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PREFACE 
 
Automation in the design process is a challenging 
matter. On the one hand, there are certainly tenden-
cies that call for computational support. Techniques 
are progressing rapidly, the building design process is 
becoming more and more complex and so are the 
demands and the possibilities that the building 
engineer is facing. 
 At the Eindhoven University of Technology, 
an ongoing research creates a Research Engine that 
simulates the integral architectural and structural 
design process through cyclic optimizations that take 
place on both of the fields. For this purpose, the 
translation from spatial to structural design and vice 
versa, as well as optimization protocols on both 
subjects must be automated. 
 Before structural optimization can take place, 
it must be ensured that the provided structural system 
is stable. As unstable systems are expected to show up 
in the process of spatial to structural transformation, a 
method must be developed that enables automated 
stabilization of unstable systems. It is the objective of 
the research StabilizeStruct, to develop such a method. 
 
On the other hand, on more than one occasion 
justification was demanded on the validity of the 
research by persons who are not involved in the 
project. By what right can a creative process be auto-
mated? Even worse: optimized? Can the engineer be 
substituted by a program, will its solutions exceed his 
in intelligence? 
 The answer, of course, is no. Immediately, one 
wants to know what the significance of the project 
may  be in that case. It is not an easy process to 
objectify intuition, and the usefulness of its products is 
doubtful – if the intuitive assessment of a design 
problem is certain to be better. 

 
The author takes on the point of view that automation 
cannot perform the tasks of an engineer, of a designer. 
It can however very well aid him in his search for 
solutions to design problems.  

Since a computational method depends on 
formal rules only and is devoid of preset inclinations to 
solutions that were proven viable by experience, it 
appears to be the perfect complement of the human 
mind. Its ‘suggestions’ will not provide the integral 
solutions necessary for a high quality response to a 
given problem, but it may certainly open doors to 
options that were not conceived by its user. 

Now, the procedure no longer needs to per-
form flawlessly, incorporating every possible aspect 
that may be of influence to the usefulness of its 
output. It can be judged on its ability to produce data 
that lies close enough to the user’s issue at hand to 
inspire him, and lies far enough to evoke new concepts 
on the matter. 
 
These simple conditions have already proven to be 
valid for the few steps towards automated stabilization 
that were taken during this research. 
 

The Research Engine 
 
Currently the first phase of the Research Engine Cycle 
is under development. So far, four steps have been 
generated. The sum of the steps aims to achieve a 
translation from a spatial design into a structural 
design. At each step, one type of model is translated 
into a slightly different model, working towards the 
final objective.  

For each of the four steps, a program has been 
written in C++. These programs have individual 
algorithms und function as completely separated 
procedures. They communicate with each other by 
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means of text files, that contain the necessary geomet-
rical data of each of the intermediate models. The 
programmatic implementation has implications for 
results and encountered problems and will determine 
the range of input problems for which a stabilization 
procedure is sought. 
 
The spatial design that the Research Engine has as 
input is defined as a collection of rectangular volumes 
(rooms) that lie orthogonal in the Cartesian Coordi-
nate System (CCS). In the input file, each of the rooms 
is specified as the coordinates of its base (corner with 
lowest coordinate values) and its size in global X-, Y- 
and Z-direction respectively. No conditions as to the 
relation between the rooms exist. From the collections 
of rooms, in the first step zones are sought. Like the 
rooms, zones are rectangular volumes that lie or-
thogonal in the CCS. They can consist of one or more 
rooms. By this procedure, called zoning, rooms are 
combined into zones, so that larger and less volumes 
are used to generate the structural design. The proce-
dure chooses a possibility of as few zones as possible. 

In the second step, for each of the zones a 
structural design is generated, using transformation 
rules. Stability is not regarded at this stage. since it 
would imply that for every individual zone a stable 
topology is generated, which can lead to an excess of 
elements. Especially for larger designs, the issue of 
stability should not be solved locally, but globally, in 
which many unstable zones are fixed through connec-
tion to a few stable zones. 
 Since corners of adjacent zones do not 
necessarily meet, in the third step the structural 
topology is adjusted so that all required connectivity is 
ensured. In this procedure (called geometrizing), 
elements are split, when necessary, so that key points 
of adjacent structural elements coincide. The model 

that is given as output by this step, is used as input for 
the procedure of automated stabilization. 
 
In the fourth step, the degree of instability is derived. 
In effect, this step does not alter the model and its 
contribution to the process is that it returns data on 
the system’s mechanisms. Therefore, it has been 
chosen to incorporate instability recognition in the 
process of automated stabilization. The latter will 
substitute the current procedure as step four. Its 
output will be a stable adaptation of the output of step 
three. 
 

Finding Instability 
 
On the problem of the analysis of kinematically 
indeterminable structural topologies, only a very 
limited amount of information can be found in 
literature. In the use of the Finite Element Method it 
is assumed that normally an input system is stable. If 
not, the engineer should be able to solve the problem 
easily. Making a structure kinematically determined is 
a design problem: commonly several solutions exist 
and only the structural engineer’s experience and 
preferences will determine the final design. The only 
encountered procedure that is built into a FE program, 
is by suggestion of constraints, yielding highly improb-
able solutions.  
 
In the field of dynamics, free body motions (modes of 
a kinematically indeterminable structure) need not be 
a problem if dynamic behaviour is analyzed. The field 
provides a solution to determine the modes by means 
of a system’s nullspace.  

This information is helpful when a method is 
developed that allows for automated stabilization 
through addition of elements (in stead of constraints). 
(HH, 2009). Based on this theory, a method is pro-
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vided, that enables instability analysis for systems built 
up from Truss, Beam and FlatShell elements. 
 

Automated Stabilization 
 
The research StabilizeStruct has a double objective: a 
method is developed by which an unstable system can 
automatically be stabilized, and through implementa-
tion into a computer program – compatible to the 
previous implementation for the Research Engine – 
the method becomes systematically applicable. 
 Its development starts from scratch: no 
known existing procedures to face the problem exist. It 
has proven to be necessary to narrow down the range 
of application, to keep the issue graspable. The strate-
gies that were found to enable automated stabilization 
are limited in their applicability and the quality of the 
results is shown to be uncertain. 
 However, the implementation is built up 
from modules that assess various aspects of the 
stabilization procedure individually. It will be possible 
to improve these aspects individually, without major 
alteration to the other parts of the method. The 
weaknesses of the research’s product are demonstrated 
by test cases; its causes are derived and recommenda-
tions are formulated to develop the method’s applica-
bility. 
 
Yet, in spite of its limitations, already the program 
yields surprising solutions. For certain problems – 
block-shaped volumes that are solved through Truss 
element addition – the results are often certainly 
structurally realistic.  

The visualization program that was written 
especially for the project must be credited for its high 
value to the research. It enables immediate interpreta-
tion of the stabilization process’ results. On many 
occasions demonstrations of the program were fol-

lowed by strong discussions. It instantly yields ques-
tions on the correctness of the method and suggestions 
for alternative strategies. 
 
All in all the project can be considered successful. It 
was possible to produce a working method and 
implementation to solve instability through the 
addition of elements. The recommendations face the 
most important issues that are brought up by the 
procedure’s limitations. Additionally, the many 
conversations on the subject have shown that the 
product makes the subject of automated stabilization 
very accessible, even to people who have no experience 
in the matter. 
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chapter 1.1: INTRODUCTION TO PROBLEM 
 
 
 
 
The building design process is becoming increasingly complex, due to the expansion of possibilities and demands. In its 
early stages, high skills are required of engineers since decisions have the largest effect at the lowest cost, while the 
problem at hand is ill-formulated. Later on the problems become better defined, but more complicated due to the 
interrelation of all different fields that are involved in the design. It is generally recognized that computational assis-
tance in the design process can be of great benefit, especially for complex assignments.  

Much research is done on building design. Its processes and products are analyzed, evaluated and compared, 
tools are provided that make existing information accessible or automate optimization or generation of solutions. On 
the other hand, questions are raised on the validity of automation in design, since creativity cannot be computed. The 
scope of research and discussion on automation are discussed in paragraph 1.1.1. 
 
The same paragraph deals with a Research Engine, that was previously proposed to simulate interdisciplinary building 
design through a completely automated procedure. The engine adjusts a design stepwise through transformations and 
optimizations. It can be both reflective (analysis of design process) and innovative (explore new boundaries). A method 
has been proposed to modify a spatial design with regard to structural requirements. In order to enable the transfor-
mation from a spatial design to a structural design, it is necessary to ensure that the model representing the structural 
design as a result of the transformation fulfils certain requirements. One of these is that the system is stable. 
 Since the Research Engine is to run independently, it is necessary to ensure stability through an automated 
process. There are different kinds of instability, some of which yield unsolvable problems, while others don’t. It also 
depends on the kind of analysis. These are discussed in paragraph 1.1.2. It is specified for which type of instability 
problems exactly an automated solution method needs to be found. 
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paragraph 1.1.1: Research on the Integral 
Architectural and Structural Design Process 

 
Growing Complexity of the Building Design Process 

 
The process of ‘designing’ applies to projects that 
concern a new and unique problem, for which conse-
quently no solutions yet exist. It is a creative process, 
not of working from a problem towards a solution, but 
the exploration of problem and solution space (the 
collection of valid solutions) simultaneously, since a 
newly formulated issue itself must be studied and new 
issues arise in the process of finding and evaluating 
possible options. [Maher] 

According to this definition, design skills are 
exactly what is needed at the various stages of the 
building design. In the conceptual phase the problem 
is ill-defined, all decisions made have a maximum 
effect on the final result (approximately 70% - 80%) 
and at the lowest cost. [Guidon, Rafiq 2008-1] There-
fore it is very interesting to gain insight in the range of 
solutions, their qualities with respect to the specific 
problem and the possible difficulties that they may 
yield. At later stages the range and influence of deci-
sions become less and the project definitions appear to 
be more accurate, but the problems become more 
complex because in-depth integral solutions must be 
found and engineers need to recognize issues that were 
unimportant or overlooked at earlier stages. 
 
However, the design process is becoming increasingly 
complex [Leaman, Gray]: 

1. More complex structures 
2. More complex conditions (increase of wealth 

and knowledge) (laws on safety and health, 
economical pressure, ecological impact) 

3. More complex building teams 

4. Wider scope of possibilities (building materials, 
products, calculation methods) 

 
Due to this growing complexity that a designer has to 
face, it is generally acknowledged that there is need for 
tools that support the designer to explore the solution 
space and evaluate its outcome. [Austin, Camelo, Chou, 
Eiluti, Isikdag, Krish, Nelson, Rafiq, 2003, Zang] There 
are basically three levels in which research supporting 
the design process is done. At the highest level, the 
field of Architecture, Engineering and Construction 
(AEC) as a total is considered, at the next level the 
design process for a specific project and at the lowest 
level exploration of the solution space for a given (ill-
formulated) design problem. In this context, ‘design’ 
and ‘design problem’ refer to designs of different types 
for the same assignment – e.g. spatial designs, struc-
tural designs, et cetera made for the same project.  
Now each of these levels will be specified. 
 
Research on the highest level enables comparison 
between design processes or investigates how informa-
tion of precedents in the field can become accessible in 
future projects. An example of the first is given by 
[Nelson, Shah], which set up metrics to evaluate the 
quality of the design process. It enables both compari-
son of various processes by the same designer and of 
designers with each other. The second is illustrated by 
the Visualized Earned Value Management proposed by 
[Chou]. It consists of collection, interpretation and 
evaluation procedures by which projects’ data is stored 
in Data Warehouses and returned as information for a 
new design problem. 
 The building design process – the second level 
– is aided through investigation of its interdisciplinary 
character: relation between parties, information flows, 
data characteristics, execution order. The AEC domain 
is highly fragmented, due to specialization of each 



growing complexity of building process:: (a) more complex structures - Milau Bridge by Norman Foster spanning [netdesignshow.com]; 

(b) more complex conditions - demands to a building’s performance [dybron.nl]; (c) more complex building teams [scia-online.com];       

(d) wider scope of possibilities - 10 mm thin glass cupola spanning 8,5 m by Werner Sobek [wordpress.com]

fi g. 01:
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discipline according to its functional concerns, as 
formulated by [Isikdag]. The author states that collabo-
ration involves the ability of the various parties to work 
on their part using their own particular ways of 
working whilst being able to communicate with the 
other participants to bring about a common objective, 
i.e. the design of a building. Studies that aim to 
improve the design process, on one hand suggest 
representation models of the process itself. Such 
encompasses the hierarchy of parties, their influence 
on each other’s work and time management [Austin, 
Isikdag]. On the other hand, research specifies, classi-
fies and ranks the kind of data requested by each of the 
parties of a design team. They do so by assessment of 
information representation [Heisig, Bates-B] and 
proposals for an integral development space in which 
multiple parties (with different requirements) can 
work simultaneously. It enables engineers to gain 
insight through the evaluation of precedents and 
organize the process of a running project. 
 Where the previous two levels demand a 
systematic approach – the scale of a design process is 
more than an individual can grasp – exploration of the 
solution space – the third level – is normally done 
intuitively and thus randomly. A designer uses his 
knowledge, experience and inclinations to evaluate, 
explore and address a given problem. However, he may 
wish to use external input in order to expand the 
boundaries of the solution space. 

The exploration of solution space falls apart 
into three activities: definition of its boundaries, 
expansion of the zones under consideration and 
investigation of the solutions provided by these zones. 
The first consists of the formulation of the boundary 
conditions: development of the problem definition. 
The second is the selection of those solutions that will 
be considered. It is impossible to take into account all 
possible options in the solution space, because it 

provides an infinite number of valid options. Options 
that are alike should be represented by one alternative, 
covering a ‘radius’ of solutions that are not fundamen-
tally different. Then, because the number of zones will 
still be countless, those zones that are actually consid-
ered depend on the method a designer uses to find the 
zones. Finally, if a selection is made of valid solutions 
that are fundamentally different, evaluation enables 
the designer to reconsider the problem definition and 
the solutions must be compared to each other to make 
a choice on the most satisfying design. [Krish] 
 There are various ways for a designer to 
complement his abilities to explore solution space. It is 
common practice to regard examples of established 
projects. However, such a research on references is 
limited to designs that are either well-known or 
accessible to the designer or his own. Use of knowledge 
databases, that are populated though precedent-based 
knowledge recycling methods, enables him to widen 
his scope. [Chan, Eiluti] 

On the other hand there are methods to ex-
plore possibilities beyond the scope of existing solu-
tions. A designer can be inspired by concepts that lie 
outside his field of work entirely – such as biology 
[Helms, Linden] and mathematical patterns [Balmond] 
– or survey the solution space entirely devoid of 
paradigms – with consideration of the boundary 
conditions only. As a person cannot simply ban 
knowledge from his considerations, for the latter a 
computational method is needed. The algorithms that 
are most in use are those based on either the Genetic 
Algorithm or Generative Design. [Man, Rafiq 2008-2, 
Krish] 
 
The wide range of research on the design process in 
the field of Architecture, Engineering and Construc-
tion enables engineers to understand the process and 
anticipate difficulties that may occur. Also, it provides 
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tools to explore the solution space in the various stages 
of the process and to manage a project. With respect to 
these facilities provided to engineers, in stead of the 
above distinction in levels, research in the field of AEC 
can also be categorized into three types: (1) descriptive 
research that formalizes the data of design processes, 
(2) generative research that enables generation of 
solutions – through translation or optimization – and 
(3) the support of multi-disciplinary design processes. 
[Hofmeyer, 2007] 
 

Design automation debated 
 
Development of a building design – transformations 
(e.g. spatial to structural design), interaction between 
parties and optimization with respect to various 
aspects – is a creative process. Intrinsically creativity is 
possessed by persons, it cannot be automated. So what 
right of existence does an automation of design 
activities have? It seems to place at risk the jobs of 
people who are responsible for the process, while 
reasonable doubt can be placed to the quality of such 
automated output. For example: how is an optimum to 
be found when many factors are involved? Every aspect 
can be weighed, but it is a well-known metaphor that 
in an integrated design, the whole is worth more than 
the sum of its parts. There are various researches that 
recognize that currently automated processes are rarely 
used in the conceptual stage of the design process. 
[Krish, Man, Rafiq 2003, Zang] 

The key to successful automation is to sup-
port the creator in his process, not to replace him. 
[Scherer] In stead of a threat, such a tool must be an 
opportunity to reach new heights. Research on the 
ethics in Information Technology recognizes that the 
way systems are organized and operate affect a person’s 
comfort, that dignity for a person has the power to 
encourage him to flourish and that this can be enabled 

by the removal of obstacles and provision of possibili-
ties. [Dillon] It is reasonable to assume that, apart from 
the method and its implementation, also its represen-
tation and adaptability to specific desires are of funda-
mental value to the usefulness of a tool. In other 
words, for a design automation method to be suppor-
tive, interaction is fundamental. [Camelo, Michie] 
 
In certain cases, an engineer has reason to believe that 
exploration of solution space outside his imagination 
may give him leads towards solutions that are of great 
advantage to the project he is working on. For two 
reasons, only in such cases is he willing to employ a 
method that automates the work he normally does 
himself: to a certain extent he will lose control of the 
process and effort is needed to learn how to work with 
such a tool. An automated procedure’s usefulness 
depends on three conditions: satisfaction of the user’s 
demands, controls to manage the process and accessi-
bility. 
 Satisfaction of demands concerns the proce-
dure itself, but also the content of a model (collection 
of data) and its representation are fundamentally 
important with respect to a user’s demand. Computa-
tion allows for the generation of an enormous amount 
of data, of which only a selection is interesting regard-
ing a certain field – e.g. structure, installations, con-
struction management – and at a certain phase – e.g. 
conceptual, preliminary, final, construction – of the 
building design process. For the tool to be helpful, it 
must give that information that aids the user in his 
design process, and leave out information that makes it 
hard for him to interpret the results. [Krish] 

An engineer can have control over an auto-
mated process, because he delivers the input, decides 
on the variables that a method uses and evaluates the 
output. In comparison to design by hand, only the 
aspects on which the he has total control vary. In the 
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design by hand, he influences the development of the 
solution completely, but he can only explore a narrow 
scope of options, due to his knowledge, experience and 
preferences. A program may generate a wide scope of 
solutions based on the boundary conditions only, 
beyond the imaginations of an engineer, but he cannot 
control the establishment of the solution. Consent is 
only possible if the engineer’s restrictions are accept-
able and his own value for the design is evident. Such is 
illustrated by the generative CAD based design explo-
ration method proposed by [Krish], of which the 
product must be further developed by the user. Its goal 
is to assist human designers to explore a larger range of 
design problems than what is manually possible. The 
method reduces the viable design space by returning a 
set of distinctive designs. It shows how important the 
engineer is for the entire process of which the genera-
tive design method has become a part. 
 Accessibility of a method largely depends on 
skills that are not necessarily linked to design activity 
itself: understanding of the interface, being able to 
generate models and in some cases programming. 
Engineers must invest in these kind of skills. They 
must work precisely and disciplined as unrecognized 
errors may yield bad results. [Krish, Moum] However, 
it is sometimes hard to predict the effort that is needed 
before an aspired result has been reached. Such is 
especially the case for tools that are only used inciden-
tally – e.g. for specific large projects – that a designer is 
not experienced with. Since the user will estimate the 
chances of failure and success before and during 
application of a tool, it is important to make under-
standing and use as easy as possible. The more accessi-
ble a tool, the wider its range of probable application. 
 
Because of the combination of specifics concerning 
demand, control and skills, it is very hard to provide a 
generally applicable tool, that gathers, generates and 

delivers information. The wider the scope it encom-
passes, the more complex its employment, restricting 
its applicability to very complex projects. Another main 
difficulty is that of providing central information, that 
can be used by many parties. “Information” implies 
that the sender and receiver assign the same meaning 
to the data transferred. Finding a representation that is 
generally applicable necessitates institutionalization of 
the interpretation of data. However, design informa-
tion embedded in precedents is mostly unstructured 
data. [Eilouti] Again, it is questionable if the demands 
to the skills of the users does not exceed the advantage 
of an instrument’s service.  

It can be said that to ensure usefulness of 
automation in the design process, a method can range 
from covering a very specific problem (and be easy to 
use) to handling a very complex problem through an 
integral approach (and be useful for only one or a few 
specific assignments). Moving up the scale increases 
the effort needed to put it to practice, moving down 
the scale compromises its scope. Providing both is 
impossible. [Scherer] 
 
There are certain risks involved when using automated 
procedures. Secondly, the quality of the results cannot 
be taken for granted, because there are many faults 
that may occur. These can be flaws in the program, 
misunderstanding by the user of how the program 
functions or incorrect input. In the case the Genetic 
Algorithm an optimum may not be found [Man], in 
Finite Element calculations misassumptions can yield 
considerable risks. Therefore, it is absolutely necessary 
that an engineer, that uses a tool to automate parts of 
the design process, always checks the outcome for its 
validity. Thirdly, digital collaboration rises issues such 
as keeping track of versions, ownership or control and 
assuring that decisions are recorded and transmitted to 
necessary participants. [find: Rosenman] Finding 



suitable answers to these issues in the field of ethics are 
necessary for participants of a project to feel comfort-
able with the use of computational support. 
 

Research Engine 
 
Recently the idea of a research engine has been pro-
posed. In concept, it is a completely automated proce-
dure that adjusts a design through cycles in which 
modifications are made. The user can choose on the 
nature of the adjustments: field – e.g. structural, 
thermal, functional – and preference – e.g. optimiza-
tion of material or free space. Through this procedure, 
the research engine explores the solution space for a 
given problem. It has potential to be both reflective 
(accessibility of knowledge pool) and innovative 
(explore new boundaries). The engine provides support 
in two domains. First of all, the transformation or 
modification methods can be varied and the resulting 
spatial and structural design evolution can be followed, 
resulting in a study of the design process. Secondly, the 
generated designs provide the designer with possible 
new solutions. [HH, 2009] 

The Research Engine can be used academi-
cally, to map the influence of certain preferences on a 
design process’ outcome. By comparing the engine’s 
outcome to reality, insight is gained in the complexity 
of the intuitive creative process. Also, it can point out 
the consequences of holding preferences and open 
engineers’ eyes to the value of other points of view 
through objective results. As such, the engine operates 
on the highest level of research (field of AEC as a total) 

The Research Engine is in fact a framework in 
which methods for design generation and optimization 
can be implemented, such as the procedures previously 
discussed in this paragraph. As such it is also of help to 
engineers. By varying the modes of the transformations 
they can explore solution space while holding full 

control of the program’s direction. The models after 
each cycle are like a film of progression, by running 
through them, the user can check if there ware also 
suitable candidates in the course of the procedure. 
Because the engine can both incorporate multidiscipli-
nary interaction and optimization in a specific field, it 
operates as a design tool on the level of the design 
process and on the level of specific designs of one party 
respectively. 
 

 
The current proposal for the framework of the Re-
search Engine considers spatial design optimization 
with regard to structural requirements. The process is 
formulated as a cycle that consists of four phases of 
transition [HH 2007] (see fig. 02): 

1. translation spatial to structural design 
2. structural optimization 
3. translation structural to spatial design 
4. spatial optimization 

 

Cycle of Research Enginefi g. 02:
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The phases that concern translations are in fact genera-
tive, because they produce new designs. Thus the engine 
covers two fundamental parts of the design process: 
generation and optimization. As in design by hand, the 
effect of each action affects the others to a large extent. 
For example: if the generation protocol for a structural 
design yields structural models with a low quality, it can 
be doubted if the optimization will reach new bounda-
ries. For the cycle to have effect, it is important to set up 
requirements to the translation outcome and ensure 
that the models comply to these requirements.  
 The engine is most applicable in the concep-
tual phase of building design. Since information of an 
optimization is ‘discarded’ every time a transformation 
is made, maximally developed in depth solutions can 
hardly be expected. Its best asset is quick assessment of 
the influence of various needs and preferences on 
possible design outcome. Because it focuses on the 
multidisciplinary character of the process [HH, 2007], 
its use is complex. The user is required to be able to 
produce and interpret models that the method uses. 
To adapt the engine to his needs, he may need to 
expand it by implementation of certain procedures for 
the transformations and optimizations. In return, it 
produces useful and clear information for the study of 
complex design issues. Consequently, it is expected 
that the effort is in accordance with the benefit. 

Thus the Research Engine complies to the re-
quirements of a functional automation tool: its func-
tionality can be ensured by the quality of method and 
implementation, it provides the user with controls to 
manipulate the process and the skills needed to use the 
engine most likely suit the advantage gained by its use. 
 
For the implementation of a spatial to structural 
design translation it is necessary to define ‘spatial 
design’ and ‘structural design’. Next, requirements 
must be formulated for the result of the translation – 

i.e. quality of the model that represents the structural 
design – and a procedure has to be found that enables 
the transformation in accordance to the requirements. 
 In the fields of architecture and structural 
engineering, often the perspective on a building can be 
(superficially) distinguished in focus on space by the first 
and focus on material by the second. Similarly, the 
models in the Research Engine are represented as a 
collection of ‘rooms’ for spatial design and a collection of 
structural elements for structural design. It is assumed 
that the optimization that takes place in the next phase, 
is guided by a Finite Element analysis. Therefore, the 
structural elements must have (compatible) Finite 
Element types assigned to them, as well as geometrical 
(section) properties and material properties. Apart from 
the representation of the physical structural design, the 
application of realistic loads to the system is fundamen-
tal with regard to the FE analysis. 
 Requirements to the procedure follow from 
formalization of normally intuitive decisions. (1) Struc-
tural designs normally don’t consider each room indi-
vidually. Larger ‘zones’, that cover collections of rooms, 
must be defined that a primary structure will be gener-
ated for. (2) Depending on the dimensions of a zone, a 
variety of structural typologies can be used, e.g. low 
structures use walls and higher structures tend towards 
columns. A fit transformation of zones into structural 
typologies consisting of structural elements should be 
ensured. (3) The elements in the model should be 
connected properly. Connections in the structural system 
are achieved through elements sharing nodes. Elements 
that intersect or meet without sharing nodes are consid-
ered as erroneous. (4) It is necessary to ensure that the 
system is stable, else the Finite Element analysis will yield 
an error because no single equilibrium state can be found. 
For the analysis, (5)  properties must be assigned to the 
elements, (6) realistic loads be applied to the system and 
(7) a suitable mesh must be generated. 



fi rst phase of Research Engine: 

transformation of spatial to structural 

(FEM) design

fi g. 03:
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A procedure has been formulated that enables man-
agement of the transformation and assurance to the 
fulfillment of the requirements through the following 
steps [HH 2008] (see fig. 2): 

5. for a set of rooms find representation through 
smallest amount of zones (both rooms and 
zones are defined as rectangular volumes); 

6. generate a structural topology from the zones 
through spatial-structural transformation 
rules; 

7. reinterpretation of the geometry in order to 
establish connections between adjacent or in-
tersecting elements; 

8. evaluation and adjustment of the model to 
ensure stabilization; 

9. apply properties to the elements: element type, 
geometry and material; 

10. apply loads; 
11. generate mesh. 

 
Each step can be developed individually, which has 
many advantages. It is easy to gain insight into the 
method. Developers have maximum control over the 
progress of each procedure and can improve the 
quality of the results concerning a certain aspect. Also, 
partitioning of the process makes it possible to develop 
alternatives per step, giving the user a selection to 
choose from, providing him with control. 
 
Previously, a procedure has been developed that gives 
information on a system’s instability. [HH 2009] This 
research is concerned with the development of an 
automated stabilization procedure. 
 
 
 
 

paragraph 1.1.2: Automated Stabilization of 
Kinematically Undetermined Structures 

 
There are various applications for which an automated 
stabilization procedure can be expected to be of benefit. 
In the previous chapter the development of a Research 
Engine has been described. Since its procedure is 
meant to be automated completely, the demand for 
automated stabilization follows as part of its estab-
lishment. But also other utilities may be improved by 
its implementation. Finite Element programs yield 
errors when a model is unstable – since there is no 
single state of equilibrium to be found. By using a 
protocol that finds realistic solutions for stabilization it 
would be possible to provide the user with suggestions 
to correct the model. 
 Operating individually, implementation of a 
stabilization method into a program can be used by 
designers to explore solution space. Of course, stabili-
zation of a model is probably an easy task for an 
experienced engineer to do intuitively. However, for 
building design assignments of considerable size he 
may wish to produce a set of alternatives. Even for 
small structures, an automated stabilization procedure 
can produce surprising results since it does not depend 
on experience but on boundary conditions solely. 
 

Mechanical Analyses 
 
There are four types of mechanical analysis, springing 
from two main categories: static – divided into first and 
second order – and dynamic – divided into kinetic and 
kinematic (see fig. 3). Roughly, they differ in essence 
with respect to the following: static analyses assume a 
system with unchanging loads, kinetic analysis consid-
ers loads varying in time and kinematic analysis does 
not consider loads at all; first and second order static 
and kinetic analyses assume that a single equilibrium 
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state can be found for each load combination, kine-
matic analysis assumes more than one equilibrium 
state; second order static and kinetic analyses take the 
deformations of a structure into account when the load 
distribution is calculated, first order static analysis does 
not. [Timoshenko] 
 
First order static analysis assumes the initial (original) 
shape of a system to calculate load distribution, from 
which the deformations can be derived directly. For 
most building projects in the Netherlands a first order 
static analysis suffices to ensure structural strength and 
stability. Codes formulate conditions that structural 
elements, connections and systems must fulfill to 
discard the risks of second order effects. 
 Second order static analysis seeks the relation 
between deformation and loading. Unlike first order 
static analysis, these have an influence on each other: 
as deformations occur and increase, the stress distribu-
tion in a system may alter, in its turn necessitating 
reconsideration of the deformations. Second order 
effects are considered for problems at which deforma-
tion plays an important role with respect to failure 
mechanisms – because a small change of shape has 
large influences on the load distribution or because 
large deformations are expected – such as bifurcation 
and for tensile structures – e.g. membrane or tensegrity 
structures. 
 In comparison to statics, dynamics includes 
time as a factor. Kinetic analysis investigates the kind 
of motion that a body or system will have under action 
of give forces. Examples of building design problems 
that are assessed using kinetic analysis are those that 
concern vibrations, such as wind load and earth 
quakes. In spite of the fact that a system’s (deformed) 
shape and velocity of movement is constantly changing 
in kinetic analysis, the load path determines the 
configuration at a certain point in time (similar to the 

specific static load causing one mode of deformation in 
second order static analysis) and it is assumed that the 
system at rest (no influential loading history) has one 
equilibrium state only. 

Kinematic analysis describes the motion of 
bodies without the consideration of the forces that 
cause them. This is only possible when more than one 
equilibrium state exists. The loads are needed to move 
from one state to another, but not to remain in that 
state, as is the case for a kinetic analysis. Kinematic 
analysis is commonly used in the field of mechanical 
engineering – e.g. for rotating parts – and physics – e.g. 
representation of fluid behaviour. 
 

Types of instability 
 
In structural design two types of instability are distin-
guished: free body movement and lack of rigidity (see 
fig. 4). [Kassimal, Volokh] The first refers to lack of 
enough constraints. In this context a ‘constraint’ is 
defined as the coupling and elimination of degrees of 
freedom by supports, elements or rules. Lack of 
enough constraints results in parts of the system being 
able to move freely with respect to other parts. Such 
free body movements (also: mechanisms) are typical 
kinematic problems. If they occur, the structure is 
called kinematically undetermined. The number of 
unique mechanisms is a measure for the degree of 
instability of the system. Free body movement is found 
through a static analysis and depends on a structure’s 
geometry only. 
 Lack of rigidity refers to buckling problems 
(static) or vibration problems (kinetic). Buckling 
problems may be either 1st order static – an eigenvalue 
problem, when next to the stable undeformed state a 
collapsing deformed state exists – or 2nd order static – 
caused by an initial deformation. [Gambir] By contrast, 
rigidity depends on both a system’s geometry (relation 
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between elements) as well as on member stiffness 
(ability to withstand deformation) and on loading 
(orientation and amount). Lack of rigidity is not 
recognized through first static analysis, thus if it 
occurs, it is still possible to run a such analyses. 1st 
order static stability problems are only recognized 
through advanced calculation methods. [Cook] Since 
only a single state of equilibrium exists in the de-
formed state of the structure for given loading, also 
second order static and kinetic analyses can be run for 
a system that is sensitive to this type of instability. 
Therefore, lack of rigidity does not prevent static or 
dynamic analyses to be performed. 
 
Research has been done that illustrates the possibility 
of underconstrained yet stable systems (see fig. 5). 
[Volokh, Kuznetsov] However, it turns out that the 
type of problems that are appropriate for the solution 
is very limited. In the research a distinction is made 
between elastic and kinematic body movement. The 
first is caused by deformation of elements, for which 
much energy is needed and little movement occurs. 
The second is the other way around, when much 
movement is possible with little or no increase of stress 
in the members.  

In the problems under discussion, ‘undercon-
strained’ means that the system is theoretically kine-
matically determined, but there is relatively much 
kinematic body movement in comparison to elastic 
body movement, resulting in a state that is close to 
kinematically undetermined. When no loads apply to 
the structure, near equilibrium states exist for which 
the energy level of the system is not significantly 
higher. However, when a considerable (fixed) preload is 
assumed for a structure, its kinematic deformations are 
restricted and the system becomes stiff enough to be 
considered stable: significant additional loads are 
needed for the structure to deform.  Problems of this 

kind are typically tensile structures, which are subject 
to deformations unless under stress. 
 
Apart from the suggestion to preload undercon-
strained systems – which according to the researches 
that provide the solution aren’t actually formally 
unstable but badly conditioned – there are presently no 
solutions to solve these kind of problems. It was 
already noted by [Hofmeyer 2009] that there exists no 
procedure for automated solution of kinematically 
undetermined structures. It is suggested that lack of 
research on the subject is caused by the fact that 
stabilization is a design type problem, supposedly 
solved by the engineer through a creative process. 
 

Automation of Stabilization 
 
Building design generally restricts to (first and second 
order) static and kinematic analysis. Since a single state 
of equilibrium must be found, it is necessary for the 
system to be kinematically determined. Thus the need 
for stabilization is restricted to free body movement, 
which considers the system’s geometry only and 
assumes that its members are stiff enough to prevent 
buckling. As yet, existing solutions or proposals for an 
automated stabilization procedure with respect to 
problems of free body movement do not exist in 
literature. 
 
 
 



types of mechanical analysis: (a) fi rst order static; (b) second or-

der static; (c) kinetic, (d) kinematic

types of instability: free body movement (a) 

and lack of rigidity (b)

underconstrained systems: unstable (a) and 

stabilized through prestress (b)

fi g. 04:

fi g. 05:

fi g. 06:





 23

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

chapter 1.2: RESEARCH OBJECTIVES 
 
 
 
 
For the success of the research it is necessary to find a balance between functionality and tangibility. The first tends to 
push the width of the research: the scope for which it is applicable, the quality of its solutions and resolution of its 
shortcomings. The second allows for in depth studies: how far can the development go in the time that was made 
available for the research? 
 It was chosen to narrow down the issue of automated stabilization to fit exactly the type of problems that are 
(at current state) produced by the research engine. Anything beyond this range is considered a bonus that makes it 
easier to continue the development of the research engine. This way, it is expected that there is enough time, to find a 
working method, to test it for its limitations and to formulate recommendations for future research. Since no proce-
dure for automated stabilization is available, it aims to provide a solid basis for ongoing advancement on the subject. 



paragraph 1.2.1: Primary Objective 
 
The aim of the research is to develop a method that 
allows for automated stabilization and to implement it 
into a computer program, that can be used by the 
Research Engine discussed in the previous chapter. 
The kind of instability was defined in the previous 
chapter as the occurrence of free body movement. 
Stabilization is achieved by adding new elements to an 
unstable system, while maintaining its original design. 
In the following paragraphs, further specifications will 
be given of requirements, that ensure the procedure’s 
functionality. 
 
 

paragraph 1.2.2: Scope of Method 
 
The scope of the input problems has been derived 
from the kind of problems that are given by the 
Research Engine. Its process starts with an assembly of 
box-shaped volumes as input (spatial design), for 
which structural solutions are generated. The proce-
dure ensures that all adjacent elements are connected 
to each other by splitting incompatible parts of the 
topology (see chapter 1.3). The resulting structural 
designs are three dimensional systems that are assem-
bled from (1) box-shaped volumes, (2) defined by eight 

nodes each, (3) lying orthogonally in the Cartesian 
Coordinate System (Fig. ***). Orthogonal assembly 
refers to the system’s nodes only, which means that the 
elements between the nodes do not necessarily lie 
perpendicular to the coordinate system’s global axes. 
 

The procedure that calculates the system’s nullspace 
covers three element types: Truss, Beam and FlatShell 
(see chapter 3.1). Paragraph 2.2.2 discusses the details 
on the element properties. For each of these an addi-
tion protocol is developed. 
 

paragraph 1.2.3: Solution Quality 
 
As the method for automated stabilization is being 
specified, there are basic notions on qualitative struc-
tural design that play an important role. These notions 
ensure usefulness of the procedure’s outcome, since 
they exclude options that lead to unfit results.  
 
Structural efficiency concerns structural behaviour of 
the method’s outcome. It is assumed that the input 
problem contains an outline of the structural design. 
The addition of elements should be restricted to a 
minimum, the elements are preferably chosen to 
handle loads as effective as possible. 

 

scope defi nition: axis-aligned rectangular volumesfi g. 01:



Spatial practicality is guarded intuitively by designers 
during the design process. However, for an automated 
method, the evident rules must be stated explicitly. For 
example, the structure should not intrude a room, but 
remain in its boundaries. 
 
Architectural preferences anticipate that certain 
aspects in the design are explicit architectural deci-
sions, such as the volume boundaries and the struc-
tural typology. For example, in the case of an industrial 
building the open floor plan must be respected and 
preferably the façade is tried first to find a solution. 
 
At various levels of the procedure’s lay-out, these 
notions are of great importance to its determination. 
Firstly, in the formulation of general rules (possibilities 
and requirements) that the procedure must facilitate. 
Secondly, in the identification of the various steps of its 
algorithm: how is automated stabilization to be 
established. Thirdly in the specification of the individ-
ual processes: which information is used in what way. 
 

There are five rules that apply to the solution method 
in general: 

 The addition of elements should be restricted to 
a minimum, in order to allow for maximum 
structural and architectural freedom at further 
stages of the building design process; 

 element addition is restricted to the zone 
boundaries, since room intrusion would conflict 
with spatial practicality (fig. 02 (a)); 

 element addition is prohibited outside the vol-
ume’s envelope, since such a modification would 
have a large impact on the essence of the build-
ing’s appearance and it is assumed that the de-
sign shape is an explicit architectural decision 
(fig. 02 (b)); 

 the user can define preferences on the element 
types to be used for the stabilization process to 
match expectations on the structural as the archi-
tectural typology of the adjusted design; 

 the user can define preferences on the zones in 
which elements are added during the stabiliza-
tion process: outer envelope, inner vertical planes 
and inner horizontal planes (fig.02 (c-e)). 

 

restrictions to additions: it is not allowed to add elements that (a) span through space or (b) lie outside the volume;

zones that are distinguished: (a) envelope; (b) inner vertical plane; (c) inner horizontal plane

fi g. 02:
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paragraph 1.2.4: Method Requirements 
 
The conditions that are stated in chapter 1.2 – which 
formulates the goal of the research – concern require-
ments to what a method has to do, not to how to do it. 
The latter is given in this paragraph through declara-
tions on the way a method operates. These declara-
tions provide a focus in the development of a method 
and make it possible to compare various methods to 
each other. 
 
Effectiveness: Generate a solution for any possible 
problem within the scope that is stated in paragraph 
1.2.2.  A solution is given when the grade of instability 
for a system is reduced to zero, i.e. the procedure 
returns a stable structure, containing a minimum of 
elements. This structure is an adaptation of the 
unstable structure that was given as input. In order to 
guarantee that the procedure is effective, it should at 
least run through the following phases: 
 
1. Recognize mechanisms 
2. Generate options that may lead to a solution 
3. Choose among options an implementation 
4. Check effect of implementation 
5. Accept implementation as adjustment or discard it 

as a failed attempt 
 
Efficiency: The procedure generates options that are 
likely to lead to a reduction of a system’s grade of 
instability. Every implementation of an option is 
considered an attempt, until it is proven to be success-
ful and accepted as an adjustment. The proof is done 
by comparing the number of mechanisms of the 
system before and after an attempt. It is shown that 
the finite element calculations (generation of the 
collection of mechanisms) are a time-consuming 
process. The procedure might try to find an overall 

stabilization solution at once, or attempt it at steps. 
The quality of the method largely depends on the 
number of finite element calculation rounds that are 
needed to return a stable structure. 
 
Solution quality: Especially for more complex systems, 
an overall structural solution can function much more 
economical than a system acquired by stepwise expan-
sion. The method for automated stabilization should 
either be able to generate overall solutions, or maintain 
intelligence that is held by the input.  
Secondly, there are limits to what generally can be 
accepted as realistic structures. This is illustrated by 
the following examples. A diagonal rod does not span 
transverse across a room. In a regular grid of columns 
and floors, a column does not run across two storeys, 
skipping a floor. These kind of solutions are to be 
excluded by the procedure. Furthermore, an engineer 
that uses the method may wish to specify preferences 
or restrictions to the method’s variables, such as areas 
in the model in which adjustments can be made or the 
type of elements that are being used to stabilize a 
structure.  
 
 

paragraph 1.2.5: Programmatic Implementa-
tion Requirements 

 
Through the computer program, the method for 
automated stabilization will be put to practice in a 
larger framework, i.e. the Research Engine. To comply, 
it must fulfil three requirements. Firstly, it must be 
able to follow the developed method. Secondly, it must 
be applicable. Considerations with respect to this 
aspect are calculation time and accessibility of the 
program’s procedure for third parties. Thirdly, it must 
be correct. By doing a parameter study, it can be 
ensured that no errors occur and that the program 
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finds valid solutions for all possible input problems 
according to the scope stated in paragraph 1.2.2. 
 
 

paragraph 1.2.6: Documentation of Research 
 
The research will be documented by means of three 
texts: 
 
• Research Report; containing a complete overview 

on research and findings; 
• paper for 2011 ASCE International Workshop on 

Computing in Civil Engineering on the chosen 
method for automated stabilization, for a narrow 
selection of the method’s scope; 

• article for Advanced Engineering Informatics 
 
Through these media the research will fulfil its re-
quirement of being retraceable and applicable, as well 
as serve the academic purpose of presenting its find-
ings worldwide to the field of Structural Engineering. 
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chapter 2.1: SOLUTION METHOD 
 
 
 
 
In paragraph 1.2.2 the function and the scope of the automated stabilization procedure have been set down as condi-
tions to the method. The text specifies the kind of structural problems, that are given as input, as orthogonal assem-
blies of nodes, elements and constraints. Output must be given in the same format. The element types that are being 
used are Truss, Beam and FlatShell, of which the properties are specified in paragraph 2.2.2 In the current chapter, 
requirements are formulated with regard to the way a method handles and fulfils these conditions. 
 
Three methods are proposed that are suitable to automate stabilization:  
• Generation Method 
• Addition Method 
• Reduction Method. 

 
First an account is given on each method and its functionality is demonstrated by an example. Next the methods are 
evaluated and compared to each other. At this point, an assessment is made to what extent the methods comply to the 
given requirements. Finally one method is chosen for further development, based on the comparison that was made.



Comparison stabilization solution for 

each of the element types.

fi g. 01:

paragraph 2.1.1: Method Descriptions 
 
The examples that are given in support of the descrip-
tions are solved by Truss addition, for which the 
results seem to be most complex. Because of the 
element’s hinged connection to nodes, it is necessary to 
add diagonals that are to a large extent evenly distrib-
uted in a structure that consists of Truss elements 
only. This means that zoning is an important issue. 
Due to the Beam and FlatShell elements’ property that 
fixed connections are established between elements, 
stabilization can be accomplished for every shape and 
under strict zoning rules. Explanation on the solution 
typologies of the elements is given in chapter 2.2. 
 
 
The differences between the solutions by addition of 
the different elements is illustrated for the problem of 
a 3 x 3 x 3 grid of nodes that are connected by Truss 
Elements (fig.01). Elements used for the stabilization: 
 
Truss addition: to ensure stability, diagonals are to be 
placed in at least three of the four side faces of the 
volume and in every floor. 
 

Beam addition: it is sufficient to substitute Truss 
elements, which means that elements are added only 
at places that already contained elements in the first 
place. The issue at which places it is acceptable that 
elements are added does not arise in this case. 
 
FlatShell addition: if a total of six FlatShell elements is 
added to the structure, assigned to three of the four 
side faces of the volume, the structure is stable. In this 
case, it is chosen to generate a free open space inside 
the volume. Similar solutions can be found for an open 
façade. The example illustrates that in spite of strict 
zoning rules (no elements should be added on the 
inside of the volume) it is possible to find a solution. 
 

Generative Method  
 
The Generative Method builds up a stable structure by 
a minimum of elements from the key points of an 
unstable structure. This means that the method 
discards all elements that are present in the input (fig. 
02). The key points ensure that the solution covers the 
identical volume as the original structure. The essen-
tial issue in this method is to find a procedure that 
forms a rigid body through the way it connects the 
nodes. 

 



Generate problem from input for Gen-

erative Method

Marking of nodes: fi xed (blue), fi rst 

layer (red), second layer (orange)

options for addition: (a-c) axial; (d-f) 

diagonal and (g) eneffective addition, 

since all nodes lie in the same plane.

fi g. 02:

fi g. 03:

fi g. 04:
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(d)

(b)

(e)

(c)

(f)

(g)



Example solution procedure for the 

Generative Method

fi g. 05:
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The process can be divided into two principal phases: 
 

step 1: Generate problem from input: extract 
nodes and constraints. 

step 2:  
 

Add elements so that all nodes are fixed in 
space. 

 
The second step is subdivided into a procedure that 
handles the problem systematically: 
 

step 2.1:  Mark the base nodes (to which con-
straints are applied) as ‘fixed’.  

step 2.2:  Check number of base points; if there are 
less than three, add a base node. 

step 2.3:  Start with the lowest nodes continuing 
upwards. By doing so, it is most likely that 
there are fixed nodes in close proximity to 
the free nodes. 

step 2.4: 
 

Consider the translations in a point in the 
following order: global Z-, X- and Y-
direction 

step 2.5:  
 

Connect a free node to a fixed node for 
every DOF in such a way that the four 
nodes do not lie within one plane. 

step 2.6:  
 

When the free node is connected to fixed 
nodes in all directions, mark it as ‘fixed’. 

 
The conditions on which adjustments are based, 
ensure that each node is fixed through the connection 
it has to other nodes. Therefore it is unnecessary to 
run a the Finite Element calculation procedure. That 
procedure enables an automated stability check, which 
is superfluous in this case. 
 

An element addition protocol for step 2.5 is specified 
for the method to be put to practice: 
 
step 2.5.1: For a given node and degree of freedom, 

two nodes are connected for the first 
option that is found for which the condi-
tions are met: 

a. The closest fixed node that lies along 
the DOF’s axis (2x) 

b. If the DOF is Z: the closest fixed node 
with an angle from Z-axis < 45° 

c. Else: the closest fixed node that lies in 
the vertical plane  with an angle from 
the DOF’s axis < 45° 

d. The closest fixed node in the horizon-
tal plane with an angle from the 
DOF’s axis < 45° 

step 2.5.2: If the DOF is Y (last of three elements 
was added), check if the four nodes lie in 
one plane. If so, seek an alternative for 
each of the DOFs in turn, until it is no 
longer the case. 

 
The method is illustrated for the problem of eight 
nodes in cube formation (fig.05). The lowest four 
nodes are secured against translation by constraints, 
complying to the condition stated at step 2.1. The 
sequence of diagrams shows how the method solves 
the problem an adjustment at a time. The degree of 
freedom is shown in red, the addition that is to 
constrain it by a dashed blue line. 
 
For each of the four nodes, the procedure restrains a 
degree of freedom in Z-direction, X-direction and Y-
direction. If a fixed node can be found along the axis of 
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the degree of freedom, that node is used to fix the free 
node. Axial connections are possible for every node in 
Z-direction. The first horizontal axial connection can 
be achieved at “adjustment 5”. If no axial fixed node 
can be found, a diagonal is added in the vertical plane 
of the degree of freedom. 
 
If a node is marked as “fixed”, it is coloured in black. 
The example demonstrates that, for each node in turn, 
after the cycle of adding connections in all three 
directions has been finished, that node is indeed fixed 
in space. The total amount of adjustments in this case 
is twelve: 4 nodes x 3 DOFs. The illustration at the 
bottom shows the result of the process. 
 

Addition Method 
 
The Addition Method uses the unstable structure that 
was given as input and adds elements until it becomes 
stable. It traces free body movement by determining 
which nodes have not yet been fixed, similar to the 
Generative Method. Unlike the Generative Method, 
the information of a structure’s mechanisms is used to 
define which nodes can move free and in what direc-
tion they should be constrained. 
 
The method’s phases: 
 

step 1: Choose a node and corresponding degree 
of freedom from a mechanism. 

step 2:  Add an element to the structure. 

step 3: Test if the attempt was successful: num-
ber of mechanisms is reduced. 

 
After each cycle, a Finite Element calculation is run to 
investigate if the addition has had an effect on the 
model’s instability (step 3). Both the number of 

necessary steps as the number of attempts for a certain 
step have an influence on the number of calculation 
rounds. In the case of Truss addition, one adjustment 
is needed for every mechanism; the minimum amount 
of rounds is the degree of kinematical indetermina-
tion. 
 
To demonstrate the method, a procedure is formu-
lated that finds a suitable attempt to add an element 
(step 2). The procedure is similar to step 2.5.1 of the 
Generative Method. It differs firstly because in the 
Addition Method it is unnecessary that the second 
node, to which a node from a mechanism is being 
connected, is already fixed in space. It is very probable 
that this leads to good results. Step 3 guarantees that 
an addition solves a part of the instability, while in the 
Generative Method the selection protocol itself had to 
ensure effectiveness.  
 
Fig. 06 shows a 2D problem with two mechanisms 
(a,b). The suggested addition (dashed blue line in (c)) 
connects two nodes that are not yet fixed. Such a 
solution would not have been possible for the Genera-
tive Method. (c) shows the adjusted structure, which 
has one mechanism only. The degree of kinematical 
indetermination has been reduced by the adjustment. 
 
Secondly, the procedure differs, because in the Addi-
tion Method it should be ensured that two nodes are 
not already connected. This problem does not occur 
for the Generative Method, because a free nodes is 
never connected to another node, unless for its own 
fixation. 
 



changing mechanisms when element 

is added: two mechanisms before ad-

justment (a,b) and one

mechanism after adjustment (c)

options for addition: (a-c) axial and

(d-f) diagonal

Example solution procedure for the 

Addition Method

fi g. 06:

fi g. 07:

fi g. 08:

(b)(a)

(e)(d)

(c)

(f)

(a) (b) (c)



breaking down of structure, since af-

ter every removal the remaining sys-

tem is still stable

fi g. 09:

Further specification of step 2 then becomes (se fig. 07 
for illustration of options): 
 

step 2.1: For a given node and degree of freedom, 
two nodes are connected for the first 
option that is found for which the condi-
tions are met: 

 a. The closest unconnected node that 
lies along the DOF’s axis (2x) 

 b. If the DOF is Z: the closest uncon-
nected node with an angle from Z-
axis < 45° 

 c. Else: the closest unconnected node 
that lies in the vertical plane  with an 
angle from the DOF’s axis < 45° 

 d. The closest unconnected node in the 
horizontal plane with an angle from 
the DOF’s axis < 45° 

step 2.2: If no suitable option can be found, return 
to step 1. 

 

The example problem shown in fig. 08 has three 
mechanisms: floor translation in X-direction, floor 
translation in Y-direction and floor rotation around 
the axis perpendicular to its plane. The stabilization 
process will use Truss addition, which means that 
exactly three adjustments are needed to stabilize the 
structure. The number of attempts depends on the 
effectiveness of each of the options that is chosen by 
the method (step 2.1 as previously discussed). 

The diagrams in the solution sequence 
(fig.**) each show one mechanism (dashed red line), 
i.e. the mechanism from which a node and degree of 
freedom are extracted by step 1. It should be noted 
that not only the number but also the shape of the 
mechanisms of the model change after every adjust-
ment. For example: the rotational mechanism of 
“attempt 3” differs from the original rotational mecha-
nism. 

For this problem, the method finds an effec-
tive addition in a single attempt at every step; thus the 
total number of attempts (and finite element calcula-
tion rounds) is three. 
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Reduction Method 
 
In the Reduction Method first elements are added to 
the input structure, so that it becomes over-stable. 
Then, one by one it is attempted to remove elements. 
Only those elements remain that are needed to keep 
the structure stable. Identical to the Addition Method, 
free movement of the nodes is studied to determine 
instability of the structure. Modes of instability are 
acquired through the Finite Element calculations. 
 
If mechanisms were determined for elements in stead 
of nodes, it cannot be assured that the solution covers 
the original volume of the input model. The procedure 
breaks down the structure, which does not contribute 
to generating a structural design. Fig. 09 shows a frame 
of 2 x 3 nodes, connected by Beam elements, which 
means that all elements cannot rotate with respect to 
each other. The procedure is demonstrated for the case 
in which free body movement is determined for 
elements. “removal 2“ yields no problem, because the 
structure is still stable. If mechanisms are determined 
for the key points, node (3) would no longer be fixed 
and the option is rejected. 
 
The method has two principal phases: 
 

step 1: Add all possible elements to structure 

step 2:  Remove elements from structure 
 
Specification of the procedures are of a great influence 
to the quality of the method for each of the phases. 
The first phase determines the efficiency of the 
method; the second phase controls the quality of the 
results. Each of these phases and their effect on the 
method’s value are discussed in the following sections. 
 

The procedure of step 1 determines the number 
elements that are added to the original structure. At 
step 2, an attempt for removal is made for every 
element. Consequently, the number of finite element 
calculation rounds equals the total number of ele-
ments that the structure consists of. It is necessary to 
state a maximum to the amount of added elements for 
the reduction procedure to be effective. On the other 
hand, the first phase must ensure that elements are 
added where it is expected that stabilization is neces-
sary. This requires a minimum to the added elements.   
 
A procedure of addition is suggested that balances 
these extremes (fig. 10): 
 

step 1.1: Add vertical elements between nodes that 
are not yet connected 

step 1.2: Add horizontal elements between nodes 
that are not yet connected 

step 1.3: Add diagonals between vertical elements 

step 1.4: Cancel addition if both nodes have 
constraints applied to them. 

 
The second phase of the method runs through all 
elements and tries to remove them in turn. The order 
of attempts has a large influence on the elements that 
are removed and those that remain. The example  in 
fig. 11 shows two valid stable structures that may 
result from the procedure. The solution from (c) is 
clearly more realistic than from (b).  
 
 
It is essential that the conditions, at which the order of 
removal is arranged, distinguish zones at which it can 
be expected that elements play a fundamental role - 
for example elements that envelope the shape of a 
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volume may function as primary structure - and zones 
with elements that are expected to occur more inci-
dentally - such as diagonals. The second should be 
tried before the first. 
 
To demonstrate the method a specification of step 2 
has been written depending on a structure’s geometry 
only. It is expected that this procedure yields good 
results for a simple problem. When the method is 
further developed, other factors should be taken into 
account as well, such as the elements’ stress levels 
under expected loads. 
 
Procedure of removal: 
 

step 2.1: Run through all elements of structure in 
following order: 

 a. Element Type: Truss > Beam > 
FlatShell 

 b. Location: elements with highest z-
value 

 c. Orientation: diagonal > horizontal > 
vertical 

 d. Node ID: start with lowest 

 In the hierarchy, “a” has the highest 
priority and “d” the lowest. Examples: 
- for Truss elements, run through all 
elements on all possible locations before 
moving on to Beam elements. 
- for Beam elements, with a certain z-
value, check all diagonals (from low node 
ID to high node ID) before moving on to 
horizontal elements. 

step 2.2: Remove element 

step 2.3: Check if structure is still stable 

In the example, eight diagonals are added to the input 
structure in the first phase: two on each of the four 
side faces of the cube. These elements only fulfill the 
conditions as stated for step 1: 
• only along the sides of the cube shaped volume 
• for nodes that are not yet connected by existing 

elements  
• for nodes that are not both fixed by constraints. 

As a result, the structure is built up from thirteen 
elements. In the second phase an attempt for removal 
will be made for each of them. Consequently, thirteen 
steps are needed. 
 
In accordance to the procedure that was given for the 
second phase, the reduction procedure tries elements 
in the following order: diagonal Truss elements, 
vertical Truss elements, FlatShell element. In the 
diagrams the removed element is shown in a dashed 
blue line. If an attempt yields instability, the mecha-
nisms are shown in red. These attempts are rejected 
and the element returns to the system. 
 
As can be expected, five diagonals can be removed 
without loss of stability. At this point, the structure 
resembles the outcome of the Addition Method’s 
example. At “attempt 6” the procedure encounters 
instability. From that moment onwards, none of the 
elements can be removed without a mechanism 
arising, except the column at “attempt 9”.  
 
The result of the entire procedure is a structure 
supported by the minimum of three base points (fixed 
by constraints) and a guaranteed minimum number of 
elements. The disappearing node does not yield a 
problem – as explained in the introduction to the 
Reduction Method – because it is kept in place by 
constraints. 



step 1 of reduction method for 

Truss (a), Beam (b) and FlatShell (c)

fi g. 10
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(b)
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Possible results of reduction method, 

the problem (a) is better solved by (c) 

than by (b)

example problem: input (a) and result 

of step 1 (b)

fi g. 11

fi g. 12
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(a)

(b)

(b)
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In the example shown in fig. 12, eight diagonals are 
added to the input structure in the first phase: two on 
each of the four side faces of the cube. These elements 
only fulfill the conditions as stated for step 1: 

 only along the sides of the cube shaped volume 

 for nodes that are not yet connected by existing 
elements  

 for nodes that are not both fixed by constraints. 
As a result, the structure is built up from thirteen 
elements. In the second phase an attempt for removal 
will be made for each of them. Consequently, thirteen 
steps are needed. 
 
In accordance to the procedure that was given for the 
second phase, the reduction procedure tries elements 
in the following order: diagonal Truss elements, 
vertical Truss elements, FlatShell element. In the 
diagrams of fig. 13, the removed element is shown in a 
dashed blue line. If an attempt yields instability, the 

mechanisms are shown in red. These attempts are 
rejected and the element returns to the system. 
 
As can be expected, five diagonals can be removed 
without loss of stability. At this point, the structure 
resembles the outcome of the Addition Method’s 
example. At “attempt 6” the procedure encounters 
instability. From that moment onwards, none of the 
elements can be removed without a mechanism 
arising, except the column at “attempt 9”.  
 
The result of the entire procedure is a structure 
supported by the minimum of three base points (fixed 
by constraints) and a guaranteed minimum number of 
elements. The disappearing node does not yield a 
problem – as explained in the introduction to the 
Reduction Method – because it is kept in place by 
constraints.
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result of generative method (a), origi-

nal input model (b) and adjusted solu-

tion that contains elements that were 

present in original design (c)

fi g. 14

(a) (b) (c)

paragraph 2.1.2: Method Discussion 
 

Generative Method  
 
The Generative Method has plain conditions to start 
with (a set of nodes, of which a certain selection is 
fixed by constraints). It uses a systematic process to 
build up a structure. Hence it is possible to use basic 
geometrical rules to find a solution. For the same 
reason, the Generative Method does not need to use 
the Finite Element calculations to check for stabil-
ity,.According to the conditions of paragraph 2.1.1, it is 
very efficient. 
 
The solution generated by the procedure is guaranteed 
to contain a minimum of elements, hence the method 
is also very effective. However, the method discards the 
input structure and starts adding elements from 
scratch, which means that it disposes of intelligence 
that the input system may have contained. Because it 
cannot produce an overall solution, the result of the 
method is expected to be inadequate for complex 
problems. In such cases, the solution will still contains 
a minimum of elements to become stable, but not be 
efficient at conducting the system’s loads.  

 
Another issue is the following. Elements of the input 
structure will probably correspond to architectural 
elements, such as floors and walls. If these are re-
moved, it is unreasonable to assume that the system 
has become more economic. The parts still exist in the 
design, in spite of the fact that they are no longer 
considered structurally. Such is demonstrated already 
for the simple problem with which the method is 
demonstrated in the previous paragraph. 
 
The solution’s quality can be improved by incorporat-
ing missing elements from the input structure, as 
shown in the illustration. In that case the method is no 
longer effective, because the solution contains more 
elements than necessary. The totality of elements is 
greater because parts of the input are added to the 
efficient solutions. Also, the number of additions is 
higher then necessary, because the solution is found 
without the benefit of the existing elements. The latter 
can be illustrated by comparing the result of the 
adjusted Generative Method (with incorporation of 
missing input elements) to that of the Addition 
Method. 
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Summary of method’s assessment: 
 
• effectiveness: very high, the solution has a guar-

anteed minimum of elements 
• efficiency: very high, because no Finite Element 

calculations are needed 
• solution quality: very low, inadequate for com-

plex problems 
 
It is shown that the quality of the solution can be 
improved at cost of the method’s effectiveness. 
 

Addition Method 
 
The Addition Method preserves the input model and 
adds elements to stabilize it. The number of added 
elements is restricted to a minimum. The total num-
ber of elements can be higher than necessary to ensure 
stability, because the input structure may contain 
elements that are superfluous in combination with 
each other. However, because no parts of the input 
system are removed, it is ensured that the input’s 
structural quality is maintained. 
 
It is necessary for the procedure to run Finite Element 
calculations. Firstly, because information on a system’s 
mechanisms are needed to find suitable adjustments. 
Secondly, because the effect of an adjustment needs to 
be verified. For every attempt that is made, a Finite 
Element calculation round is needed. If the procedure 
is efficient, only one attempt is needed for each step 
towards stabilization and the number of rounds is 
restricted to the amount of steps, which is never more 
than the degree of instability. 
 
 
 
 

Summary of method’s assessment: 
 
• effectiveness: medium / high, the solution has a 

minimum of additions, but the total amount of 
elements is probably more than necessary. 

• efficiency: high, if procedure is efficient, maxi-
mum number of calculation rounds is degree of 
instability. 

• solution quality: very high, input’s quality is 
maintained. 

 
 

Reduction Method 
 
Initially, the Reduction Method uses the input struc-
ture just as the Addition Method does. It adds all 
elements that may support finding a stable structure. 
Because of this it is possible to make a selection among 
options that differ, for example, in function and 
loading. The elements that are part of the input and 
those that were added are treated likewise, enabling a 
solution that  contains alternatives that are superior to 
existing elements. Such a procedure improves the 
quality of the output. 
 
However, ultimately the method will remove as many 
elements as possible, so long as the system doesn’t 
loose its stability. Depending on the conditions that 
determine the order at which elements are removed 
from the system, it can be achieved that the stress 
distribution for the output structure is optimized. Yet, 
a structure containing more than the minimum 
amount of elements may exist that is structurally more 
economic, if all parts decrease in size substantially. As 
explained for the Generative Method, another disad-
vantage of removing elements of the input structure is 
the fact that some of these elements coincide with 
architectural elements. When such an element is 
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removed from the structural system there is no actual 
optimization. Both factors have a negative influence on 
the solution’s quality. 
 
After every attempt at removal, Finite Element 
calculations are run to determine whether the system 
has become unstable. The number of rounds equals 
the total number of elements, including those that are 
added by the method itself.. Especially for larger 
structures, the method becomes very inefficient. 
 
Summary of method’s assessment: 
 
• effectiveness: very low, it is ensured that the 

solution consists of a minimum of elements, but 
many attempts at adjustment are unsuccessful 

• efficiency: very low, the number of necessary 
Finite Element calculation rounds equals the to-
tal number of elements in the system. 

• solution quality: medium, the input structure is 
adjusted with respect to the system’s stability 
only. 

 
 

paragraph 2.1.3: Method Selection 
 
It is considered unacceptable that the Generative 
Method yields inadequate solutions for more complex 
problems, because it limits the scope for which the 
method can be put to use. In such cases, the solution 
can be improved by incorporating the missing input 
elements. However, these solutions are much less 
efficient than those of the other methods. 
 
The fact that the Reduction Method needs many 
Finite Element calculation rounds means it is very 
time-costly. The difference between the number of 
steps, for which such a calculation needs to be made, 

between the Addition Method and the Reduction 
Method was large already for the small example 
problem: three steps and thirteen steps respectively. Its 
advantage over the Addition Method is small and 
ambiguous. By removing elements from the input 
model the solution becomes more efficient concerning 
stability, but not necessarily structurally.  
 
The Addition Method has the highest score on the 
quality of its solutions. The solution may not be the 
most efficient (containing a minimum of total ele-
ments), depending on the input model. Yet, the 
method itself is efficient, because each of it’s adjust-
ments facilitates stability. By improving the adjust-
ment procedure, the number of attempts needed to 
make a successful adjustment can be reduced down to 
one attempt per step, as illustrated by the example 
that demonstrates the method. This way, its advantage 
over the Reduction Method increases to a large extent. 
 
For these reasons, it is chosen to develop an automated 
stabilization procedure based on the Addition Method. 
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chapter 2.2: PROCEDURE FOR THREE ELEMENT TYPES 
 
 
 
 
For the methods presented in the previous chapter, a rough outline of its functioning was made to enable a compari-
son. Now that a strategy has been chosen, it is possible to develop a detailed procedure. It will regard the requirements 
that were stated in chapter 1.2 – which will prove to be a solid base to make decisions on – and anticipate the objective 
to implement it into a computer program. 
 In the first paragraphs of the chapter, a framework is given that makes it possible to generalize parts of the 
procedure. Paragraph 2.2.1 discusses the global process, in which decisions are made on element type to be used, the 
conditions for which an element – once a possibility of addition is found – is added and the way unsuccessful attempts 
are handled. Paragraph 2.2.2 describes the exact properties of the elements that are used by the method. Paragraph 
2.2.3 provides a system of grid coordinates, that facilitates search functions on the existence of nodes and elements. 
 In the second part, paragraphs 2.2.4-6, for each element type a search procedure is formulated. Since the 
elements behave very differently, every search function is set up in a fundamentally different way. Through diagrams, 
it is attempted to make the abstract formalizations in the formulae more tangible. To prove the methods, an example 
is used to run one step of the addition option search functions. 



paragraph 2.2.1: Process Specification 
 
The solution protocol for automated stabilization is 
formulated in such a way that it enables consideration 
of the possibilities and requirements formulated in 
chapter 1.2. In basis, the procedure consists of the 
following five steps: 
 
step 1: Initiate procedure 
step 2: Choose a degree of freedom from a mechanism 
step 3: Add an element to the structure. 
step 4: Test if the attempt was successful: the number 
of mechanisms is reduced 
step 5: Return stable structure 
 

step 1: Initiate procedure 
 
The first step initiates the procedure. It gathers the 
information on the structure that is to be processed by 
the stabilization method by reading an input file and 
interpreting its data to provide the necessary means for 
the procedure to function. The step’s product is a 
collection of the structure’s geometrical properties, its 
state of instability and the element type that is to be 
used to stabilize the structure. 

The data by which a structure’s geometry is 
defined largely depends on the degree of structural 
simplification. For an assessment of a structure’s 
stability, the system can be approximated by mechani-
cal models. Assumptions are made on the rigidity of 
elements (such as a truss being infinitely strong along 
its axis) and connections (either hinged or fixed). That 
is why it is assumed that section and material proper-
ties are unknown, at this stage of the structural design 
process.  
 
Nullspace is calculated by use of the Finite Element 
Method. This method needs section properties to 

perform an analysis. According to the dimensions of 
the elements, an estimate is made to assign realistic 
values to the section variables. These values are tested 
for the occurrence of errors due to too large stiffness 
variations between elements. Element stiffness is an 
important topic. On the one hand ‘infinite’ stiffness is 
simulated, lack of rigidity would cause a different kind 
of instability (lack of rigidity) and spoil the results of 
the procedure. On the other hand, actually assigning 
infinite stiffness would lead to calculation problems 
due to limited digit significance. 
 
For example, the sides and thickness of a rectangular 
hollow section of a Beam element are calculated by: 
 

dx = dy = L/10 
t = L/100 

 
The modes of a structure’s instability can be expressed 
by the nullspace structure’s system stiffness matrix’ (as 
used by the finite element method). Nullspace appears 
as a collection of nullvectors, each of which in turn 
consisting of values for each degree of freedom (DOF) 
of the system individually. A DOF consists of two 
parts: a node and a direction. If the system stiffness 
matrix is multiplied by a nullvector all resulting values 
are zero. In such cases a mode of deformation is 
possible without forces applying to the system. 
 

Truss elementfi g. 01



This can be illustrated by the example in fig. 01: a 2D 
truss element, that can move freely in space (i.e. has no 
boundary conditions) has two degrees of freedom at 
each node (uX: translation in global X-direction; uY: 
translation in global Y-direction) and has its axis 
perpendicular to the global X-axis. Because a truss 
element can only handle normal forces, in this particu-
lar case F1Y and F2Y are always zero, and u1Y and u2Y 
have no effect on element loads. 
 
Stiffness Matrix: 
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Example with first nullvector: 
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The system’s nullspace is calculated using the proce-
dure as described in chapter 2.5. In a vector, each value 
that is unequal to zero points to a DOF that is part of 
the mechanism. That is why the data on the system’s 
instability is not actually represented in the mathe-
matical way of the above representation, since it 
contains much useless information (all zeros in the 
nullvectors). In stead, for each vector all relevant 
degrees of freedom are listed. For the above example: 
 

/ vector 1 (ix: 1, jx: 1) 

/ vector 2 (iy: 1, jy: 1) 

/ vector 3 (iy: 1, jy: -1) 

Spatial zones for preference list (in default order): (a) envelope, (b) inner vertical plane, (c) inner horizontal planefi g. 02
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The element type that is used to stabilize the system is 
chosen through a preference list. Paragraph 2.3.8 will 
go into the use of preferences thoroughly. When the 
procedure is initiated, the first type on the list is 
chosen. If all possible adjustments using a certain 
element type have been attempted and the structure is 
still unstable, the procedure moves on to the next type. 
Using the three element types as defined in paragraph  
2.2.2 there are four options for the preference list ar: 
 
• Truss – Beam 
• Truss – FlatShell 
• Beam 
• FlatShell 

 
The first option is chosen as default and will be used 
unless the user selects an alternative. The motivation 
for this preference, as well as for the definition of the 
options, is given by the following statements. The 
named properties of the elements are established in 
paragraphs 2.2.3–5. 
• Truss elements are structurally the most effi-

cient, since they only carry axial loads.  
• Beam elements have less influence on the 

spatial design than FlatShell elements. 
• It is always possible to find a solution using 

Beam and FlatShell elements only. 
 
 
Apart from the element types, preference lists are 
made for zones as well. Since the influence of the 
elements on the spatial and structural concept differs 
per element type, a separate list is provided for each. 
This will be discussed in paragraph 2.3.8. 
 
By default, the volume’s envelope is first in the list, 
additions will influence the interior organization of the 
building design the least. Then the inner vertical plane 

is preferred to the inner horizontal planes for struc-
tural reasons: loads are transferred downwards as 
much as possible. However, architectural preferences 
may require a different order. For example, it may be 
preferable to use horizontal planes (floors) for struc-
tural supplementation to vertical planes (walls); or to 
maintain an open façade. 
 

step 2: Choose a degree of freedom from a mecha-
nism 

 
The procedure uses the DOFs that are present in 
nullspace to define at what location in the structure 
instability occurs. Each attempt for an addition follows 
from a chosen DOF. The procedure simply runs 
through all DOFs, starting with the first DOF of the 
first nullvector. Then it runs through all DOFs of this 
vector, before moving to the next nullvector. When all 
vectors have been run through this way and the system 
is still unstable, the procedure returns to step 1 to 
choose the next element type from the preference list. 
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Specification of step 1: 
 
step 1.1: give input structure 
step 1.1.1: define system geometry 
step 1.1.2: assign section properties 
step 1.2: calculate nullspace for input structure 
step 1.3: specify preference lists 
step 1.3.1: choose a preference list for order elements; by default Truss – Beam. 
step 1.3.2: choose a preference list for order zones for Truss addition; by default Envelope – Inner vertical plane – Inner 

horizontal plane 
step 1.3.3: choose a preference list for order zones for Beam addition; by default Envelope – Inner vertical – plane – 

Inner horizontal plane  
step 1.3.4: choose a preference list for order zones for FlatShell addition; by default Envelope – Inner vertical plane – 

Inner horizontal plane 
step 1.4: choose an element type for the addition procedure 
step 1.4.1: if no element type has been selected yet, select the first from the preference list, goto step 1.5 
step 1.4.2: select the next element from the preference list 
step 1.5: choose a zone for the addition procedure for the current element type 
step 1.5.1: if no zone has been selected yet, choose first option from list, goto step 2 
step 1.5.2: if the current option is the last in the list, goto step 1.4 
step 1.5.3: choose the next option from the list 
 
Specification of step 2: 
 
step 2.1: read nullspace 
step 2.2: choose DOF 
step 2.2.1: if no DOF has yet been selected, choose the first DOF in nullspace 
step 2.2.1.1: choose the first vector in nullspace 
step 2.2.1.2: choose the first DOF in the vector, goto step 3 
step 2.2.2: choose the next DOF in nullspace 
step 2.2.2.1: if the previous DOF is the last of the vector, choose the next vector 
step 2.2.2.1.1: if there are no more vectors, goto step 1.4 
step 2.2.2.1.2: choose the first DOF of the vector, goto step 3 
step 2.2.2.2: choose the next DOF of the vector 
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For the example in step 1 the procedure would function as follows (assuming that no suitable additions can be found 
for any of the DOFs): 
 
run# of cycle step result of step 

1 2.2.1 no DOF selected yet 
 2.2.1.1 first vector: (ix: 1, jx: 1) 
 2.2.1.2 first DOF in vector: give node i along x-axis as input to step 3 
2 2.2.1 a DOF was already selected, skip this step 
 2.2.2 choose next DOF in nullspace 
 2.2.2.1 previous DOF is not last in vector, skip this step 
 2.2.2.2 next DOF in vector: give node j along x-axis as input to step 3 
3 2.2.1 a DOF was already selected, skip this step 
 2.2.2 choose next DOF in nullspace 
 2.2.2.1 previous DOF last in vector 
 2.2.2.1.1 there are more vectors, skip this step 
 2.2.2.1.2 next vector: (iy: 1, jy: 1) 
 2.2.1.2 first DOF in vector: give node i along y-axis as input to step 3 
4 2.2.1 a DOF was already selected, skip this step 
 2.2.2 choose next DOF in nullspace 
 2.2.2.1 previous DOF is not last in vector, skip this step 
 2.2.2.2 next DOF in vector: give node j along y-axis as input to step 3 
5 2.2.1 a DOF was already selected, skip this step 
 2.2.2 choose next DOF in nullspace 
 2.2.2.1 previous DOF last in vector 
 2.2.2.1.1 there are more vectors, skip this step 
 2.2.2.1.2 next vector: (iy: 1, jy: -1) 
 2.2.1.2 first DOF in vector: give node i along y-axis as input to step 3 
6 2.2.1 a DOF was already selected, skip this step 
 2.2.2 choose next DOF in nullspace 
 2.2.2.1 previous DOF is not last in vector, skip this step 
 2.2.2.2 next DOF in vector: give node j along y-axis as input to step 3 
7 2.2.1 a DOF was already selected, skip this step 
 2.2.2 choose next DOF in nullspace 
 2.2.2.1 previous DOF last in vector 
 2.2.2.1.1 previous DOF is in last vector, goto step 1.3 
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step 3: Add an element to the structure. 
 
Depending on the element type chosen in step 1 and 
the DOF chosen in step 2, the procedure searches an 
option for addition that is expected to reduce the state 
of instability. Since the selection criteria depend on the 
element properties entirely, the search procedure is 
discussed for every element type individually in 
paragraphs 2.2.3-5. 
 
If a suitable option is found, existing elements that the 
added element will overlap are removed from the 
system. Failing to do so would result in the existence of 
superfluous elements in the adjusted (stable) output of 
the method and not comply to the demands on 
structural efficiency. It is likely that overlap of ele-
ments occurs since: 
 
• substituting truss elements by beam elements 

yield fixed joints in stead of hinges, while 
maintaining the overall geometry of a struc-
ture. 

• a flatshell element connects six pairs of nodes 
(4 sides and two diagonals) of which quite cer-
tainly for some already connections through 
truss or beam elements exist. 

 
The new element is defined by the nodes that follow 
from step 3.1, an ID# as well as section properties are 
automatically assigned (see step 1). 
 

step 4: Test if the attempt was successful: the number 
of mechanisms is reduced 

 
An adjustment is successful when it solves one or 
more mechanisms from the system. In that case the 
number of vectors in nullspace is reduced. If such a 
reduction has not taken place, the attempt must be 
rejected and the procedure returns to step 3 to find the 
next suitable option. By marking the option as ‘unsuit-
able’, it will be excluded from consideration in future 
rounds. If nullspace is empty (there are no vectors), the 
system has become stable and the process can be 
terminated. 
 

step 5: Return stable structure 
 
The procedure is terminated by writing the stable 
structure’s geometry to a file, in the same format as 
given in step 1. 
 

 
Specification of step 3: 
 
step 3.1: find suitable adjustment for DOF, according to element type 
step 3.2: if no suitable option can be found, goto step 2 
step 3.3: add element 
step 3.3.1: if element is Beam or FlatShell, check overlap with other elements 
step 3.3.1.1: if there is overlap with other elements, remove these elements 
step 3.3.2: add element to system 
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Specification of step 4: 
 
step 4.1: calculate nullspace for the adjusted structure 
step 4.2: if there are no vectors in nullspace goto step 5 
step 4.3: compare number of vectors between systems before and after adjustment 
step 4.3.1: if the number of vectors is reduced for the adjusted system, accept addition, goto step 2 with new nullspace 
step 4.3.2: mark option as ‘unsuitable’, goto step 3 
 
 

paragraph 2.2.2: Element Types 
 
The geometry of elements is defined by their nodes. 
These nodes determine an element’s location in the 
system, its size and the connectivity between the 
elements. Definition of a structure’s geometry consists 
of three layers: nodes (absolute coordinates), connec-
tivity (elements to nodes) and element properties. This 
chapter discusses the element types in use, their 
behaviour, relevant properties to be assigned and the 
information derived from the connectivity. 
 
Element types can be classified by their shape, which 
determines the way they are defined and their relevant 
variables to a large extent. So far, elements have been 
integrated of two shape classes only: 2-node linear 
elements and 4-node planar elements. 
 

2-node linear 
 
definition: elements are defined by two nodes in any 
possible but fixed order. The local axes are derived as: 
origin lies in the first node; local x-axis along element 
axis, from first node towards second node; y-axis 
perpendicular to x-axis and within the global XY-plane 
– in the unique case in which the local x-axis lies along 
the global Z-axis, the y-axis is chosen to run along the 
positive Y-axis; z-axis lies perpendicular to the local xy-
plane. 

 
properties: material properties (Young’s modulus and 
Poisson factor) are chosen arbitrarily, according to 
element type and expected loading (normal, lateral, 
etc.); the length of the element follows directly from 
its node coordinates; depending on the length an 
estimate is made for a suitable section (closed/open, 
shape, dimensions); the section and material proper-
ties allow for calculation of stiffness matrix items. 
 

4-node planar 
 
definition: elements are defined by four nodes in 
(counter) clockwise order. The local axes are derived 
as: origin lies on the intersection of the plane’s diago-
nals; local x-axis in the direction of the middle between 
the 2nd and 3rd node; y-axis perpendicular to x-axis and 
within the plane; the z-axis lies perpendicular to the 
local xy-plane. 
 
properties: material properties (Young’s modulus and 
Poisson factor) are chosen arbitrarily, according to 
element type and expected loading (normal, lateral, 
etc.); the length and width of the element follow 
directly from its node coordinates; depending on these 
sizes an estimate is made for a suitable thickness; the 
section and material properties allow for calculation of 
stiffness matrix items. 



simplifi ed representation of element 

stiffness matrices: (a) Truss, (b) Beam 

and (c) FlatShell

fi g. 03

(a)

(c)

(b)



Beam – FlatShell connections: 

(1) in one plane;

(2) perpendicular;

FlatShell connections:

(3) in one plane

(4) perpendicular.

(1a,2a,3a,4a,4b) hinged connections. 

(1b,1c,2b,3,b,4c) fi xed connections.

fi g. 04



Element description 
 
A description of each element is given. An assump-
tions is made to determine the properties that are 
necessary to calculate the items in the stiffness matrix. 
 
Truss elements are 2-node linear elements that can 
only handle axial loads. Each of the element nodes has 
six DOFs (ux, uy, uz,  x,  y,  z,). For this element, only 
two DOFs are actually coupled to the element forces: 
translation along the local coordinate system. Since the 
analysis restricts to first order static calculations, 
buckling is not considered and bending is completely 
irrelevant for the element. Accordingly, bending 
stiffness plays no role and a simple rectangular solid 
section in steel is chosen. 
 

d1 = d2 = 100 mm 
E = 2,1 e

5
 N/mm

2
 

 
Beam elements are 2-node linear elements that handle 
all loads. Each of the element nodes has six DOFs (ux, 
uy, uz,  x,  y,  z,). For this element, all DOFs are 
coupled to the element forces according to beam 
theory as proposed by Przemieniecki [Hofm2009, Prz]. 

With regard to the element’s stiffness properties – 
both section area and the area moment of inertia – 
which must be high enough to simulate infinite 
stiffness but not so high that calculation errors occur – 
a rectangular hollow section in steel is chosen.  
 

d1 = d2 = L/10 
t = L/100 
E = 2,1 e

5
 N/mm

2 

  = 0,3 
 
Linking Beam elements to Truss elements will result 
in a complete hinge – in three directions: around x-, y- 
and z-axis. By connecting a Beam element to trusses 
only, it will behave as a truss itself (transferring 
normal load only). Beam elements are completely fixed 
connected to each other. The result of both kind of 
connections is easily predicted. 
 
FlatShell elements are 4-node planar elements that 
handle all loads. For the element, plane stress behav-
iour and bending behaviour operate independently 
entirely, suggested by [Cook] and [Batoz] respectively.  

 

element types: Truss (a), Beam (b) and FlatShell (c)fi g. 05
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The drilling stiffness (rotation at the nodes around 
local z-axis) is coupled to the corresponding moment 
only, according to [Kansara]. This way, the element 
retains rotation of the node due to moments, but load 
and deformation are not linked to any of the other 
DOFs. In fig. 03, this can be seen in the single items 
for rotation around the local z-axis, that lie on the 
matrix’ diagonal. Its implications will be shown in the 
next section, in which the behaviour of elements with 
respect to each other is discussed. 
 

d = 400 mm 
E = 3,0 e4 N/mm2 
ν = 0,3 

 
When a FlatShell element and a Truss element are 
fixed to each other, they are completely hinge-
connected. The behaviour of this kind of connection is 
easy to predict. However, due to the isolated drilling 
stiffness, connections with Beam elements or between 
FlatShell elements yield less evident deformation 
possibilities (see fig 04): 
 
• if a Beam and a FlatShell element are con-

nected, the flatshell can rotate freely around its 
local z-axis (5 connected DOFs); 

• if two FlatShell elements are connected at one 
corner and they lie in the same plane, they are 
hinged-connected around their (shared) local 
z-axis (5 connected DOFs); 

• if two FlatShell elements are connected at one 
corner and they lie perpendicular with respect 
to each other, they are hinged-connected 
around each other’s local z-axis (4 connected 
DOFs). 

 
 
 

paragraph 2.2.3: Grid Coordinates 
 
Chapter 1.2 restricts the type of input models to 
orthogonal box-shaped systems. This means that all 
nodes lie in an orthogonal grid. Apart from the 
absolute coordinates (x, y and z) of the key points in 
the Cartesian Coordinate System, it is possible to 
assign grid coordinates (Gx, Gy and Gz) to each of the 
key points. A grid coordinate is a relative value that 
defines the location of a key point with respect to 
others and is a natural number. Fig 06(a) demonstrates 
for a 2D system how grid coordinates are assigned. 
 
Grid coordinates can be used in two ways. Firstly, grid 
coordinates can be used to investigate the existence of 
a key point at a certain location in the system as will be 
illustrated in paragraphs 2.2.4-6. Secondly, the relative 
distance between two key points can be measured. The 
number of increments between two nodes can be 
calculated by subtracting their grid coordinates.. The 
latter is of use to formulate conditions to which 
allowable options must comply. 
 
Not all possible additions lead to spatially or structur-
ally efficient solutions. Two important restrictions are 
formulated that reduce the collection of allowable 
options. Elements may not span diagonally through 
space (Fig 06 (a)), i.e. always lie perpendicular to one of 
the global coordinate system’s planes (XY, YZ or ZX). 
In order to fulfil this requirement, two nodes being 
connected by a rod must fulfil the condition stated in 
formula (1). Secondly, a rod may not span more than 
one increment (fig. 06 (b)). This condition to the nodes 
being connected is formulated in formula (2). Thirdly, 
the orientation of the nodes points with respect to 
each other is not perpendicular to the direction of the 
DOF. Since Truss elements are hinge connected, they 
cannot resist movement perpendicular to their axis. 
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The condition can be ensured through the conditions 
stated in formula (3). 
 
 

0 0 0Gx Gy GzΔ = ∨ Δ = ∨ Δ =  (1)
 

1 1 1Gx Gy GzΔ ≤ ∧ Δ ≤ ∧ Δ ≤  (2)
 

axis

axis

axis

DOF 0

DOF 0

DOF 0

X Gx

Y Gy

Z Gz

= →Δ ≠

= →Δ ≠

= →Δ ≠

 (3)

 
 
In the following paragraphs, all options are defined in 
terms of these grid coordinates. 
 
 

paragraph 2.2.4: Truss Element Addition 
 
The stabilization process of a structure by addition of 
hinge-connected linear elements (rods), typically 
results in the generation of triangles. In the case of a 
structure with an orthogonal grid, this is achieved by 
adding diagonals. Since the original structure can 
contain Beam and FlatShell elements and it may not 
be necessary to add diagonals at all. Therefore, axial 
connections are sought first, being of less impact 
architecturally and structurally more effective – 
shorter elements and along the DOF’s axis. 

For the key point of the DOF chosen by step 
2, the method investigates the existence of surround-
ing nodes in a predefined order (according to the 
numbering used in the discussion below). The search 
consists of two phases: axial orientation (for nodes 
lying perpendicular to one of the primary axes X, Y 
and Z) and diagonal orientation (for nodes lying 

perpendicular to one of the primary planes XY, YZ and 
ZX). The exact order will now be formulated. Assume 
the node from the DOF chosen in step 1 to have grid 
coordinates (i,j,k). 

In phase one only two locations are relevant, 
depending on the orientation of the DOF. This is 
specified in formula (4) and illustrated in fig 07. All 
other axial connections would automatically lie 
perpendicular to the direction of the DOF, and no 
longer comply to the condition in formula (3).  

In phase two a total of eight locations is rele-
vant, four for every plane. The planes under considera-
tion again depends on the direction of the DOF. 
Formula (5) determines which planes are relevant and 
in what order they are considered. For each plane in 
turn, all the options of formula (6) are run through 
(see fig. 08). ZX and YZ are considered before XY 
because by default the preference list for the zones is 
determined to be: Envelope – Inner Vertical Plane – 
Outer Vertical Plane (see paragraph 2.2.1). 

Not every combination of nodes can be con-
sidered valid. The search function is formulated in 
such a way that it respects the restrictions formulated 
in paragraph 2.2.3., but does not take into account the 
preferences stated in paragraph 2.2.1 in step 1, existing 
connectivity nor the result of previous attempts. The 
procedure of step 3.1 must be able to respect these 
factors. 
 
The algorithm of the Truss element option search is 
given on the next page. Fig. 09 (a) shows an example 
input problem for which the algorithm is run once, 
Table 01 gives an overview of the results at each step. 
The diagonal Truss element marked in red in (b) is the 
suggested element resulting from the procedure. In 
the following steps, the option will appear to be 
successful to reduce the degree of instability, since the 
number of nullvectors decreases from two to one. 



System before and after adjustment 

(addition of rod between key points 2 

and 5). (a) 2 mechanisms:

vector 1 (5 and 6 in x )

vector 2 (5 and 8 in y )

(b) 1 mechanism: 

vector 1 (5 and 8 in y ).

Diagonally oriented key points for 

global (a) XZ-plane, (b) YZ-planes, 

and (c) XY-plane.

Axes-aligned key points for global (a) 

X-axis, (b) Y-axis, and (c) Z-axis, se-

lected DOF key point is at the origin.

(a) Grid coordinates; restrictions: (b) 

spatial diagonal, (c) span along more 

than a single grid increment.

fi g. 09

fi g. 08

fi g. 07

fi g. 06

(a) (b)
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In the following algorithm – the specification of step 3.1 for Truss Element Addition – n1 refers to the node from the 
DOF. 
 
step 3.1: find suitable adjustment for DOF: Truss Addition 
step 3.1.1: find second node n2 adjacent to n1, to be connected by Truss element 
step 3.1.1.1: if a node is found according to formula (4), assign as n2 and goto 3.1.2 
step 3.1.1.2: if a node is found according to formula (5), assign as n2 and goto 3.1.2 
step 3.1.1.3: assign a vacant value to n2 (e.g. -1) and goto step 3.1.3 
step 3.1.2: if n1 and n2 are marked as “not to be connected”, continue search in previous step 
step 3.1.2.1: if n1 and n2 are already connected, they are “not to be connected” 
step 3.1.2.2: if the link between n1 and n2 does not lie in the preferred zone (fig 02), it is “not to be connected” 
step 3.1.2.3: if the link was previously unsuccessfully attempted, it is “not to be connected” 
step 3.1.2.4: if the area which the link spans is excluded by the user, the nodes are “not to be connected” 
step 3.1.3: choose n1 and n2 as nodes to be connected by Truss element. 
 
 
 
 
 

axis

axis

axis

DOF ( 1, , ), ( 1, , )

DOF ( , 1, ), ( , 1, )

DOF ( , , 1), ( , , 1)

X I i j k II i j k

Y I i j k II i j k

Z I i j k II i j k

= → = − = +
= → = − = +
= → = − = +

 

(4)

 

axis

axis

axis

DOF relevant planes: ( ), ( )

DOF relevant planes: YZ ( ), ( )

DOF relevant planes: ( ), ( )

X XZ III XY IV

Y III XY IV

Z XZ III YZ IV

= →
= →
= →

 
(5)

 

plane : 1 ( 1, 1, ), 2 ( 1, 1, ),3 ( 1, 1, ), 4 ( 1, 1, )

plane : 1 ( , 1, 1), 2 ( , 1, 1),3 ( , 1, 1), 4 ( , 1, 1)

plane : 1 ( 1, , 1), 2 ( 1, , 1),3 ( 1, , 1), 4 ( 1, , 1)

XY i j k i j k i j k i j k

YZ i j k i j k i j k i j k

XZ i j k i j k i j k i j k

= − − = − + = + − = + +
= − − = − + = + − = + +
= − − = − + = + − = + +

 

(6) 

 
 
 



 
Table 01 
 
input DOF : node 5 (1,1,2) along x-axis 

Element Selection: Truss 
Zone Selection: envelope 

step 3.1.1.1 I (0,1,2) does not exist 
 II (2,1,2) node 6 
step 3.1.2.1 node 5 and 6 are already connected; continue step 3.1.1 
step 3.1.1.2 III-1 (0,1,1) does not exist 
 III-2 (0,1,3) does not exist 
 III-3 (2,1,1) node 2 
step 3.1.2.1 node 5 and 2 are not yet connected 
step 3.1.2.2 the link between nodes 5 and 2 lies in the outer envelope, as selected 
step 3.1.2.3 the link between nodes 5 and 2 has not yet been attempted 
step 3.1.2.4 the link between nodes 5 and 2 does not lie in a zone that was excluded by the user 
step 3.1.3 return nodes 5 and 2 
 
 

Truss-to-Beam substitution: 

(a,b) Beam elements that are con-

nected tu Truss elements only, have 

no infl uence on the system’s stability. 

(c,d) If two Truss elements are sub-

stituted, it is preferable to do so for 

linearly aligned Trusses (c), to perpen-

dicular Trusses (d).

fi g. 10
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paragraph 2.2.5: Beam Element Addition 
 
Instability is caused by the existence of hinges. In the 
previous paragraph, elements were added to restrain 
the free body movement that was enabled by these 
hinges. The use of Beams allows for a completely 
different tactic, since a Beam element provides a fixed 
connection. Since Truss- and Beam elements are both 
linear elements, choosing one or the other has no great 
fundamental impact on the architectural design – in 
comparison to substituting linear elements by a planar 
element or adding elements where none existed 
before. Through Truss-to-Beam-substitution existing 
hinges can be replaced by fixed connections. 
 
There are two options to consider. A beam that is 
connected to Truss elements only – thus being hinge-
connected to its surroundings – behaves like a truss – 
only taking normal forces. If case such is the result of a 
substitution, it is useless by definition. In stead, in the 
procedure it should be recognized that for certain cases 
a minimum of two Truss elements must be substi-
tuted to establish a transition from hinge to fixed 
connection. On the other hand, if a Truss at the DOF’s 
node is attached to a Beam or FlatShell element, its 
sole substitution will be sufficient to establish a new 
fixed connection. 

For each DOF provided by step 2, the method 
investigates the existence of surrounding Truss 
elements. If it finds any, it will check if any of them is 
connected to a Beam or FlatShell element, and if so it 
will choose to substitute these first – allowing for 
single Truss substitution. If none of the Truss ele-
ments is, the procedure will try to find connecting 
Truss elements to substitute – coupled Truss substitu-
tion. This is done in two phases, divided in four sub 
phases: (1) couples in which the common node is the 
DOF’s node, (1A) in each other’s extension and (1B) at 

an angle with respect to each other; and (2) couples in 
which the shared node is an adjacent node, (2A) in 
each other’s extension and (2B) at an angle with 
respect to each other. 
 
For the single Truss substitution, it can be shown that 
substituting elements in all three directions – two 
directions perpendicular to the DOF and one along its 
axis – are necessary to consider in order to ensure that 
a solution can be found (fig.10). However, the options 
perpendicular to the DOF are preferred to those along 
its axis, since its internal forces can be expected to be 
lower. Just as for Truss addition, vertical adjustments 
are preferred to horizontal adjustments. The order of 
finding a suitable substitution is then given by formula 
(7) – giving the order in which the axes are considered 
– and formula (8) – the options per axis. t1 refers to 
the Truss element to be substituted, and n1 and n2 are 
the nodes by which it is defined. 
 
 
In the case of coupled Truss substitution, an adjust-
ment has effect only if replacement of the hinge of the 
common node by a fixed connection restrains the free 
body movement. For each phase, it can be shown that 
only two directions (either axes or planes) are relevant 
to take under consideration. In the following discus-
sion, t1 and t2 refer to the Truss elements that are 
considered for substitution and n1, n2 and n3 are their 
nodes. 

Phase 1A: The common node is the DOF’s 
node and the elements lie in each other’s extension. 
Only the two axes perpendicular to the DOF yield 
effect. To a pair of elements along the DOF’s axis, the 
movement the DOF represents causes axial loads only 
and the hinge is not subjected to bending (fig.11). For 
each axis, only one option exists (fig. 13), the order of 
consideration is given by formula (9). 



Phase 1B: The common node is the DOF’s node and 
the elements lie at an angle with respect to each other. 
The planes in which the DOF lies contain useful 
options. In the plane perpendicular to the DOF, the 
outer hinges of the chain – at the nodes n2 and n3 – 
provide an axis around which rotation can occur, that 
enables the movement of the DOF (fig. 11). For each 
plane, four options exist (fig. 14 and formula (11)), the 
order is given by formula (10). 

Phase 2A: The common node is an adjacent 
node and the elements lie in each other’s extension. 
For identical reasons to phase 1A, only the two axes 
perpendicular to the DOF yield effect. In this case, for 
each axis two options exist (fig. 15 and formula (13)), 
the order is given by formula (12). 

Phase 2B: The common node is an adjacent 
node and the elements lie at an angle with respect to 
each other. As in phase 1B, the planes in which the 

DOF lies contain useful options. For each plane, eight 
options exist (fig. 16 and formula (15)), the order is 
given by formula (14). 
 
 
The algorithm for the Beam addition options search, 
step 3.1, is given on the next page. At the next step, 
step 3.2, the procedure investigates if a suitable option 
has been found. A vacant value for t2 only, will be 
interpreted as: a solution has been found by substitu-
tion of one truss only. A vacant value for t1 and t2 will 
be interpreted as: no solution has been found. 
 The same example as for Truss addition is 
used to solve by means of Beam addition (fig. 17). The 
steps of the procedure are given in Table 02. When the 
procedure continues, the option appears to be success-
ful to reduce the degree of instability, since the num-
ber of nullvectors decreases from two to one. 

 
 
 
 

Coupled Truss substitution is only effective, if the common (hinged) node is bent by the DOF The top row shows effective substitu-

tions, the bottom row shows ineffective substitutions. For phase 1A (a) lateral confi gurations are effective and (e) axial confi gurations 

are not; phase 1B (b) planes in which the DOF lies are effective, (f) lateral planes are not; phase 2A (c) lateral confi gurations are effective 

and (g) axial confi gurations are not; phase 2B (d) planes in which the DOF lies are effective, (h) lateral planes are not.

fi g. 11



Coupled Truss substitution, in which 

shared node is adjacent node and ele-

ments lie in same axis, along (a) Xaxis, 

(b) Y-axis, and (c) Z-axis.

Coupled Truss substitution, in which 

shared node is Adjacent node and ele-

ments lie at an angle to each other,

in (a) XY-plane, (b) YZ-plane, and (c) 

XZ-plane.

Coupled Truss substitution, in which 

shared node is DOF node and ele-

ments lie at an angle to each other, in

(a) XY-plane, (b) YZ-plane, and (c) 

XZ-plane.

Coupled Truss substitution, in which 

shared node is DOF node and ele-

ments lie in same axis, along (a) X-

axis, (b) Y-axis, and (c) Z-axis.

Single Truss substitution along (a) X-

axis, (b) Y-axis, and (c) Z-axis.

fi g. 15

fi g. 16

fi g. 14

fi g. 13

fi g. 12
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In the following algorithm – the specification of step 3.1 for Beam Element Addition – n1 refers to the node from the 
DOF. 
 
step 3.1: find suitable adjustment for DOF: Beam Addition 
step 3.1.1: check existence of Beam or FlatShell elements that new Beam element can attach to 
step 3.1.1.1: if a Beam or FlatShell elements exists at n1, goto step 3.1.3 
step 3.1.1.2: if a Beam or FlatShell elements exists at an adjacent node, goto step 3.1.3 
step 3.1.2: find a pair of Truss elements t1 and t2 that is connected to n1 
step 3.1.2.1: find a pair that shares n1 as a common node (t1 (n1,n2) and t2 (n1, n3)) 
step 3.1.2.1.1: if a pair can be found according to formula (9), assign t1 and t2 and goto step 3.1.4 
step 3.1.2.1.1: if a pair can be found according to formula (10), assign t1 and t2 and goto step 3.1.4 
step 3.1.2.2: find a pair that shares an adjacent node as a common node (t1 (n1,n2) and t2 (n2, n3)) 
step 3.1.2.2.1: if a pair can be found according to formula (12), assign t1 and t2 and goto step 3.1.4 
step 3.1.2.2.1: if a pair can be found according to formula (14), assign t1 and t2 and goto step 3.1.4 
step 3.1.2.3: assign a vacant value to t1 and t2 (e.g. -1) and goto 3.1.5 
step 3.1.3: find a Truss t1 that is connected to n1 (t1 has nodes n1 and n2) 
step 3.1.3.1: assign a vacant value to t2 (e.g. -1) 
step 3.1.3.2: if a Truss is found according to formula (7), assign t1 and goto step 3.1.4 
step 3.1.3.3: assign a vacant value to t1 (e.g. -1) and goto step 3.1.5 
step 3.1.4: if the combination of t1 and t2 is marked as “not to be substituted”, continue search of previous step 
step 3.1.4.1: if either t1 or t2 does not lie in the preferred zone (fig. 02), they are “not to be substituted” 
step 3.1.4.2: if the substitution was previously unsuccessfully attempted, it is “not to be substituted” 
step 3.1.5: choose t1 and t2 as Truss elements to be substituted. 
 
 
 
Single Truss Substitution: 
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Double Truss Subistution 
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Table 02 
 
input DOF : node 5 (1,1,2) along x-axis 

Element Selection: Beam 
Zone Selection: envelope 

step 3.1.1.1 No Beam or FlatShell element exists at node 5 
step 3.1.1.1 No Beam or FlatShell element exists at node 1, 6 or 8 
step 3.1.2.1.1 I (1,1,1) node 1 
  (1,1,3) node does not exist 
 II (1,0,2) node does not exist 
step 3.1.2.1.2 III-1 (0,1,2) node does not exist 
 III-2 (2,1,2) node 6 
  (1,1,1) node 1 
  (5,6) is existing truss; assign t1 
  (5,1) is existing truss; assign t2 
step 3.1.4.1 t1 and t2 both lie in envelop 
step 3.1.4.2 substitution was not yet attempted 
step 3.1.5 return Truss elements t1 (5,6) and t2 (5,1) 
 
 

System before and after adjustment 

(substitution of Trusses to Beams of 

between key points [1,5] and [5,6])

(a) 2 mechanisms:

vector 1 (5 and 6 in x )

vector 2 (5 and 8 in y )

(b) 1 mechanism: 

vector 1 (5 and 8 in y ).

fi g. 17

(a) (b)



paragraph 2.2.6: FlatShell Element Addition 
 
Within the conditions as formulated in Chapter 1.2, 
with respect to the limitations to the input problems 
that the method can handle, FlatShell addition is 
restricted to the six planes that envelop the box-shaped 
volumes the spatial design is made of. Due to the 
element’s complex formulation – through which it 
allows both membrane and bending action between six 
pairs of nodes – addition of the element will have 
effect in all three directions (along X-, Y- and Z-axis) 
for all of the four nodes it connects. To guard its 
effectiveness, the mechanism as a total should be 
considered: addition will only have effect if the shape 
of the plane is changed by the mechanism (fig. 18)  
 
Valid options for FlatShell addition are sought by 
exploring the existence of surrounding nodes, as given 
for each plane by formula (17) and shown in fig. 19; a 
FlatShell element being defined as (n1, n2, n3, n4), in 

which n1 is the DOF’s node, with grid coordinates (i, j, 
k). The method prefers options for which the DOF lies 
within the plane of the element, since membrane 
action is structurally more efficient than bending 
action. Identical to the procedures for Truss and Beam 
addition, the method prefers vertical elements to 
horizontal elements. The order in which the planes are 
considered is given by formula (16). 
 
The algorithm is given on the next page. The example 
input problem and one step in its stabilization process 
are shown fig. 20. The procedure is set apart in Table 
03. In step 3.3.1 the procedure will check the presence 
of existing elements and find the Truss elements (1,5), 
(2,6) and (5,6), which will be removed. Addition of the 
FlatShell element will show to be successful to reduce 
the degree of instability, since the number of nullvec-
tors decreases from two to one. 
 

 

Addition of a FlatShell element will 

have no effect, if in the mechanism 

the shape of the area does not change 

both (a) within the plane as (b) out of 

the plane.

FlatShell Addition options in (a) 

XY-plane, (b) YZ-plane, and (c) XZ-

plane.

fi g. 18

fi g. 19
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In the following algorithm – the specification of step 3.1 for FlatShell Element Addition – n1 refers to the node from the DOF 
 
step 3.1: find suitable adjustment for DOF: FlatShell Addition 
step 3.1.1: find set of nodes n2, n3 and n4 adjacent to n1, to be connected by FlatShell element 
step 3.1.1.1: if a set is found according to formula (16), assign n2, n3 and n4 and goto 3.1.2 
step 3.1.1.2: assign a vacant values to n2, n3 and n4 (e.g. -1) and goto step 3.1.3 
step 3.1.2: if n1, n2, n3 and n4 are marked as “not to be connected”, continue search in previous step 
step 3.1.2.1: if an element already exists for the set, it is “not to be connected” 
step 3.1.2.2: if the plane does not lie in the preferred zone (fig 02), it is “not to be connected” 
step 3.1.2.3: if the set was previously unsuccessfully attempted, it is “not to be connected” 
step 3.1.2.4: if the area which the set spans is excluded by the user, the nodes are “not to be connected” 
step 3.1.2.5: if the shape of the area is not altered by mechanism, the nodes are “not to be connected” 
step 3.1.3: choose n1, n2, n3 and n4 as set to be connected by FlatShell element. 
 
At step 3.2 the procedure investigates if a suitable option has been found. Only if all nodes have expedient values will 
the outcome of step 3.1 be interpreted as an option for addition. 



Table 03 
 
input DOF : node 5 (1,1,2) along x-axis 

Element Selection: FlatShell 
Zone Selection: envelope 

step 3.1.1.1 I-1 (0,1,2) node does not exist 
step 3.1.2.1.2 I-2 (2,1,2) node 6 
  (2,1,1) node 2 
  (1,1,1) node 1 
step 3.1.2.1 no FlatShell element yet exists for (5,6,2,1) 
step 3.1.2.2 the plane lies in the envelope 
step 3.1.2.3 the set was not previously attempted 
step 3.1.2.4 the area is not excluded by the user 
step 3.1.2.5 the shape of the area is transformed by the mechanism from a rectangle to a diamond 
step 3.1.3 return (5,6,2,1) as a newly to be added FlatShell element 
 
 

System before and after adjustment 

(addition of FlatShell between nodes 

1,2,6 and 5). (a) 2 mechanisms:

vector 1 (5 and 6 in x )

vector 2 (5 and 8 in y )

(b) 1 mechanism: 

vector 1 (5 and 8 in y ).

fi g. 20

(a) (b)
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chapter 2.3: IMPLEMENTATION IN PROGRAM 
 
 
 
 
The program that is based on the method described in chapter 2.2 is called StabilizeStruct. It is written in such a way 
that it can be implemented into another program. More specifically, it is relevant for this research that it can be 
implemented by the Research Engine. For any other application a separate calling function must be written. This has 
been the case for the visualization (chapter 2.5) and the example implementation given in Appendix B. 
 StabilizeStruct has been divided into nine modules, which operate individually more or less. The separation of 
functions have provided a constant overview into the various procedures during the development of the method and its 
implementation. In the future, it will make it easy for developers to adjust and expand the program, since alterations to 
the modules have little influence on the other modules. 
 The first module, StabilizeStruct, named after the program, allows the user to communicate with the pro-
gram and operates the stabilization functions. Secondly, module Structure manages the system that is being stabilized. 
It is closely connected to modules GeoOrg, smGen and surrNodes, that represent the geometrical properties of the 
system, run the finite element calculations necessary to find nullspace and search for nodes and elements at a specific 
location of the system respectively. Module PrefSet gives the user the opportunity to define preferences that influence 
the result of the automated stabilization process. 
 Finally, the modules TrussAdd, BeamAdd and FlatShellAdd perform the actual search for suitable additions 
to the system. These modules use the information provided by the modules GeoOrg, smGen, surrNodes and PrefSet to 
determine which options are valid and possibly effective. The actual change to the system is not made at this part of 
the program If an option is found, it is returned as suggestion to the module StabilizeStruct, which adds the element 
through the module Structure. 
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paragraph 2.3.1: C++ Environment 
 
StabilizeStruct has been written in the programming 
language C++. It is based on object-oriented design, 
which means that functions and data can be collected 
in predefined components. Some components have 
been developed for C++ by companies and scientists 
and are made available on a wide scale, to broaden the 
possibilities of the C++ language. For example, the 
GLUT library supports the design of interfaces. 
 It is also possible for the programmer to 
create components that fit the objectives of the 
implementation. Such is done by the definition of 
classes. A class represents an object, it contains all data 
that describe the object (data members) and functions 
(member functions), for example to manipulate the 
object or to retrieve its data. For example, Stabi-
lizeStruct contains a class Node, that has coordinates 
as data members and a function to investigate if it has 
the same coordinates as another node. 
 Once a class is defined, objects of its kind can 
be created. Such an object automatically contains all of 
the class’ data members and member functions. Yet, 
each object is independent of the others and can be 
manipulated individually. Complex procedures can be 
built up from classes, keeping the base functions 
relatively simple. But also, complex classes can be built 
up from smaller components. Such a class contains 
objects of other classes, which in turn may contain 
objects of other classes. Such a hierarchy allows for 
programmatic structures that consist of manageable 
building blocks. 
 

paragraph 2.3.2: Programmatic Solutions 
 
An implementation has been found that follows the 
method for automated stabilization exactly. Since the 
method solves the problem of instability through the 

addition of elements, it is necessary to provide func-
tions that search for appropriate locations and to test 
these options for their quality. This information is 
deducted from the geometrical properties of the 
system under discussion.  

Although the definition of the geometry is 
basic – nodes, elements and constraints – the proce-
dure has become very complex to incorporate all 
necessary factors, such as the deduction of mecha-
nisms, restriction to addition to ensure spatial, archi-
tectural and structural quality, providing preferences 
for the user to choose from. This paragraph will give 
an overview of the programmatic solutions, which are 
divided into modules. The following paragraphs will 
go into each of these modules. 
 

Structure Overview 
 
The user communicates with the program through the 
module StabilizeStruct (it is common that this kind of 
module has the same name as the program as totality). 
This module contains functions that are used to 
operate the method. It is able to handle a structure 
through the cluster System. For example, it can call a 
function that generates a structural system (through a 
Structure Object, see next section) from an input file; it 
can add or replace elements in the system. It uses the 
module Element Addition Options to retrieve suitable 
options for adjustment. 
 The cluster System contains all data and 
functions to read, build, manipulate and export a 
structural system. It consists of five modules: Struc-
ture, GeoOrg, smGen, SurrNodes and PrefSet. It is 
used by StabilizeStruct to adjust a system and by 
Element Addition Options to retrieve information on 
the system. Through the module Structure a system is 
read from and written to a file, elements and con-
straints are added and removed. GeoOrg organizes the 



geometrical properties of a system, ranging from 
connectivity and element section dimensions and zone 
recognition (fig. 01). smGen runs all Finite Element 
calculations: assembly of the stiffness matrices and 
deduction of NullSpace. surrNodes examines the 
existence of nodes and elements at specific locations of 
the system. To do so surrNodes uses GeoOrg. 
Through prefSet, the user can define preferences with 
respect to element type to be used and the order in 
which zones are considered. Element Addition Op-
tions uses this module to decide whether or not an 
option is valid. 

The module Element Addition Options gen-
erates a suitable combination of nodes and elements 

that define a specific adjustment (see paragraph 2.3.9). 
It is actually a cluster of modules, for each of the 
element types that are used individually. Each of these 
modules has the same principal set-up. Therefore they 
will be referred to as a single module called Element 
Addition Options. If an attempt is made that yields no 
effect, it is recorded by a function in this module. 
Apart from that, no adjustments are made to the data 
of a structure and the module serves only to interpret 
and pass on useful information. Element Addition 
Options is called by StabilizeStruct and returns an 
option for adjustment. In its turn, the module requests 
information on the structure’s geometry and restric-
tions from the cluster Structure. 

 
 

program structurefi g. 20



class diagramfi g. 03





Class definition 

 
The program’s classes are collected in the previously 
discussed cluster System. The declarations are given in 
the file 4-1_Structure.h; the definitions of the func-
tions are distributed over the modules within the 
cluster. The program has eight classes: 

 class Structure, which is a collection of all necessary 
data to interpret a structural system: geometry, in-
stability, restrictions; 

 class Node; a node has a location in the Cartesian 
coordinate system and deflections (translation and 
rotation in three directions) 

 class Node_dof_inf; nodes that are relevant for the 
finite element calculations (unique coordinates). Each 
Node knows exactly one Node_dof_inf. Since the lat-
ter restricts the number of nodes to unique coordi-
nates, a Node_dof_inf can be known by more than 
one Node. 

 class Constraint; applied to a node, a constraint pre-
vents movement in one of the six DOFs: translation or 
rotation along either global X-, Y- or Z-axis. Every 
Constraint knows one Node (the node it applies to). A 
node can be known by up to six Constraints. 

 class Element with subclasses Truss, Beam and 
FlatShell. The location of an element is defined by 
the nodes it is connected to: each Element owns the 
nodes it is connected to; a Node can be owned by 
multiple Elements. In accordance to the assump-
tions of the structural simplifications (paragraph 
2.2.1) material and geometrical properties are as-
signed to each Element. 

All classes exist in support of class Structure, which 
provides the object that the program uses to perform. 
Thus, every Structure owns zero or more Nodes, 
Node_dof_infs, Constraints and Elements. An over-
view of the classes and their relations is given in the 
class diagram given in fig.01. sequence diagramfi g. 03
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Program Organization 
 
The locations of all functions in StabilizeStruct are 
summed in Table 02. It can be seen that the functions 
that do not belong to a class are all in the module 
StabilizeStruct. The member functions of its classes 
are distributed over all other files according to the 
function of the modules as described previously. 
 

Task Sequences 
 
The user has four global tasks by which the method is 
operated. Fig. 03 shows for each of these the collabora-
tion between the modules. 
• iniStruct () : the procedure is initiated, a Struc-

ture object is created and built through an in-
put file called “Geometry_00.txt”. 

• definePref (ElemType, TrussZone, BeamZone, 
FlatShellZone) : the user can change the de-
fault settings; the input variables are integers. 
Defaults and preference codes are given in 
paragraph 2.3.8. 

• nextAdjustment (Structure) : the next adjust-
ment is made to the Structure. 

• endSS (Structure) : the Structure’s geometry is 
written to a file called “5_StableStruct.txt”. 

Apart from these functions, the user can use the public 
member functions of the class Structure. The example 
below uses the following: 
• sizeNull() : returns the number of mecha-

nisms. This information is useful to compare 
the system’s instability at different steps of the 
stabilization process, or to decide when the 
process is finished. 

• writeNull() : writing the mechanisms to a file. 
Since the method uses NullSpace in a certain 
order (see paragraph 2.2.1), from this data the 
order at which options are considered can be 
derived. 

 
The visualization uses the &get_* function series to 
retrieve the node-, element- and constraintlists to 
build up the visualization of the structural systems 
(chapter 2.5). 

An example of a program that uses Stabi-
lizeStruct is given below. Through the while statement 
(that checks if NullSpace has reached the size zero 
(empty) yet), a loop is created that continues until the 
system has become stable. 

 
 
 
int main() { 
 
    Structure S = iniStruct(); 
 
    S.definePref( 
 
    while (S.sizeNull()!=0) { 
        nextAdjustment(S); 
        S.writeNull(FileNameGen("DOF",S.sizeAdd())); 
    } 
 
    endSS(S); 
} 
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Table 01: program modules 
 

module function 

StabilizeStruct This module is the ‘control room’ of the method. It has functions for the user to 
operate the method; it manipulates the structure through the modules of the cluster 
System; it retrieves suitable options for stabilization through the cluster Addition 
Options. 

cluster System The modules of this cluster manipulate, store and deliver data on a structural system. 
This includes physical restrictions and user preferences as described in chapter 2.2. 

Structure Assembly of system; reading from and writing to a file of a system. 

GeoOrg Organization of geometrical properties of system; e.g. connectivity, section dimensions 
of elements, orientation of nodes with respect to each other, documentation of failed 
attempts. 

smGen Finite Element calculations: assembly of stiffness matrices and calculation of Null-
Space. 

SurrNodes Search functions for nodes and elements at specific locations. 

PrefSet Setting and retrieving user preferences concerning order of element types to be used 
for the stabilization method and zones at which elements may be added. 

cluster Addition Options 
TrussAdd 
BeamAdd 
FlatShellAdd 

Each of the modules in this cluster contains a search procedure for each of the ele-
ment types that the method uses (at current state: Truss, Beam or FlatShell element; 
see paragraph 2.2.2 for details on element properties). The functions in the modules 
are called by the module StabilizeStruct. In its turn, Addition Options retrieves 
information from the cluster Structure on geometrical properties, restrictions and user 
preferences. 

 



 82 

Table 02: program files 
 

file(s) implements 

4-0_StabilizeStruct.h 
4-0_StabilizeStruct.cpp 

iniStruct() 
definePref() 
nextAdjustment() 
endSS() 
 
AdjustStructure() 
FindTruss() 
FindBeam() 
FindFlatShell() 
FindConst() 

4-1_Structure.h declarations of: 
class Node 
class Node_dof_inf 
class Constraint 
class Element and sub classes Truss, Beam, FlatShell 
class Structure 

4-1_Structure.cpp member functions of class Node: 
constructor 
setID() 
equals() 
writeLine() 

member functions of class Element and sub classes 
constructors 
GeoCalc() 
writeLine() 

member functions of class Structure 
constructor 
initStruct() 
readInput() 
writeGeo/Null() 
addConst() 
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4-1_Structure.cpp 
(continued) 

addTruss/Beam/FlatShell() 
delTruss/Beam() 
TrussToBeam() 
FoundationGen() 

4-101_GeoOrg.cpp member functions of class Element and sub classes 
connectCheck() 

member functions of class Structure 
planeCheck() 
constraintCheck() 
connectCheck() 
 
StayStraight() 
StayShape() 
 
GeoOrgTruss() 
GeoOrgBeam() 
GridOrg() 
TopoGen() 
DistGen() 
DistGenGrid() 
TopoCoor() 
VirtualNodes() 
LongEdge() 
NodeOri() 
TrussOrg() 
SharedNode() 
 
surrNodes() 
surrNodesAxial/Diago() 
surrNodesExter/Inter()  

4-102_smGen.cpp 
 
 
 
 

member functions of class Element and sub classes:  
smClear() 
LocCoor() 
lesmGen() 
gesmGen() 
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4-102_smGen.cpp 
(continued) 

esmWrite() 
member functions of class Structure:  

smClear() 
FENodesGen() 
degenElemConstrGen() 
esm/csm/ssmGen() 
csmRed() 
NullSpaceGen() 

4-103_SurrNodes.cpp member functions of class Structure:  
nGenXY/YZ/XZ() 
NodesAXIS() 
NodesDIA() 
NodesPLANE() 
TrussAXIS() 
TrussPARA/PERP() 

4-104_PrefSet.cpp member functions of class Structure:  
Set/GetPrefElem() 
Set/GetPrefTru 
Set/GetBea 
Set/GetFSh() 

4-111_TrussAdd.cpp member functions of class Structure:  
TrussOpt() 
NodesTruss() 

4-112_BeamAdd.cpp member functions of class Structure:  
BeamOpt() 
BeamSingle() 
BeamDouble() 

4-121_FlatShellAdd.cpp member functions of class Structure:  
FlatShellOpt() 
NodesFlatShell() 
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paragraph 2.3.3: StabilizeStruct (module 4-0) 
 
The user functions iniStruct(), definePref(), nextAd-
justment() and endSS() operate have been thoroughly 
discussed in the previous paragraph. Furthermore, 
there are five functions that manage the system’s 
adjustment. Firstly, AdjustStructure() calls Frind-
Truss(), FindBeam() and FindFlatShell() according to 
the set preferences. If no options by addition of 
elements can be found, as a dummy solution con-
straints are added using FindConst(). The solutions 
produced by the dummy function are unrealistic. 
However, they allow the user to recognize that an 
error in the program has occurred, and shows which 
nodes cannot be fixed by the element addition proce-
dure. 
 The functions FindTruss(), FindBeam() and 
FindFlatShell searche addition option using the 
TrussOpt, BeamOpt and FlatShellOpt – Modules 
respectively. When the search is successful, the sug-
gested element is successful. If no option can be found, 
these functions return to AdjustStructure(), which 
moves on to the next element type. If a an adjustment 
yields no improvement in stabilization, FindTruss(), 
FindBeam() and FindFlatShell() mark these options as 
failed attempts (see paragraph 2.3.5), so they will be 
skipped during future steps. 

FindConst(): searches and adds option for 
constraint addition. Since the possibility of the con-
straint does not depend on the existence of other 
nodes and elements, the search function is fairly 
simple. Therefore, the entire procedure of the option 
search lies within this function – as opposed to the 
other find functions, for which individual modules are 
written.  
 

 
 

paragraph 2.3.4 Structure (module 4-1) 
 
The module Structure manages the assembly of a 
system, which is done manually, through an input file 
or by the stabilization procedure. 
 

Assembly of Structure 
 
When a Structure object is initiated, it is theoretically 
empty. However, as soon as a variables are declared, 
memory space is automatically reserved for it. When – 
accidentally – a value other than zero exists at this 
location, that value is assigned to the variable. In the 
constructor functions of Structure, values are immedi-
ately assigned to the data members of the new in-
stance, unless it is certain that these variables are filled 
at another stage in the program, such as the stiffness 
matrices and the geometrical matrices. At this stage, 
all counters are set to zero, the foundation marker – 
that marks if constraints were added to the nodes with 
the lowest z-value – is set to false, and defaults for 
element and zone preferences are given as shown in 
paragraph 2.3.8. 
 Next the geometry of the system can be 
defined. Nodes are added to the system to determine 
its shape (through coordinates) and allow connections 
between its parts. Elements are defined by their 
location in the system, their size and their section 
properties. An element’s location is determined by the 
nodes it is connected to, its size can be calculated by 
the distance of the nodes with respect to each other. 
For the section a value is chosen that is expected to 
yield good results – i.e. to simulate infinite rigidity of 
the system’s parts. Since an element’s size and section 
values are determined immediately at initiation, it is 
necessary that the nodes of an element already exist in 
the system. Through constraints the system is fixed in 
space. 



Elements and constraints can be both added to and 
removed from the system. A distinction is made between 
elements and constraints that the user has defined and 
those that are added by the stabilization procedure. This 
is achieved by a marker that each of these instances has, 
that is false by default and true when added by Stabi-
lizeStruct . Nodes cannot be removed, since the method 
assumes maintenance of the system’s predefined shape. 
 

Reading & Writing 
 
The input to create a structure can be read from a file. 
The information that it contains is limited to node 
coordinate definition, element connectivity and 
constraint  assignment to nodes. All other information 
of a system that is relevant for its structural behaviour 
is determined by the program itself. The section 
properties are automatically assigned by predefined 
values (Truss and FlatShell) or functions (Beam). The 
definition of the element types determines the connec-
tion of elements between each other and thus the 
freedom of movement in the system. 
 Identically, an adjusted system can be written 
to a file, according to the same format. Most of the 
Structure  object’s information gets lost, because it is 
not stored. However, most of the data has been 
generated especially for the stabilization procedure – 
such as the sections that must simulate infinite rigidity 
rather than realistic structural behaviour, the stiffness 
matrices, and the geometrical data collection (see 
paragraph 2.3.5). 
 
The data is represented as follows: 

 Node: K,nID#,X,Y,Z 

 Truss: L,nID(1),nID(2) 

 Beam: B,nID(1),nID(2) 

 FlatShell: A, nID(1),nID(2), nID(3),nID(4) 

 Constraint: C,nID,DOF,value 

The example defines shows the definition of the 
unstable table, that is used in many examples in this 
report. The definition of the constraints demonstrates 
that a constraint only operates in one direction. To 
prevent full translation of a given node, three con-
straints must be added – once for each of the coordi-
nate system’s axes. In this case, the definition of the 
coordinates is technically unnecessary, since Stabi-
lizeStruct has a function that applies constraints to the 
nodes with the lowest Z-value automatically. 
 
 

K,0,0000,0000,0000
K,1,3000,0000,0000
K,2,3000,3000,0000
K,3,0000,3000,0000

K,4,0000,0000,3000
K,5,3000,0000,3000
K,6,3000,3000,3000
K,7,0000,3000,3000

L,0,4
L,1,5
L,2,6
L,3,7

A,4,5,6,7

C,0,1,0
C,0,2,0
C,0,3,0

C,1,1,0
C,1,2,0
C,1,3,0

C,2,1,0
C,2,2,0
C,2,3,0

C,3,1,0
C,3,2,0
C,3,3,0
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paragraph 2.3.5 GeoOrg (module 4-101) 
 
At the end of the input system’s definition (e.g. by an 
input file), just before the stabilization process is 
started, the various aspects of the geometry are 
summarized in matrices and vectors. This information 
can be used by the element addition option search 
procedures to search for surrounding nodes and 
elements.  
 

Coordinates and Distances 
 
Firstly, the orientation and distance of the nodes of the 
system with respect to each other are determined. The 
absolute distances between nodes along each of the 
axes in the matrices are stored in the 2D-matrices 
DistX, DistY and DistZ. The unique coordinates along 
each of the axes is stored in the vectors Xco, Yco and 
Zco. Using this information, it is also possible to define 
the relative distance between nodes – i.e. the number 
of grid increments that nodes are apart from each 
other, which is stored in the matrices DistcX, DistcY 
and DistcZ. The use of the grid is demonstrated in 
paragraph 2.2.3. 
 

Connectivity 
 
Using the above information it is possible to qualita-
tive values to the relation between nodes and between 
elements. The matrix NodeOri gives the orientation 
between each pair of nodes, the vectors TrussOri and 
BeamOri give the orientation of Truss and Beam 
elements. The values correspond to: 1: X-axis aligned; 
2:Y-axis; 3: Z-axis; 0: not aligned to any of the global 
axes. 
 Matrix Topo represents the possibility for two 
nodes to be connected to each other. It does so by 
representation of the zone in which the direct line 

between two nodes lies, by exclusion nodes that lie too 
far apart and by marking the nodes that are already 
connected to each other. The values in Topo have the 
following meaning: 

0: more than one grid increment distance 
1: already connected 
9: failed attempt 
10: envelope of volume 
11: inner horizontal plane 
12: inner vertical plane 
13: outer horizontal plane 
14: outer vertical plane 

For the case of already connected nodes, additional 
information is provided by the matrices TopoElem – 
the type of element that connects the nodes: 1: Truss; 
2: Beam; 3: FlatShell; 0: not connected – and TopoEl-
emID – the ID of the element that connects the nodes; 
-1 is chosen to represent ‘unconnected’, since zero is 
the ID of the first element that was added to the 
system. This information is useful when elements 
must be removed to prevent overlap. For example, if a 
FlatShell element is added, TopoElem shows if a Truss 
or Beam already exists for one of the pairs of nodes, 
and TopoElemID points to the exact element that 
must be removed. 
 Beam element addition uses substitution of 
existing Truss elements. Similarly to Topo, the matrix 
TopoTruss gives the zone in which a Truss element 
lies. In some cases coupled Truss substitution is 
necessary. The matrix TrussCombi gives for every pair 
of Truss elements the node they share. If the elements 
are not connected, -1 is given as value. 
 Finally, for the search function that investi-
gates surrounding nodes (see paragraph 2.3.7), the 
three dimensional matrix TopoGrid marks for each 
combination of grid coordinates (see paragraph 2.2.3) if 
a node exists. The value in the matrix is the nodeID. If 
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no node exists, -2 is assigned to the location. The 
possibility exists to add ‘virtual nodes’, at locations at 
which currently no node is present, but at which a 
node may be added. This can be useful if a gap in the 

volume – that is normally interpreted as lying outside 
the envelope, an area that is not taken into considera-
tion for element addition to respect the volume’s 
shape – is available for the addition of elements. 

 
 
Matrices illustrated by the model in fig. 04 (b): 
 

DistX / DistcX: 

0 3000 0 3000 5000 0 3000 5000

3000 0 3000 0 2000 3000 0 2000

0 3000 0 3000 5000 0 3000 5000

3000 0 3000 0 2000 3000 0 2000

5000 2000 5000 2000 0 5000 2000 0

0 3000 0 3000 5000 0 3000 5000

3000 0 3000 0 2000 3000 0 2000

5000 2000 5000 2000 0 5000 2000 0

⎡
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢

⎣

⎤
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥

⎢ ⎥
⎢ ⎥
⎢ ⎥⎦

 

0 1 0 1 2 0 1 2

1 0 1 0 1 1 0 1

0 1 0 1 2 0 1 2

1 0 1 0 1 1 0 1

2 1 2 1 0 2 1 0

0 1 0 1 2 0 1 2

1 0 1 0 1 1 0 1

2 1 2 1 0 2 1 0

⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥⎣ ⎦

DistZ / DistcZ: 

0 0 3500 3500 3500 6000 6000 6000

0 0 3500 3500 3500 6000 6000 6000

3500 3500 0 0 0 2500 2500 2500

3500 3500 0 0 0 2500 2500 2500

3500 3500 0 0 0 2500 2500 2500

6000 6000 2500 2500 2500 0 0 0

6000 6000 2500 2500 2500 0 0 0

6000 6000 2500 2500 2500 0 0 0

⎡
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢

⎣

⎤
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥

⎢ ⎥
⎢ ⎥
⎢ ⎥⎦

 

0 0 1 1 1 2 2 2

0 0 1 1 1 2 2 2

1 1 0 0 0 1 1 1

1 1 0 0 0 1 1 1

1 1 0 0 0 1 1 1

2 2 1 1 1 0 0 0

2 2 1 1 1 0 0 0

2 2 1 1 1 0 0 0

⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥⎣ ⎦

Xco: { }0 3000 5000   

Zco: { }0 3500 6000   



example (a), failed attempts by Beam 

(b) and FlatShell (c). These options 

are skipped after implementation of 

StayStraight and StayShape. Appro-

priate option in (d)

tests performed by StayStraight (a,b) 

and StayShape (c)

models to demonstrate GeoOrg

fi g. 06

fi g. 05

fi g. 04

(a) (b) (c)
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Matrices illustrated by the model in fig. 04 (b): 
 

NodeOri: 

0 1 0 2 3 0 0 0

1 0 2 0 0 3 0 0

0 2 0 1 0 0 3 0

2 0 1 0 0 0 0 3

3 0 0 0 0 1 0 2

0 3 0 0 1 0 2 0

0 0 3 0 0 2 0 1

0 0 0 3 2 0 1 0

⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥⎣ ⎦

TrussOri: { }3 1 2 0  

BeamOri: { }3 1  

 
Matrix illustrated by the model in fig. 04 (a): 
 

Topo:  

0 10 0 14 14 0

10 0 11 14 10 12

0 11 0 0 12 12

14 14 0 0 13 0

14 10 12 13 0 1

0 12 12 0 1 0

⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎣ ⎦

 

 
Matrix illustrated by the model in fig. 04 (b): 
 

TopoTruss: { }10 10 11 10 12 10 12  

Matrices illustrated by the model in fig. 04 (c): 
 

TopoElem:  

0 0 0 3 3 0 0 3

0 0 0 0 1 1 0 0

0 0 0 0 0 0 2 0

3 0 0 0 3 0 0 3

3 1 0 3 0 1 0 3

0 1 0 0 1 0 1 0

0 0 2 0 0 1 0 2

3 0 0 3 3 0 2 0

⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥⎣ ⎦

 

TopoElemID: 
 

1 1 1 1 1 1 1 1

1 1 1 1 4 1 1 1

1 1 1 1 1 1 1 1

1 1 1 1 1 1 1 1

1 4 1 1 1 2 1 1

1 1 1 1 2 1 3 1

1 1 2 1 1 3 1 2

1 1 1 1 1 1 2 1

− − − − −⎡ ⎤
⎢ ⎥− − − − − −
⎢ ⎥
− − − − − − −⎢ ⎥
⎢ ⎥− − − − −⎢ ⎥
⎢ ⎥− − −
⎢ ⎥− − − − −⎢ ⎥
⎢ ⎥− − − − −
⎢ ⎥

− − − −⎢ ⎥⎣ ⎦

 

TrussCombi:

1 6 6 2

6 1 5 6

6 5 1 1

2 6 1 1

−⎡ ⎤
⎢ ⎥−
⎢ ⎥

− −⎢ ⎥
⎢ ⎥− −⎣ ⎦

 

 



 91

StayStraight / StayShape 
 
A mechanism can be solved, if the system’s shape 
change is prevented by a newly added element. There 
are certain occasions of double Truss-to-Beam substi-
tution and FlatShell addition that are unsuccessful 
because fixation is added in a body within the mecha-
nism that was already rigid. Such failed attempts do 
not prevent the program to find a stabilized solution 
(they are simply discarded), however they slow down 
the program a lot, since it becomes much less efficient. 
 These cases can be excluded from considera-
tion by assessing the deformed shape at the location of 
consideration. Fig. 05 shows the kind of tests that are 
performed. For coupled Beam element addition, the 
function StayStraight examines if the angle between 
two Truss elements changes in the mechanism. These 
can be (a) linearly connected or (b) perpendicular 
connected. StayShape determines if a rectangular 
arrangement of nodes is deformed by the mechanism 
(c). (d) shows a problem in which the square on the 
right behaves like a rigid body within the mechanism. 
(e) and (f) show failed attempts to stabilize the system 
through Beam and FlatShell addition respectively. 
These options are jumped by the program after 
implementation of StayStraight and StayShape, 
resulting in the solution given in (g). 
 
 

paragraph 2.3.6 smGen (module 4-102) 
 
The code existed already and was developed as an 
independent step in the first phase of the research 
engine; the transformation from a spatial to a struc-

tural design. It has been adjusted to be used by Stabi-
lizeStruct, resulting in the functions beneath. 
 

Finite Element Calculations 
 
Each time the smGen module is called, the entire 
calculation procedure to retrieve nullspace is run. Only 
the element stiffness matrices are not recalculated, 
since they remain identical in spite of adjustments to 
the system. Through a marker – that identifies ele-
ments for which no stiffness matrices have yet been 
generated – the new elements are selected for the 
calculations. Then, the system stiffness matrix is 
assembled by adding the individual global element 
stiffness matrices. Degrees of freedom can be removed 
for the supports. The resulting reduced system stiff-
ness matrix is used to derive nullspace. 
 
Produced matrices: 
• lesm and gesm: element stiffness matrices for 

each element; according to element’s local co-
ordinate system (lesm) and the system’s global 
coordinate system (gesm) respectively; 

• csm: system stiffness matrix, assembled from 
global element stiffness matrices; 

• ssm: reduced system stiffness matrix, taking 
into account the boundary conditions; 

• nullspace, derived from reduced system stiff-
ness matrix. 

 
The example demonstrates how the finite element 
calculations lead to nullspace. The nullvectors repre-
sent deflection of Truss T2 at its top in X- and Y-
direction respectively, which corresponds to the 
expected free body movement. 
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lesm 

1

1

1

2

2

2

0 0 0 0

0 0 0 0 0 0

0 0 0 0 0 0

0 0 0 0

0 0 0 0 0 0

0 0 0 0 0 0

X

Y

Z

X

Y

Z

x x u

u

u

x x u

u

u

−⎡ ⎤⎧ ⎫
⎢ ⎥⎪ ⎪
⎢ ⎥⎪ ⎪
⎢ ⎥⎪ ⎪

⎨ ⎬⎢ ⎥− ⎪ ⎪⎢ ⎥
⎪ ⎪⎢ ⎥
⎪ ⎪⎢ ⎥

⎣ ⎦⎩ ⎭

 

2

2

2

3

3

3

0 0 0 0

0 0 0 0 0 0

0 0 0 0 0 0

0 0 0 0

0 0 0 0 0 0

0 0 0 0 0 0

X

Y

Z

X

Y

Z
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Code 01 
 

L = sqrt((x2-x1)2 + (y2-y1)2 + (z2-z1)2)

lxX = (x2-x1) / L 
lxY = (y2-y1) / L 
lxZ = (z2-z1) / L 

 
 
Code 02 
 

if (lxX==0.0 && lxY==0.0 && lxZ==1.0){ 
    lyX=0.0; 
    lyY=1.0; 
    lyZ=0.0; 
    lzX=1.0; 
    lzY=0.0; 
    lzZ=0.0; 

 
 
Code 03 
 

if (lxX==0.0 && lxY==0.0 && abs(lxZ)==1.0){ 
    lyX=0.0; 
    lyY=1.0; 
    lyZ=0.0; 
    lzX=-lxZ; 
    lzY=0.0; 
    lzZ=0.0; 
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Local to Global Coordinate System Transformations for 
linear elements 

 
During the adjustment one error in the code has been 
found. It concerns the translation from the local 
coordinate system (x,y,z) to the global coordinate 
system (X, Y, Z). This is done by means of decomposi-
tion variables: 
 
lxX, lxY, lxZ 
lyX, lyY, lyZ 
lzX, lzY, lzZ 
 
The values of the variables for the element’s local x-
axis – which runs along the length of the element – 
can be calculated by using the coordinates of the 
element’s nodes, which are (x1,y1,z1) and (x2,y2,z2) 
respectively (see Code 01). The process by which the 
decomposition variables for the local y- and z-axes are 
calculated starts by checking if the local x-axis lies 
along the global Z-axis. 
 However, by following the existing procedure, 
shown in Code 02, the local coordinate system is not 
only rotated, but also mirrored with respect to the 
global coordinate system – clockwise versus counter-
clockwise. Additionally, if the local x-axis lies along the 
negative global Z-axis (i.e. lxZ = -1), the procedure 
returns false at the first step. It would be appropriate 
if in step 1 this case is accepted as true to the condi-
tion, since reversing the element’s orientation does not 
affect its location in the global coordinate system. The 
result of the imperfect procedure is correct but unex-
pected, since the procedure in which the x-axis does 
not lie along the Z-axis follows a different procedure to 
calculate the decomposition variables of the y- and z-
axes. 

Both issues are solved by the adjusted proce-
dure, shown in Code 03, that has been implemented in 
StabilizeStruct. 

paragraph 2.3.7 SurrNodes (module 4-103) 
 
The essence of the addition option search procedures 
is the investigation of nodes and elements in the 
immediate surroundings of a node that needs to be 
fixed. Depending on the element type and type of 
solution (e.g. axial or diagonal), different combinations 
of nodes and elements are required. This module 
provides functions that each run through the possibili-
ties of a specific combination. 

All coordinates that are given in this para-
graph are grid coordinates as described in paragraph 
2.2.3. According to the description given in chapter 2.2, 
n1 is the DOF’s node, and n2, n3 and n4 refer the nodes 
that are chosen to add an element. The nodes nxx – 
with double digit index – refer to the potentially 
existent nodes surrounding a given node n00. 

The functions that are presented in this para-
graph have nodes and elements as output. The nodes 
nxx are collected in brackets and the index outside of 
the brackets indicates for which plane the nodes are to 
be deduced. Since the functions are applicable for 
every combination of axes, mostly the plane is unde-
fined in the formula and given as input when the 
formula is called. Use of the functions is given in 
paragraph 2.3.9. 
 

Surrounding nodes 
 
The presence of nodes in the direct proximity of a 
given node can be investigated using TopoGrid 
(paragraph 2.3.5). This matrix returns the ID of a node 
existing for a given combination of coordinates. If no 
node exists the value -1 is returned, and the option is 
ignored by the program. The DOF node for which a 
connection is sought is referred to as: n00 = n1 = (i,j,k). 
Depending on the plane under consideration, the 
surrounding nodes are determined according to (1). 
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search existence of surrounding nodesfi g. 07
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(a) nodesAXIS for X (blue) and Z (red); (b) nodesDIA for arbitrary planefi g. 08
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(a) TrussPARA1; (b) TrussPERP1; (c) 

TrussPARA2; and (d) TrussPERP2 for 

arbitrary plane

nodesPLANE for arbitrary plane

fi g. 09

fi g. 10
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Truss Addition 
 
The procedure described in paragraph 2.2.4, requires 
search functions to find opportunities along the 
Cartesian coordinate system’s primary axes and at 
diagonals within the primary planes. These are 
formulated in the functions (2) and (3) respectively. 
The function returns the first existing node – i.e. the 
first variable with a value other than -1.  
 

Beam Addition 
 
In the case of Beam element addition, existing Truss 
elements are sought, that can be substituted by Beam 
elements. For single Beam addition, the search func-
tion is given by (4). If an existing node is found, it is 
necessary that a Truss element connecting the found 
node and n00 as well (which is stated by the second 
part of the function). Fig. 08 (a) shows the options for 
X and Z. 

Double Truss substitution requires a broader 
range of options and conditions that are more com-
plex. Equivalent to the four solution types provided in 
paragraph 2.2.5 four search functions are provided, 
functions (5) – (8) (see fig. 09). Each of the formulae 
return the first option for which both nodes and both 
Truss elements exist. 
 

FlatShell Addition 
 
A FlatShell element needs four nodes in a rectangular 
arrangement, in a plane perpendicular to one of the 
coordinate system’s primary planes. A single function 
suffices that searches a node combination of the n1x 
and n2x series, which is given in (9). Fig. 10 shows the 
combinations for an arbitrary plane. 
 
 

paragraph 2.3.8 SetPref (module 4-104) 
 
Since the elements differ from each other fundamen-
tally in behaviour, their application as stabilizing 
elements yields very different solutions. The different 
zones that are distinguished by the program allow for 
additional variation. The user may want to specify 
which elements and zones are used for the automated 
stabilization, either to produce a range of solutions to 
choose from, or to anticipate structural and architec-
tural prerequisites – e.g. an industrial hall will call for 
envelope addition of Beam or FlatShell elements, 
rather than the use of Truss elements, since the latter 
cannot solve out-of-plane instability of wall or roof. 

The order at which element types and zones are 
used by the program can be determined by using the 
function definePref (n1, n2, n3, n4). The input vari-
ables are integers. For each of the variables, that a digit 
between 1 and 6 is entered, the preferences it refers to 
are adjusted. All other input is ignored. The variables 
are references to: 

n1: element type; 
n2: zone order for Truss addition; 
n3: zone order for Beam addition; 
n4: zone order for FlatShell addition. 

 
The element types are shown in fig. 11 and described 
in paragraph 2.2.2. The digits 1 to 6 refer to an order 
according to a code system: 

1: Truss – Beam – FlatShell 
2: Truss – FlatShell – Beam 
3: Beam – Truss – FlatShell 
4: Beam – FlatShell – Truss 
5: FlatShell – Truss – Beam 
6: FlatShell – Beam – Truss 

 



The spatial zones (fig. 12) have the same code system 
for every element: 

1: envelope – inner horizontal – inner vertical 

2: envelope – inner vertical – inner horizontal 

3: inner horizontal – envelope – inner vertical 

4: inner horizontal – inner vertical – envelope 

5: inner vertical – envelope – inner horizontal 

6: inner vertical – inner horizontal - envelope 

 

Any entry outside the range 1 – 6 is ignored, i.e. leaves 
the previously defined preference. For example, 
entering definePref (3, 0, 2, 0) adjusts the element 
order to Beam – Truss – FlatShell and the Beam 
addition zone order to envelope – inner horizontal 
plane – inner vertical plane. By default, the following 
preference orders are set: 

Element Type:  1: Truss – Beam – FlatShell 

Zone(T): 1: envelope – inner vertical – inner horizontal 

Zone (B): 6: inner vertical – inner horizontal – envelope 

Zone (FS): 5: inner vertical – envelope – inner horizontal 
 

Spatial zones for preference list (in default order): (a) envelope, (b) inner vertical plane, (c) inner horizontal planefi g. 12

element types: Truss (a), Beam (b) and FlatShell (c)fi g. 11
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paragraph 2.3.9 Element Addition Options 
(modules 4-111/112/121) 

 
With the functions and data provided by the modules 
discussed in the previous paragraphs, it is possible to 
establish a coherent procedure to find suitable options 
for addition. It consists of three parts. Firstly, the 
method runs through nullspace and selects a node and 
a corresponding degree of freedom, that will be used as 
input for the second part: an appropriate location is 
determined at which an element can be added. The 
latter incorporates the location at which a mechanism 
must be restrained, limitation to the size of the 
element and rules specific to the element type under 
consideration. In the third step, the chosen option is 
tested for necessary conditions that are necessary to 
ensure the quality of the addition. If all steps were 
successful, the solution is returned to the Stabi-
lizeStruct module. 
 

Search Functions 
 
Paragraphs 2.2.4-6 state the order at which suitable 
additions are sought. Paragraph 2.3.7 provides the 
functions by which these options can be investigated 
systematically. For each of the element addition 
procedures, a short summary of the required order is 
given, followed by a reference to the corresponding 
formula. Without exception, in these formulae an 
individual specification must be given for each of the 
DOF’s possible directions. In the summary, between 
the brackets the corresponding functions from para-
graph 2.3.7 are given. For the sake of clarity, the 
diagrams of chapter 2.2 are shown in this paragraph as 
well. 
• For Truss element addition, first opportunities 

along the DOF’s axis are to be investigated 
(NodesAXIS), then those at diagonals within 

the planes in which the DOF lies (NodesDIA). 
Truss addition search function: (10). 

• Single Truss-to-Beam substitution is per-
formed for axes aligned Truss elements 
(TrussAXIS) in along of the three global axes. 
Single Beam addition search function: (11). 

• Double Truss-to-Beam substitution is per-
formed for couples of connected axes aligned 
Truss elements. First, options are sought for 
couples of which the shared node is the 
mechanism’s node n00; linearly connected 
(TrussPARA1), and perpendicular (Truss-
PERP1). Secondly, options are sought for 
which only one of the Truss elements is con-
nected to n00 (TrussPARA2 and TrussPERP2). 
Double Beam addition search function: (12) 

• For FlatShell addition, clusters of four nodes, 
in rectangular order, are sought for each of the 
coordinate system’s primary planes 
(NodesPLANE). FlatShell addition search 
function: (13). 

 
Conditions for Addition 

 
When an appropriate combination of nodes and 
elements has been found, the option must be vali-
dated. Using the matrix Topo, it is possible to: 
• choose the appropriate zone; 
• exclude previously failed attempts; 
• exclude connections that already exist. 

For Beam and FlatShell addition, additionally the 
functions StayStraigt and StayShape exclude options 
that have no influence on the shape of the mechanism 
under consideration. 
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Diagonally oriented key points for 

global (a) XZ-plane, (b) YZ-planes, 

and (c) XY-plane.

Axes-aligned key points for global (a) 

X-axis, (b) Y-axis, and (c) Z-axis, se-

lected DOF key point is at the origin.

fi g. 14

fi g. 13



Coupled Truss substitution, in which 

shared node is adjacent node and ele-

ments lie in same axis, along (a) Xaxis, 

(b) Y-axis, and (c) Z-axis.

Coupled Truss substitution, in which 

shared node is Adjacent node and ele-

ments lie at an angle to each other,

in (a) XY-plane, (b) YZ-plane, and (c) 

XZ-plane.

Coupled Truss substitution, in which 

shared node is DOF node and ele-

ments lie at an angle to each other, in

(a) XY-plane, (b) YZ-plane, and (c) 

XZ-plane.

Coupled Truss substitution, in which 

shared node is DOF node and ele-

ments lie in same axis, along (a) X-

axis, (b) Y-axis, and (c) Z-axis.

Single Truss substitution along (a) X-

axis, (b) Y-axis, and (c) Z-axis.

fi g. 18

fi g. 19

fi g. 17

fi g. 16

fi g. 15



 104 

axis

axis

axis

DOF 1( )

1( )

1( )

2( )

2( )

2( )

DOF 1( )

1( )

1( )

2( )

2( )

2( )

DOF

X TrussPARA YZ

TrussPERP XZ

TrussPERP XY

TrussPARA YZ

TrussPERP XZ

TrussPERP XY

Y TrussPARA XZ

TrussPERP YZ

TrussPERP XY

TrussPARA XZ

TrussPERP YZ

TrussPERP XY

Z Tr

= →

= →

= → 1( )

1( )

1( )

2( )

2( )

2( )

ussPARA XY

TrussPERP XZ

TrussPERP YZ

TrussPARA XY

TrussPERP XZ

TrussPERP YZ

 

(12)

 

axis

axis

axis

DOF ( )

( )

( )

DOF ( )

( )

( )

DOF ( )

( )

( )

X NodesPLANE XZ

NodesPLANE XY

NodesPLANE YZ

Y NodesPLANE XY

NodesPLANE XY

NodesPLANE XZ

Z NodesPLANE XZ

NodesPLANE YZ

NodesPLANE XY

= →

= →

= →

 

(13)

 



 105

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

chapter 2.4: TEST CASES 
 
 
 
 
In this chapter seven test cases are given that demonstrate the method. The implementation makes it possible to apply 
it on a large scale and for complex structures. However, most of the models shown are rather simple, to demonstrate 
exactly that which the test case aims to illustrate. The more complex a problem, the more factors its solution is de-
pendent of, which can be seen in the practical problem shown in test case 7. The practical problem is chosen to be the 
expansion of the W-hal (by Ector Hoogstad) on the site of the Eindhoven University of Technology. The structural 
design was made by ABT. The design is stripped of its stabilizing elements and an alternative is made by Stabi-
lizeStruct. 
 All other test cases academic, some models being even highly unrealistic and abstract. The solutions to these 
input problems aim to demonstrate and investigate the particularities of the method. On the other hand, once compu-
tation is involved to apply a method, the issue of number significance becomes of major relevance to its performance. 
Test case 5 explores the limits for which the program stops performing correctly. 
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paragraph 2.4.1: Cases Overview 
 
The cases that are presented, demonstrate how the 
method operates, explore its limitations, and confirm 
hypotheses on its particularities. During the develop-
ment of the program, many test runs have been done 
to investigate the correctness of the method and 
possible errors in the implementation. A selection has 
been made to cases that distinguish the margins of the 
research’ product. 
 

Case 1: Demonstration of Program 
 
In chapter 2.2 for each of the element addition proce-
dures a numerical example is given to enable concrete 
insight into the functioning of the method. In this test 
case, the same problem is solved for each of the 
addition options. All necessary steps to come to the 
solution are shown. The theory from chapter 2.2 can 
be used to account for the chosen additions. 
 

Case 2: Preferences Definition 
 
Various preference sets are offered to allow the user to 
find a solution that fits an architectural and structural 
concept. These settings are applied to two different 
systems. The results are evaluated for structural 
quality and for complying to the expected spatial 
character. 
 

Case 3: Element Sequence 
 
In some occasions, a problem cannot be solved by 
using a specific element type only. In that case, the 
method starts investigating options by use of another 
element. The addition procedures as currently imple-
mented operate individually entirely and do not 
integrate nor recognize addition by other elements. As 

a result, the combined usefulness of subsequent 
addition of different elements is uncertain. 
 

Case 4: Node ID Definition 
 
To determine the locations in the system at which 
stabilization measures are necessary, the method uses 
the nodes in nullspace, which in turn uses the node 
ID’s to place the nodes at order. The influence of node 
numbering on the result is investigated by comparing 
systems that have upwards numbering to equal 
systems with downward numbering (the lowest 
numbers at the bottom and top respectively). 
 

Case 5: Mechanisms and Rigidity Problems 
 
When using the Finite Element Method, it is impossi-
ble to simulate infinite rigidity. Real values must be 
assigned to the elements’ section properties, which 
may result in systems that have false free body move-
ment, caused by lack of computation significance. In 
such cases, instability is not caused by lack of stabiliza-
tion measures, however by the cumulative effect of the 
system elements’ low rigidity. 
 

Case 6: Beam – FlatShell Connection 
 
Paragraph 2.2.2 discusses the complex connectivity 
between FlatShell and Beam elements and between 
different FlatShell elements. The theory is examined 
and demonstrated through simple systems. By exclu-
sion of degrees of freedom through supports, that 
allow for very limited movement between elements, it 
can be shown that the resulting rotation of elements 
with respect to each other is caused by the FlatShell 
element’s definition as explained in paragraph 2.2.2. 
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Case 7: Practical Problem: W-hal Eindhoven 
 
All above test cases are academic problems: they are 
either reduced to very simple systems or are highly 
unrealistic.to demonstrate exactly the issue at hand. As 
a complement, the structural design for the W-hal in 
Eindhoven – a project that is currently under construc-
tion – has been modelled as input for the program. 
The addition preferences are chosen in such a way, 
that the result is likely to resemble the actual design. A 
stabilization solution through alternative preferences 
is generated to compare various results of the program 
for a practical problem. 
 

paragraph 2.4.2: Case 1. Demonstration of 
Program 

 
Chapter 2.2 demonstrates the presented method by 
manual application. In the according paragraphs, one 
stabilization step for each of the element additions is 
shown. Using the visualization program, it is possible 
to entirely solve the example that was used for the 
manual demonstration. 
 Using Truss addition, exactly one addition is 
necessary for each mechanism. The example shown in 
fig.01 perfectly demonstrates how the order in null-
space is used. In the first step, the lowest node that can 
move freely is node 4, its first DOF is in X-direction. 
The diagonal that was added indeed fixes node 4 in X-
direction. In the second step, node 4 is fixed in Y-
direction. At this stage, node 4 has been fixed and no 
longer takes part in a mechanism. The next node is 
node 5, which is fixed in X-direction through the 
connection to node 4 by the FlatShell element. How-
ever, it can still move in Y-direction, which is solved by 
the last step. 
 Beam addition requires the existence of Truss 
elements. When the procedure is rerun, again the first 

node in nullspace is node 4. Only one Truss is con-
nected to this node, the vertical Truss connecting 
nodes 0 and 4. When this Truss is substituted by a 
Beam element, the vertical element is moment 
resistant connected to the FlatShell element, solving 
movement of node 4 in X- and Y-direction simultane-
ously. However, the FlatShell element can still rotate 
freely around the Z-axis at node 4. The node with the 
lowest ID, taking part in this mechanism, is node 5. 
When the Truss connecting 1 and 5 is substituted by a 
Beam, the system becomes stable. 
 For FlatShell addition, in the first step a 
solution at node 4 is sought in the XZ plane. This 
plane includes the DOF’s direction (X-axis) and 
complies to the demand to investigate vertical options 
first, for downward transmittance of the loading. An 
option is found for the combination of nodes 0, 1, 5 
and 4. When a FlatShell is added at this location, the 
Truss elements are automatically removed.  The 
system is immediately stabilized by this adjustment. 
The FlatShell elements are moment resistant con-
nected to each other, preventing the top plan to 
translate in X- and Y-direction and to rotate around 
the Z-axis. 
 
 

paragraph 2.4.3: Case 2. Preferences 
Definition 

 
The user can select the order of elements and of 
addition zones by which an unstable system is to be 
stabilized. The results of varying preferences are 
analyzed for two problems. (1) is a 1 x 1 x 1 system and 
(2) is a 3 x 3 x 3 system; both are built up from Truss 
elements entirely (fig. 02 and fig. 03). 
 



Unstable Table: (a) input model; (b) fi rst mechanism of input problem; (c-e) solution in three steps by Truss addition; 

(f-g) solution in two steps by Beam addition; (h) solution in one step by FlatShell addition.

fi g. 01

(a)

(c)

(f)

(b)

(d) (e)

(g) (h)
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Element types 
 
Although each of the shown solutions is valid with 
respect to the issue of instability, not all of them are 
good structural solutions. In example (2), the Truss 
element addition is structurally efficient: all necessary 
planes are stabilized (all floors and three of the four 
façades), and the stabilizing elements are well distrib-
uted over the system. On the other hand, the Beam 
and FlatShell element additions have structurally very 
inefficient results: all elements are linear chains 
without closed cycles, providing large three dimen-
sional cantilever structures that will certainly cause 
rigidity issues. 
 
Generally, the following can be said about addition by 
the various element types: 
• Truss elements: lead to realistic solutions 

(quality depending on certain factors, e.g. node 
numbering, as shown in paragraph 2.4.6); 

• Beam elements: unrealistic solutions, even for 
very small and simple systems; 

• FlatShell: mostly unrealistic solutions, though 
very small systems may yield good results . 

The cause for these results lies in the assumptions that 
(1) the element types are a good representation of 
structural components, such as rods, floors and walls 
and (2) the elements have infinite rigidity. 
 
Rods are well represented by Truss elements: it is 
realistic to assume full-hinge connections for compo-
nents that transfer normal loads only. Because these 
elements are completely hinge-connected, assembly 
will not result in “superelements”, a combination that 
functions as a single element. Any rigidity issues apply 
to the individual elements. In the case of rods, lack 
rigidity will cause buckling problems. 

Beam elements allow for a realistic representation of 
moment-resistant connections between linear ele-
ments, such as portals and the coupling of beams. 
However, contrary to Truss elements, Beam elements 
will be combined into superelements. E.g. two con-
nected Beam elements operate as one large Beam 
element. Because of this, rigidity problems depend on 
element connectivity and become a global problem. 
Since superfluous elements – that are not strictly 
necessary for the stability of a system – are denied, 
linear assemblies of Beam elements will result. Even 
for the most optimal solutions by Beam addition, 
rigidity problems are certain to occur.  
 FlatShell elements are unrealistic representa-
tions of planar components, since they can be con-
nected moment-resistant at an angle with respect to 
each other – for example: a floor-wall connection. Such 
connections are rather uncommon in building practice. 
Furthermore, as with Beam elements, the problem of 
rigidity on a global scale occurs. Yet, because the two-
dimensional element is geometrically more complex 
than the beam element, the effect of global rigidity is 
less extreme: the chains are less long and the loads are 
often carried along a plane rather than along a line. 
Therefore, good solutions are found for small systems, 
which is not the case for Beam element addition. 
 
The problem of structural efficiency and rigidity 
problems are not taken into account during the 
development of the method. Chapter 2.6 provides 
methods that will enable the improvement of struc-
tural behaviour by adjustment of inefficient systems. 
 

Addition zones 
 
In the preferences, three zones in which elements can 
be added are distinguished: the outer envelope of the 
volume, inner vertical planes and inner horizontal 



Model 3 x 3 x 3: (a) input model; (b) fi rst mechanism of input bodel; (c) solution by Truss addition; (d) solution by Beam 

addition; (e-g) solutions by FlatShell addition using different zone preferences.

Model 1 x 1 x 1: (a) input model; (b) fi rst mechanism of input bodel; (c) solution by Truss addition; (d) solution by Beam 

addition; (e) solution by FlatShell addition.

fi g. 03

fi g. 02

(a)

(c)

(b)

(d) (e)



(a)

(c)

(e)

(b)

(d)

(f) (g)
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planes. Optionally, also outer vertical planes and outer 
horizontal planes can be chosen. These are however 
not included in the default preference definition, since 
they do not comply to the architectural demand to 
respect a design's shape.  

Zone order can be chosen for each of the ele-
ment types individually, to fit architectural and 
structural concepts. The following result is expected 
for each combination, in which Truss and FlatShell 
yield similar results, assuming that stabilization 
through Truss elements takes place using diagonals. 
As such, both element types claim planes that can no 
longer be used spatially. 
• Truss and FlatShell envelope: outer frame with 

open inner space; 
• Truss and FlatShell inner vertical plane: high 

spaces (respecting vertical spaciousness) and 
open facades; 

• Truss and FlatShell inner horizontal plane: 
closed floor planes and minimum interference 
with vertical space; 

• Beam envelope: global portal structure that 
runs along outside of volume; 

• Beam inner vertical plane: high and wide 
spaces, that are interrupted by columns span-
ning from floor to ceiling; 

• Beam inner horizontal plane:  
In spite of their similarities in the above summary, it 
has been chosen to allow for different preferences for 
Truss and FlatShell, since these similarities concern 
spatial restrictions. However, Truss elements allow for 
much more transparency than FlatShell elements.  
 
The effect for different preferential orders by FlatShell 
can be seen in fig. 03 (e-g). The illustration also shows, 
that it is not always possible to solve a problem within 
a single zone. In the example, elements are added in 

the inner horizontal plane first, and next in the 
envelope. 
 
 

paragraph 2.4.4: Case 3. Element Sequence 
 
In some cases, it is not possible to solve a problem 
using a single element type. The example shown in fig. 
04 (a) is solved by Truss element addition, until in step 
7 (fig. 04 (c,d)) further additions do not reduce stabil-
ity. It must be noted, that addition of elements outside 
the system’s envelope is not allowed. In this case, the 
hollow area within the system – that is recognized by 
the program by the lack of existing nodes – is classified 
as outside. This way, open spaces in for example halls 
are respected by the program. For the example, 
elements can only be added in plane the two façades 
and the roof. 
 When the program runs out of options for 
one element type, it automatically turns to the next. 
The results are given for follow up  by Beam element 
addition (fig. 04 (e,f)) and FlatShell element addition 
(fig. 04 (i,j)). Through the first, almost all Truss 
elements become obsolete. The solution without all 
superfluous Truss elements is shown in fig. 04 (g,h). 
The product of ineffective Truss elements does not 
occur for the solution through addition with FlatShell 
elements, for the simple reason that all Truss elements 
are removed by newly added FlatShell elements. Such 
might not be the case for problems in which FlatShell 
elements are added in different zones than the Truss 
elements (and overlap does not occur). 
 The program was written to provide a solution 
method by addition of each of the elements individually. 
At this stage of its development, no heed is taken to the 
influence of one element to the effectiveness of another. 
It has been shown however, that it is an important 
consideration to ensure the quality of the result. 



(a) input problem;

(b) 1st mechanism of input

(c) maximum Truss stabilization

(d) 1st mechanism of Truss solution

Stabilization is fi nished using:

(e,f) Beam addition

(g,h) idem without superfl uous elements

(i,j) FlatShell addition

fi g. 04

(c)

(a)

(e)

(i)

(g)

(d)

(b)

(f)

(j)

(h)
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paragraph 2.4.5: Case 4. Node ID Definition 
 
The order at which elements are added to a system 
depends on the order at which nodes are listed in 
nullspace. Nullspace uses the nodes’ ID values to 
arrange them. Consequently, the result of the program 
depends on the node numbering in the system. This 
test case examines if a disadvantageous node number-
ing exists that leads to bad results. It is expected that 
the node numbering does not influence the solvability 
of a problem. Since the adjustments are limited to 
effective additions to the system, a deviation in struc-
tural efficiency may appear. 
 For the study, two extremes with respect to 
node numbering are used. For the same model, first 
the nodes are numbered from bottom to top, and 
secondly from top to bottom. The system must be 
high and have a minimum width and length. For 
Truss element addition, it is necessary to choose a floor 
plan of 2 x 2 units. 

 A 1 x 1 floor plan will not produce funda-
mentally different solutions, since addition of vertical 
diagonals is necessary in at least three planes per floor 
(this will be discussed more thoroughly in paragraph 
2.6.2), covering 75% of the vertical planes. The model 
that investigates Truss addition is chosen to be of size 
2 x 2 x 5 (fig.05 (a)). 
 The problem of covering much of the avail-
able opportunities for stabilization does not occur to 
the same extent for Beam and FlatShell elements. 
Therefore, for the procedures that add these type of 
elements, a model is chosen of size 1 x 1 x 10 (fig.05 (f)) 
 
The results of the tests are shown in fig.05. For each of 
the element addition procedures, the system becomes 
much less efficient when the nodes are numbered 
from top to bottom, when compared to the bottom-up 
numbering.  

 
Table 1: attempts per step for Truss addition 
 

Truss Addition Number of Attempts 

Adjustment  Bottom Up Top Down

1 1 1 
2 1 1 
3 1 1 
4 1 1 
5 1 6 
6 1 1 
7 1 8 
8 1 6 
9 1 1 
10 1 4 
11 1 5 
12 1 6 
13 1 1 
14 1 4 
15 1 5 
16 1 6 
17 1 1 
18 1 4 
19 1 5 
20 1 6 
21 1 1 
22 1 1 
23 1 1 
24 1 1 
25 1 1 
26 1 1 
27 1 1 
28 1 1 
29 1 1 
30 1 1 



Truss addition input problem (a): (b,c) solution for bottom-up numbering; (d,e) solution for top-down numbering.

Beam addition input problem (f); (g) solution for bottom-up numbering; (h) solution for top-down numbering.

FlatShell addition input problem (f); (i) solution for bottom-up numbering; (j) solution for top-down numbering.

fi g. 05

(a)

(f) (g) (h) (i) (j)

(b) (e)

(d)

(c)
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This can be explained by the existence of horizontal 
elements at a higher level, that make the addition of 
vertical elements unnecessary, with respect to stability. 
 For Truss element addition, it was also 
observed that the program becomes much less efficient 
for top-down numbering: for many steps much more 
attempts are needed to find an addition that solves a 
mechanism, as shown in Table 1. When a system is 
stabilized from the bottom upwards, normally the 
number of nodes that can move freely is reduced as 
well. This is not the case for top down numbering, in 
which the size or the number of rigid bodies becomes 
larger, but these rigid parts keep taking part in the 
mechanisms of the system.  
 For the other element types – Beam and 
FlatShell – the influence on the methods effectiveness 
doesn’t show to have such a large effect; overall 
maximally two extra attempts are needed for the entire 
stabilization procedure. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

paragraph 2.4.6: Case 5. Mechanisms and 

Rigidity Problems 
 
In order to perform a stability analysis, it is necessary 
to simulate infinite rigidity of the elements, so that all 
movement in the system is caused by the connections 
between the elements only. Since real values must be 
given as input for the element’s section properties, in 
order to perform the finite element analysis necessary 
to determine the system’s instability, infinite rigidity 
becomes an approximation. Consequently, the differ-
ence between instability and lack of rigidity becomes a 
matter of significance: a value must be given that 
determines the cause of a mode of body movement. 
 Since there is no principle distinction between 
both problems in the analysis performed by the 
program, it should be investigated if cases occur, in 
which low rigidity is falsely recognized as instability 
and to formulate expectations on when this might 
occur. 
 

Local: Element Size 
 
Since a finite stiffness is assigned to an element, 
technically it is possible that it is so weak that defor-
mations can be measured although no load is applied. 
To investigate the influence of element sizes for on 
false instability recognition, a simple system was built 
and (fig **), its scale is increased in size gradually.  

For the given model, rigidity is falsely inter-
preted as instability at size 3e12 m for all element 
types, which is more than the distance from Pluto to 
the sun. It can be concluded that element size in itself 
hardly causes rigidity problems to occur. 
 
 
 
 

Ineffi  ciency in load transfer due to defi cient in solution.fi g. 06



rigidity test model (a) of varying height nL (in which L = 5m) for Beam ((b) original and (c) doubled) and FlatShell ((d) original and (e) 

doubled)

rigidity test model (a) of varying dimensions L for Truss (b), Beam (c) and FlatShell (d)

fi g. 08

fi g. 07

(a)

(a) (b) (c) (d) (e)

(b) (c) (d)



Beam – FlatShell connections: 

(1) in one plane;

(2) perpendicular;

FlatShell connections:

(3) in one plane

(4) perpendicular.

(1a,2a,3a,4a,4b) hinged connections. 

(1b,1c,2b,3,b,4c) fi xed connections.

fi g. 09



Models with corresponding hinged 

connections between Beam and Flat-

Shell elements

fi g. 10

(4a)

(2a)

(1a)

(3a)

(4b)
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Global: Element Assembly 
 
When a structural component – such as a floor – is 
built up from multiple elements,  and these elements 
are moment resistant connected to each other, it 
behaves less rigid than when it is built up from a single 
element. To investigate the limits of assembly two 
factors will be investigated. Firstly, chains of Beam and 
FlatShell elements respectively are tested, which 
increase gradually in size (fig. 08 (b) and (d). Secondly, 
the influence of a system’s size is investigated by 
multiplying such chains within one system. 
 Beam chains appear to be more sensitive to 
the low rigidity issue than FlatShell elements. For the 
first, the system becomes unstable at the transition 
from 11h – 12h (in which h = 5m). FlatShell elements 
are still stable for 20h (in which the element’s size is 
hxh = 5x5 m2). 
 When the 10h models in Beam and FlatShell 
are doubled (as shown in fig. 08 (c) and (e), each 
system consists of two independent parts), they 
becomes unstable. These occasions are mechanically 
identical to the individual cases, which means that the 
cause for the differing results must lie in the computa-
tion of nullspace. Possibly, the larger stiffness matrix – 
in which more calculation steps are needed – leads to 
higher sensitivity to significance errors. 
 

Assembled Structural Systems 
 
Two conclusions can be drawn by the previously 
described experiments: 
• due to the lower rigidity of element assemblies, 

in comparison to representing a part by one 
single element, rigidity problems occur much 
more easily, even within the range of realistic 
system dimensions; 

• increase of a system’s size makes it more sensi-
tive to rigidity problems, even if independent 
components are identical to those of a smaller 
system 

 
The occurrence of low rigidity recognized as instability 
largely depends on the assembly of a system. Probably 
systems built up by Truss elements will yield the best 
results, since the system lacks moment resistant 
connections. It has been proven that the issue may 
occur for Beam and FlatShell, which have moment-
resistant connections.  

However, the examples show that the limit at 
which low rigidity occurs, are far beyond realistic 
structural solutions, in which case addition to prevent 
the faulty rigidity is academically incorrect, but 
practically appropriate. It is expected that there is a fair 
range of systems that are structurally unrealistic with 
respect to rigidity, for which the program will still 
perform correct analyses. 
 
 

paragraph 2.4.7: Case 6. Beam – FlatShell 
Connection 

 
Paragraph 2.2.2 shows that, due to the chosen defini-
tion of the FlatShell element, FlatShell elements are 
not completely moment fixed connected to Beam 
elements or other FlatShell elements. This is caused by 
the splitting of the membrane and the drilling stiffness 
– both causing deformations in the plane of the 
FlatShell element. The drilling stiffness is solved 
through a value for each node independently– as 
opposed to between the nodes and between the 
rotation around the local z-axis and the in plane 
translation. The particularities on its connectivity to 
other elements is shown in fig. 09.  
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Through a series of four systems, it can be proven that 
the previously stated assumptions are correct. Fig. 10 
(a) proves that the in plane movement of a FlatShell 
element with respect to a Beam element lying in its 
plane, as shown in fig. 10 (1a), is possible, while the 
restrictions shown (1b) and (1c) on out of plane 
movement of the FlatShell with respect to a Beam 
lying perpendicular to its plane are indeed applied.  

Fig. 10 (2) shows that the assumed free in 
plane and restrained out of plane movement of fig. 10 
(2a) and (2b) respectively are correct.  

Fig. 10 (3) shows that two FlatShell elements 
lying in the same plane, connected by one node, can 
move freely in their plane with respect to each other, 
while being moment resistant connected out of their 
plane, as shown in fig. 10 (3a) and (3b).  

Finally, fig. 10 (d) shows that in plane rotation 
of each two FlatShell elements, that are connected 
perpendicular at one node, is possible, which out of 
plane rotation is restricted, as shown in fig 10 (4a) to 
(4c). 
 
 

paragraph 2.4.8: Case 7. Practical Problem 
 
Currently on the site of the Eindhoven University of 
Technology the heart of the campus – the W-hal – is 
being adjusted to meet the university’s growing need 
for space. A major part of the project is a new five floor 
building that stands above the two floor hall on high 
columns. The structural design is made by ABT. This 
new building is particularly interesting as a test case 
for StabilizeStruct. It is built in an orthogonal grid, and 
it contains two aspects that yield typical stabilization 
issues: it is lifted of the ground, meaning that it is 
connected to the foundation by linear elements only; 
and the top building cantilevers on the two longitudi-
nal ends. 

Design 
 
In the office’s design, stability has been solved by 
appropriate measures differing for various parts of the 
system. The lift at ground level is achieved by eight 
diagonals, that can be seen through the transparency 
of the floor in fig. 12 (a). The horizontal stability is 
ensured by eight diagonals in the floor plane. The 
cantilever is solved along the longitudinal section 
along every grid axis by a trussed frame of two floors 
high along the entire length of the volume (fig. 12 (a) 
shows the diagonals cut at 1.60 m on the first floor). 
These are the measures necessary to allow for a lifted 
cantilevered volume. 
 Apart from the building volume’s bottom, 
The floor planes are used to redistribute the horizontal 
load over the diagonals. Transversal stability is 
achieved through a single vertical trussed frame from 
bottom to top, the width of one grid increment, at 
each side of the structure (in figs. 12 (b) and (c), the 
diagonals can be seen, cut at 1.60 m at second and fifth 
floor respectively). From the second floor upwards, 
also longitudinal stability is solved by a single frame, 
once within each façade (fig. 12 (d) shows the diago-
nals in the entire longitudinal façade). 
 

architectonisch ontwerp W-hal [technischweekblad.nl]fi g. 11



W-hal: structural design by ABT; (a) section 1st fl oor; (b) section 3rd fl oor; (c) section 5th fl oor; (d) entire structure 
[drawings kindly provided by ABT]

fi g. 12



Solutions for W-hal through (a,b) Truss addition and (c,d) FlatShell addition. (for each two perspectives of the same solution are shown)fi g. 13

(a)

(c)

(b)

(d)
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Model 
 
To keep the model manageable, it was chosen to draw 
a simplification of the office’s design. Since many of 
the stabilizing elements of the design span over 
multiple floors and grid increments, the grid is re-
duced to larger units. The nodes of the grid are 
connected by Truss elements, meaning that full 
hinged connection is assumed at all nodes and sup-
ports. 
 
Since the designed solution achieves stabilization 
through diagonals, StabilizeStruct is set to attempt 
stabilization through the addition of Truss elements 
first. The system lacks the floors that redistribute the 
horizontal loads in the original design. This can be 
solved by choosing the inner horizontal plane for 
addition first. When all floors have become rigid, the 
program will start adding elements in the inner 
vertical plane. This way, a solution is found that 
resembles the design most, since its façades remain as 
open as possible. Summarizing, the preferences in 
StabilizeStruct are set to: 
• Truss – Beam – FlatShell;  
• inner horizontal – inner vertical – envelope. 

As an alternative, FlatShell addition is run. In this case, 
the preference for element order is set to: FlatShell – 
Truss – Beam. For identical reasons, first elements are 
added in the inner horizontal plane and secondly in 
the inner vertical plane. Solution for Beam element is 
omitted: it’s graphical representation is hard to 
interpret without live rotation of the viewport, and its 
solution is  highly unrealistic, for reasons stated in 
paragraph 2.4.3.  
 

 
 
 

Comparison 
 
When the office’s design is compared to the auto-
mated stabilization by Truss elements, designed 
solution is clearly more efficient, due to advantageous 
distribution of stabilization measures over the system. 
It provides integral solutions that fit the various parts 
of the building, with a high concentration at the 
bottom and the minimum required at the top. Thirdly, 
the designed system is safer, since it contains an 
abundance of stabilizing elements, enabling the system 
to redistribute loading in case of local collapse. 
 
When the office’s design is compared to the auto-
mated stabilization by Truss elements (fig. 13 (a,b)), 
designed solution is clearly more efficient, due to 
advantageous distribution of stabilization measures 
over the system. It provides integral solutions that fit 
the various parts of the building, with a high concen-
tration at the bottom and the minimum required at 
the top. Thirdly, the designed system is safer, since it 
contains an abundance of stabilizing elements, ena-
bling the system to redistribute loading in case of local 
collapse. 

In the automatically generated solution, stabi-
lization is mostly concentrated along the sides with the 
lowest coordinates. This means also, that vertical 
measures, that direct the loads from the top floor to 
the bottom, are partly located at one of the structure’s 
cantilevers, which is very inefficient since the cumula-
tive load must then be transferred horizontally to-
wards the supports. 
 
The solutions for Truss and FlatShell (fig. 13 (c,d)) are 
very similar: most of the planes in which elements 
have been added are identical. The differences that did 
occur can be explained by the FlatShell’s ability to 
handle out of plane loading. 
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chapter 2.5: VISUALIZATION 
 
 
 
 
The implementation of the method for automated stabilization is highly abstract. The program collects, interprets, 
manipulates and returns data as collections of variables. The data is interpreted by means of selection constructs, for 
example: if a node has the lowest z-value existing in the system, apply translational constraints in three directions. 
Likewise, the data is stored so that it is easily accessible and it is manipulated through algebraic functions. These 
programmatic methods are organized by the algorithm as described in chapters 2.2 and 2.3. 

There is a strong visual counterpart to the topic of the research as its objects are geometric models of struc-
tures. To the user, the data has a meaning as the representation of a model, such as coordinates and connectivity. In 
order to understand the data, it must be converted into a geometry. A human user can do so by imagination for very 
small problems, or by hand for larger problems. However, as the size and amount of the models increases, this process 
becomes highly time-consuming and prone to errors. 

A visualization that is linked to the program that provides automated stabilization enables interpretation of 
the method’s results immediately. It is not necessary for the stabilization program to function, but very advantageous 
to its users. Such a visualization program was created for earlier stages in the development of the Research Engine as 
discussed in chapter 1.1. A report on that program is given in Appendix C. The program is adapted to provide a 
visualization for the stabilization program specifically. In the adaptation only the lay-out of the window  is change and 
some of the responses of the program to user interaction are adjusted. Otherwise, it functions in exactly the same way. 
This chapter summarizes all relevant information from the article in Appendix C and discusses all aspects at which the 
adapted visualization differs from the original. 



paragraph 2.5.1: Value to Research 
 
For this research, a visualization program called vis has 
been created. It gives real-time graphical output 
during the run of the automated stabilization proce-
dure. By doing so, it allows for immediate interpreta-
tion of the results. It aids the developer of the method 
and the program to assess his work and to communi-
cate it to others. These advantages will be discussed in 
this paragraph. vis fulfills a part of the essential need 
for proper (re)presentation to assess, document and 
communicate strategies, accomplishments and find-
ings in a project – i.e. the part that concerns gathering 

information on the functioning of the program (direct) 
and the method (indirect). 
 
Assessment: While the program for automated 
stabilization is under development, it is necessary to 
gather insight on the steps that are taken by the 
program. Errors of any kind may occur: programmatic 
errors, false assumptions, mistakes in the input file. By 
running the program while it is being written, one can 
test the functioning of new implementations. By 
running the program for various input models, 
particular flaws can be found. In this process of 
development and trial, a very large amount of models 
is produced. The visualization allows for a fast assess-
ment of the program’s performance. 

 

visualization program: it becomes vis-

ible immediately that in the fi rst step 

a diagonal was added in the XZ-plane 

(which complies to method desribed 

in paragraph 2.2.4.

(a) input system

(b) 1st mechanism of input

(c) system after step 1

(d) 1st mechanism after step 1

fi g. 01
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At the next stage of the research, the program is 
subjected to a broad scope of stabilization problems 
(i.e. input models), that demonstrate its applicability 
for the range as formulated in chapter 1.2. These test 
cases are discussed in chapter 2.4. It is possible to 
evaluate such an amount of problems within the time 
span available for the project on account of the 
graphical output. 
 During future development, it will be possi-
ble to examine the implications of programmatic 
choices and explore the range of solvable problems 
that lie outside the scope of this research project as 
stated in chapter 1.2 with the use of vis. 
 
Communication: Without visualization, it would take 
much time to demonstrate the program in real-time. 
Because the text output is abstract and therefore hard 
to interpret, a large group of discussion partners would 
be excluded, unless the procedure is drawn out before-
hand. Such a translation to a graphic by hand is 
undesirable because the information is second hand 
(prone to errors and subjectivity) and only available for 
a selection of problems.  

It has been observed that demonstration us-
ing the visualization program involves people to a 
great extent, producing a large amount of feed-back. 
Comment includes gaining insight on the theory 
behind the procedure, questioning the choices for 
adjustments and suggestions for improvement. 
 The visualization is a very convincing tool 
when the method is being promoted. Exactly because 
it shows the process of automated stabilization in real-
time for any given problem. The solutions that are 
found differ sometimes from what is expected and in 
times even puzzle the observer because it is unclear at 
first sight that the output is actually stable. Examples 
are given in chapter 2.4. Such experienses display how 

the method can aid the user to broaden his insight on 
the possible solutions to stabilization problems. 
 
 

paragraph 2.5.2: Interface 
 
The program vis enables users to follow the auto-
mated stabilization process step-by-step as it advances. 
The adjusted model is shown at each step, the newly 
added element is marked and the new set of mecha-
nisms is given. The window allows for easy navigation 
through the process and for evaluation of a step 
through comparison between the states before and 
after an adjustment was made. All relevant aspects of 
the window are discussed in this paragraph. The 
integral view of the window is a fragment of the 
solution sequence. It uses two types of sub-windows, 
that show the system’s geometry at a certain stage and 
the collection of mechanisms at a certain stage respec-
tively. 
 
Geometry window: In this window, a representation 
is given of the model at a certain step. All elements 
that were previously added are marked in dark red. 
The element added at that particular step is marked in 
bright red. A new window is generated for every new 
adjustment (as a new geometry comes to existence). By 
scrolling along the geometry windows in the sequence 
of the procedure – using the left and right arrow keys – 
the user can see how the model evolves from the 
original unstable input structure to the stable system 
given as output. 
 
Mechanisms window: For a certain geometry all 
mechanisms are held by one window. The window 
shows one mechanism at the time, the user can scroll 
between mechanisms using the brace keys while the 
mouse is on that window. The undeformed system is 



program structure

representation of Truss element in

(a) StabilizeStruct

(b) vis

navigation through vis:

>> solid rectangle is current window

>> dotted rectangle is the new window 

for the next step (when user presses 

the right arrow)

window of vis

fi g. 05

fi g. 04

fi g. 03

fi g. 02
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shown in grey, all elements that move in a specific 
mechanism are shown in the deformed state in red. 
Both are transparent, resulting in illustrations that can 
be interpreted easily. 

The information is useful to interpret the ef-
fect of an adjustment. A Mechanisms window is 
shown on either side of a Geometry window, on the 
left side to show the state of instability before an 
adjustment is made, on the right side the state after 
the adjustment. Thus these states can be compared to 
each other. For one thing, the number of mechanisms 
must change after an adjustment. Secondly, the shape 
of the mechanisms may change due to additions. 
 Apart from interpreting the effect of an 
adjustment, also a prediction on the following step can 
be made. The program takes the first degree of 
freedom of the first node (with the lowest ID) of the 
first mechanism as a starting point to find a solution, 
continuing through the sequence for each mechanism 
in turn until a suitable option is found. It can be 
estimated what adjustment will be made next. If the 
guess is incorrect, the user will evaluate the procedure 
to identify if the fault in the assumption or in the 
program. 
 
Model representation: In both the Geometry and the 
Mechanisms window, a model is represented by a 3D 
graphic, which means it is shown in perspective. 
Perspective is accomplished by the effect of distortion 
creating depth effects, the layering of objects (both 
translucent and opaque) and the varying hue of planes 
that lie under different angles generating an effect of 
illumination. The angle of the viewport can be ad-
justed real-time by dragging the mouse in one of the 
windows. This way, it is possible for the user to find 
the right angle at which desired information is clear to 
be observed. Models turn in all windows simultane-

ously, ensuring that their perspectives are identical for 
maximum clarity to the user.  
 
Lay-out: In this, the adapted visualization for Stabi-
lizeStruct differs from the original visualization as 
described in Appendix C. In the adapted version, the 
visualization program follows the stabilization proce-
dure as a linear process of stepwise adjustment, like a 
linear band of alternating Geometry and Mechanisms 
windows. The display can be moved backward and 
forward along the line, using the arrow keys. In the 
view, consisting of one Geometry window and two 
Mechanisms windows as explained previously, the pair 
of windows of a geometry and corresponding collec-
tion of mechanisms is marked by a dashed rectangle. A 
header gives information on the advancement of the 
procedure (the step number) and the amount of 
mechanisms that is present for that particular system. 
When the structure is stable, the process stops and no 
more adjustments can be made. 
 
 

paragraph 2.5.3: Programmatic Implementa-
tion 

 
It has been shown in chapter 2.3 that the program for 
automated stabilization, StabilizeStruct, has functions 
that can be called by third party programs to run the 
stabilization procedure. These functions facilitate the 
initiation of a structure through an input file, stepwise 
adjustment of the structure and retrieval of a struc-
ture’s data (such as geometry and mechanisms). 
Because of this, it is appropriate to program vis as the 
primary program. It holds the function main() (that 
every program in C++ starts with) and it is the program 
the user communicates to through keyboard and 
mouse interaction. In its turn, vis calls the functions of 
SabilizeStruct. 
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Through the visualization, it is possible for the user to 
access the geometrical and kinematical data that is 
handled and generated by StabilizeStruct. However, 
the data on a structure is not shared by Stabi-
lizeStruct and vis, but stored independently. This can 
be justified by the fact that the data is used for an 
entirely different purpose in each of the programs. 
StabilizeStruct needs the data to make calculations, 
decisions and adjustments, its purpose is algebraic. For 
example, a Truss element in StabilizeStruct is simply 
a 1D item that runs between two points and it con-
tains data on the structural section properties in order 
to calculate Nullspace. As an opposite, vis needs to 
translate the geometric data to graphical output, 
resulting in issues such as display order. A Truss in vis 
is assembled by plane objects of a certain size, colour 
and orientation. 
 Because of the independent storage of objects 
that represent the structures, vis only calls on Stabi-
lizeStruct when a new Structure must be generated, 
i.e. when an adjustment is made. User interaction with 
respect to the window (such as rotation of view or 
skipping between mechanisms) is handled by vis 
internally. 
 
Appendix C gives a detailed description on the way the 
original version of the visualization program functions 
and its implementation. It differs from the adapted 
program only in the lay-out of the window, causing it 
to use only two subclasses of the abstract model class 
(equivalents of splitstructtp_model class and 
dof_model class) and to have a different effect of the 
use of the arrow keys, which is described in the 
previous paragraph. 
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The table below and the interaction diagram shown in fig. 06 show how the user uses the program vis and what 
procedures are run through at every action. Only two actions actually call on StabilizeStruct. All other actions are used 
to navigate through the steps of the procedure, allowing the user to study certain information in more detail. 
 
 
 
 
 
Action 
 

Response 

actions that use StabilizeStruct 
 
Open File vis calls StabilizeStruct to read inputfile 

vis retrieves geometrical and DOF data from StabilizeStruct 
vis generates models 
vis creates window and returns it to user 

right key vis calls StabilizeStruct to make adjustment 
vis retrieves geometrical and DOF data from StabilizeStruct 
vis generates models 
vis adjusts window and returns it to user 

 
Actions that operate within vis only 
 
left key vis loads model for previous step in stabilization process from memory (previously generated) 

vis adjusts window and returns it to user 
left bracket key1 vis loads model for next mechanism (previously generated) 

vis adjusts window and returns it to user 
right bracket key1 vis loads model for previous mechanism (previously generated) 

vis adjusts window and returns it to user 
q key vis ends program 
mouse pan2 vis recalculates perspective of model 

vis adjusts window and returns it to user 
m. double-click2 vis brings window to full-screen and minimizes other windows if windows are in original size OR 

vis restores all windows to their original size if window is maximized 
vis adjusts window and returns it to user 

 
1 when mouse is on Mechanisms Window 
2 when mouse is on Geometry Window or Mechanisms Window 
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chapter 2.6: REGARDING STRUCTURAL EFFICIENCY 
 

 
 
 
 
The objective of the research is to find a method to manipulate an unstable system in such a way that it becomes 
stable. Since its development of this method is at an early stage, it focuses on effectiveness and structural efficiency has 
not been of great importance. In the search procedure, specific options that are certain to yield inefficient structures are 
excluded entirely – such as elements that span over more than one grid increment. An attempt has been made to find 
those options that are likely to produce efficient solutions – e.g. attempting options that are orientated downward with 
respect to the node of a mechanism first. However, for a range of alternative solutions, at this stage no procedure has 
been developed to generate and recognize the more efficient. 
 It is recognized however that the issue is relevant for the usefulness of the procedure for automated stabiliza-
tion. Suggesting methods that regard structural efficiency can be used when the StabilizeStruct process is to operate 
independently – e.g. as a design tool – or function as recommendations for the next step of the Research Engine: 
adjusting the system so that its structural properties are optimized. The theory proposed in this chapter is a first 
attempt to improve structural efficiency. It will be put to practice by manual test cases only and not through pro-
grammatic implementation. Such restricts the possibility to investigate the results of the various methods.
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paragraph 2.6.1: The Issue of Structural 
Efficiency 

 
The test cases have shown that structural efficiency is a 
relevant topic, for which no suitable strategy exists in 
the current specification of the stabilization method. 
In test case 2, Beam and FlatShell elements yield 
unrealistic solutions that are certain to fail with regard 
to rigidity. During stabilization, only those elements 
are added that effectively resolve instability. Beam 
elements are usually organized in tree-formation: a 
simple base with branches, no portals or frames to 
divide its moments over multiple elements.  

Test case 4 demonstrates that the node num-
bering of a system can cause the result to become both 
very efficient and very inefficient. Clearly node num-
bering has no structural significance whatsoever and is 
therefore a rather arbitrary factor in the process. A 
method that recognizes patterns that lead to efficient 
solutions will be a better guide. 

The accidental inclusion of rigidity in the sta-
bilization procedure is shown in test case 5. The 
conclusions drawn in this section state that, whenever 
the academically erroneous ‘recognition’ of low rigidity 
as a mechanism occurs, the system is actually structur-
ally unrealistic for its low rigidity, and the addition 
solving that particular state is practically advantageous. 
Contrary to the recommendation stated in paragraph 
2.4.6, it may also be useful to explore the possibility to 
lower the strictness of the margin that distinguishes 
mechanism from low rigidity, so that structural 
nonsense solutions are prevented too. 
 The practical problem of test case 7 illustrates 
the issue of structural efficiency on a larger and more 
integral scale. Due to the systematic node numbering, 
that starts at the lowest coordinates, the stabilization 
measures are concentrated along the sides of the 
structure. This includes the cantilever on one side of 

the volume, which means that all the loads must be 
transferred horizontally again toward the supports. 
Also, this causes the elements to be badly distributed 
over the system. 
 

Degrees of Structural Efficiency 
 
Not every case of structural inefficiency is a bad 
solution. In some cases, the performance of a system 
can only slightly be improved and other aspects of the 
design – such as spatial demands and architectural 
preferences – start playing a leading role in decision 
making. Therefore, the range of structural efficiency is 
split into degrees. It will be shown, that the distinction 
between these degrees can be formalized by measuring 
the way that loads travel through the system. 
 
• high efficiency 
• average efficiency 
• low efficiency 
• very low efficiency 

 
Lowest efficiency occurs, when loads can be found that 
have to take a detour to get at the supports, initially 
moving away from the supports (fig. 01 (a)). These 
kind of systems are generated for the systems in 
paragraph 2.4.5, when the nodes are numbered top 
down.  

A low efficiency occurs when loads run di-
rectly towards the supports, but are badly distributed 
amongst the supports (fig. 01 (b)). These kind of 
systems exist when the stabilization process starts at 
one side of the system, regarding the geometry at a 
local level. In such cases, the global geometry is not 
considered, most importantly the distribution over the 
existing supports should be taken into account. At 
present, such global solutions are not recognized by 
the stabilization procedure.  



Uneffi  cient systems: very low effi  ciency (a), low effi  ciency (b) and average effi  ciency (c). For each of these the very effi  cient alternative by 

substitution is given by (d-f). Effi  cient alternatives through addition (resulting in statically undetermined systems) are given by (g,h).

fi g. 01



basis stabilization measures: 

(a) Truss 

(b) Beam 

(c) FlatShell

(note: the systems are still 

unstable)

Completion of stabilization: 

(d-f) vertical elements

(g-i) horizontal elements

fi g. 02
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An average efficiency occurs when the loads are 
directed to the supports by the shortest possible way, 
but unevenly (fig. 01 (c)). Yet, often solutions of this 
kind are chosen for reasons that do not concern the 
structural design, such as the spatial concept of a 
project. An example of a design that concentrates the 
stabilization measures along a narrow width, is the 
practical problem shown in paragraph 2.4.8. 

A high efficiency has been achieved when the 
loads are directed towards the support in the most 
efficient way. (fig. 01 (d-f) show the efficient alternatives 
to the previously demonstrated inefficient solutions). 
What is considered ‘most efficient’ is shown in the last 
paragraph of this chapter and may depend on the 
method that is used to compare the various solutions. 

 
The geometrical rules by which the degrees are 
distinguished are given in paragraph 2.6.3, that dis-
cusses methods to recognize the efficiency of a system. 
The higher the efficiency, the more difficult it becomes 
to recognize that a more efficient solution is possible. 
The low and very low efficiency can be recognized by 
both geometrical rules and load assessment. 
 

Automated improvement of Structural Efficiency 
 
A measurable definition of instability is necessary, to 
determine through automation if a system can become 
more efficient and how the improvement can be 
achieved. The procedure to regard structural efficiency 
basically consists of three parts: 
• recognition of structural inefficiency in a sys-

tem 
• finding alternatives to a system that are more 

efficient 
• comparing various systems with respect to 

structural efficiency 

 
As was the case for the stabilization method, the 
fundamental difference in properties between the 
elements necessitates individual strategies. As stabiliz-
ing elements they must be evaluated differently. In the 
following paragraphs, it will be shown how the 
elements perform as stabilizing measures and how this 
leads to tactics on the improvement of structural 
efficiency. 
 
 

paragraph 2.6.2: Stabilization Measures 
 
In the following paragraphs, a method will be de-
scribed that assumes rectangular volumes built up 
from axis aligned Truss elements. These are solved by 
one element type only. This paragraph will describe 
how each of the elements enables stabilization of a 
system.  
 

Element Types as Stabilizing Measures 
 
All elements that are not axis-aligned enable the 
redirection of loads to a parallel axis or along another 
direction. This being the essence of stabilization, all of 
these are considered stabilizing measures, and can be 
distinguished in the system. Now, patterns formed by 
these elements can be analyzed. 

A Truss element cannot prevent deforma-
tions that operate perpendicular to its axis. That is why 
diagonals are needed to stabilize a system and they 
always exist in many directions and three dimensional 
trussed frames are built. The minimum required 
measures that every system must have, are three 
vertical diagonals in different planes for every level (fig. 
02 (a)). A ‘level’ in this context is a horizontal slice. The 
example has three levels. 
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Beam and FlatShell elements become rigid frames. A 
body fixed in space is achieved by connecting at least 
three non-linearly oriented supports by Beams or 
FlatShells. If a new element is added to that rigid body, 
all its nodes are automatically fixed. This way, multiple 
movements can be restricted at once and less elements 
are needed. All solutions by Beam or FlatShell will 
consist of at least the elements shown in fig.02 (b) and 
(c) respectively. 
 
It should be noted that the models in Fig. 02 (a-c) are 
not stable, they simply represent the base of stability 
measures that every stabilized system will contain.  
 

Stabilization Alternatives 
 
Once the base stabilization is achieved, the stabiliza-
tion procedure can be completed in many different 
ways. The examples illustrated show completion 
through addition of vertical elements (fig. 02 (d-f) and 
of horizontal elements (fig. 02 (g-i)). Inefficiency 
occurs when options for stabilization measures are 
chosen that are not connected to each other, do not 
direct towards the supports by the shortest way and do 
not distribute the loads over the supports. 

Since stabilization measures have been de-
fined, an automated geometrical search procedure can 
point out the elements that participate in stabilization. 
These are marked by colours in fig. 02. In paragraph 
2.4.3, it was noted that Beam and FlatShell element 
addition usually results in linearly assembled systems 
without loops. These assemblies are called chains, 
which will be analyzed for its geometry. Especially the 
end of a chain is of interest where structural efficiency 
is concerned: if it points downwards – i.e. the chain 
runs upwards from its end, usually away from the 
system’s supports – it is certain that the system has 
very low efficiency. 

paragraph 2.6.3 Methods to Recognize 
Inefficiency 

 
The previous paragraph suggested the analysis of 
chains of stabilization measurements to investigate 
structural efficiency. Chains are easily determined for 
Beams and FlatShell elements, for their linear assem-
bly, in which all loads are automatically transferred 
from one element to the next. This is not the case for 
Truss elements. Solutions by Truss elements have a 
rather web-like configuration, the cooperation of 
diagonals amongst each other depends on the direc-
tion of movement involved. Therefore the following 
rough assumption is made: 
• per chain the degree of freedom (DOF) along 

one direction only is considered– either X-, Y- 
or Z-direction; 

• a diagonal that lies in a plane in which the 
DOF lies – e.g. DOF = X lies in XY and XZ – 
counts as stabilizing element for the chain, and 
it stabilizes all planes along the DOF’s axis; 

• stable planes that meet each other, are consid-
ered of the same chain. 

 
In the example of fig. 03 (d-i), a chain of Truss ele-
ments is assembled. The direction of the DOF is 
shown by the green arrow. At (d), the diagonal stabi-
lizes both its own plane and the one right behind it – 
marked by the green rectangle. On the next image, (e), 
the plane above it is selected. The diagonal in that 
part, stabilizes both itself and the plane before it. In 
spite of the fact that the diagonals are not in adjacent 
sections, they add up to the same chain. 
 This makes sense when the system as a total 
is considered. Indeed, the entire area marked in green 
in (e) behaves as a rigid body when movement along 
the DOF’s axis is concerned. In the following images, 
the chain is recognized stepwise, until in (i) the 



Systems with very low effi  -

ciency using:

(a) Truss

(b) Beam

(c) FlatShell

(d-i) Stepwise determination 

of chain for Truss elements.

fi g. 03
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analysis is complete. Of course, once the planes start 
turning corners, which is already the case for (f), loads 
are no longer simply transmitted within the plane. If 
the arrow is a load, it will cause rotation of the system, 
and deformation along perpendicular axes will occur as 
well. Yet, as a rough estimate, the simplification of the 
stabilizing elements’ cooperation is appropriate. 
 
The geometrical assessment of the system will be 
performed in an order that recognizes the worst kind 
of inefficiency first. Solving the most inefficient parts 
of a system will yield the most improvement. 
• Very low efficiency: key points on the chain 

exist that lie further from the closest support 
than a key point that lies further towards its 
end. A specific, common occasion is the chain 
that has an end facing downwards and all key 
points above it lie further away from the sup-
ports at the system’s base points. 

• Low efficiency: key points exist that lie closer to 
supports that the chain is not connected to, 
than to supports that it is connected to. 

• Average efficiency: the distance of the supports 
that the chain is connected to, is less than the 
breadth of the system. 

 
A distinction must be made of supports that take part 
in the stabilization (that are connected to stabilizing 
elements) and those that are not. Otherwise, on many 
occasions, the prognosis may state low efficiency, 
because the stabilization elements redirect horizontally 
towards concentrated vertical measures. There is an 
important architectural ground that justifies such a 
system: floors exist in a design anyway, while vertical 
obstructions limit the spatial freedom of the design.  
 
 
 

paragraph 2.6.4: Methods to find more 
efficient alternatives 

 
Through the procedures proposed in the previous 
paragraph, it is possible to estimate whether a system 
can become more stable and how it should be ad-
justed. Two methods are proposed that perform such 
an adjustment: through expansion and through 
subtraction. 

The expansion method (fig. 04 (a)): adds ele-
ments to a stable, though inefficient system. For 
example, a chain can be continued so that it reaches a 
closer support (such is shown in fig. 01 (a,e). The new 
system becomes (more) statically undetermined, which 
goes against the project’s assumption to add a mini-
mum of necessary additions. Yet, these systems are 
much more efficient than their original versions.  

It may be a topic of future study to investigate 
the conditions at which the addition of superfluous 
elements (with respect to stability) are valid. For 
certain systems – those with moment resistant connec-
tions – simply no realistic results can be found by the 
stabilization method (as shown for Beam elements in 
paragraph 2.4.3) and additional expansion of the 
structure is advantageous. On the other hand, in some 
cases – i.e. systems that are completely built up from 
hinge-connected elements – statically determined 
systems will prove to be more efficient than their 
statically undetermined alternatives. Such will be 
shown in paragraph 2.6.6, which will give a compari-
son of alternative systems. 

The subtraction method removes elements 
and reruns stabilization procedure to find an alterna-
tive solution. For example: an element that breaks a 
downward facing branch of a chain, as high as possible, 
preferably horizontal. The now ‘floating’ branch will be 
fixed by a stabilization measure that lies lower in the 



system (see fig. 04 (b)). This strategy fits perfectly in 
the prerequisites of the project. 

The previous two methods are used after a 
system has been stabilized. They are used to produce 
alternatives to a given structure in order to choose the 
most efficient option. 
 
As an alternative, efficient standards can be applied to 
a yet to be stabilized system, according to a pattern 
that is know to yield good results (fig. 04(c)). For 
example, the patterns shown in fig. 02 (a-c) are suitable 
implementations. This method will operate before the 
stabilization procedure is run and is in fact a more 
advanced addition to the already formulated set of 
rules by which StabilizeStruct finds options for 
stabilization. 
 This method in itself is not suitable to 
produce alternatives. Rather, it attempts to generate a 
single solution that is as efficient as possible straight 
away. 
 

paragraph 2.6.5: Methods to Compare 

Alternatives with respect to Efficiency 
 
Different models can be compared to each other with 
respect to structural efficiency by applying loads and 
evaluating the response of the system. The loads 
should be placed at the location that is most disadvan-
tageous to the system. The ends of chains as discussed 
in paragraph 2.6.3 are appropriate locations, since the 
load will have to run through the entire chain.. It has 
been chosen to use the following data for two different 
methods of comparison: 

 Loads at supports (formula (1)); horizontal and 
vertical loads are added separately. This holds 
for the assumption that the foundation has an 
orthogonal orientation (e.g. vertical poles), by 
which horizontal and vertical loads are taken 
in a fundamentally different way. 

 Loads in members (product of member load 
and member length) (formula (2)). 

methods to improve structural effi  ciency: (a) by expansion; (b) by subtraction; (c) by a predefi ned patternfi g. 04
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A structural analysis has been performed for a test case 
(fig. 05) for two load cases by the program Matrix-
Frame. The results using each of the comparison 
methods are given in Table 01 and Table 02 respec-
tively. In the analysis, the absolute value of the ele-
ments’ loads are taken; whether they concern com-
pression or tension is irrelevant. It would be unsuitable 
if positive and negative forces neutralize each other. 
Future research should take into account the advanta-
geous influence of tension crosses on the structural 
efficiency of elements 
 

S V HF R R !" "  (1)

MF FL "  (2)

 
Structurally, deformation in some occasions is more 
interesting than the load distribution of system. This is 
especially the case for systems with moment resistant 
connections and for slim volumes. However, the 
deformation depends on the section properties of each 
of the elements, to which as yet arbitrary values are 
assigned rather than realistic. Also, in theory it is 
always possible to reduce system deformation to 
acceptable limits by increasing the elements’ rigidity. 
The actual assignment of rigidity values amongst the 
elements also depends on the configuration of the 
stabilization, which means that different systems are 
not really comparable to each other geometrically, nor 
will their deformations be.  

The only appropriate test is to determine 
which system is most cost-effective by assignment of 
the dimensions of the elements for each of the systems 
individually, such that the deformations are identical 
for all systems. However, the procedure to do so is very 
complicated – it will have to be done through an 

iterative process that gradually adjusts the element 
properties until the required deformation is found. 
 Also, load distribution analysis gives more 
information on the character and the location of the 
system’s weaknesses. Deformation works cumulatively 
through the system, including parts that are not 
concerned with structural inefficiency, while the 
loading distinguishes affected and unaffected parts. 
Therefore, the study is limited to this type of analysis. 

load distribution and loads and supports for:

System A: load case 1 (a) and load case 2 (b)

System B: load case 1 (c) and load case 2 (d)

System C: load case 1 (f) and load case 2 (f)

fi g. 05
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Table 1: comparison of loads at supports: FS 
 
System A case 1 3 2 2 7SF F F F= ⋅ + ⋅ =  

 case 2 1 2 2 5SF F F F= ⋅ + ⋅ =  

System B case 1 3 3SF F F= ⋅ =  

 case 2 1 2 2 5SF F F F= ⋅ + ⋅ =  

System C case 1 1 0.18 2 0.35 2 0.65 2 0.82 3SF F F F F F= ⋅ + ⋅ + ⋅ + ⋅ =  

 case 2 2 0.5 4 5SF F F F= ⋅ + ⋅ =  
 
 
Table 2: comparison of loads in members: FM 

 

System A case 1 9 3 2 2 1 2 17MF F L F L F L FL= ⋅ ⋅ + ⋅ ⋅ + ⋅ ⋅ =  

 case 2 5 2 2 2 1 2 11MF F L F L F L FL= ⋅ ⋅ + ⋅ ⋅ + ⋅ ⋅ =  

System B case 1 1 1 2 2 3MF F L F L FL= ⋅ ⋅ + ⋅ ⋅ =  

 case 2 5 2 2 2 1 2 11MF F L F L F L FL= ⋅ ⋅ + ⋅ ⋅ + ⋅ ⋅ =  

System C case 1 8 0.18 3 0.25 2 1 0.65 1 1.16 2 4.79MF F L F L F L F L FL= ⋅ ⋅ + ⋅ ⋅ + ⋅ ⋅ + ⋅ ⋅ =  

 case 2 8 0.5 4 0.5 2 2 2 10MF F L F L F L FL= ⋅ ⋅ + ⋅ ⋅ + ⋅ ⋅ =  
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DISCUSSION 
 
The conditions of the project largely depended on the 
bigger research that it is part of: the development of a 
Research Engine by the section Technical Mechanics 
at the Eindhoven University of Technology. It aims to 
simulate the integral architectural and structural 
design process. 
 Previous to the project StabilizeStruct, 
components of one particular part of the engine – the 
translation of a spatial design to a structural design – 
have been developed. The goals, strategies and solu-
tions described in this report follow directly from the 
solutions that were chosen in these previous develop-
ments. 
 

Research Engine Project 
 
The scope of problems for the method of automated 
stabilization is chosen to fit the kind of problems that 
are produced by the Research Engine exactly. These 
are restricted to systems of 8-node box-shaped vol-
umes of which the edges are axes-aligned. 
 Such a scope is considered a plausible base for 
a start, since the most common building designs are 
based on orthogonal grids. However, the method is 
limited and cannot be used for more complex systems. 
Exactly for these more complex systems it will be very 
interesting to explore stability solution space by 
computation. 
 In fact, the choice of the scope is arbitrary, 
since the method has been developed to operate as an 
independent tool, that can be used in any given way – 
e.g. as an implementation in a larger programmatic 
structure or as a design tool for engineers. Yet, due to 
the fact that the problems were limited to fairly simple 
options, the issues that involve automated stabilization 

of these systems have been quite comprehensible and 
predictable. 

Further development of the method by allow-
ing for more complex systems has been anticipated. 
Paragraph 2.3.5 discusses the organization of a system’s 
geometrical data. These are used by the element search 
functions to find allowable additions to the system. 
The module for geometrical organization can be 
developed individually, without (major) adjustments 
to the search functions. 
 
As a part of the previous research, a method was 
developed that calculates the nullspace of a given 
system‘s stiffness matrix. Through nullspace, the shape 
of the mechanisms of a system can be determined. 
This has been extremely helpful to determine the 
location at which stabilization measures are necessary 
in a structure. Alternatively, either it would have been 
necessary to develop such a method, or an alternative 
should have to be sought. For example, formulating 
conditions depending on the structure’s geometry 
only, by which instability can be recognized. Such an 
approach was proposed as the Generative Method in 
chapter 2.1. 
 Since the procedure that determines the 
mechanisms uses the Finite Element Method, there 
are specific demands and restrictions to its use. Firstly 
it is not possible to simulate ‘ideal’ elements of infinite 
rigidity. In stead, values must be applied that represent 
the section properties; useful values – for which the 
system resembles ideal representation if no loads apply 
– depend on the variation of values within the entire 
system as well as on the system’s dimensions.  

Subsequently the issue of errors due to calcu-
lation inaccuracies follows from the topic of choosing 
suitable stiffness values. Paragraph 2.4.6 demonstrate 
that there is high probability that mechanisms are 
recognized falsely, since they are in fact rigidity 
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problems. Yet, it is shown as well that such faults do 
not prevent the stabilization method from finding a 
solution. 
 
The systems produced by the Research Engine are 
built up from three element types, which are discussed 
in paragraph 2.2.2. These elements are sufficient to 
represent the majority of structural components. Truss 
elements are used to represent rods and columns; 
Beam elements for beams and portals; FlatShell 
elements for floors and walls. 
 It must be noted however that the behaviour 
of the elements do not necessarily simulate reality well 
or even correctly. For example: if a connecting floor 
and wall are simulated by FlatShell elements, rotation 
of the elements with respect to each other is entirely 
impossible. Of course, in reality, a hinge is assumed for 
the angle at which the parts are connected. 
 For a more realistic representation, it will be 
necessary to implement more elements. The Stabi-
lizeStruct program has been organized in such a way 
that it is simple to add new elements and correspond-
ing search functions. 
 

Programmatic Implementations 
 
The fact that a computer program was written fol-
lowed directly from the preceding research on the 
Research Engine. The experience of the research 
demonstrates that it is a very powerful tool in itself as 
well. Due to the various programmatic implementa-
tions, it has been possible to gain immediate feed-back 
on the functioning of the method while it was under 
development. 
 The visualization program (chapter 2.6) 
makes it possible to interpret the steps the method 
takes for a certain system immediately. Alternatively, 
all data on the system’s geometry, the finite element 

calculations and mechanisms exist in text files. It 
would have been much effort to interpret these texts 
and impossible for many and complex systems. 

By implementing the stabilization method 
into a computer program, the developed theory could 
be verified on a broad scale of systems (see chapter 
2.4). Manual verification of the method is very time-
consuming and sensitive to errors. It would not have 
been possible to develop the method to the level that 
was achieved in this project. 
 Even if a programmatic implementation had 
not been a goal of the research, it would have been a 
very powerful tool to support the development of the 
method for automated stabilization. 
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CONCLUSIONS 
 

Evaluation of Method 
 
A stabilization method has been developed that solves 
problems within the prescribed scope: unstable 
systems that are built up from 8-node boxed-shaped 
volumes, of which the edges are axes-aligned; the 
nodes with the lowest Z-coordinate are fixed by 
translational supports in all directions. 
 The stabilizations is achieved by addition of 
the element types Truss, Beam and FlatShell. Since the 
elements differ from each other in behaviour  funda-
mentally, it has been necessary to provide a different 
search procedure for each of the types. In spite of the 
fact that the methods can hardly be compared to each 
other, they have been built up from similar partial 
functions: a node that takes part in a mechanism is 
chosen; depending on the direction of its movement, 
existing nodes and elements in its direct proximity are 
sought. By application of further selection criteria on 
the location of the elements, options are blocked that 
do not comply to the spatial, architectural and struc-
tural conditions or to user preferences. 
 Through ‘Preferences’ presets, the user can 
choose at what order the element types are used to 
solve the problem and at what order the various 
locations within the system are used. 
 
If all allowable options have been attempted for a 
certain element, the method moves on to the next 
element type. Thus, the method is theoretically 
capable of solving every possible problem within the 
given scope: if a minimum of three supports exists that 
do not lie along a single line (which is the case for box-
shaped volumes), all nodes can be fixed against transla-
tion and rotation by the moment-resistant connected 
Beam elements. 

Evaluation of Implementation 
 
The program follows the method that was chosen for 
the automation of stabilization exactly. It has been 
found that alternatives to the chosen solutions would 
have lead to entirely different strategies to build up the 
program. Therefore, there has been much feed-back in 
both directions between implementation and method 
development. Relevant considerations have been: 
• running through all options per element type, 

before moving to the next; the alternative would 
have been running through all options per zone 
(and per zone, running through all elements) be-
fore moving to the next. However, since the ele-
ment types result in fundamentally different 
structural and architectural typologies, it is illogic  

• within the element search function, running 
through all options per node before moving to 
the next; the alternative would have been to at-
tempt a certain solution type – e.g. axial truss ad-
dition – for all nodes before moving to the next – 
according to the example diagonal truss addition. 
In the chosen case, element addition at the low-
est nodes is stimulated, which generally improves 
global structural efficiency. 

 
Through relatively simple selection criteria that limit 
the options that are considered valid, it has been able 
to reduce greatly the number of attempts that are 
needed to stabilize a system. For example, the Stay-
Straight and StayShape functions (for Beam and 
FlatShell element addition respectively) enable exclu-
sion of additions at locations at which rigid body 
movement occurs.  

Before the implementation of these functions, 
already for relatively simple systems many failed 
attempts show at a certain step, the number rising as 
the procedure continues. Eventually, the program is 
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able to complete the stabilization process. However, 
the false attempts are very time consuming. For a 
particular problem, about half an hour was needed by 
the implementation without the StayStraight / Stay-
Shape functions, while less than a minute was needed 
when they were included. 
 
Through the implementation within modules, it will 
be able to maintain and develop different aspects of 
the stabilization procedure individually: 
• input / output of system data 
• the scope of input problems 
• calculation of instability 
• definition of user preferences  
• search protocol per element type 

Each of these should be adjustable without (major) 
alterations to the other modules. In such a way, future 
research has been facilitated. 
 
Through various test cases, the results of the program 
have been investigated: hypotheses have been tested 
and weaknesses can be shown. The most important 
findings of these test cases are the following. 
 
Comparison of solutions using different element types 
and zoning preferences, it can be said that Truss 
element addition is able to return realistic structural 
systems (though the outcome of the method must 
always be studied for its weaknesses). On the other 
hand, Beam and FlatShell element addition will 
certainly yield unrealistic results. Due to the moment 
resistant connections, long chains are built, that will 
have a very low rigidity. 
 If a solution is found adding different element 
types – which is the case if options for a certain 
element type run out before the system is stable – 
there is often overlap in the stabilization function of 
various elements, leading to solutions with more 

added elements than necessary. These solutions do not 
comply to the objective that every added element is 
necessary: certain elements might have reduced 
stability at an early stage, they become obsolete by 
later additions. 
 Since the order of addition options depends 
on the node numbering, it is possible that a certain 
order of node definition is unfavourable, since it causes 
structural inefficiency. For example, for some cases of 
top down node numbering more elements are added 
at the higher layers of the system than for bottom up 
numbering. 
 Due to limited calculation precision, it is 
possible that, when nullspace is generated, low rigidity 
is mistaken by instability. Although it is possible to 
make statements on the conditions to input problems, 
for which rigidity problems are successfully excluded 
from nullspace, during the research it was not possible 
to formulate conditions to prevent these false instabil-
ity modi altogether. 
 During previous research, it has been chosen 
to define FlatShells as planar elements in which 
normal action, bending action and drilling stiffness are 
separated from each other entirely. By isolating the 
drilling stiffness – rotation along the axis perpendicu-
lar to the plane – connections with FlatShell elements 
are never completely moment-resistant: either when 
connected to a Beam or another FlatShell element. It 
can be shown that there are five different modi of 
rotational freedom when these elements are con-
nected. 
 As expected, the designed solution of the 
practical problem is structurally a much better solu-
tion: it is safer, the stabilizing elements are distributed 
more efficient over the system and an integral solution 
is found that fits the various parts of the structure. 
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Limitations of chosen scope of research 
 
It has been necessary to restrict the scope of the 
research, in order to come to a coherent result that is a 
whole in itself. It has been possible to find working 
solutions for all issues that are formulated in the 
objectives. Yet, by narrowing down the goals, the 
usefulness of the stabilization method and its imple-
mentation is strongly limited. 
 
The assumption of orthogonal box-shaped parts to 
build a system with, anticipates common building 
practice. It can be expected, that a method for auto-
mated stabilization becomes interesting especially for 
more complex systems. In its current state, the proce-
dure seems unfit for its actual purpose: to aid scientists 
and engineers in their exploration of building design. 
 
Apart from the preset preferences on the use of 
element and zones, the user has little influence on the 
type of solutions and the locations at which these are 
applied. There are many occasions at which aspects of 
the conceptual building design can target the option 
search. For example: concentration of stabilization 
measures around stair cases and elevators; prohibition 
of additions where atria and passages are planned. 
 
The issue of structural efficiency has been considered 
on a local scale: elements are added that (1) have the 
appropriate orientation with respect to the free body 
movement of the system, (2) at a location at which free 
body movement occurs, (3) are as short as possible and 
(4) effectively solve the mechanism. 
 On a global scale, it is possible that certain 
combinations of additions yield much higher system 
rigidity than others. These kind of combinations 
should somehow be preferred over the others. This 
topic was not included as consideration within this 

research, although it is recognized as relevant for the 
usefulness of the method. 
 
For each of these issues, recommendations for further 
research are formulated in the next chapter. 
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RECOMMENDATIONS 
 

Addition Options Selection Protocol 
 
The stabilization method finds addition options by 
scanning for available node and element combinations 
systematically. It has been shown that such an ap-
proach has certain weaknesses. Firstly, because of the 
(arbitrary) choice to scan nodes in the order of ID-
numbering, identical systems with different node 
numbering can yield solutions that differ greatly in 
structural efficiency. Secondly, subsequent addition of 
different element types, can result in a solution with 
superfluous additions. 
 The user has some influence on the results 
through presets for preferences concerning element 
types and geometrical zones. At the current state of 
the method’s development, that is as much control as 
the user has. However, the architectural design and 
structural concepts can have very concrete demands on 
the zoning of stabilization measures. For example the 
proximity of stairs and elevators are often suitable for 
stabilization, while open spaces for passages must be 
maintained. Such is especially the case for complex 
systems, however  
 
It is suggested that an integral approach is sought that 
uses input zoning and geometrical properties in the 
system as an alternative to node numbering. Geomet-
rical properties are taken into account by assessing a 
system on a global level. Two approaches are given: 
• It was shown that top-down node numbering 

yields structurally very inefficient solution. It can 
be expected that an addition order, that starts 
close to the supports and moves away from it 
gradually, will result in structurally efficient 
combinations of additions. 

• Systems with a certain geometry cannot be 
solved by a certain element type (an example is 
given in paragraph 2.4.4). Possibly, these unsolv-
able parts can be found through pattern recogni-
tion and solved using the appropriate element 
type straight away. This way, the method be-
comes much more effective and it is possible to 
face the problem of finishing the process with 
superfluous elements. 

Combining user input and geometrical properties can 
result in a powerful tool to narrow down the solution 
space to options that are spatially and structurally 
most preferable. 
 

Support of Non-Orthogonal Systems 
 
The assumption of systems that are built op from 
orthogonal rectangular boxes is applicable to the most 
common designs in building practice. When the 
Research Engine is further developed or the stabiliza-
tion method is used for engineering design, it will 
become preferable to adjust the procedure so that it 
becomes applicable to a wider range of problems.  

In the following suggested strategies, it is as-
sumed that the basics of the method remain intact: a 
node is chosen from nullspace and adjacent nodes are 
sought that may be appropriate for element addition. 
 
The first approach that is suggested, is to search for 
surrounding nodes through a gradual increase of radii 
around the mechanism’s node. This way, the closest 
node is found first, and after that stepwise the nodes 
that lie at a greater distance subsequently. For each 
node in turn, it will be possible to assess its angle with 
respect to the mechanism and check if it fits the 
preselected preferences. 
 In the second approach, the direction of 
movement of the node in the mechanism is used. At 
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various angles to this direction, surrounding nodes are 
sought. These nodes will lie at different distances from 
the mechanism’s node. By applying weight factors, it is 
possible to balance the influence of preferable angle 
and distance. 
 The third approach assumes implementation 
of the method in the Research Engine. During previ-
ous steps, (rectangular) spatial zones were translated 
into structural topologies. In this process, all informa-
tion on the zones is lost. If this information can be 
maintained as a resource, it will be possible to recog-
nize which couples of nodes are considered ‘adjacent to 
each other’ and which couples lie in different zones or 
at disadvantageous orientation. In such cases, the 
orientation of the zones with respect to each other and 
with respect to the coordinate system are no longer 
restricted, nor is the shape of the zones. 
 

Structural Efficiency 
 
The stabilization method and implementation con-
sider structural efficiency on a local scale: elements are 
chosen at the appropriate location and of minimal 
dimensions to prevent a given mechanism. However, it 
has been shown that the stabilization procedure can 
produce structurally very inefficient systems. 
 
A method is proposed to take global structural effi-
ciency in consideration. It consists of three parts: 
recognizing structural inefficiency; generating more 
efficient alternatives to an inefficient system and 
comparing systems with respect to efficiency. 
 The first part is necessary to recognize if a 
system can be more efficient and to point out which 
parts of that system cause the inefficiency. This is 
especially the case when only a single design exists that 
must be assessed for its structural quality. In such a 
case, there are no given alternatives to choose from 

and the method must provide tools to produce alter-
natives; which is the second part. 
 When lack structural efficiency has been 
recognized, there are various possibilities to adjust a 
system so that it becomes more efficient. Two proce-
dures are proposed.  
• by addition: no longer a minimum of stabiliza-

tion elements is added to an input system, but 
the ‘superfluous’ stabilization yields much better 
results with respect to structural behaviour; 

• by subtraction: elements that cause the ineffi-
ciency are removed and the stabilization proce-
dure is rerun. New additions are attempted in 
areas at which better results are expected. 

Alternatively, the stabilization procedure can be rerun 
from the beginning. Yet, as a first step, elements are 
added in such a way that structural efficiency can be 
expected. Especially for simple geometries, positive 
results can be achieved through pattern recognition. 
 When alternative solutions exist to a stabiliza-
tion problem, these must be compared to each other to 
determine which is most efficient. Such a comparison 
can be achieved by assessing load distribution or a 
system’s deformation under loading. In this research, 
two possibilities are proposed using load distribution: 
• assessment of the loads at the supports; 
• assessment of the element loads. 

Both comparison methods are shown to give good 
results. 
 

Instability vs Rigidity 
 
It has been shown that there is no clear computational 
distinction between instability and low rigidity. 
Practically the program functions well: false modes of 
instability do not prevent the procedure to find a 
solution. Even more, all the cases demonstrated in 
paragraph 2.4.6, for which low rigidity showed as 
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instability, were actually unfit structural systems due 
to their low rigidity. 
 On the other hand, academically the program 
gives faulty results. It is desired that instability and low 
rigidity are recognized as different problems. 
 
In the program, there are two functions that influence 
provide the conditions by which is determined if a 
system is unstable. Firstly, in the module Structure, 
the section properties of the elements is set. The value 
of individual elements as well as the proportion of the 
elements with respect to each other influences the 
sensitivity of the finite element analysis to significance 
errors during calculation. 
 Secondly, in the function NullSpaceGen(), in 
the module smGen, a limit is set for values that are 
considered ‘zero’. Again, computation significance is 
the key issue. Because of the complex singular value 
composition procedure, ‘identical’ high values, when 
subtracted to each other, do not necessary result in 
zero exactly. Therefore, an estimate must be made that 
determines which values are errors and which are 
valid. 
 
It is suspected, that a numeric research that investi-
gates the effect of these components will provide at 
least the limits of the range of problems, for which 
correct or faulty results are generated. By these the 
erroneous states of instability can be predicted. Possi-
bly, at a next stage, the problem can be solved alto-
gether.  
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SUMMARY 
 

Objectives 
 
Building design processes are becoming increasingly 
complex, caused by the ongoing development of 
knowledge, support systems, building materials and 
the subsequent increase of ambitions. In order to 
facilitate building design processes, it is generally 
acknowledged that there is need for computational 
tools to support and analyse these processes, such as 
digital archives and generative methods. Research is 
being done at the Eindhoven University of Technology 
to develop a Research Engine that simulates the 
integral architectural and structural design process. 
 Previous to the project StabilizeStruct, parts 
of one of the phases of the Research Engine – the 
phase in which a spatial design is translated to a 
structural design – have been developed. At current 
state, methods exist to apply predefined assemblies 
(topologies) of floors, walls and columns to spatial 
zones. These topologies are adjusted, so that all 
adjacent elements share nodes – i.e. are actually 
connected to each other. However, no regard is yet 
given to the stability of these systems. In order to 
assess a system’s stability, a method was developed and 
implemented to generate nullspace from a system’s 
stiffness matrix. Each vector in this system describes a 
mechanism of the system. 
 
The primary objective of StabilizeStruct is to develop a 
method for automated stabilization of unstable 
systems and to implement it into a computer program. 
Its problems are restricted to structures that are 
assembled from 8-node box-shaped volumes, of which 
the edges are axes-aligned. The structural elements 
used to build up the system are restricted to three 
types: rods (linear; normal load only), beams (linear; 

loads and moments in all directions) and planes 
(planar elements; loads and moments in all directions) 
These kind of systems are produced by the previous 
steps of the Research Engine. 
 Qualitative conditions to the solutions are 
formulated with respect to effectiveness (only adjust-
ments that make the system more stable), structural 
efficiency (limitation of element dimensions), spatial 
usefulness (no elements at locations that should stay 
open, such as rods that run diagonally through space) 
and architectural restrictions (maintaining the shape 
of the design).  
 The programmatic implementation must be 
compatible with the program that already exists for 
the research engine. Apart from that, it must be easy 
to maintain, since many assumptions are made that 
restrict the scope of the method and it can be expected 
that more complex alternatives are sought in the 
future. Thirdly, the implementation must be effective, 
i.e. make as few false attempts for adjustment as 
possible. Especially for large systems, the nullspace 
calculation procedure takes up much time,  
 The implementation will be verified through 
test cases that investigate its proper functioning, and 
its scope and the results of the method. 

The findings of the research are documented 
in the graduation report, as well as in the paper for the 
conference “2011 ASCE International Workshop on 
Computing in Civil Engineering” and a scientific 
article. 
 

Research 
 
The research basically consists of two parts: developing 
an automated stabilization method and finding a 
strategy to implement the method into a computer 
program. 
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Stabilization Method 
 
Three methods that would enable automated stabiliza-
tion were formulated: 
• Generative Method 
• Addition Method 
• Reduction Method 

The Generative Method only takes the nodes of the 
system, which determine its shape. The existing 
structural elements are removed. Through geometrical 
rules elements are added stepwise: each ‘floating’ node 
must be connected to three already fixed nodes by 
means of three rods, which do not lie in the same 
plane.  
 The Addition Method stepwise adds ele-
ments to the input system. After every step, nullspace 
is calculated to investigate the addition’s effectiveness 
(reduction of number of mechanisms). 
 The Subtraction Method adds all possible 
elements to the system and attempts to remove them 
one by one. After each step, nullspace is calculated to 
see if the system is still stable. Since at every step 
before removal the system is stable, it is possible to 
perform a static analysis using the Finite Element 
Method and select those elements that have the least 
contribution.  
 
It is considered a large disadvantage of the Generative 
Method that the original system is disregarded. Any 
intelligence stored in an overall structural solution 
disappears. It is unlikely that solutions of equal value 
can be found by the method. Therefore, the method 
becomes unsuitable for complex systems. 
 Structurally, the Subtraction Method is most 
ideal, but since only a few of all possible additions are 
necessary, many steps are needed to come to a result. 
The effect on calculation time is cumulative: due to 
the large amount of elements, each nullspace calcula-

tion will be very time consuming and much more 
calculation rounds are needed than in the Addition 
Method. 
 The latter is expected to have the best of both: 
yielding useful solutions using the original intelligence 
stored in the input system, by a minimum of steps. It 
will be shown that it is plausible that structural 
efficiency is regarded, although no static analyses can 
be performed during the stabilization process. 
 
The Addition Method was chosen to be further 
developed.  
 
The approach through which the method was formu-
lated depended on the type of input problems. The 
orthogonal arrangement of the nodes allowed for the 
definition of a strict grid, through which the location 
of each node with respect to other nodes can be 
determined. This information is used to determine the 
closest nodes surrounding a given node. 
 For each of the element types, a procedure 
has been developed. Since these elements differ from 
each other fundamentally in behaviour, the procedures 
can hardly be compared to each other.  
 Truss element addition assumes the necessity 
of diagonals to stabilize the system. Since moments 
cannot be transferred by this type of element, it is 
necessary to form triangles in the system. 
 Beam element addition uses existing Truss 
elements that are substituted by Beams. Since both 
elements are linear, these adjustments have much less 
impact on the system’s geometry than the formally 
described diagonals. 
 FlatShell element addition are placed in 
unstable planes, similar to the diagonals of Truss 
elements. However, since FlatShell elements are 
moment-resisted connected to both Beams and other 
FlatShells, there are more valid solutions and the 
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procedure is simpler than that of Truss element 
addition. 
 
After a suitable option has been found, a check follows 
that considers the qualitative restrictions of the 
solution: has the option unsuccessfully been attempted 
previously? does it lie in an allowable zone? does an 
element of that type already exist for that location?  

If favourable answers can be given to all con-
ditions, the element is added and the procedure 
attempts if the adjustment was successful. If it was not, 
the solution is disregarded and a new attempt is made. 
If it was, the method continues to the next step. 
 

Implementation of Method 
 
The programming language C++ was used to imple-
ment the method in a computer program. C++ is based 
on Object Oriented Design, meaning that the data 
involved and its possible manipulations are stored 
within Objects of a predefined class. 
 
For the sake of clarity, the functions have been divided 
into modules. StabilizeStruct is the control room of 
the program: a third party (user or another program) 
operates the procedure through functions that are 
defined in this part; such as loading an input system 
from a file and going to the next step. 
 Module Structure handles the initiation and 
manipulation of a system, such as adding and remov-
ing elements or constraints. 
 Module GeoOrg makes overviews of the 
system’s geometrical data. Module SurrNodes deter-
mines the nodes that surround a given node. The 
combination of these modules is a powerful resource 
to find suitable options for addition. 
 Module smGen contains all Finite Element 
calculations that are needed to produce nullspace. This 

module is an adaptation of the provided nullspace 
calculation program. 
 Module PrefSet stores user preferences on the 
order at which element types are used in the addition 
process and the order at which in different zones in 
the system for each of the element types additions are 
done. 
 
For each of the Element types, a module exists that 
defines the function through which valid options are 
sought. These functions call on the previous modules 
to obtain all necessary data to determine possible and 
allowable options. 
 

Conclusions 
 
It has been possible to develop a working method for 
automated stabilization. Its programmatic implemen-
tation produces solutions for problems within the 
given scope successfully. The Truss element and 
FlatShell element addition procedures produce 
realistic solutions.  

This is not the case for Beam element addi-
tion. Since the elements are moment-resistant con-
nected to each other, solutions by Beams result in long 
chains of Beam elements, resulting in high loads 
(moments) and low rigidity. In reality, integral systems 
would be built with beams, such as portals. 
 The assumptions made at the formulation of 
the objectives has restricted the complexity of the issue 
of automated stabilization. The use of method and 
program is very limited. In further research, many 
aspects can be improved: geometrical complexity, user 
input, structural efficiency, increasing the number of 
element types. Since the program has been divided 
into modules, it is expected that each of these aspects 
can be developed individually to a large extent, without 
interfering the other parts of the program.
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APPENDIX B: INCORPORATION OF STABILIZESTRUCT 
 
The code structure of StabilizeStruct anticipates 
implementation into a larger programmatic structure. 
Specifically, the application is meant to become a part 
of the Research Engine. A short overview is given of 
the incorporation of StabilizeStruct. 
 

File Management 
 
The program consists of the following files that must 
be saved together within one folder: 
• 4-0_StabilizeStruct.h 
• 4-0_StabilizeStruct.cpp 
• 4-1_Structure.h 
• 4-1_Structure.cpp 
• 4-101_GeoOrg.cpp 
• 4-102_smGen.cpp 
• 4-103_SurrNodes.cpp 
• 4-104_PrefSet.cpp 
• 4-111_TrussAdd.cpp 
• 4-112_BeamAdd.cpp 
• 4-121_FlatShellAdd.cpp 
• StringTokenizer.h 
• StringTokenizer.cpp 
• matrix.h 

 

Implementation 
 
StabilizeStruct is run through four primary functions: 
• iniStruct(): start procedure by reading input file 
• definePref(): set preferences 
• nextAdjustment() 
• endSS(): writing stable system to file 

Input and output files are of a predetermined format, 
given in paragraph 2.3.4. In addition to above func-
tions, the user can use the member functions of class 
Structure to manipulate the system. If such is required, 
it is recommended to study chapter 2.3. 

Use of the primary functions is given by the 
program given below. Through the while statement 
(that checks if NullSpace has reached the size zero 
(empty) yet), a loop is created that continues until the 
system has become stable. By calling the function 
definePref(), here the element preferences are reset to 
FlatShell – Truss – Beam; the Truss zone order to 
envelope – inner vertical – inner horizontal; the Beam 
zone order to envelope – inner horizontal – inner 
vertical plane. The FlatShell zone order remains 
unaltered, since the given value lies outside the range 1 
to 6. 

 
 
int main() { 
 
    Structure S = iniStruct(); 
    S.definePref(5,2,1,0) 
 
    while (S.sizeNull()!=0) { 
        nextAdjustment(S); 
        S.writeNull(FileNameGen("DOF",S.sizeAdd())); 
    } 
    endSS(S); 
} 
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APPENDIX C: ARTICLE ON VISUALIZATION 
 
Previous to the research StabilizeStruct, a visualization 
program has been developed in support of the Re-
search Engine. An article on its function, structure and 
application has been written by the developer of the 
visualization. 
 
Since StabilizeStruct is part of the Research Engine, its 
models and themes are very similar. The visualization 
presented in chapter 2.5 is an adaptation of the 
original program. 
 In order to make references to overlap in 
implementation decisions and functionality, the article 
on the Research Engine visualization is attached on the 
following pages. 
 



Design document vis program

October 20, 2009

1 Introduction

This document gives an overview of the design of current state of the vis program, which visualises
the spatial to structural design transformation method, developed by Dr. Herm Hofmeyer. The
program displays the spatial and structural designs hat result from the different transformation
steps as 3-dimensional models.

The vis visualisation program initially shows the spatial design that is the input for the spatial
to structural transformation procedure. The user can advance the transformation procedure by
one step by pressing the space bar, pressing the ’q’ key will exit the program. For each additional
transformation step that is executed, a model will be displayed in a new sub window.The user
can rotate the models by dragging the mouse in the application window. By double clicking a sub
window, the user can maximise the sub window, all other sub windows will be minimised. Double
clicking a maximised sub window will restore the sizes of all sub window. Some models allow
the user to change some settings by key-presses. The many zoned design and degrees of freedom
models allow the user to cycle through the different solution using the bracket keys. The structural
topology and split structural topology models allow the user to toggle translucency on/off using
the ’t’ key. The user can increase and decrease the displacement vector amplification factor in the
degrees of freedom model using the plus and minus keys.

2 Structure overview

The software is written in C++ and is intended to be platform independent, the current version
has been verified to compile and run on Windows and GNU/Linux. The platform independence
is realised by using libraries that are as platform independent as possible. We use OpenGL for 3D
rendering and GLUT for user interaction and window creation.

The code is loosely layered, and can be thought of as 4 somewhat coherent modules. These
modules and their relationships are depicted in Figure 1. The white rectangles represent the
modules of the vis program, the arrows can be interpreted as a ’uses’ or ’calls’ relation.

Please note that these modules are not explicitly defined in the code, but are merely intended
to get a clear picture of the overall structure of the software. Although the standard C and C++
libraries are used throughout the program, they are not depicted in the diagram for the sake of
clarity.

The user interface and interaction module is responsible for the flow of control of the vis

program. The module interfaces with the GLUT callback routines to handle user input and
window system events. The module invokes the subroutines of the spatial to structural design
transformation procedure and manages the models that load and display the spatial and structural
designs.

The model module mainly comprises the classes and data structures that load and display the
spatial and structural designs. Central in this module is the abstract model class which forms the
interface to the module.



Figure 1: Overview of the structure of the vis application.

The bsp module contains the classes and data structures that are required to sort a set of
polygons in back to front order (from an arbitrary viewpoint). The bsp module is used by the
model module through the bsp class.

The utility module contains custom classes and data structures that are used throughout the
program, examples of these are the vertex and normal data types and the camera class that is
used to represent the position and orientation of the viewpoint.

3 Classes

This section will give a more detailed explanation of the classes and data structures that are
contained in the (hypothetic) modules described in the previous section. For each module an
UML class diagram is presented which depicts the classes and their relations to each other. To
avoid cluttering the diagrams, certain details that will not contribute to a better understanding
of the structure of the program are omitted.

3.1 User interface/interaction module

The UML class diagram depicted in Figure 2 focusses on the user interface and interaction module.

The module contains two classes; the viewportmanager and viewport classes, the vis/main.cpp
box does not represent a class but the main file of the program. It creates a GLUT window, sets
the GLUT callback functions (event handlers) and initialises OpenGL. The vis/main.cpp file
contains a viewportmanager and orbitalcamera as global variables. The callback functions are
local functions in vis/main.cpp, they filter out certain events and pass the remainder to the
viewportmanager. The keyboard callback function filters the ’q’ and space-bar key presses which
close the application and advance the transformation method respectively. The (mouse) motion
callback gets called when the mouse moves in the GLUT window while a button is being pressed,
it will translate the mouse movements into camera movements and passes the move event on to
the viewportmanager.

The viewport class is a rather simple one, it represents a subwindow inside the OpenGL
window. It has a position, size and model to display. The render function first renders the model
and then the viewport decorations (frame and title bar). The hittest function is used by the
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Figure 2: UML class diagram of user interface/interaction module.

viewportmanager to determine whether the mouse is inside the viewport. Each viewport object
owns a model and each viewport is owned by exactly one viewportmanager.

The viewportmanager manages (and owns) zero or more viewports. The main concern of the
viewportmanager is to manage the viewports layout. When viewports are added, maximised,
minimised or when the window dimensions change, the viewportmanager determines a suitable
layout for the viewoprts using the calc viewport grid() function. A layout that we considered
suitable is an embedding of the viewports in a regular grid such that there are not too many
empty grid cells and such that the viewports aspect ratios are as close as possible to the preferred
aspect ratio. The viewportmanager receives mouse, keyboard, resize and render events through
the GLUT callback functions, only the key events and render events are passed to the viewports,
who in turn pass the events tot he models.

3.2 Model module

Figure 3 focusses on the model module, the main class in this module is the abstract model

class, this class defines the interface that the user interface/interaction module uses to load
and display the spatial and structural design models. The interface consists of a render()

method, a get bbox() method which returns an axis-aligned bounding box of the model, a
get description() method which returns a textual description of the model and a key pressed()

method which handles keyboard events. The bounding boxes are used by the camera to determine
the correct projection and camera position such that the whole model is in view. The model class
contains a vertex store to store the vertices and normals of the model geometry. The model
class implements a number of protected methods to create parts of the model’s geometry, these
functions will add the vertices and normals to the vertex store and update the bounding box
accordingly. These functions are meant to be used by the subclasses of the model class.

Each model subclass displays polygons and/or text labels, these relations are not depicted in
the class diagram, the lines connecting the model subclasses with the label and polygon class have
been omitted for clarity.

The label class represents a text label, it contains a label text, a label position in 3D and label
properties (color and font). It has a render() method that is used by the models to render text
labels.

The polygon class is only used for storage, it represents a planar convex polygon. The planarity
and convexity are properties that allow us to make certain assumptions about the polygons in the
algorithms, for example each plane that intersects a planar convex polygon intersects its boundary
in at most two points. The polygon has a pointer to a polygon props struct that determines the



Figure 3: UML class diagram of model module.

color of the polygon’s surface and a polygon has an optional pointer to a line props struct that
determines the color and stipple pattern of the polygon outline. Each polygon has a pointer
(pbound) to a circularly linked list of edge structures. The edge list enumerate the polygon’s
vertices and surface normals in counter clockwise order. Each edge also has a boolean variable
called edgeflag, which determines whether the edge is rendered as a polygon outline. See Figure
4 for a diagram of a polygon stored in memory. The polygon objects are eventually passed to the
random bsp class, which embeds the polygons in a search structure and renders them in back to
front order.
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Figure 4: Diagram showing how a triangular polygon is stored in memory, the polygon is flat
shaded, it uses the same vertex normal for each vertex.

The model class has 5 different subclasses, one for each phase in the spacial to structural design
transformation method. The setofrooms model reads the "example input.txt" file and displays



the rooms as translucent cubes with outlines and cube ID labels.
The manyzones model class reads the "example output.txt" file and displays a zoned design.

The class reads the cubes from the input file and creates a label and set of polygons for each
cube and stores them as pairs of labels and lists of polygons in a list. The designs are stored as
arrays of booleans in a vector. When a design is chosen to be displayed, all the polygons of the
cubes that are enabled in the design are collected and passed to the random bsp class, the calls
to render the cube labels are compiled into a display list. Display lists are a feature of OpenGL,
that allows us to store rendering commands in memory in such a representation that OpenGL
can quickly execute them, these commands are often preprocessed such that rendering an object
multiple times using display lists is usually far more efficient than issuing the commands once for
each object.

The structtop model class reads the "ansys.txt" file and displays the structural topology as
opaque walls, slabs and columns. The class shares functionality with the split structural topology
and the degrees of freedom models used for reading the input file and ordering the vertices of
the walls and slabs. This functionality is shared through functions that are declared outside the
classes.

The splitstructtop model class is similar to the structtop model class but differs in the
way the input is read, since "geometrizing output.txt" has a slightly different syntax than the
"ansys.txt" input file.

The dof model class is used to visualise the degrees of freedom of the structural topology. The
class reads the "geometrizing output.txt file for the model geometry and the "dof output.txt"

file for the displacement vectors. The model renders the original geometry nearly transparent and
the displaced geometry translucent. For the displaced vertices an arrow is rendered from the
original vertex to the displaced vertex together with a label that identifies the vertex ID. The
arrows are rendered using glu (OpenGL Utility) functions and are compiled into a display list.

3.3 Bsp module
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Figure 5: UML class diagram of bsp module.

The models usually render opaque (non-see-through) polygons in arbitrary order (using a
display list) and then render the translucent and outlined polygons (polygons whose boundaries
are rendered as separate lines). To correctly render overlapping translucent polygons one has to
blend the colors in the correct order, which is from back to front. When rendering polygon outlines
we first render the polygon’s interior and then the outline. A problem that arises when rendering



polygon outlines on top of their interior is that due to floating point imprecisions portions of an
outline can appear behind the polygon’s interior, resulting in artifacts similar to stitches. One
workaround is to set a depth offset for the polygon, but this does not always seem to work for
polygons that are viewed under a sharp angle. As a solution we disable updates to the depth
buffer, such that when we render the polygon interior, no z-values are written to the depth buffer,
the outline is then simply rendered over the polygon’s interior. In order for this to work, we must
not overwrite opaque polygons that are in front of the outlined polygon, we therefore leave depth
testing on and render the translucent and outlined polygons in back to front order.

The bsp module as depicted in Figure 5 centers around the random bsp class. This class
implements a randomised binary space partitioning scheme on polygons, that is used to (quickly)
sort the polygons of a model in back-to-front order with respect to the viewpoint.

The random bsp class takes a list of polygons, converts them to polygon fragments and creates
a binary space partition on the polygon fragments. The class contains a vertex store, that is
used to store the vertices and surface normals that are created when polygon fragments are split.
The random bsp class contains a pointer to the root node of the bsp tree and has some stats about
the size and number of objects in the bsp tree.

A bsp node struct represents both internal and leaf nodes of a bsp tree. Internal nodes have a
splitting (partition) plane and pointers to two subtrees; pup, pointing to the subtree that contains
all fragments above the partition plane and pdown, pointing to the subtree below the partition
plane. An internal node also contains a list of fragments (frags) that are incident to the partition
plane. A leaf node has no pointers to subtrees and no partition plane, it only has a list of fragments
contained in the leaf node.

The poly frag class represents planar convex fragments of polygons. Each poly frag has a
pointer to the original polygon object, which is used to access the polygon and line properties.
The boundary of a fragment consists of a circularly linked list of bsp edge structs, pointed to by
pbound.

A bsp edge is similar to the edge structure with the addition of a pointer pincident, which
points to the corresponding edge of an incident poly frag. The incident edges form a circularly
linked list of edges. See Figure 6 for an example polygon fragment. When an edge is split (because
the incident polygon fragment is split) all edges incident to the split edge are also split. This
measure is implements to prevent unnecessary T-intersections. T-intersection can cause gaps in
the geometry due to floating point imprecisions. The geometry that is provided to the random bsp

class does not contain explicit information about incident polygons. The bsp convert objects()

function resolves this information by maintaining a map of vertex pairs to incident bsp edges.
Note that T-intersections still may occur since we only consider edges incident when the have the
same vertices, while edges can be incident and not share the same vertices.

3.4 Utility module

The utility module is just a collection of typedefs, structs and classes that are used by the other
modules. The class diagram of the module is not really interesting to show here since most
classes have no relation to other classes. The only class which deserves some comments is the
vertex store class. This class is used by the model and random bsp class to store vertices
and surface normals. The vertex store class uses the stl set container internally to store only
unique vertices and normals. Since the vertices and normals can be shared by multiple edges, it
is not clear which edge owns the data. In one of the first versions of the vis program we used
reference counting pointers, in a later version we implemented the vertex store class to have
better defined responsibilities and a mechanism to easily detect duplicate vertices and normals.
The vertex store class owns all the vertices and surface normals.
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Figure 6: Diagram showing how a rectangular polygon consisting of two fragments that are incident
along the diagonal is stored in memory. The pointers to vertex normals have been omitted for
clarity.

4 Code organisation

This section describes the organisation of the source code. Table 4 lists the source files per
module and the classes and types implemented in those files. The source code for the spacial to
structural design transformation procedure is located in ./src/, the visualisation code is located
in a subdirectory ./src/vis/.

The build requirements are:

• A C++ compiler that supports automatic dynamically stack-allocated arrays (I don’t know
the correct term):

int i = vector.size();

int dynarray[i];

The Microsoft Visual C++ compiler chokes on these constructs, GCC and MinGW compile
this code without errors.

• The GNU Scientific Library is required by the tranformation procedure. Windows libraries
can be downloaded from the GnuWin32 website.

• OpenGL and GLUT libraries are required for the visualisation program and are available
for nearly all platforms.

The ./src/vis/ directory contains a Makefile that can be used to build the visualisation
program on GNU/Linux. The Makefile depends on the sed text-stream editor, which is not
available in Windows by default. For windows there is as of yet no automated build.

5 Use cases

This section illustrates the interaction between the main classes of the visualisation program by
modeling some of the most common tasks (use cases) as call sequence diagrams or call graphs.
These diagrams are to be interpreted as follows, the boxes represent instances of classes (or static



location file(s) implements

src/
main.cpp Spacial to structural design transformation
StringTokenizer.h StringTokenizer class
StringTokenizer.cpp

matrix.h GSL matrix type?
src/vis/ user interface/interaction module

main.cpp vis

viewport.h viewport class
viewport.cpp

viewportmanager.h viewportmanager class
viewportmanager.cpp

model module
model.h Abstract model base class
model.cpp

setofrooms model.h setofrooms model class
setofrooms model.cpp

manyzones model.h manyzones model class
manyzones model.cpp

structtop model.h structtop model class
structtop model.cpp

splitstructtop model.h splitstructtop model class
splitstructtop model.cpp

dof model.h dof model class
dof model.cpp

objects.h edge type
objects.cpp polygon class

label class
bsp module
bsp.h random bsp class
bsp.cpp bsp stats struct
bsp internal.h bsp node struct

poly frag class
bsp edge struct
plane struct

utility module
datatypes.h vertex typedef

normal typedef
rgba typedef
polygon props struct
line props struct
label props struct

aabbox.h axis aligned bounding box template class
aabbox.cxx

camera.h camera abstract class
camera.cpp orbitalcamera class
mat4.h mat4<T> template class
mat4.cxx

vect3.h vect3<T> template class
vect3.cxx

vect4.h vect4<T> template class
vect4.cxx

vertex store.h vertex store class

Table 1: Code organisation



code in the case of main.cpp), the vertical dotted lines are time axis. The labeled arrows represent
function calls, in which one object calls a function of the object pointed to. The curly braces are
used to indicate loop constructs.

In this section we will consider two use cases; loading of a model from a file (Figure 5) and
rendering the viewports and models (Figure 5). Both diagrams are abstractions from the real call
graphs, however, they are sufficiently detailed to give an idea in what sequence objects call each
other and which objects issue OpenGL commands. The complete call graphs would cover multiple
pages each and contain unnecessary and perhaps confusing details.

Figure 5 depicts the call graph for the case in which a user presses the space bar to ad-
vance the transformation procedure. The diagram shows the creation and initialisation of the
setofrooms model (the first model displayed in the visualisation program). The diagram is
not completely correct with respect to the user initiating the creation of the setofrooms model

by pressing the space bar, since it is the initial model, it is the main() function that calls
next step() the first time. However all other models are created when the user presses the
space bar and the spatial to structural transformation step has been executed. The reason that
the setofrooms model is modeled here is that it is the simplest to model. A remark on the
creation of the display list for the room labels; the label’s render() function is called in be-
tween the glNewList() and glEndList() pairs, which uses glutBitmapCharacter() to render
the characters of the label’s text. The GLUT function in turn uses OpenGL functions to render
the individual characters, it are these OpenGL commands that are stored in the displaylist, not
the glutBitmapCharacter function calls.
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Figure 7: Sequence diagram for loading of a model.
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Figure 8: Sequence diagram for rendering of a model.




