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preface
foreword

In one and a half year - starting from August 2005 - the idea of creating a
structural design optimisation fool grew to the realisation of a scripf, written in
VBA and using AutoCAD 2007 as a visualisation tool, which has the ability to
opfimise the allocation of a variable number of columns in a structural ftransfer
zone. An extended preliminary study is executed in (computational) structural
opfimisation - book two -, and the aspects and characteristics of fransfer zones,
modular dimensions, and structural grid layouts are discussed - book one. Based on
the knowledge of optimisation methods gained from the preliminary study phase and
the research stage, a design tool, infended fto be used in the conceptual and
preliminary design stage, is written, resulting in a VBA-script [for information on
VBA, see Appendix A] of over 4000 lines. A test structure is presented in the
addendum, including the deftermination of the optimal GA operator parameters.

This addendum is part of an infegral report containing all findings of the Master’s
thesis on structural optimisation for the Delft University of Technology, Faculty of
Civil Engineering and Geosciences, department of Building Engineering, and the
Structural Design Lab (SDL). Two books including this addendum form the complete
and final report of this Master's thesis.

book one: transfer zones in multi-use buildings and the development
and analysis of the optimisation tool

book two: Dbackground studies on structural optimisation

addendum: determination of the optimal GA operator parameters and the
presentation of test results based on example structures

The reader of the complete report will find that the emphasis is mainly on the
study info genetic algorithms and the onset of the design optimisation tool.

This addendum presents the various test results, mainly dealing with the genetic
algorithm operator parameters. Furthermore, two example structures are presented
in order to demonsfrate the capabilities of the VBA script.

Delft, January 2007

R.J. (Roel) van de Straat
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summary
general introduction

As more functional requiremenfs are implemented in one building, more pressure on
the structural designers, both archifects and building engineers, will be
transferred. Especially in dense urban areas, mulfi-use buildings usually have
several different layouts, for instance for an underground parking, a ground floor,
office floors, and mechanical floors. One of the main problems here is the transfer
of loads befween the different structural grid systems of the different functions,
and as a result, numerous structures are built and will be built with inefficient
transfer zones considering the volume of material needed for a floor or fthe
amount of reinforcement or prestressing needed. In lieu of making compromises in
the design of sfructural grid systems per function in order fo verfically align the
grid lines or grid bands, a structural fransfer zone in an intervening floor can be
designed. By designing an opfimal allocaftion of vertical orienfed structural
elements, loads can be transferred between the different structural grid systems,
without adversely affecting the functionality and usability of the intervening floor.

structural optimisation design tool

The Master's thesis ‘Optimisation of structural fransfer zones in multi-use
buildings’ deals with the development of a computational structural design tool
based on an artificial intelligence method, that can determine the optimal solution
for the allocation of columns between fwo structural grid systems. Based on
genetic algorithms as an optimisation technique and by using basic and simple rules,
the design fool can be used for the defermination of size, angle, and placement of
load bearing columns of the inftervening floor. This fool, implemented in VBA and
using AutoCAD as a visualisation tool, allows the user to generate and optimise the
configuration of the load bearing elements for an arbitrary design, with the rules
following from the demands of several aspects of a structural and functional
design. With the addition of non-structural criteria (such as costs, aesthetics and
construction) the engineer can complete the design, and create an optimised design
that is based on the integration of the load bearing elements into a functionally
efficient building floor, rather than being only based on the stress-weight
opfimisation of the individual components.

v summary
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features of the tool

In the AutoCAD environment, the user needs to give the starting and end point of
the structural grid line graphically in both fthe bottom and top layer of the
infervening floor to determine the possible locafion of the columns. Subsequenftly,
the vertical poinft load, the horizontal point loads, and the moments in the cenfre
of gravity acting on fthe load transferring structure need fo be given numerically.
Based on the user input, the tool then randomly generafes several solufions in
what is called the first generation. By defermining the fitness, or in other words
the overall compliance with the prescribed desired conditions, the genetic algorithm
will use the best solutions to create a new population. This process, including
several other genetic algorithm operators, will be repeated until the fittest or
best solution per population remains unaltered during a number of generations.

concluding remarks

This Master’s thesis shows the capability of an artificial intelligence based design
opfimisation tool in a predefined setting of the allocation problem of columns in a
structural transfer zone. At the same moment, it is made clear that progress can
be made for the presenfed design tool and in scripting design tools for the building
practise in general. This also means that it can be expected that tools similar to
the tool presented in the Master's thesis will be used more often in the near
future. This, however, does not mean that the structural engineer will lose his or
her position, as hand calculations and logical interpretations of the result of the
design tools will always have to be made.
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Cubic Space Division, M.C. Escher, litho, 1925, 27 x 26,5 cm'
One another intersecting rectangular beams divide each other in pieces of
equal length, which each are the edge of a cube. So, the space is filled
to infinity with cubes of the same volume

' Escher, M.C., M.C. Escher - Grafiek en tekeningen. Koln: Taschen GmbH, 2001
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1 introduction

general introduction to the addendum

As stated in the preface, in book one and book fwo of the Master's thesis
‘optimisation of structural transfer zones in multi-use buildings’, an extended
preliminary study is executed in (computational) structural optimisation - book two
-, and the aspects and characteristics of transfer zones, modular dimensions, and
structural grid layouts are discussed - book one. The final two chapters of book
one deal with the implementation of various parametrical aspects of the design tool
and the validation of the VBA-script. This addendum presents the results of
numerous fest runs, based on fixed and/or variable GA operator parameters, and
demonstrates the capabilities of the VBA-script coupled to two example structures.

objectives of the tests

The main goal of the tests is the defermination of the optimal values of fthe
population size, the crossover rafe, and the starfing mutafion rafte including the
halving time. In general, these tests are executed with all fixed parameter values
except the one under consideration. Most fest runs are performed and optimised
for the stability and volume fitness parameters, as fthis combination result in an
easy-to-check evolutionary process, and will be executed for 200 generations. Both
parameters are weighed with a factor '1", thus the optimal value is 2"

In deciding on fhe overall success of the tests, fthree aspects are of main
importance:

1. the maximum fitness affer 200 generations
2. the speed of convergence

3. the diversity of the populafion

Based on these aspects, the fest runs and the accompanying paramefer values are
evaluated.

Roel van de Straat 1
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composition of the addendum

In the second chapter, the three GA operaftors - the population size, the crossover
rate, and the starting mutfation rafe including the halving time - are subjected to
various test runs, in order to defermine the optimal values It is important to state
that the defermination of these values are under the restriction of the problem to
be solved. This means that fthe optimal parameter values for the operators may
differ when, for example, increasing of decreasing the possible number of columns.
Based on the opfimal values presented in Chapter 2, for two example sfructures -
a test box and the residential building La Fenétre [see also Sections 3.1 and 4.1 of
book one - the optfimal column allocation is defermined based on the VBA-script in
the subsequent chapters.

2 Chapter 1 - introduction
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2 optimisation of the GA operator parameters

In this chapter, three genefic algorithm operator paramefers are tested for their
opfimal value, considering their contribution to opfimal end resulfs, convergence,
and diversity. In Section 2.1 the population size values are examined. Section 2.2
deals with the optimal value for the crossover rate. The starfing mutation rate
value is fested in Section 2.3, including the halving time parameter, needed for the
exponentfial decrease of the mutation probability.

21  optimising the population size value
introduction

The number of individuals per generation, or the population size, is an important
parameter in fthe evolutionary process. Although there are various fechniques for
managing the population size, the examples in this Master’s thesis deal with a fixed
number of individuals per generation.

For a large value of the population size, it holds frue that, since many samples
from the search space are used, the probability of convergence to a global optimal
solution is higher than when using a small population size. However, a large
population size means the simultaneous handling of many solutions and increases
the computation time per iteration. Orin other words, running a simulation with large
models can be expensive in terms of time, so a smaller population may be desirable.
Another potential problem is that the search may be flooded with an abundance of
genetic diversity, resulting in generations with all identical individuals, and an
average fitness value equal to the maximum fitness value. On the other hand, if
the population is too small then the loss of genetic diversity may compromise the
search.

In the ‘charts, and graphical and numerical output’ chapter at the end of this
addendum, 24 test results are presented including various values of the population
size. The crossover rafe, starting mutation rate, halving time, and the number of
columns are fixed [values are given in the subsection population size tests]. As
the genefic evolutionary process starts with a random initial population, the eight
different values - 3, 9, 27, 45, 69, 99, 135, and 199 individuals per generafion - are
tested fthree fimes.

Roel van de Straat 3
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22

results

The graphs in the Subsection population size tests of the final chapter, show that
for a population size equal to or smaller than 27, the maximum value barely
exceeds the 1,50. The difference between the maximum fitness value (black line) and
the average fitness value (magenta line) converges to zero, and for the population
size of 3 and 9, the evolutionary process already convergence fo the optimum value
before reaching the number of 200 generations (which can be a good thing, but not
in this case).

For the number of individuals per generation from approximately 50 and up, the
average maximum value for the volume parameter (blue line in the average values
chart) fluctuates between 1,55 and 1,60. In addition, the difference between the
maximum and the average fitness values for fthese numbers of population size,
shows that every generation contains a certain diversity in the populations.

Purely based on the average maximum value for the volume paramefer, the optimal
number of individuals per generation lies betfween sixty and eighty.

optimising the crossover rate value
introduction

Crossover allows selected members of the population to exchange characteristics
of the design among themselves, and roughly mimics biological recombination
between two single-chromosome organisms. In the case of crossover, ‘superior’
individuals should have more opportunities to reproduce. In doing so, the offspring
contains combinations of the genefic material of the best individuals. The next
generation is therefore strongly influenced by the genes of the fitter individuals.
However, it is not necessary that every couple of parenfs produces offspring. In
fact, crossover takes place at a certain probability, referred to as the crossover
rate p_e [0,1].

The choice of the crossover rate as a confrol parameter can be a complex
nonlinear optfimisation problem to solve ifself. The increase of crossover probability
would cause the recombinafion of building blocks to rise, and at the same fime, if
increases the disruption of good chromosomes. The seftings are critically dependent
upon the nature of fthe objective function. As stafted in book one, the selection of
the crossover rate issue still remains open fo suggestion although some guidelines
have been introduced. For large populations (Np = 60), the crossover rate can be
sef at 0,6. For small populations (Np < 60) the crossover rate can be set at 0,9.

The crossover rate is tested for the values of 0,0; 0,1, 0,3; 0,5; 0,7; 0,9 and 1,0.

Chapter 2 - optimisation of the GA operator parameters
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results

The test runs for the determination of the optimal crossover rate value where
executed with a population size of 69, a starting mufation rate value of '0,1, a
halving time of 30 generations, and a number of columns of 28.

With fthese values, the overall performance of the fest runs where relatively
successful. For all tested crossover rates, the speed of convergence (although
rather slow), the diversity of the solutions (the difference between the average
fitness value and the maximum fitness value), and the maximum value at # = 200
the results are seemingly the same. When the averages of three fest runs for the
various crossover rates are compared [see the chart in the final chapter,
Subsection crossover rate tests] it can be concluded that the small peak at a
crossover rate of approximately 0,5 indicates the optimal value.

Probably, the main reason for the small contribution of the crossover for fthis
problem, and thus the relative inconsequentfiality of fhe opfimal crossover rate,
results from the chosen method of one-point crossover instead of multi-point
crossover. This latter mefhod is not evaluated in fthis Master's thesis.

optimising the starting mutation rate and halving time values
introduction

The aim of mutation is fo infroduce new genetic maferial into an existing individual,
that is, to add diversity to the genetic characteristics of the population. Mutation
is used in support of crossover to make sure that the full range of allele values
is accessible in the search. Mutation also occurs at a certain probability p,
referred to as the mutation rate. Usually, a small value for p € [0,1] is used (so
close to 0) to ensure that good solutions are not distorted too much. Should the
mutation probability increase, fthis would transform the genetic search info a
random search, but would help to reintroduce the lost genetic material. It is
proposed that for large populations (Np = 60), the constant mutation rate can be
sef at 0,001 For small populations (Np < 60) the constant mutation rate can be set
at 0,01. However, if is stated again fthat fhese values are fully dependant on the
problem under consideration. However, research has shown fthat an inifial large
mutation rate fhat decreases exponentfially as a function of the number of
generations improves convergence speed and accuracy. The initial large p_ensures
that a large search space is covered, while the p becomes rapidly smaller when
individuals start fo converge to the optimum.

Roel van de Straat 5
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results

Whereas the influence of the crossover rate is relatively small for this problem,
the influence of the starting mutafion rate and the accompanying halving fime are
extremely important.

Thirty-one tests runs initially have been executed to test the influence of fthe
following starfing mutation rate and halving time.

starting mutation rate: 0,001; 0,005; 0,01; 0,1 and 0,5
halving time: 1, 10, 50, 100, 500, 5000 generations

These results are shown in Chapter 4, Subsection starfing mutation rate and
halving time tests. The results clearly show that for small halving times (= 10
generations), or in other words a rapidly decreasing mutation rate, and especially
for small starting mutation rates, the diversity of fthe generation converges to
zero. The reason for this, is the fact that with these paramefers only crossover
takes part in the evolutionary process, and the solutions converge to optima based
solely on this GA operator. For large starting mutation rate values (= 0,5), the
distortion of the generation prevents the convergence to good solutions, as can be
seen in the horizontal lines, indicating the average fitness of the fitness values of
a generation.

The results are summarised in two 2D-charts and one 3D-chart. From fthese charts
the optimal values for the starting mutation rate and the halving time can be
distilled. The first aspect of the GA operafor, the starting mutation rate, is at an
opfimal value around 0,01. The halving time parameter value is preferably sef to 50
for the problem considered.

However, as the steps around the optimal starting mutation rate parameter is
relatively large, this parameter is tested again, this ftime for the fixed halving time
of 50. When comparing the test result of an average of two fests for four
different values beftween 0,005 and 0,1 - 0,0075; 0,010; 0,025 and 0,050 - still the
value of 0,010 is indicated as the optimal value.

6 Chapter 2 - optimisation of the GA operator parameters
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concluding remarks

In the three sections of fthis chapter, three genefic algorithm parameters are
tested in order to defermine their optimal value. The tests show that the influence
of the population size and the starting mutation rate, including the halving fime is
considerably larger than the influence of fthe crossover rafte. As stated in Section
2.2, this is due to fhe inferior method of one-point crossover for the large
chromosomes in this problem compared fo the method of mulfi-point crossover.

The opfimal values for the various GA paramefers are

population size: 69
crossover rate: 0,55
starting mutation rate: 0,01
halving time: 50

However, it is again stated that these values are completely dependant on the
problem under consideration. And although the given optimal parameter values are
probably applicable for multiple problems concerning the allocation of columns with
the VBA-script, slight changes might improve their performance considerably.
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3 example structure: the ftest box

In this chapter, a test box, used to check various aspects of the VBA-script during
the design and development stage, is subjected fto a load. Subsequenfly, an
opfimised structure, driven by the VBA-script is generated. This structure is
presented in Section 3.2.

basic aspects of the text box

The test box has the dimensions as given in Figure 3.1.

10000

/////////
T

Fig. 3.1. Dimensions of the ftest box

o

2000

The test box is loaded with only a vertical load of -10.000 kN. Section properties
of the columns consist of circular hollow steel (S235) sections, with a wall
thickness of 12,5 mm and a varying diameter of 120, 150, and 180 mm. The number of
columns (awake and asleep) is 20, with a maximum length of 2400 mm. The fitness
parameters are valued as follows

1 - stability

3 - bearing capacity
4 - volume

1 - slanting

0 - infersection
1 - variation

And finally the number of possible grid positions of the 7 grid lines at the boftom
is 8, and the number of possible grid positions of the 9 grid lines at the top is 9.

Roel van de Straat
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3.2 the optimised structure for the test box

Based on fhe input of Section 3.2 the GA operator parameters are also valued.

population size: 69
crossover rate: 0,5
starting mutation rate: 0,1
halving time: 50

With 1500 generations, and a run time of approximately 45 minutes, the following
results were obtained, Figure 3.2.

5 local W
optimum —I‘M
; / L i L BT
e

/ ~

6 - s - 1d 1

1 101 201 301 401 501 601 701 801 901 1001 1101 1201 1301 1401

Fig. 3.2 The maximum (blue), the average (green, and
minimum  (orange) fitness values of every
generation

The optimal summed fitness value is '10°. The VBA-script drove fthe evolutionary
process to a value of over 8,65 An excellent result, if it is kept in mind that the
bearing capacity and volume fitness parameters can never be fully complied. For
the fist fitness parameter is holds frue that due to discrete values in location and
column fthicknesses, it can never be valued ‘1. The volume parameter cannot be
driven fo ‘1", as all column are then completely vertical, resulting in a structural
mechanism.

10 Chapter 3 - example structure
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The power of genetic algorithms to overcome local minima is also demonstrated in
this graph. Between generation 203 and 407, the GA encounters a local optimum.
But as the diversity in the population of these generations is adequately large, the
GA is able fto follow its path in finding the global optimal solution.

Below the values for the fitness parameters and the maximum, minimum, and
average fitness are given for generation 1499, Figure 3.3.

genaration stahility haaring cap woluma slanting intarsaction variation maximum minimum avaraga
numhar paramatar paramatar paramatar paramatar paramatar paramatar fitnass fitnass fitnass
generation 1499 1 2,465035452 3,297952219 0,990142419 0 0,9 | ‘E,ES}I}OWI 0 7066466354 8,237999273

Fig. 3.3.  Fitness values for generation 1499

Finally, the images of the opfimised structure and the evolutionary process of it
are given in Figure 3.4 and 3.5.

Fig. 3.4.  The optimised structure for the test box for
a vertical load of -10.000 kN

Roel van de Straat 11
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Fig. 3.5.  The evolutionary process of the optimised
structure

12 Chapter 3 - example structure
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concluding remarks

Although the maximum number of generations for the evolutionary process of
finding the optimal solution for the test box perhaps is not quite yet large enough
(there was still a small improvement at # = 7360), it is shown in this addendum that
the VBA-script is capable of generafting a load bearing structure of columns, and
opfimising it according several fitness paramefers.

And however, due to the considerable run fime increase of implemenfing the
infersection fitness paramefer, the parameter is omitted, the ofther parameters
automatically drive the solution fowards a sftructure without intersecting columns.

In conclusion, it can be stafed fthat the VBA-script lives up to the expectations of
finding a sfructure capable of fransferring loads befween fwo different grid
systems and simultaneously complying with ofther denoted fitness parameters, such
as fthe variation is column aspects.
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charts, and graphical and numerical output
population size tests

number of generations: 200

crossover rate: 0,50

starting mutation rate: 0,10

halving time: 30 generations
number of columns: 28

possible grid line positions bottom: "

possible grid line positions top: 12
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crossover rate tests

number of generations: 200

population size: 69

starting mutation rate: 0,10

halving time: 30 generations
number of columns: 28

possible grid line positions bottom: "

possible grid line positions top: 12
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starting mutation rate and halving time tests

number of generations:

population size:
crossover ratfe:
number of columns:

200
69
0,50
28

possible grid line positions bottom: "
possible grid line positions top: 12
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