizontal or the combined load case, topology 
optimisation is more effective as the height of the Building Spatial Design increases. This 
can be explained because when a Building Structural Design is loaded by vertical loads, 
the result is a linear distribution of varying strains over the height, whereas, horizontal 
loads result in a quadratic distribution. Therefore, for the latter case, increasing height 
leads to larger absolute differences in strains, for which topology optimisation is more 
effective. 

Strategy A distributes structural mass within the boundaries of Structural Elements, 
thus it does not present any infringement of structural volume in the Spaces (χi=0). 
Strategy B uses the complete spatial volume to allocate structural mass, and therefore 
20% to 80% of the Spaces are infringed by structural volume. This does not imply that 
the number of usable Spaces decreases at that rate, since, for both implemented 
strategies, additional voids emerge as well. For this, regarding the spatial emergence 
factor χe, for simulations using application case I, and irrespective of the strategy or load 
case used, χe is almost constant: around 20% of emergent Spaces occur. This is due to the 
free interior of the suggested tube like structure. For the middle and low-rise buildings, 
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spatial emergence is larger for strategy A2 than for strategy A for wind and live load, 
however not for the combined case.  

Regarding computational performance, in general simulations employing the 
horizontal wind case (4 loads for each finite element calculation) and the combined load 
case (5 loads) take more time to converge than the vertical live load case (1 load). No 
apparent pattern is observable regarding the number of iterations that the Topology 
Optimisation procedure took to converge when employing different strategies, 
application cases, or load cases. 

 
Figure 8.27 
Table listing the results of simulations performed for case study 1 (Intel Core2 Duo E8400 @ 3.0 GHz, 
4 GB, solver: BiCGSTAB). 

U i U f O σ χ i χ e n t

A.I.v 1.90E+07 4.18E+06 4.54 0.4 0 0.19 52 6.5

A.I.h 3.41E+06 4.92E+05 6.93 0.44 0 0.23 21 15.5

A.I.c 3.57E+08 6.04E+07 5.91 0.37 0 0.25 11 3.7

A.II.v 6.17E+06 1.43E+06 4.31 0.4 0 0 33 3.8

A.II.h 7.27E+04 1.21E+04 6.01 0.43 0 0.2 33 9.8

A.II.c 1.32E+07 3.73E+06 3.53 0.35 0 0.05 17 4.9

A.III.v 2.22E+06 5.29E+05 4.20 0.4 0 0 25 2.3

A.III.h 3.95E+03 8.88E+02 4.45 0.4 0 0.19 35 9.4

A.III.c 2.53E+06 9.43E+05 2.68 0.31 0 0 14 5.1

U i U f O σ χ i χ e n t

A2.I.v 5.24E+05 1.36E+05 3.85 0.31 0.5 0.25 39 3.9

A2.I.h 6.06E+07 8.81E+06 6.88 0.44 0.27 0.25 17 7.3

A2.I.c 6.08E+07 9.16E+06 6.64 0.43 0.27 0.25 14 8.7

A2.II.v 1.20E+05 3.57E+04 3.36 0.39 0.38 0.55 46 7.2

A2.II.h 6.65E+05 1.29E+05 5.16 0.44 0.6 0.32 21 4.6

A2.II.c 7.11E+05 1.69E+05 4.21 0.39 0.38 0.08 16 4.5

A2.III.v 1.87E+04 6.48E+03 2.89 0.39 0.25 0.33 40 5.4

A2.III.h 1.98E+04 7.71E+03 2.57 0.37 0.88 0.44 34 7.1

A2.III.c 2.72E+04 1.37E+04 1.99 0.3 0.72 0.08 23 6.1

III

      strategy A

      strategy A2

I

II

I

II

III
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Figure 8.28 
Graph on the left plots the efficacy optimisation factor O, and graph on the right plots χi and χe for all 
the simulations performed for case study 1 

8.5 Case study 2: comparison 2 (B versus C) 

In this comparison, two Building Spatial Designs (application case IV and V) and two 
load cases (vertical and combined) have been used to perform four simulations: B.IV.v 
and B.V.c, which employ the implementation of strategy B (Structural Grammars, 
Topology Optimisation, and Spatial Feedback) and C.IV.v and C.V.c, which use the 
implementation of strategy C (Genetic Algorithms).  

8.5.1 Settings and application cases 
The Building Spatial Design used for application case IV is the same as used for 
application case II. This because in comparison 1, application cases I and II suggest 
similar structural designs, meanwhile case II suggesting slightly more realistic designs. 
For application case V, the Building Spatial Design of application case III is re-used, 
because in comparison 1, case III has suggested the widest variety of structural designs. 

Figure 8.29 and 8.30 present the four simulations, with on the left the Building 
Spatial Designs and on the right tables with the settings. For strategy B, structural 
grammar SG1 is used (see chapter 4, section 4.3). The number of divisions and the 
material properties conform to section 8.3.2 and chapter 4, section 4.4.1. Like for 
comparison 1, the solver tolerance (see chapter 4, section 4.5.2.3) is set to 0.001, and the 
topology optimisation convergence threshold (see chapter 4, section 4.6) equals 0.075. 
New for spatial modification is the number of deleted finite element clusters (see chapter 
6, section 6.2), equal to 4, and the space deletion position (see chapter 6, section 6.3), 
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which determines that all Spaces are deleted that have the same or higher number of 
deleted Finite Elements as the Space exactly at the half (1/Space deletion position = 1/2) 
of the ordered list. For strategy C, Architectural Elements to be randomly added are 
Walls and Slabs (Flat-Shells) only (option 1 in figure 7.5), to enable comparison with 
strategy B. The number of divisions, material properties, and solver tolerance are default. 
An initial Population of 100 individuals has been defined,  with the evaluation sample 
composed of 20 individuals, and where the two best performing individuals are 
reproduced and the two worst ones are discarded (see chapter 7, section 7.6). 

 
Figure 8.29 
Application case IV: Building Spatial Design and settings for simulations B.IV.v and C.IV.v. 

 
Figure 8.30 
Application case V: Building Spatial Design and settings for simulations B.V.c and C.V.c. 
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In the following sub-section 8.5.2 the results of simulations B.IV.v and C.IV.v are 
presented and in sub-section 8.5.3, the results of simulations B.V.c and C.V.c are given. 

8.5.2 Simulations B and C, application case IV, vertical live loads 
Figure 8.31 shows the co-evolutionary, cyclic process of strategy B for simulation B.IV.v. 
Each column represents the outcome of a procedure (see chapter 6, figure 6.1), while 
each rows represents a completed cycle. The figure illustrates clearly that strategy B 
causes a gradual reduction of the building height. This is because finite elements are 
strained less at the top of the building (due to less levels of live load above), and these 
elements are thus among the first to be deleted, causing the Spaces at these levels to be 
removed as well. Although more finite elements are removed at the top, the figure shows 
that at all levels enough elements are removed to suggest structural designs. These 
consist of columns and slabs, naturally non-interfering with the Space interiors, as there, 
due to the structural grammar selected, no Structural Elements have been placed. Figure 
8.32 lists measurements for each cycle of strategy B. Total strain energies before (Ui) and 
after topology optimisation (Uf) show that topology optimisation is effective, and 
constantly so through the cycles, which is indicated by the efficacy optimisation factor O 
(=Ui/Uf). This can also be seen in figure 8.33, in the graph on the left, which also shows 
that spatial modification, here via feedback, is almost as effective (e.g. indicated by the 
reduction of Ui from cycle 1 to 2) as topology optimisation (for this example indicated 
by the reduction of Ui to Uf in cycle 1). 

Deleted spaces, spatial volume, and number of spaces remain constant correctly, 
ensured by the Space Deletion (P6) and Scale and Subdivide (P7) processes respectively. 
The structural volume is reduced due to the higher number of coincident vertical Space 
Areas for the Building Spatial Designs with fewer levels. Namely, although the structural 
grammar positions the same number of Architectural Elements at each Space (at the top 
horizontal and all vertical Areas), these Architectural Elements become Structural 
Elements later on in the process, and for coincident Space Areas only 1 and not 2 
Structural Elements will be generated, thus reducing the number of Structural Elements 
for more coincident Areas. 

Strategy C is illustrated in figure 8.34. In total 2615 Individuals have been developed 
and evaluated. However, for sake of clarity only the Individuals with a strain energy < 
50E5 have been shown. Every square indicates an Individual, and the larger and lighter 
this square is, the older is the Individual, i.e. generated earlier in the simulation. As such, 
it can be seen that some later generated Individuals (thus being smaller and darker) 
show a trend towards less strain energy. Among these Individuals, regarding structural 
volume, two groups seem to be formed, one at the upper region of the graph, and one 
diagonally oriented in the middle. The lowest strain energy results from Individual 2642, 
its Building Spatial Design included in the graph.  

Also the Building Spatial Design of Individual 2476 is depicted, showing the least 
structural volume. The average structural volume is shown in figure 8.33 on the right 
and is similar to the structural volume for strategy B, and figure 8.34 does not show a 
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correlation between structural volume and total strain energy, similar to strategy B. This 
is because total strain energy is mainly a function of the load and material properties. To 
compare the two strategies, the strain energy and structural volume for the 4 cycles of 
strategy B are plotted in figure 8.34 as well. Because topology optimisation is not used 
for strategy C, for strategy B the total strain energy values are taken before topology 
optimisation (Ui), so omitting topology optimisation as well. 

 
Figure 8.31 
Results from various stages of simulation B.IV.v. 

 Additionally, for strategy B the total strain energy Ui is taken from re-calculated 
finite element simulations with D=6, the same value that was used for strategy C, to 
make the comparison completely correct. Strategy B arrives at lower total strain energy 
and structural volume in less time (14 hours vs. 170 hours), however generates 4 instead 
of 2615 variants. The curve showing strategy B provides a lower bound for the structural 



100 
 

volume. This can be understood as the Building Spatial Design of the last cycle 4 has the 
maximal number of coincident vertical Space Areas, leading to the lowest possible 
structural volume, as has been explained above. 

 
Figure 8.32 
Table of results for simulation B.IV.v. (Intel Core2 Duo E8400 @ 3.0 GHz, 4 GB, solver BiCGSTAB). 

 
Figure 8.33 
Graphs of simulation B.IV.v showing (a) initial and final strain energies (Ui and Uf) and the efficacy 
optimisation factor O; (b) number of levels of the Building Spatial Design L, the structural volume Vst, 
and the total loaded area Aloaded at each cycle. Graph b also plots the average of the structural volume 
Vst of simulation C.IV.v. 

cycle (j ) 1 2 3 4

Initial strain energy (U i ) 6.171E+06 2.086E+06 1.666E+06 6.763E+05

Final strain energy (U f ) 1.431E+06 4.177E+05 3.931E+05 1.431E+05

Efficacy optimisation factor (O ) 4.31 4.99 4.24 4.73

Decrease in U i : U i (j) /U i ( j +1) - 3.0 1.3 2.5

Number of levels (L ) 8 4 2 1

Structural volume (V st ) [m3] 356.39 324.00 324.00 302.40

Spatial volume (V sp ) [m3] 1944 1944 1944 1944

Spaces (S ) 72 72 72 72

Deleted Spaces (S d ) 36 36 36 36

% Deleted Spaces 50% 50% 50% 50%

Total loaded area (Aloaded) [m2] 648 647 648 647

Simulation time (t ) [hrs] 3.85 7 1.8 1.95

        Simulation B.IV.v
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Figure 8.34 
Graph of simulation C.IV.v plotting the best performing individuals after 170 hours of simulation 
time. Individual 2642 has the least Ui and individual 2476 has the least structural volume Vst. The 
blue dotted line illustrates the results of the four cycles of simulation B.IV.v. 

8.5.3 Simulations B and C, application case V, combined loads 
As is shown in figure 8.35, for strategy B applied to application case V -loaded with a 
combination of both vertical live and horizontal wind loads- the height of the building 
gradually decreases. For only vertical load, as was the case for application case IV, this 
could be explained. Here, for the combined load two explanations are possible. Either 
winds loads have no influence or promote the reduction of height as well, thus 
reinforcing the action of vertical load on reduction. This could be understood because a 
lower building height results in less bending moment in the building due to the 
overturning wind load. Also, when the building is lower with still the same spatial 
volume, more volume is available for transfer of forces coming from less vertical Areas 
loaded by wind. Still, it could be possible that the wind loads promote the increase of 
height, but then inevitably, the influence of the live load, as explained for application 
case IV, is larger. A second effect that can be observed is that the Building Spatial Design 
becomes fragmented during the simulation. This is caused by deleted Spaces that are 
now not only located at the top of the building (like for the previous application case), 
but also at other positions along the height, including the ground floor. This is because 
Spaces are deleted that are associated with finite elements showing a low relative density 
after topology optimisation. And whereas a vertical live load results in more strain in the 
finite elements gradually from top to bottom, a combined case, especially the included 
wind load, results in overall bending of the building, straining the outer finite elements 
more than the elements at the building interior. 
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Figure 8.35 
Results from various stages of simulation B.V.c. 

After deletion of Finite Elements, the Reduced FE Model in cycle 1 (figure 8.35) 
suggests a structural design of columns for the wide facade, including a diagonal brace at 
the corners, whereas the small facade is a shear wall, without visible columns. This is due 
to the action of the wind load: Stability for the wind blowing in building length direction 
is easily provided by the wide facade, thus allowing this facade to be optimised more for 
the vertical live load, resulting in columns, as seen for the previous application case IV as 
well. However, for wind blowing in building width direction, the small facade needs 
material along its complete surface, dominating the columns for live load that may have 
been visible otherwise. 

Figure 8.36 shows relevant measurements for strategy B. The total strain energies 
before (Ui) and after topology optimisation (Uf) indicate that topology optimisation is 
decreasingly effective, as shown by the efficacy optimisation factor O (=Ui/Uf), and in the 
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left graph of figure 8.37 as well. Spatial modification -via feedback- in the first cycle 
(from Ui in cycle 1 to Ui in cycle 2) shows to be equally effective as topology optimisation 
(from Ui in cycle 1 to Ut in cycle 2). However, in all following cycles, spatial modification 
results in increased total strain values, because the feedback causes the design to become 
defragmented, having more external Space Areas. As the wind load is defined to act on 
all external Space Areas, the total load increases, and thus (other variables remaining 
constant), total strain energy increases as well. The fact that the topology optimisation 
effect is decreasing, cannot be caused by a reduction of levels, as this is shown to have no 
effect for the previous application case IV. But because this application case becomes 
more defragmented during the cycles, topology optimisation can redistribute mass only 
locally, within fragments, thus probably making it less effective. 

 
Figure 8.36 
Table of results for simulation B.V.c. (Intel Core2 Duo E8400 @ 3.0 GHz, 4 GB, solver BiCGSTAB). 

 
Figure 8.37 
Graphs of simulation B.V.c showing (c) initial and final strain energies (Ui and Uf) and the efficacy 
optimisation factor O; (d) number of levels of the Building Spatial Design L, the structural volume Vst, 
and the total loaded area Aloaded at each cycle. Graph d also plots the average of the structural volume 
Vst of simulation C.V.c. 

cycle (j ) 1 2 3 4

Initial strain energy (U i ) 2.529E+06 1.095E+06 1.327E+06 1.409E+06

Final strain energy (U f ) 9.435E+05 3.736E+05 4.990E+05 6.071E+05

Efficacy optimisation factor (O ) 2.68 2.93 2.66 2.32

Decrease in U i : U i (j) /U i (j +1) - 2.3 0.8 0.9

Number of levels (L ) 3 2 1 1

Structural volume (V st ) [m3] 336.15 324.00 324.00 370.35

Spatial volume (V sp ) [m3] 1944 1944 1836 1837.5

Spaces (S ) 72 72 68 68

Deleted Spaces (S d ) 36 38 36 32

% Deleted Spaces 50% 53% 53% 47%

Total loaded area (Aloaded) [m2] 1242 823 1212 1295

Simulation time (t ) [hrs] 5.14 8.67 3.57 4.33
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Deleted spaces, spatial volume, and number of spaces remain not completely 
constant, due to the fact that the Scale and Subdivide procedure (P7 in figure 6.1) will 
restore volume precisely, however is not always able to restore the number of Spaces 
exactly, see chapter 6, section 6.4. The structural volume reduces for 4 % after cycle 1, 
remains constant for cycle 2 and 3, and then increases with 14 % for the last cycle. This 
last increase is caused by the defragmentation that results in more non-coincident 
vertical Space Areas, as explained before. 

Figure 8.38 shows the Building Spatial Design (case V) used as input for strategy C. 
For this design 118 hours of simulation time have been used, resulting in 1060 
Individuals developed and evaluated, but only those with a total strain energy < 50E+5 
have been shown for clarity. As was the case for application case IV, some later 
generated Individuals (being smaller and darker) show a trend towards less strain 
energy. However, among these Individuals, regarding structural volume, no trend can be 
determined as Individuals remain distributed over the height of the graph (the vertical 
axis indicating structural volume). A single Individual (948) shows both the lowest 
structural volume and total strain energy and its Building Spatial Design has been 
visualised in the figure. It shows a similar reduction in height as for strategy B, and also 
defragmentation can be noticed. Both effects lead to a Building Spatial Design somewhat 
similar to the design in cycle 3 of strategy B. Additionally, both designs (Individual 948 
and the cycle 3 Building Spatial Design) are in the same region of the graph. However, 
this is not believed to be thus one of the best performing designs, as for the previous 
application case IV, a similar situation (Individual 2476 and the cycle 1 and 2 Building 
Spatial Designs) shows completely different designs.  

The results of strategy B are plotted in figure 8.38 by the dotted line. Note that, 
similar as explained for the previous application case above, for strategy B the total strain 
energy Ui is taken from new finite element simulations (on the same models) with D=6 
to make the comparison correct, as the same value D=6 was used for the strategy C. At 
first, strategy B yields better results in less time (total time: 21 vs. 118 hours), but for the 
fourth cycle structural volume is increasing such that many Individuals of strategy C 
perform better in this respect. Importantly as well is that strategy B generates 4 design 
alternatives in 21 hours, whereas strategy C provides 1060 individuals in less than 6 
times this period. 

8.5.4 Overall findings of comparison 2 
Two Building Spatial Designs have been used to compare strategy B and C. The first 

finds an optimal design (in this case given the optimisation criterion of minimal total 
strain energy) within a few cycles, thus producing only a limited number of variants. 
Strategy C generates numerous variants, however, these variants only approach the 
optimum, even after a simulation time larger than for strategy B. 

More specifically, for a vertical live load (application case IV), topology 
optimisation in strategy B results in localisation (i.e. the formation of columns and slabs) 
at each level. This means also that the number of finite elements deleted per Space on a 
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certain level will vary, however, this variation is less significant than the gradually 
decreasing character from top to bottom of the number of finite elements deleted. As it 
appears that in this strategy spatial modification -via feedback- deletes Spaces at the 
upper half of the building, causing a reduction of building height. This reduction of 
building height shows to be very effective in reducing the initial total strain energy in the 
next cycle, further reduced by subsequent topology optimisation and feedback, also in 
further cycles. Theoretically, strategy C should be able to find the same solution, but due 
to a maximum allowable simulation time, only a trend towards this solution can be seen. 

 
Figure 8.38 
Graph of simulation C.V.c plotting the best performing individuals after 118 hours of simulation time. 
Individual 948 has the least strain energy Ui and structural volume Vst. The blue dotted line illustrates 
the results of the four cycles of simulation B.V.c. 

For a combined load case (application case V), spatial modification (via feedback) 
deletes Spaces at the top level, probably due to the effects described for the vertical live 
load above, but in the centre of other levels as well. The latter is caused by the horizontal 
wind load that results in a total strain distribution showing high strains along the 
building circumference, resulting from the overturning bending moment. Consequently, 
the design becomes defragmented, leading to more Areas subject to wind load, and this 
increases the total strain energy. 

Spatial feedback has been developed with the hypothesis presented in chapter 6, 
section 6.1.1: For an efficient structural design, Spaces -which need structural mass to be 
constructed- should not be programmed at locations where this mass is not needed. This 
seems to be correct for the vertical load case of application case IV, where feedback is 
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indeed effective, however, it is effective via a mechanism (deletion of the Spaces reduces 
strains at lower levels) that was not foreseen in the hypothesis. For the horizontal load 
case, spatial modification is not effective as it results in defragmentation of the design, 
leading to an increased number of externally loaded Areas. As a conclusion, the 
hypothesis has not been proven to be correct, however, it can be said that spatial 
feedback may be effective (due to reducing internal loading, and then equally effective as 
topology optimisation), whereas it also can work counter-productively, by amplifying 
external loads. 

As an overall conclusion, both strategies are useful: Strategy B to experiment with 
human design based procedures and strategy C to generate numerous variants, which 
will avoid overlooking design possibilities not generated by strategy B. With regards to 
spatial feedback, it has been shown that a hypothesis based on “common sense” (which 
could also happen in a real design process) may lead to unforeseen effects. Therefore, it 
is advised to test each assumption in a strategy B first, as well to know which variables to 
vary (randomly) in strategy C. 

8.6 Case study 3: Real-life building 

In this section, first a real design process of a constructed building is interpreted as a co-
evolutionary design process, then this process is simulated by strategy B. Strategy B has 
been selected as it fulfils the initially prescribed requirements (see chapter 3, sub-section 
3.2.4), and follows -from all strategies most closely- the co-evolutionary design process 
model, explained in chapter 3, section 3.2.1. The aim is to compare design variants 
resulting from the real process and strategy B, and to evaluate the strategy's optimisation 
and spatial modification aspects in relation to a real process. 

The constructed building is the new “Metaforum” building on the campus of 
Eindhoven University of Technology, shown in figure 8.39. It consists of a newly 
constructed elevated box placed on a (at the same time) renovated single level hall. Only 
the elevated box will be subject to study here. The structural design is a framed box, 
supported by pylons, and braced by diagonal trusses in selected bays. The central part 
has a large roofed courtyard across several levels. 

In the next section 8.6.1 a description is presented of the actual building design 
process, carried out to develop the Metaforum building. For strategy B, the Building 
Spatial Design, settings, and results are presented in section 8.6.2. In section 8.6.3 a 
comparison between the actual building design process and the simulation is presented. 
Lastly, concluding remarks are given in section 8.6.4. 
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Figure 8.39 
Metaforum building at Eindhoven University of Technology: schematic floor plan, schematic section, 
and sections of the structural design (Ector Hoogstad Architecten). 

8.6.1 Actual building design process 
The Metaforum building was designed by Ector Hoogstad Architecten (The 
Netherlands) in collaboration with consulting engineering office ABT (The Netherlands) 
with regards to the structural design. The actual building design process has been 
investigated based on interviews with the architect and the engineering office, and, as 
mentioned, has been described in a format following the (co-evolutionary) design 
process model of chapter 3, section 3.2.1. Note that all the presented figures in this 
section are based on drawings provided by Ector Hoogstad Architecten. In addition to 
spatial and structural aspects, functional and economic aspects have been taken into 
account in the description below, as it will be shown that these are important influencing 
factors in the actual design process. 

The first design cycle is illustrated in figure 8.40. On the left part of the figure a 
schematic floor plan and section of the spatial design are presented, on the right part the 
structural design is presented using the same format. The spatial design here was the one 
presented for the architecture contest: it is an elevated free-form volume, with slopping 
facades and cantilevers as large as 15m, and supported by columns. The cantilevers and 
the free-form volume required a table structure to transfer the loads to the supporting 
braced columns. For this table structure only a rough approximation of allowable 
dimensions and column positions (which deliberately allowed for non-orthogonal 
corridors) were defined. 
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Figure 8.40 
First design cycle. On the left: free-form spatial design, on the right: table structural design (based on 
drawings of Ector Hoogstad Architecten).  

At the start of the second design cycle, it was found that the structural elements 
needed to support the sloping facades and the large cantilevers of the free-form volume 
would interfere too much with the spatial design. For that reason the elevated free-form 
volume was exchanged for an elevated rectangular volume (figure 8.41). Similar to the 
spatial design of the first design cycle, the elevated rectangular volume was still 
supported by columns but the cantilevers at its four sides were reduced to 2.5m. The 
columns were arranged in a 7 × 10 grid and a table structure to transfer the loads from 
the elevated volume to the columns was used as well. In figure 8.41 it can be seen that the 
structural design now included floors, the ground floor strong enough to allow for the 
cantilevers, and diagonal braces. 

In the third design cycle, the spatial and structural designs were modified because 
the estimated construction costs exceeded the budget. For that reason the spatial design 
became square to reuse existing foundations (figure 8.42). This modification reduced the 
floor area of the elevated volume, thus to restore this, its height was increased to allocate 
an additional floor. The accompanying structural design had to change as well, and 
several column configurations that would fit the square elevated volume and the existing 
foundations were tried. Twelve columns were located along the borders of the elevated 
volume allowing for a 6.2m cantilever at all sides. To transfer the loads of the elevated 
volume to the columns and to support the cantilevers, a quasi-3D space truss was 
designed, as shown in figure 8.42. Finally in the fourth cycle, since the estimated costs of 
construction still exceeded the budget, two of the four cantilevers were discarded, and 
one floor was eliminated (figure 8.43).  
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Figure 8.41 
Second design cycle. On the left: rectangular spatial design, on the right: table structural design (based 
on drawings of Ector Hoogstad Architecten). 

 
Figure 8.42 
Third design cycle. On the left: square spatial design, on the right: quasi-3D space truss (based on 
drawings of Ector Hoogstad Architecten). 
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To restore the lost floor area, the width of the elevated volume was increased, 
resulting in a rectangular volume once again. For the structural design, a 4 × 5 column 
grid was defined. To transfer the loads from the elevated volume to the columns a 2D 
lattice structure was proposed that ran along the entire length of the elevated volume. 
The structural design now used the height of the ground level to introduce shear walls 
for enabling the cantilevers, supporting columns, and for stability diagonal trusses in 
selected bays. As such, this combination of spatial and structural design has been used 
for construction, which was finalised in 2012. 

 
Figure 8.43 
Fourth design cycle. On the left: rectangular spatial design, on the right: level high shear walls (based 
on drawings of Ector Hoogstad Architecten). 

8.6.2 Strategy B, Building Spatial Design, simulation settings, and results 
For input in strategy B, a Building Spatial Design has been defined as application case 
VI, figure 8.44. It has two sections. The top section, 21m wide, 12m deep, and 9m high, 
has three levels of 3 × 3 × 3 m Spaces in a 7 × 4 grid. At the intermediate level 10 Spaces 
at the centre are removed to account for the roofed courtyard. The bottom section is 
composed of 12 Spaces of 3 × 3 × 10m each to provide space for the supporting columns. 
Figure 8.44 includes a table that list the simulation settings, equal to those used in 
comparison 2 (section 8.5). 

Figure 8.45 presents visually the simulation carried out by strategy B. At the fifth 
cycle, the Modified Building Spatial Design occurred to be equal to the Building Spatial 
Design in the same cycle, thus indicating a "converged" solution. Figure 8.46 lists the 
results of the simulation and two related graphs, (e) and (f), are presented in figure 8.47. 
Graph (e) plots the strain energy, Ui and Uf, and the efficacy optimisation factor O, while 
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graph (f) plots the number of levels of the Building Spatial Design (L), the structural 
volume Vst, and the total area of the Building Spatial Design subjected to loads (Aloaded). 
Note that to present measurements in two graphs, O has been multiplied by 7e+5, Vst by 
0.005/m3, and Aloaded by 0.0006/m2. 

Graph (e) shows that Ui decreases at each cycle, with exception of the last cycle in 
which it increases very slightly. The decrease of Ui from the first to the second cycle is 
due to the deletion of cantilevered Spaces. From the second to the fourth cycle, its 
decrease is caused by reduction of the building height, as also shown by graph (f), and 
the mechanism explained in section 8.5.2. The increase from the fourth to the fifth cycle 
can be explained because Aloaded increases due to fragmentation, also indicated by 
increasing Vst, and this mechanism is explained in section 8.5.3. 

As a conclusion, results show that the Building Spatial Design gradually reduces in 
height and becomes more fragmented. This is caused by spatial feedback as simulations 
presented in comparison 2 have shown (section 8.5). 

 
Figure 8.44 
Building Spatial Design and settings for strategy B, simulating the Metaforum building design process. 
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Figure 8.45 
Results from various stages of simulation B.VI.c. 



113 
 

 
Figure 8.46 
Table of results for simulation B.VI.c. (Intel Core2 Duo E8400 @ 3.0 GHz,4 GB, solver BiCGSTAB). 

 
Figure 8.47 
Graphs of simulation B.VI.c showing (e) initial and final strain energies (Ui and Uf) and the efficacy 
optimisation factor O; (f) number of levels of the Building Spatial Design L, the structural volume Vst, 
and the total loaded area Aloaded at each cycle. 

8.6.3 Comparison 
Figure 8.48 depicts 3D views of the spatial designs resulting from the design cycles of the 
actual building design process (section 8.6.1) and Building Spatial Designs from the 
simulation cycles of simulation B.VI.c (section 8.6.2). For the actual design process, it is 
clear that after the first design cycle, in which the top section is converted from a free-
form volume to a rectangular volume (due to interference of the structural design), the 
subsequent spatial designs only differ in dimensions, due to construction costs to be 
reduced. In contrast, in simulation B.VI.c, the Building Spatial Design changes at every 
cycle, due to spatial feedback, which (a) reduces building height related to vertical live 
load, (b) reduces cantilever lengths (easily understood), and (c) promotes fragmentation 
due to the wind load. Although the arrangement of Spaces is modified at every cycle, the 

cycle (j ) 1 2 3 4 5

Initial strain energy (U i ) 8.321E+06 6.898E+06 3.684E+06 1.781E+06 1.837E+06

Final strain energy (U f ) 1.830E+06 1.410E+06 7.514E+05 3.963E+05 4.426E+05

Efficacy optimisation factor (O ) 4.55 4.89 4.90 4.49 4.15

Decrease in U i : U i (j) /U i (j +1) - 1.2 1.9 2.1 1.0

Number of levels (L ) 3 3 2 1 1

Structural volume (V st ) [m3] 502.20 538.50 557.60 574.80 586.50

Spatial volume (V sp ) [m3] 2898 2899 2898 2898 2900

Spaces (S ) 84 84 84 80 80

Deleted Spaces (S d ) 42 42 42 40 42

% Deleted Spaces 50% 50% 50% 50% 53%

Total loaded area (Aloaded) [m2] 1770 2036 2712 2704 3336

Time (t ) [hrs] 6.3 13.5 6.7 11 4.7
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simulation provides alternative Building Spatial Designs that remain assemblies of 
elevated volumes, which was a relevant spatial requirement in the actual design process. 

 
Figure 8.48 
Building Spatial Designs resulting from the actual building design process of the Metaforum building 
(on the left) and from simulation B.VI.c (on the right), which uses strategy B. 



115 
 

Regarding the structural designs, in the actual building design process the structural 
design changed with regards to column grid size and the "table" structure that supports 
the cantilevers and transfers building loads to the column grid. In figure 8.48 only the 
different arrangements of supporting columns are illustrated and the structural elements 
within the elevated volume are not presented. In simulation B.VI.c, for each cycle, the 
optimal distributions of relative densities suggest braced frames supported beneath by 
outlining walls and columns, figure 8.49. More importantly, variations in the suggested 
structural designs appear in both the top and bottom sections of the Building Spatial 
Design, whereas in the actual process the variations occur only in the bottom section.  

 
Figure 8.49 
Optimal FE Models of simulation B.VI.c 

Modifications to the Building Spatial and Structural Designs on the level of detail 
observed in the actual building design process cannot be achieved by strategy B. This is 
first because other than spatial and structural aspects, such as functional or economic, 
are not considered. Secondly, spatial inconformity is not taken into account. For 
example, if in strategy B minimising the spatial inconformity factor χi (see section 8.3.3) 
would be considered for optimisation, then spatial modifications such as the ones 
observed in design cycle 1 of the actual building design process, could be carried out. 
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8.6.4 Concluding remarks 
It can be concluded that by using the implementation of strategy B to process real-life 
buildings, alternative Building Spatial Designs can be obtained, and optimal 
distributions of relative densities suggest alternative accompanying structural designs. 
These structural designs may show lower total strain energy Ui than for the Building 
Spatial Design used as input. It should be acknowledged that strategy B only considers 
spatial requirements and total strain energy, and therefore it cannot achieve 
modifications on the level of detail as observed in the actual building design process, 
which considers functional and economic aspects as well. However, this section 
demonstrates that the implementation of strategy B has practical applicability. It can be 
used during the early stages of the building design process to generate alternative 
Building Spatial Designs and to indicate better performing Building Structural Designs, 
given spatial requirements, that otherwise may not have been contemplated. 

8.7 Internal validation 

In this section, studies are presented for internal validation. Section 8.7.1 presents mesh 
sensitivity analyses of the Finite Elements of type FE Flat-Shell and FE Solid. Section 
8.7.2 presents an analysis investigating how the number of divisions D influences the 
number of deleted Spaces Sd. Next, the influence of the number of deleted finite element 
clusters on the number of deleted Spaces Sd is presented in section 8.7.3. In section 8.7.4, 
effects are investigated of the space deletion position, which defines the amount of 
Spaces to be deleted, on the evolution of the Modified Building Spatial Design. Lastly, in 
section 8.7.5, the phenomenon of localisation during topology optimisation is presented. 

8.7.1 Mesh sensitivity analyses 
Figure 8.50 presents the results of the mesh size sensitivity analysis for the Finite 
Element FE Flat-Shell (details in chapter 4, section 4.5.2.1), which is used in the 
implementations of strategies A, B, and C. The image on the left presents the setup and 
the graph on the right plots the maximum displacement (in mm) versus the number of 
divisions. Note that focus has been put on convergence behaviour by using a vertical axis 
range starting at 2.6. 

Based on the graph, it has been decided to use D=10 in strategies A and B, because 
here accurate finite element simulations are needed to correctly carry out topology 
optimisation. For strategy C, a value D=6 has been chosen, as here the finite element 
simulations are used to relatively rank the many Individuals only.  

Figure 8.51 presents the results of the mesh size sensitivity analysis for FE Solid, 
which is used in strategy A2 (named 3D Topology Optimisation). Details of the element 
can be found in chapter 5, section 5.5.2.1. The FE Solids are fully constrained at Points 1, 
2, 3, and 4 (i.e. ux, uy, uz = 0), a distributed surface load has been applied on the top 
Area of the FE Solids in the positive x-direction. Nodal forces are all equal to 
(1/9)×q×3m×3m. 
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Using the graph in figure 8.51, it can be concluded that values for the number of 
divisions Dx, Dy, and Dz between 6 and 8 yield accurate enough results.  

 

 
Figure 8.50 
Results of the mesh size sensitivity analysis of the Flat-Shell element; (a) set up of the analysis; (b) 
graph plotting maximum displacement (in mm) vs. number of divisions. 

Figure 8.51 
Results of the mesh size sensitivity analysis of the Solid element; (a) set up of the analysis; (b) graph 
plotting maximum displacement (in mm) given increasingly smaller mesh sizes. 

8.7.2 Number of divisions D and number of deleted Spaces 
Figure 8.52 presents the results of an analysis in which a Building Spatial Design has 
been processed by strategy B with varying number of divisions D (2, 4, 6, 8, and 10). All 
the simulations use the vertical live load case and all bottom Points are fully constrained 
(i.e. ux, uy, uz, rx, ry, rz = 0). 

It can be observed that for all cases the number and location of deleted Spaces Sd, 
determined by procedure Space Deletion P6 (see chapter 6, section 6.3), is equal, thus 
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independent of D. Similar results have been observed when using the horizontal wind 
and the combined load case, and when different Building Spatial Designs are used. 

 
Figure 8.52 
Results of the analysis to investigate the effects of the number of divisions D of the number of deleted 
Spaces Sd. 

8.7.3 Deleted clusters of Finite Elements and number of deleted Spaces 
Figure 8.53 presents the results of an analysis in which a Building Spatial Design has 
been processed by strategy B with different numbers of deleted clusters of Finite 
Elements (1 to 7). For all simulations, the vertical live load case is used and the bottom 
Points are fully constrained (i.e. ux, uy, uz, rx, ry, rz = 0). 

The results show that with exception of the case when only 1 cluster of Finite 
Elements has been deleted (by procedure P5, chapter 6, section 6.2), in all other cases the 
number and location of deleted Spaces Sd (by P6, chapter 6, section 6.3) is equal. Similar 
results have been observed when using the horizontal wind and the combined load case, 
and when different Building Spatial Designs have been used. The results of this analysis 
and the one presented in the previous section 8.7.2, indicate that spatial modification via 
spatial feedback is not affected by changes in the number of divisions D and the number 
of deleted clusters of Finite Elements. 
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Figure 8.53 
Results of the analysis to investigate the effects of the number of deleted clusters of Finite Elements on 
the number of deleted Spaces Sd. 

8.7.4 Deleted Spaces and the evolution of Modified Building Spatial Designs 
Simulations for comparison 2 (section 8.5) indicated that spatial feedback gradually 
reduced the height of the Building Spatial Designs for vertical load. Here, it is studied 
whether the space deletion position, which determines the number of Spaces deleted for 
each cycle (see chapter 6, section 6.3), affects this reducing behaviour. Figure 8.54 
presents the results of three simulations in which the space deletion position has been 
varied as 5, 2, and 1.4, which means that all Spaces are deleted that have the same or 
higher number of deleted Finite Elements as the Space positioned at 1/5, 1/2, or 1/1.4 
(1/Space deletion position) below the top of the list ordering all Spaces from high to low 
number of deleted elements. For all simulations the vertical live load case is used and the 
bottom Points are fully constrained (i.e. ux, uy, uz, rx, ry, rz = 0). 
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It can be observed that gradual reduction in height occurs for all settings, however 
the rate is different: For the space deletion position equal to 1.4, the resulting Modified 
Building Spatial Designs is single level after just 1 cycle, for the space deletion equal to 2 
this is the case after 2 cycles, and for position 5, four cycles are needed to obtain a single 
level design. 

 
Figure 8.54 
Results of the analysis to investigate the effects of the number of deleted Spaces, at each simulation 
cycle, on the evolution of the Modified Building Spatial Designs. 
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8.7.5 High relative density localisations 
This section investigates (high relative density) localisations in the optimal relative 
density distribution found by topology optimisation, based on Zakhimi, 2014. 
Localisations may suggest Building Structural Designs, for example see simulation 
A2.II.v in figure 8.13, where columns and arches are suggested. The aim of the first part 
of this investigation is to determine what simulation settings lead to localisation. To that 
end, two simulations have been carried out, as shown in figure 8.55. 

 
Figure 8.55 
Settings and results of simulations A (top) and B (bottom). On the left the setup of the simulations for 
which Dx, Dy and Dz equal 3 to explain the simulation setup. On the right results from the actual 
simulations are presented, for which Dx, Dy and Dz equal 20. 

For simulation A, a nodal force f, in the negative z-direction, is applied to all the top 
Nodes of the top Finite Elements. The bottom Nodes are fully constrained (i.e. ux, uy, uz 
= 0). As such, boundary conditions and loads are similar to the simulations of buildings 
loaded by the vertical life load case, e.g. simulation A2.II.v in section 8.4.3.  

Simulation B models an infinite slice of material, loaded perpendicularly by an 
equally distributed load, the top Nodes loaded as follows: the force applied on the corner 
Nodes fc equals 0.25f, the force on the Nodes at the edges fe equals 0.5f, and the force 
applied on the remaining Nodes is f. Displacements in the z-direction (uz = 0) are 
constrained for all bottom Nodes, displacements in the x-direction (ux = 0) are 
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constrained in the Nodes located in the outer surfaces perpendicular to the x-direction, 
and displacements in the y-direction (uy = 0) are constrained in the Nodes located in the 
outer surfaces perpendicular to the y-direction. For both simulations, a Young’s 
modulus of 30 000 N/m2, a Poisson’s ratio of 0.3, and Finite Elements of the type FE 
Solid are used. Dx, Dy and Dz equal 20. 

Simulation A results in an optimal distribution of relative densities with 
localisations at the corners, which resemble four columns. Conversely, simulation B 
results in a homogeneous distribution of relative densities. Note that the different shades 
of green here are due to numerical noise, which can be disregarded. Also notice that the 
images illustrating the optimal distributions of relative densities are 3D views looking 
upwards at the bottom. 

As simulation B does not show localisation, the localisation in A should be caused 
by the different boundary conditions, the different load, or both. To investigate this, an 
additional simulation C has been carried out, shown in figure 8.56. The corner nodal 
force in front (specifically defined as fcv) has been set as the default nodal force f 
multiplied by a nodal force ratio ρ, which is defined as follows: 

cvf
f

ρ =     (Eq. 31) 

For simulation C, ρ equals 0.66, which means the nodal force at this corner is larger 
than the other corner forces (which are 0.25f). High relative density localisations appear 
in the resulting optimal distribution of simulation C (figure 8.56), indicating that 
localisations in an infinite slice of material can be triggered by imperfections, e.g. a 
varied nodal force.  

 
Figure 8.56 
Settings and results of simulation C. On the left the setup of the simulation in which Dx, Dy and Dz 

equal 3 is presented to explain the simulation setup. On the right results from the actual simulation 
are presented, for which Dx, Dy and Dz equal 20. 
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The aim of the second part of this investigation is to study the effects of different 
values of ρ on the appearance and the shape of high relative density localisations. 
Therefore simulation C has been carried out for different values of ρ, the nodal force 
ratio. Figure 8.57 present quasi-infinite images of the infinite slice of material, made by 
mirroring a few times the top view in the left and right adjacent vertical planes, then 
mirroring this in the 2 other orthogonal adjacent vertical planes. Note that due to 
mirroring, the reaction forces of all the single volumes (consisting of 20×20×20 
elements), now connected, are in equilibrium. It can be observed that as ρ increases the 
patterns are less complex, that is they consist of less and larger geometrical shapes.  

Figure 8.58 presents graph (a), which plots the standard deviation of the 
distribution of relative densities σ against an increasing value of ρ at the corner node. It 
can be observed that localisations suddenly occur when ρ becomes higher than 0.65. 
Graph (b) plots σ against ρ as well, but in this case ρ runs from 0.8 to 100 000. Here, it is 
shown that σ increases gradually until it equals 0.475. During this gradual increase, the 
shape of the patterns generated by the optimal distribution of relative densities changes 
stepwise. 

For problems where an optimal structure can easily be envisioned (e.g. a trussed 
beam for a three-point bending test, or a tube structure for a high-rise building under 
wind load), topology optimisation indeed results in these type of structures, as shown by 
strategies A and A2 in chapter 8. However, the optimal relatively density distributions 
for buildings under live load show column grids in the ground plans, which are less 
intuitive. Namely, for equally distributed loads, it is expected that an equally distributed 
relative density distribution would result.  

 

Figure 8.57 
Top: optimal distribution of relative densities resulting from simulation C arranged into a quasi-
infinite pattern; bottom: quasi-infinite patterns generated with optimal distributions of relative 
densities for which ρ equals 15, 160, 1500, and 100 000. 
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Figure 8.58 
Graphs plotting the standard deviation of the optimal distribution of relative densities σ against an 
increasing value of ρ at the corner node. (a) ρ from 0.61 to 0.7, (b) ρ ranges from 0.8 to 100 000. 

The analysis above now shows that localisations indeed do not occur for an 
completely equal strain distribution (e.g. a distributed load on an infinite continuous 
medium), but can be initiated by a non-uniform strain distribution due to boundary 
conditions (simulation A) or load imperfections (e.g. here by the nodal force ratio ρ). 
The shape of the patterns generated by the localisations is determined by the size of 
imperfections. As localisation only occurs after a certain threshold (figure 8.58 on the 
left), it thus can be concluded that for the simulations in chapter 8, the combination of 
geometry, boundary conditions, and load application leads to the localisations as shown, 
and not numerical inaccuracies.  

8.8 Concluding remarks 

Strategies A and A2 show that for vertical loads topology optimisation is equally efficient 
for all building heights, whereas for horizontal loads it is more efficient for taller 
buildings. Distributing structural mass over the complete spatial design automatically 
creates structural designs, which however infringe spaces of the spatial design. Strategies 
B and C show that systematic spatial modification can be as effective as topology 
optimisation in lowering total strain energy, but its (implemented) effects are load type 
dependent. Random variation by genetic algorithms provides many design alternatives, 
however converges very slow and non-directed compared to the other methods. Best 
results of systematic and random variation can be compared.  

A real design process of a constructed building has been simulated using strategy B. 
The latter shows, among useful design variants, a reducing building height and 
defragmentation due to spatial modification, leading to reduced total strain energy. 
However, spatial modification on the level of detail of the real design process cannot be 
found, for the spatial inconformity factor, measuring space infringed by structural mass, 
is not part of the optimisation.  

As such, the external validation has demonstrated that via all four strategies: entire 
structural designs (instead of individual elements) can be optimised, design variants can 
be provided via real design process and evolutionary based rational and automated 
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strategies, and spatial modification –by space deletion, scaling, and subdivision, or by 
random variation- increases the generation and optimisation possibilities for the 
structural design.  

Internal validation has proven (a) correct finite element mesh sizes for the used flat-
shell and volume elements; (b) insensitivity of number of deleted Spaces for number of 
divisions and deleted clusters of finite elements; (c) insensitivity of spatial modification 
behaviour for number of deleted spaces; and (d) has explained localisation for buildings 
loaded by equally distributed vertical live load. 

Next in chapter 9, answers to the overall research questions are given, and the 
merits and limitations of the strategies and guidelines for their application in practical 
and academic environments are presented. 
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9 

Conclusions 

9.1 Introduction 

The general intention of this research was to contribute to the improvement of the 
building design process, and its outcomes, by providing structural engineering feedback, 
at early stages of the process. 

Derived from this, the hypothesis of the research was that “Employing (automated) 
building structural design generation and optimisation -possibly including spatial 
modification- at early stages of the building design process, supports the design process 
by providing structural engineering feedback and evaluated and optimised design 
variants, via rational procedures” (see chapter 1, section 1.2).  

In chapter 3, it was established that early stages of the building design process and 
structural optimisation have an incompatible character, and so far, as shown by the 
state-of-the-art in chapter 2, have not been fully integrated. Consequently, and for 
testing the hypothesis above, strategies have been proposed that (a) enable structural 
optimisation at early stages of the design process, and (b) function as an information 
platform that resolves the incompatible character. An underlying design process model 
(chapter 3, section 3.2.1) and requirements and restrictions (sections 3.2.4) for the 
strategies have been formulated. The strategies have been developed via their 
procedures, as presented in chapter 4 to 7, and implemented via a computational tool 
(see section 3.4) for automated application and validation. 

The implemented strategies have been validated by processing generic Building 
Spatial Designs of 3, 5, and 18 levels, and then comparing their results (chapter 8). 
Strategy A (Structural Grammars and Topology Optimisation) has been compared with 
A2 (3D Topology Optimisation) and strategy B (Structural Grammars, Topology 
Optimisation, and Spatial Feedback) with strategy C (Genetic Algorithms). Strategy B 
has been further studied by processing a Building Spatial Design based on a real-life 
building and comparing the results against the actual building design process. 

The implemented strategies all provide evaluated and optimised variants of 
building design solutions: Strategies A and A2 provide Optimal FEM Models that 
suggest optimal structural designs, based on the Building Spatial Design used as input. 
Strategies B and C additionally provide modifications of the Building Spatial Design, 
based on the structural behaviour of the accompanying Building Structural Designs. 

As such, it has been shown that employing (automated) building structural design 
generation and optimisation -possibly including spatial modification- at early stages of 
the building design process -the strategies developed in chapter 4 to 7- supports the 
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design process by providing structural engineering feedback and evaluated and 
optimised design variants -the simulation results in chapter 8-, via rational procedures.  

In the next section 9.2, answers to the initially formulated research questions (see 
chapter 1, section 1.3) are given. In section 9.3 the merits and limitations of the strategies 
are discussed. Lastly, guidelines for the application of the strategies in academic and 
practical applications are given in section 9.4.  

9.2 Answers to research questions 

Four research questions have been formulated at the pre-study phase of this research 
project (see chapter 1, section 1.3). Answers to these questions are provided below: 

› What procedures are needed for a strategy to enable building structural design 
generation and optimisation, excluding or including spatial design modifications, 
at early stages of the building design process? 

Assuming that a spatial design of a building (which has been developed based on a 
design brief) is used as starting point, at least the following procedures are necessary 
to perform structural optimisation at early stages of the building design process: 

(i) A procedure to automatically generate a structural topology, based on the 
spatial design of the building. The structural topology should define the 
location of load-bearing architectural elements (e.g. columns, walls, slabs, 
or a homogenous solid mass). 

(ii) A procedure to automatically generate the structural design of the 
building, which, based on the structural topology, should: (1) define 
geometrical and mechanical properties for the structural elements; (2) 
ensure that the underlying geometry is conformal, and (3) define sufficient 
constraints so the structural design is kinematically determined. 

(iii) A procedure to carry out structural analysis. Nowadays, most structural 
analyses use the finite element method. If that would be the case here as 
well, a finite element model has to be automatically formulated and, 
irrespective of the structural analysis procedure used, single or multiple 
load cases have to be automatically defined as well. 

(iv) Structural optimisation. Note that different types of structural 
optimisation procedures exist, each having specific requirements: If 
topology optimisation is employed, the aforementioned procedures are 
sufficient. On the other hand, if genetic algorithms are used, then 
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additionally a procedure to generate random variants of structural designs 
of buildings is required. 

(v) In case spatial design modifications are desired, a procedure to modify the 
spatial design used as input based on the results of the structural 
optimisation. An alternative is to generate random variants of spatial 
designs for a genetic algorithm. 

The early stages of the building design process are quick and iterative, thus it is very 
important that the procedures are automatic, so results can be obtained quickly. For 
(ii), the automatic definition of loads in (iii), and (v), procedures have not been 
found in literature and new procedures have been developed.  

The strategies A, A2, and B have been developed based on the (co-evolutionary) 
building design process that occurs in architectural practice, and this is reflected in 
the combination of procedures above. So this combination is not unique and other 
approaches can enable structural optimisation at early stages of the building design 
process. However, the strategies presented here are at least sufficient and effective. 

› What type of information about building structural designs and spatial design 
modification can be provided once the strategies are applied? 

Inspecting results provided by the strategies leads to relevant insights regarding the 
design problem at hand, as has been shown in chapter 8. These insights differ 
depending on the input, settings, and strategy applied, however, factual information 
that can be provided by the current implemented strategies is: 

» Magnitude and direction of the maximum nodal displacement. 

» Total strain energy at the beginning and at the end of the topology 
optimisation procedure (Ui and Uf). 

» Total structural volume (Vst). 

» Total area subjected to loads (Aloaded). 

» Visual representation of the optimal distribution of relative densities of the 
finite elements, which may suggest the optimal type of Building Structural 
Design, and the optimal shape and location of Structural Elements, given the 
(modified) Building Spatial Design and load case(s). 

» Numerical indication of the amount of spaces infringed by structural volume 
i.e. the spatial inconformity factor (χi). Numerical indication of an 
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alternative space configuration i.e. the spatial emergence factor (χe). See 
chapter 8, section 8.3.3 for details. 

» For strategies B and C: alternative Building Spatial Designs that allow better-
performing Building Structural Designs than the input. These alternative 
Building Spatial Designs conform to the initial spatial requirements (here 
total spatial volume and number of Spaces). 

› How can strategies be (internally and externally) validated? 

The implemented strategies can be internally validated by determining how sensible 
the results of the simulations are to variations in settings. It has been demonstrated 
that the resulting optimal distributions of relative densities, which suggest optimal 
structural topologies, are determined by a combination of geometry, boundary 
conditions, and load cases, and are not due to numerical inaccuracies (chapter 8, 
sub-section 8.7.5). It has been found as well, that the finite element mesh size, 
number of deleted Finite Elements, and number of deleted Spaces do not affect the 
gradual modification of spatial designs due to spatial feedback (chapter 8, sub-
sections 8.7.2, 8.7.3, and 8.7.4). 

The strategies can be externally validated by ensuring that they are generally 
applicable and their outcomes are transferable, of course limited to the stated 
requirements and restrictions (chapter 3, section 3.2.4). Therefore, in this research 
several generic spatial designs of buildings have been processed by the implemented 
strategies. In many cases, it was shown that several strategies tend towards the same 
(qualitative) outcomes. Additionally, a spatial design modelled based on a real-life 
building has been processed by strategy B.  

› What are the advantages of applying the strategies at early stages of the building 
design process? 

The main advantage is that, as mentioned in section 9.1, evaluated and optimised 
design variants are generated, and structural engineering feedback is provided, via 
rational procedures. This supports the design process as better performing spatial 
and structural designs of buildings can be taken into account. As an example, 
simulation A.III.v suggests a structural design, e.g. by the shape and location of 
columns, see appendix C.4. With this information the columns can be positioned in 
optimal locations early on in the building design process. If these optimal locations 
would be determined at a later stage, it is likely that they will conflict with other 
aspects of the design (e.g. interfering with accesses, corridors, or installations). 

Additionally, since at the early stages of the design process the spatial design is not 
definitive, it can be included itself as variable in the structural optimisation process. 



131 
 

Using a co-evolutionary approach, in this way alternative and possibly better-
performing spatial designs of buildings and structural designs can be generated, 
which otherwise may have not been considered. An example of varied spatial designs 
can be seen in Case study 3: Real-life building (chapter 8, section 8.6), in which 
several alternatives have been generated that allow for better performing structural 
designs (i.e. minimal strain energy), while maintaining the initial spatial 
requirements (i.e. spatial volume and number of spaces) and the initial design 
intentions (i.e. an elevated volume), see figure 8.48 in chapter 8, section 8.6.3. 

9.3 Merits and limitations of the strategies 

Merits and limitations for each strategy are discussed in section 9.3.1 to 9.3.4. In section 
9.3.5, merits, limitations, and further developments with respect to the computational 
aspects of the implementations are presented.  

The main merit of the strategies is that they (a) provide an interface between the 
early stages of the design process and structural optimisation, and (b) provide building 
structural design generation and optimisation at early stages of this design process, using 
a systematic and automated approach.  

Simultaneously, the main merit of the implemented strategies is that they optimise 
entire structural designs of buildings instead of structural elements only.  Implemented 
strategies B and C additionally allow for spatial modification, by spatial feedback or 
random variation respectively, increasing design possibilities. All the implemented 
strategies provide evaluated and optimised variants of design solutions of buildings that 
can be used to devise better-performing structural designs. Moreover, they generate 
these variants in a systematic, documented, and automated manner.  

The main limitation of the strategies, and their implementations, is that they only 
consider structural engineering aspects of the building design, and e.g. functional, 
economic, or aesthetic aspects are not considered. However, as will be shown in chapter 
10, future research will focus on taking into account other disciplines, e.g. building 
physics.   

9.3.1 Strategy A: Structural Grammars and Topology Optimisation 
Strategy A's main merit is the production of optimal distributions of relative densities, 
which: (i) indicate the most appropriate type of structural design for a given Building 
Spatial Design and loading case, e.g. simulations A.I.v and A.I.h in appendix C.1 and in 
chapter 8, section 8.4.2 respectively; (ii) indicate the optimal location of structural 
elements such as columns or diagonal braces (see simulations A.I.h and A.II.v in chapter 
8, section 8.4.2 and 8.4.3); and (iii) define the overall shape of structural elements (e.g. 
the shape of a branching column in simulation A.III.v in appendix C.4). The 
distributions of relative densities are in complete accordance with the spatial 
requirements of the Building Spatial Designs used as input. 
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The main limitation of the implementation of strategy A is that it can only process 
Building Spatial Designs built up of rectangular Spaces (the Building Spatial Design 
needs not to be rectangular itself), positioned orthogonally in the global coordinate 
system. This limitation is due to the specific implementations of P0, P1, P22, and P23 
(see figure 4.1 and 4.5).  

Another limitation is that the boundaries for distribution structural mass are 
defined by a heuristic method, i.e. structural grammars. Therefore, the quality of the 
resulting optimal distribution of relative densities (equivalent to mass), is limited by the 
structural grammar used.   

Potentially, the implementation of strategy A can be extended by including spatial 
constraints such as openings, open areas, accesses, and horizontal and vertical 
circulation spaces. This can be achieved by prescribing sections of low relative density 
values in the FE Model (Clausen, Aage and Sigmund, 2014). Research to find optimal 
locations of these low relative density sections has been carried out as well (Hofmeyer 
and Davila Delgado, 2014a). Additionally, the efficiency of the implementation of 
strategy A can be improved by taking advantage of possible symmetry of the Building 
Spatial Design. 

9.3.2 Strategy A2: 3D Topology Optimisation 
The main merit of strategy A2 is that the resulting optimal distributions of relative 
densities have not been limited by predefined structural elements, but are solely due to 
structural optimisation and the boundaries of the spatial design. As above, the resulting 
optimal distributions of relative densities suggest structural designs, element locations, 
and element shapes, for example by A2.II.v in chapter 8, section 8.4.3, which can be used 
to devise better-performing structural designs. 

A promising characteristic of strategy A2 is that it can be used to process Building 
Spatial Designs that need not to be built up out of rectangular Spaces. Actually, any 
shape that can be reasonably approximated with (small) volume elements is suitable. 
This has been tested with cylindrical spatial designs (Hofmeyer and Davila Delgado, 
2014a), suggesting a cylindrical column grid as structural design. Note that the specific 
implementation of A2 used in this thesis can only be applied to overall rectangular 
Building Spatial Designs.    

The main limitation of the implementation of strategy A2 is that spatial 
inconformity occurs (chapter 8, section 8.3.3). A proposed solution is to include 
additional spatial constraints in the topology optimisation procedure, as mentioned in 
the previous section. However, different from strategy A, strategy A2 often shows spatial 
emergence (chapter 8, section 8.3.3), which could suggest Building Spatial Designs that 
allow better-performing Building Structural Designs (see simulation A2.II.v in chapter 8, 
section 8.4.3). 
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9.3.3 Strategy B: Structural Grammars, Topology Optimisation, and Spatial 
Feedback 
The main merit of strategy B, besides the merits of strategy A on which it is based, is that 
it additionally generates Building Spatial Design variants, which allow for accompanying 
Building Structural Designs that may have a significantly improved performance 
compared to Structural Designs based on the original Building Spatial Design. 

As it works cyclically, another merit is that it can be used to study the influence of 
(design process) procedures on the design instances (the procedure outcomes), and 
likewise the influence of procedures on other procedures (Hofmeyer, 2007). An example 
is given in chapter 8, section 8.5, where spatial feedback was shown to yield load 
dependent effects. 

The main limitation of strategy B is that the variety of Modified Building Spatial 
Designs takes place along narrow paths. For example, due to spatial feedback, Modified 
Building Spatial Designs mainly tend to decrease in height or to fragment apart. These 
deterministic effects could nevertheless be desired as well, as explained in the previous 
paragraph. A solution could be to experiment with alternative approaches for 
modification. For example, instead of deleting a Space, that Space could be merged with 
an adjacent Space. As such, structural mass is reduced (since less Architectural Elements 
are added), the total volume is conserved, however the number of Spaces is altered. 

Regarding efficiency, topology optimisation may not be needed to be employed in 
all cycles of a simulation. This is because in the intermediate cycles the optimal 
distributions are used only to generate the Modified Building Spatial Design. A 
promising example of a faster method is an adapted version of evolutionary structural 
optimisation (ESO), which has successfully been used in the implementation of strategy 
B (Hofmeyer and Davila Delgado, 2013a).  

9.3.4 Strategy C: Genetic Algorithms 
The implementation of strategy C can generate diverse variants of Building Spatial 
Designs, which is its main merit for early stages of the building design process, where 
diversity among design solutions is appreciated. Another merit is that the genetic 
algorithms can overcome local optima, which is not the case for gradient-based 
optimisation methods (e.g. topology optimisation) as used in strategies A, A2, and B. 

On the contrary, the main limitation of strategy C is the required simulation time. 
In comparison with strategy B, simulations using strategy C took remarkably more time. 
A solution is to use additionally procedural and heuristic methods (see chapter 2, sub-
section 2.3.3.2) to reduce the solution space. In case of the former, clustering algorithms 
in combination with genetic algorithms can be used to focus the generation of design 
solutions to promising areas of the solution space (Yin and Germany, 1993; Maulik and 
Bandyopadhyay, 2000; Hee-Su Kim and Sung-Bae Cho, 2001). In case of the latter, the 
generation of new design solutions can be guided by forcing the inclusion of designer-
developed design solutions for which performance is known in advance. 
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The current implementation of the procedure Kinematic Stabilisation is in some 
cases unable to generate kinematically determined Structural Designs. This is because 
the random generation of Building Spatial Designs may result in Spaces completely free 
in space. Note that the Kinematic Stabilisation procedure was not initially conceived to 
be used in combination with genetic algorithms and so it could be amended for the 
specific requirements of strategy C.  

9.3.5 Computational merits and limitations 
In this sub-section the merits and limitations with regard to the computational features 
of the implemented strategies are presented. Further developments are discussed as well. 

The merits can be listed as follows: (i) Seamless process. The BSO toolbox is a stand-
alone application, which does not need commercial software. Usability and efficiency are 
better than approaches in which several different applications are used. (ii) Portable. The 
BSO Toolbox has been designed platform independent, however, the current version has 
been verified to compile and run on Windows only. (iii) Relatively fast results. 
Simulation time depends on the strategy, the number of Spaces, and the number of 
divisions, however, for the simulations using strategies A and A2, the average simulation 
time is just around 6 hours, for strategy B this is 18 hours, and for the simulations using 
strategy C, 145 hours are used on average. (iv) Useful visualisation of results. The 
visualisation of optimal distributions of relative densities suggests structural designs and 
provides relevant information on structural behaviour. 

Conversely, limitations are: (a) Problem size. The strategies are limited by the 
maximum (DOF) size of the finite element model, which indirectly limits the size and 
complexity of the Building Spatial Design. (b) Processing bottle-necks. For strategies A, 
A2, and B, the most elaborate procedure is Topology Optimisation (P4 in chapter 4, 
figure 4.1), nevertheless, improvements in the Geometrical Redefinition (P22), 
Kinematic Stabilisation (P23), and Discretisation procedures (within P3) can represent 
significant reductions in simulation time as well. For the implementation of strategy C, 
the Kinematic Stabilisation procedure (within P2, chapter 7, figure 7.1) can be the most 
time demanding procedure, depending on the Building Spatial Design being processed 
(see also section 9.3.4). 

Further developments are: (1) Compatibility with Industry Foundation Classes 
(IFC). This dissertation is a proof of concept, and for practical reasons an in-house data 
model has been used, shown by the UML diagrams in figures 4.2, 5.2, 6.2 and 7.2. But 
therefore the strategies are not yet compatible with the Industry Foundation Classes 
(Liebich et al, 2013), which hampers communication between the strategies and other 
design support software. Note that the developed data models used in the strategies are 
not incompatible with the IFC standard and can be amended as such. (2) Improvement 
of Topology Optimisation speed. As mentioned before, the most expensive procedure is 
Topology Optimisation. Solution speed can be improved by better solving methods and 
parallel computing (e.g. Vemaganti and Lawrence, 2005; Aage et al, 2007; Wang, Sturler 
and Paulino, 2007; Amir, Stolpe and Sigmund, 2009). (3) Parallel and cloud computing. 
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The implemented strategies can be amended so that they can take advantage of parallel 
computing. That is either by adapting their procedures so these can run in parallel (e.g. 
by simultaneously using several processor cores), or by formulating an implementation 
that can make use of cloud computing (i.e. using several computers to process a single 
implemented strategy). 

9.4 Guidelines for practical and academic applications 

Related to practical applications, the strategies support the designer to explore a solution 
space and evaluate the design process outcomes. Technically, the working of the BSO 
Toolbox (and especially strategy B) can then be seen as co-evolutionary optimisation 
(Maher, 2000), where the spatial designs are equivalent to design requirements and the 
structural designs are equivalent to design solutions, i.e. in co-evolutionary optimisation, 
design requirements and design solutions both change and influence each other during 
design iterations. In this exploration of a solution space, it is likely that strategy 
procedures and settings should be able to be changed by user-intervention during the 
cycles or run, i.e. the user may think that a different procedure or even strategy is now 
more appropriate for a specific design instance. As such, the user is encouraged to 
exchange Building Spatial Designs (being input or output) between several strategies, 
and experiment with the settings, both possible in the current implementation. 

For academic applications, the procedures within strategies can be varied for 
different simulations and the resulting spatial and structural design evolution can be 
studied by means of the performance indicators. Also, using the same approach, the 
influence of selected procedures on the behaviour of subsequential procedures (via the 
performance indicators) can be studied as well. Because user-intervention does now not 
take place, the behaviour of the run could be similar to the behaviour of solutions of 
non-linear differential equations, i.e. the behaviour could show limit cycles, multiple 
equilibrium states, bifurcations, etc. (Khalil, 2002). An example is the equilibrium 
achieved after cycle 4 in simulation B.VI.c, figure 8.45. If these phenomena will occur, 
they should not be seen as a problem, but simply as part of the behaviour of a modelled 
design process. If the BSO Toolbox is used for these studies, it is important to note that 
this is not on supporting the design process, but on studying the design process and the 
fundamental relationship between spatial and structural design, more related to the 
domain of design theory. 

In the next chapter recommendations for further research and alternative 
applications of the implemented strategies are discussed. 
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10 

Further Research 

Further research should be primarily focused on taking into account other disciplines 
than structural engineering. For example, Strategy B can be extended to consider 
building physics aspects as follows: (i) in the current implementation Strategy B finds a 
locally optimal Building Structural Design for a Building Spatial Design (together a 
building design solution) in a so-called free design space. By formulating strategy B as 
Asymmetric Subspace Optimisation (ASO), building physics aspects can naturally be 
included in the optimisation process. (ii) If a prescribed design space is defined, then 
proven Pareto frontiers of optimal building design solutions can be found by a new 
optimisation method that combines gradient-based and evolutionary methods for multi-
objective optimisation (MEMO). (iii) Lastly, the methods above are combined into ASO-
MEMO, to take advantage of their unique benefits: If MEMO finds improvements of 
building design solutions found by ASO, these can be transferred to the building design 
solutions used in ASO. On the other hand, if MEMO receives a local optimal solution 
from ASO, this solution can be used to extend the prescribed design space of MEMO. 

The boundary conditions of structural mass distribution by strategies A (bounded 
within Structural Elements) and A2 (bounded only by the spatial design) can be further 
studied. This by defining universal (e.g. architecture, mechanical engineering, and 
industrial design) spatial requirements based on mereotopology. These spatial 
requirements are used for updated strategies A and A2 and an new strategy A3. This 
strategy A3 bounds structural mass within flexible boundaries via movable spaces, an in-
between approach between A and A2, and for this uses non-gradient optimisation 
methods. Comparisons among the strategies can produce knowledge on (i) the 
performance of the strategies given the defined spatial requirements; (ii) which spatial 
requirements are implicitly fulfilled by heuristic methods; (iii) whether better solutions 
are achieved if heuristic methods are not used; (iv) which strategies are promising for 
further research.  

During the development and application of strategy B, and based on previous 
research (Hofmeyer, 2007; Hofmeyer and Kerstens, 2008; Hofmeyer and Davila 
Delgado, 2013a), it has become clear that it can be used to study the building design 
process as well. For example, it allows to study (i) the influence of a selected procedure 
on the measured design evolution; (ii) the influence of a selected procedure on the 
behaviour of other procedures, measured by their effect on input and outcomes; (iii) the 
fundamental relationship between spatial and structural design, by finding correlations 
between their performance indicators. 
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Appendix A 
Glossary 

Building design instance Generic term used for the outcomes of the procedures 
of the implemented strategies, e.g. Building Spatial 
Design, Structural Topology, FE Model, etc. 
 

Building design process The process of creating a plan to realise a building. 
Early stages of the building design process refer to the 
initial parts of the process (for a description see chapter 
3, section 3.2.1). 
 

Building design solution 
 

A set of a spatial design of a building with its 
corresponding structural design. 
 

Building Spatial Design* An assembly of Spaces that describe the shape of the 
volume encompassed by a building. 

 

Building Structural Design* An assembly of Structural Elements with the objective 
to withstand loads, and for which a structural analysis 
can be performed. 
 

FE Model* A finite element model representing the Building 
Structural Design and for which a finite element 
simulation can be performed. 
 

Inconformity factor χi: Percentage of the number of Spaces infringed (Si) by 
structural volume allocated during topology 
optimisation divided by S, the total number of Spaces in 
a Building Spatial Design: χi = Si/S. 
 

Method A process with the lowest hierarchy level within an 
implemented strategy, i.e. a step is composed of 
methods. 
 

Modified Building Spatial Design* A spatial design resulting from the implementation of 
strategy B, which preserves the same volume and 
number of Spaces as the Building Spatial Design used as 
input, but with a different space configuration. 
 

Optimal FE Model* A FE Model for which the distribution of the relative 
density of its Finite Elements is optimal given 
prescribed boundary conditions and load case(s), see 
also optimal distribution of relative densities below. 
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Optimal distribution of relative densities Distribution of the Finite Elements’ relative densities 
for which the total strain energy of the Structural 
Design is minimal, given boundary conditions and load 
case(s). 
 

Procedure A process with the highest hierarchy level within an 
implemented strategy, i.e. a strategy is composed of 
several procedures. 
 

Relative density A unit-less scalar (between 0 and 1), which affects the 
stiffness of a Finite Element. It is an indication of the 
Finite Element’s contribution to withstand loading. 
 

Spatial feedback A set of procedures in strategy B (P6 and P7 in chapter 
6, sections 6.3 and 6.4). It is the modification of the 
Building Spatial Design so it accords better with the 
Optimal FEM Model. The Modified Building Spatial 
Design, resulting from this modification, is then fed 
back to the input of strategy B so a subsequent cycle can 
be carried out. 
 

Step A process with an intermediate hierarchy level within 
an implemented strategy, i.e. a procedure is composed 
of steps. 
 

Strategy A set of procedures to enable structural optimisation at 
early stages of the building design process. The 
implementation of a strategy is a computational tool 
that implements the procedures.   

 

Structural behaviour The displacements and stresses experienced by the 
structural design of a building given specific loads and 
boundary conditions. 
 

Structural engineering A branch of Engineering, which deals with the design 
and analysis of structural designs for buildings, so that 
strength, stiffness, and stability of the building is 
ensured. 
 

Structural Topology* The layout of a structure, an assembly of load-bearing 
Architectural Elements (walls, columns, beams, slabs, 
etc.), which represent the structural elements to be used 
to realise a building. 
 

  
* These terms also represent a data model used within 

the BSO toolbox. In the UML class diagrams and in the 
process diagrams these are capitalized. 
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Appendix B 

List of symbols 

A Area 

A1 Tributary area 1 

A2 Tributary area 2 

Aloaded Total area subjected to loads 

Asectional Area of the cross-section of a Structural Element 

|A| Length of line A 

B Matrix relating the internal strains and nodal displacements 

c(x) Strain energy, in chapter 4, equation 13 

d Depth 

newd  Depth of a newly generated finite element 

D Number of divisions for linear and planar Structural Elements 

Dlinear Load distribution factor for linear Structural Elements 

Dplanar Load distribution factor for planar Structural Elements 

Dx Number of divisions in the x-direction for Solids 

Dy Number of divisions in the y-direction for Solids 

Dz Number of divisions in the z-direction for Solids 

e Finite element identifier 

E Young’s modulus 

E Elasticity matrix 

f Finite element identifier for the mesh-independency filter, chapter 
4, equation 15 

f Nodal force 
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f Vector of nodal forces 

h Height 

newh  Height of a newly generated finite element 

k Iterator of finite elements in chapter 5, equation 20 to 22 

k Number of clusters, in chapter 4, equation 17 

kdrilling Drilling stiffness 

K Global stiffness matrix 

Ke Element stiffness matrix 

L Number of levels of the Building Spatial Design 

m Maximum limit to increase the relative density of a finite element  

n Number of iterations in the Topology Optimisation procedure 

n Null vector 

N Set of all finite elements 

O Optimisation factor 

p Penalisation exponent, in chapter 4, equations 12 and 14 

p Pressure caused by wind, in chapter 4, equation 4 

q Surface load 

,A Cq   Surface load adjacent to lines A and C 

linearq  Surface load acting on a line Structural Element 

planarq  Surface load acting on a planar Structural Element 

,p hq  
Surface load acting on a planar Structural Element caused by the 
horizontal wind load case 

,p vq  Surface load acting on a planar Structural Element caused by the 
vertical live load case 

minr  Distance of investigation of the mesh-independency filter 

rx Nodal rotation around the x-axis 
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ry Nodal rotation around the y-axis 

rz Nodal rotation around the z-axis 

s Scaling factor for Spaces 

sheight Scaling factor for Spaces for scaling only over the height 

S Set of values, in chapter 4, equation 17 

S Number of Spaces 

Sd Number of deleted Spaces 

Se Number of emergent Spaces suggested by the optimal distribution 
of relative densities 

Si Number of Spaces infringed by structural volume 

Sm Number of maintained Spaces 

S Set of sets of values, chapter 4, equation 17 

t Simulation time 

t Thickness of a Flat-Shell 

u Vector of nodal displacements 

ue Element vector of nodal displacements 

Uf Strain energy at the end of the Topology Optimisation procedure 

Ui Strain energy at the beginning of the Topology Optimisation 
procedure 

ux Nodal displacement in the x-direction 

uy Nodal displacement in the y-direction 

uz Nodal displacement in the z-direction 

v Poisson’s ratio 

V Volume of finite element, in chapter 5, equation 19. 

Vsp Spatial volume 

Vst Structural volume 
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w Width 

neww  Width of a newly generated finite element 

x Coordinate in the x-axis 

x Vector of relative densities, chapter 4, equation 13, 14, 15, 16. Also 
(unrelated): set of observations, chapter 4, equation 17. 

xe Relative density element e 

minx  Minimum limit to decrease the relative density of a finite element 

newx  Coordinate in the x-axis of a newly generated finite element 

y Coordinate in the y-axis 

newy  Coordinate in the y-axis of a newly generated finite element 

z Coordinate in the z-axis 

newz  Coordinate in the z-axis of a newly generated finite element 

αdirection   Direction of the wind with respect to the global coordinate system 

βcomponent  Relative direction of the wind loading the building 

ηtype  
Wind load factor taking into account wind type 

λ Lagrange multiplier 

μ Mean of values in a set S, chapter 4, equation 17. 

ρ Nodal force ratio 

σ Standard deviation of relative density values 

χe Spatial emergence factor 

χi Spatial inconformity factor 

i,j,k,l,m,n,o,p   Nodes of finite elements 
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Appendix C 
Simulations 

This appendix C presents additional simulations for comparison 1, which have not been 
presented in chapter 8. 

C.1 Simulations A and A2, application case I, vertical live loads 

 
Figure C.1 
Results and visualisation of the Optimal FE Model for A.I.v. 

 
Figure C.2 
Horizontal cross-sections at various heights of the Optimal FE Model for A.I.v. Top row displays all 
Finite Elements; bottom row displays only the 4 clusters of Finite Elements with the highest relative 
densities. 
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Figure C.3 
Results and visualisation of the Optimal FE Model for A2.I.v. 

 
Figure C.4 
Horizontal cross-sections at various heights of the Optimal FE Model for A2.I.v. Top row displays all 
Finite Elements; bottom row displays only the 5 clusters of Finite Elements with the highest relative 
densities. 
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Figure C.5 
Front views and vertical cross-sections of the Optimal FE Models A.I.v. and A2.I.v. 

 

Figure C.6 
Optimal FE Models displaying only the 5 clusters of Finite Elements with the highest relative densities 
for A.I.v. and A2.I.v. 
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C.2 Simulations A and A2, application case I, combined loads 

 
Figure C.7 
Results and visualisation of the Optimal FE Model for A.I.c. 

 
Figure C.8 
Horizontal cross-sections at various heights of the Optimal FE Model for A.I.c. Top row displays all 
Finite Elements; bottom row displays only the 4 clusters of Finite Elements with the highest relative 
densities. 
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Figure C.9 
Results and visualisation of the Optimal FE Model for A2.I.c. 

 
Figure C.10 
Horizontal cross-sections at various heights of the Optimal FE Model for A2.I.c. Top row displays all 
Finite Elements; bottom row displays only the 5 clusters of Finite Elements with the highest relative 
densities. 
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Figure C.11 
Front views and vertical cross-sections of the Optimal FE Models for A.I.v. and A2.I.v. 

 
Figure C.12 
Optimal FE Models displaying only the 4 clusters of Finite Elements with the highest relative densities 
for A.I.v. and A2.I.v. 
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C.3 Simulations A and A2, application case II, horizontal wind loads 

 
Figure C.13 
Results and visualisation of the Optimal FE Model for A.II.h. 

 
Figure C.14 
Horizontal cross-sections at various heights of the Optimal FE Model for A.II.h. Top row displays all 
Finite Elements; bottom row displays only the 4 clusters of Finite Elements with the highest relative 
densities. 
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Figure C.15 
Results and visualisation of the Optimal FE Model for A2.II.h. 

 
Figure C.16 
Horizontal cross-sections at various heights of the Optimal FE Model for A2.II.h. Top row displays all 
Finite Elements; bottom row displays only the 5 clusters of Finite Elements with the highest relative 
densities. 
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Figure C.17 
Front views and vertical cross-sections of the Optimal FE Models of A.II.h and A2.II.h. 

 
Figure C.18 
Optimal FE Models displaying only the 4 clusters of Finite Elements with the highest relative densities 
for A.II.h and A2.II.h. 
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C.4 Simulations A and A2, application case III, vertical live loads 

 
Figure C.19 
Results and visualisation of the Optimal FE Model for A.III.v 

 
Figure C.20 
Horizontal cross-sections at various heights of the Optimal FE Model of A.III.v. Top row displays all 
Finite Elements; bottom row displays only the 4 clusters of Finite Elements with the highest relative 
densities. 
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Figure C.21 
Results and visualisation of the Optimal FE Model for A2.III.v. 

 
Figure C.22 
Horizontal cross-sections at various heights of the Optimal FE Model of A2.III.v. Top row displays all 
Finite Elements; bottom row displays only the 5 clusters of Finite Elements with the highest relative 
densities. 
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Figure C.23 
Front views and vertical cross-sections of the Optimal FE Models of A.III.v. and A2.III.v 
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C.5 Simulations A and A2, application case III, combined loads 

 
Figure C.24 
Results and visualisation of the Optimal FE Model for A.III.c. 

 
Figure C.25 
Transversal sections of the three levels of the Optimal FE Model for A.III.c. Only the 4 clusters of 
Finite Elements with the highest relative densities are displayed and the Finite Elements at the 
horizontal Areas (ceilings) are not shown for clarity. 
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Figure C.26 
Results and visualisation of the Optimal FE Model for A2.III.c. 

 
Figure C.27 
Front views and vertical cross-sections of the Optimal FE Models for A.III.c and A2.III.c 
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Appendix D 
BSO Toolbox and Dexen 

In this appendix D the organisation of the source code of the BSO Toolbox is presented, 
and the interaction between the BSO Toolbox and Dexen is addressed as well. 

D.1 Code organisation  
The code of the BSO Toolbox can be considered to consist of 5 modules: 1 visualisation 
module and 4 data processing modules. Figure D.1 depicts the modules and their 
relationships. Note that the modules are not explicitly coded, however their 
implemented functions are, as presented in figure D.1 with directories and source code 
files. The visualisation module, in addition to visualise 3D models, takes care of user 
interaction and management of the functions. 

Figure D.2 illustrates the interaction between the BSO Toolbox and Dexen, in 
which it can be observed that the Dexen has two modules that interact with the BSO 
Toolbox, i.e. Population development and Ranking, deletion and reproduction. The 
module Population development interacts with the BSO Toolbox module Initialisation, 
via text files, to develop the initial Population of Individuals and the new reproduced 
Individuals. The FE analysis and optimisation module sends the performance scores, via 
a text file, to the Dexen module Ranking, deletion and reproduction. Note that a reduced 
version of the BSO Toolbox has been compiled to interact with Dexen, as shown by the 
unused modules in figure D.2. 

The source code of the BSO Toolbox has been compiled with the GNU GCC 
compiler, version 4.7.1 (Free Software Foundation and GCC steering committee, 2014). 
The graphical user interface and visualisation is implemented in OpenGL and GLUT 
(Kilgard and Robins, 2014). Dexen needs the Python interpreter 2.7 and, for the 
graphical interface, PyQT (Riverbank Computing Limited, 2014). 

The source code directories and the main source files of the BSO Toolbox are listed 
in table D.3, including a brief description of the embedded functions. Note that the C 
standard library, C++ standard library, and GLUT toolkit are needed throughout the 
program, however for clarity they are not included in table D.3. Table D.4 presents the 
main source code directories and files of Dexen, including descriptions of their 
purposes. Regarding the UML diagrams of the data models (figure 4.2, 5.2, 6.2, and 7.2), 
table D.5 lists the main classes of the implemented strategies with their corresponding 
location in the source code. 



184 
 

 
Figure D.1 
Diagram illustrating the overall structure of the BSO Toolbox including the source code files. 
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Figure D.2 
Diagram illustrating the relation between the overall structure of the BSO Toolbox and Dexen. 
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Table D.3 
Source code directories and files of the BSO Toolbox, including descriptions of their purposes. 

Location File(s) Description

main.cpp Generates the Structural Topology
MaterialProperties.cpp
MaterialProperties.h

Loading.cpp
LoadingHeader.h

4-1_Structure.cpp
4-1_Structure.h
4-2_smGen.cpp Generates a FE model and calculates the null space

4-3_TrussAdd.cpp
Functions related to the addition of trusses for 
stabilisation

4-4_BeamAdd.cpp
Functions related to the addition of beams for 
stabilisation

4-5_FlatShellAdd.cpp
Functions related to the addition of flat-shells for 
stabilisation

FEM.cpp
FEMHeader.h
mesh.cpp
MeshingHeader.h
Optimization.cpp
OptimizationHeader.h

TopOpt.cpp
TopOpt.h

OOStoNSD.cpp
OOStoNSDHeader.h

bsp.cpp
bsp.h
bsp_internal.h
camera.cpp
camera.h
FEM_model.cpp
FEM_model.h
main.cpp Initiates the graphical interface, starts the simulation, 

generates a directory per each simulation cycle and 
saves results files in the corresponding directories

model.cpp
model.h

objects.cpp
objects.h
OPT2_model.cpp
OPT2_model.h
OPT_model.cpp
OPT_model.h
setofrooms_model.cpp
setofrooms_model.h
structop_model.cpp
structop_model.h
viewport.cpp
viewport.h
viewportmanager.cpp
viewportmanager.h

Functions to correctly render overlapping translucent 
polygons

General functions to generate the polygons for the 
visualisation models

General functions to generate the visualisation models

Generates the visualisation model of the Intermediate 
Building Spatial Design and of the Modified Building 
Spatial Design

Generates the visualisation model of the Reduced FE 
Model

Determines the position and orientation of the camera, 
and implements the rotation of the visualisation models
Generates the visualisation model of the FE Model

NSDesign_Model.cpp 
NSDesign_Model.h

Generates the visualisation model of the Optimal FE 
Model
Generates the visualisation model of the Building 
Spatial Design
Generates the visualisation model of the Structural 
Topology
Generates the viewports (sub-windows) of the graphical 
interface
Generates the main window of the graphical interface, it 
also manages the viewports

../…..Visualization/

Performs the finite element simulations

../…..TopOpt/

../…..OstoNSD/

Subdivides the Structural Elements into Finite Elements 
and distributes the applied loads on the Nodes
Groups the  Finite Elements into clusters and deletes the 
predetermined number of clusters

Performs topology optimisation

Deletes Spaces with the most deleted Finite Elements, 
and scales and subdivides the Building Spatial Design

../…..FEM_Module/

Source/ Defines variables to be used throughout the simulation, 
values are taken from A_00_RE_Settings.txt

../…..GeoRedefinition/

../…..Loading/

../…..Stabilization/

GeoRedef.cpp 
GeoRedefHeader.h

4-0_StabilizeStruc.cpp   
4-0_StabilizeStruc.h

Performs the geometrical redefinition of the Building 
Spatial Design to determine loaded areas, and of the 
Structural Topology to ensure a conformal geometry

Assigns loads to Structural Elements produced by the 
vertical live and the horizontal wind load case 

Initiates the procedure, prescribes additions of 
Structural Elements, and checks if the Structural Design 
is kinematically determined.

Classes and functions of the entire Structural Design
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Table D.4 
Source code directories and main source code files of Dexen, including brief descriptions of their 
purposes. 

 
Table D.5 
Main classes implemented in the BSO Toolbox and their location in the source code. 

 

Location File(s) Description

constants.py Defines settings for the simulations, e.g. population size 
and evaluation sample. Defines size and type of the 
Genotype

individual.py Defines the class individual and the functions to perform 
the reproduction of individuals

master_task.py Calls the development, evaluation and feedback 
functions

dev_tasks.py Generates the random Genotype
eval_tasks.py Functions to write the input file for evaluation, to 

execute the BSO Toolbox, and to read in the 
performance scores

feedback_task.py Functions related to the ranking and selection of 
individuals to be reproduced and deleted

Source/

../slave_tasks/

Class Location

Space Source/main.cpp/class Room

Architectural Element (Truss, 
Column, Wall, and Slab)

Source/main.cpp                                                                                        
(not stored in any data structure, they are directly outputted to 
A_01_Grammars.txt from the array of Points <MatrixXd> cube)

Structural Element (Truss) ../…..FEM_Module/MeshingHeader.h/class CIElement

Structural Element (Beam) ../…..FEM_Module/MeshingHeader.h/class CIBeam

Structural Element (Wall and Slab) ../…..FEM_Module/MeshingHeader.h/class CIQuad

Structural Element (Brick)* ../…..FEM_Module/TopOpt3D.h/class TOPRoom

Finite Element                                            
(FE Truss, FE Beam,FE Flat-Shell, FE 
Solid)

../…..FEM_Module/FEMHeader.h/class CElement                              
(the different Finite Elements are distinguished by their 
number of Nodes)

Optimal FE
../…..FEM_Module/Optimization.cpp                                                        
the Finite Elements and its relative density are stored in: 
vector< map< vector<int>, double > > ALLTopOptElements 

Deleted FE
../…..OstoNSD/OOStoNSD.cpp                                                                                                             
stored in: vector<OSFlatShell> OSAllFlatShells and in 
vector<OSBeam> OSAllBeams

Deleted Space
../…..OstoNSD/OOStoNSD.cpp                                                                                                            
stored in: vector<COSRooM> OSRoomsToDelete

Maintained Space
../…..OstoNSD/OOStoNSD.cpp                                                                                                            
stored in: OSRoomsToKeep

New Space
../…..OstoNSD/OOStoNSD.cpp                                                                                                            
stored in: vector<COSRooM> OSNewRooms2

* Found only in the source code for the implementation of strategy A2
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D.2 Code execution 
This section describes the BSO Toolbox and Dexen by means of sequence diagrams, 
which illustrate in a chronological order the main functions at work in a run of the BSO 
Toolbox (figure D.7) and Dexen (figure D.8). In the sequence diagrams, the rectangles at 
the top represent source code files, the vertical dotted lines are time axes. The labelled 
arrows represent function calls. Filled arrow heads represent synchronous calls and open 
arrow heads represent asynchronous calls. Function return calls are represented by 
dotted lines arrows. 

For the BSO Toolbox, figure D.7, the user presses the space bar to start the 
simulation, after which the graphical interface, managed by GLUT, starts an entirely 
synchronous run. At the end of the run, the function GenerateNewRooms() returns to 
the graphical interface and the user can decide to perform a subsequent run. 

Simulations via Dexen and the BSO Toolbox are presented in figure D.8. In this 
case the user has to connect to the so-called Dexen Server, which will manage the 
simulation, and selects a directory containing the required input files. Hereafter, the 
Dexen Server will set up a number of Dexen Clients, for which different functions, i.e. 
_development(), _evalFEA(), or _feedback(), can be assigned. These functions are 
asynchronous, which means that they can run in parallel. If a Dexen Client is assigned 
with an _evalFEA() function, then the client executes the BSO Toolbox as shown. Note 
that as such, several instances of the BSO Toolbox may run in parallel as well. 

 Lastly, table D.6 correlates the functions depicted in figures D.7 and D.8 with the 
procedures of the implemented strategies as shown in chapters 4 to 7, figures 4.1, 5.1, 
6.1, and 7.1 respectively. 

 
Table D.6 
Procedures of the implemented strategies and their corresponding functions in the C++ code, 
functions are illustrated in figures D.7 and D.8. 

Procedure Function

Generate Spaces P0 spatStructTrans()

Structural Grammars P1 spatStructTrans()

Materials Definition P21 FEMAnalysis()

Geometrical Redefinition P22 GeoRedefinition()

Kinematic Stabilisation P23 Kinematic Stabilisation[initStruc(), nextAdjusment(), endSS()]

FE Model Pre-processing P3 Loading(), MeshingLoading(), and FEMAnalysis()

Topology Optimisation P4 TopOpt()

FE Deletion P5 Optimization()

Space Deletion P6 OStoNSD()

Scale and Subdivide P7 OStoNSD()

Development of Random 
Population C0

_development()

Ranking Elimination 
Reproduction C1

_feedback()
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Figure D.7 
Sequence diagram illustrating a run of the BSO Toolbox. 
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Figure D.8 
Sequence diagram illustrating a run of Dexen and the BSO Toolbox. 
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Four strategies have been developed that enable building structural design generation and 
optimisation, including spatial modification, at early stages of the building design process, 
and using a systematic and automated approach. The first strategy A uses a spatial design 
to generate a structural design. Within the boundaries of the structural elements, structural 
mass is distributed by topology optimisation for minimal total strain energy. Second strategy 
A2 transforms a spatial design completely in structural mass. Within the boundaries of this 
complete spatial design, structural mass is distributed by topology optimisation for minimal 
total strain energy. The third strategy B follows strategy A first, however allows systematic 
modification of the spatial design as function of the topology optimisation results. This modi-
fied spatial design is restored with respect to spatial requirements (i.e. volume and number 
of rooms) and used as renewed input, which results in a co-evolutionary design process. The 
fourth and last strategy C allows random modification of the spatial design, with restored spa-
tial requirements, and random variation of the structural design, using a genetic algorithm that 
reproduces designs with low total strain energy and low structural volume. 

All strategies have been implemented, applied to academic building spatial de-
signs, and compared. Strategies A and A2 show that for vertical loads topology op-
timisation is equally efficient for all building heights, whereas for horizontal loads it 
is more efficient for taller buildings. Distributing structural mass over the complete 
spatial design automatically creates structural designs, which however infringe 
spaces of the spatial design. Systematic spatial modification can be as effective as 
topology optimisation in lowering total strain energy, but its (implemented) effects 
are load type dependent. Random variation by genetic algorithms provides many 
design alternatives, however converges very slow and non-directly compared to the 
other methods. Best results of systematic and random variation can be compared. 

All four strategies demonstrate that entire structural designs (in-
stead of individual elements) can be optimised, design variants 
can be provided via real design process and evolutionary based 
rational and automated strategies, and spatial modification –by 
space deletion, scaling, and subdivision, or by random variation– 
increases the generation and optimisation possibilities for the 
structural design.

A real design process of a constructed building has been simulated us-
ing strategy B. The latter shows, among useful design variants, a reducing 
building height and defragmentation due to spatial modification, leading 
to reduced total strain energy. However, spatial modification on the level of 
detail of the real design process cannot be found, for the spatial inconfor-
mity factor, measuring space infringed by structural mass, is not part of the 
optimisation. 
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