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Abstract: This paper presents an evolutionary algorithm that draws its power
from the literal interpretation of the natural system’s reproductive process at a
microscopic scale with the scope of generating optimal Delaunay triangulated
space frames for dynamic loads. The algorithm repositions a firm number
of nodes within a space envelope, by establishing Delaunay tetrahedra
and, consequently, creating adaptable optimised space frame topologies.
The arbitrarily generated tetrahedralised structure is compared against a
canonical designed one and the results of this comparison indicate that the
method proposed has advantageous properties and is capable of generating
an optimum structure that exceeds statically the performance of an engineered
tetrahedralised space frame.
Keywords: Genetic algorithms: optimization; delaunay triangulation; space
frame.
Introduction
A key principle in architectural design process is
finding the optimum solution, which is in this study
structurally motivated and necessarily computationally oriented given its high complexity in nature.
Evaluating a specific number of points randomly distributed in space and triangulated by the means of
the Delaunay property according to its strain distribution and reposition of the interconnected points
in order to achieve a result with the minimum overall strain and the maximum angles between these
members is not a straight-forward task. The objective here is to evolve a complex adapting model produced by the sequence of structures taken from a
set of genetic operators. The concept is materialized
by the analysis of its geometrical and topological

properties towards the morphogenesis of a space
frame developed under the implementation of dynamic loads. To this end, evolutionary algorithms
were introduced to the problem, conceived as
search algorithms that use an analogy with natural
evolution to carry out search by evolving solutions
to problems (Bentley, 1999).
The genetic algorithm, unlike other optimisation techniques, commences its search of the
design space from a number of randomly selected
solutions and not from a solution based on an initial
best guess. It uses two separate spaces: the search
space and the solution space. The former is a space
of coded solutions or genotypes to the problem,
which are mapped on the phenotypes, while the latter is the space of actual solutions (Mitchell, 1996).
The algorithm preserves a population of individuals,

Session 05: Generative Design 1 - eCAADe 27

173

the genotypes, in a way that each one matches to
a phenotype, namely the set of parameters or else
the information needed for the structure to be
evolved. In this study the phenotype corresponds to
the Delaunay diagram. Delanda adds that in spite of
the evolved form’s realization within the individual
organisms at any time, the population, and not the
individual, is the matrix for the production of a form.
This new form is also slowly synthesized within the
larger reproductive community (Delanda, 2002).
Furthermore, evolutionary optimisation techniques, such as genetic algorithms, are mainly functional in cases where the quality of a single solution
can be easily determined but it is, nevertheless, hard
to select the optimal solution among all possible
ones. In this sense, genetic algorithms are helpful
because of their ability to search discontinuous and
difficult fitness landscapes. If someone defines a scalar-valued function for every possible solution to the
problem of interest, namely a function that entails
how good a solution is compared to the others, then
the continuous search commences along the fitness
landscape until a satisfying solution is found.
Genetic Algorithms have consequently the ability to evolve systems and produce solutions that the
designer cannot possibly conceive, enhancing their
creativity as well as solving problems of which the
detailed structure was not until now easy to perceive. Additionally, since the artificial forms or structures are lately of great complexity, GAs seems to be
an appropriate and proficient computation method
for treating problems that concern these structures
by maintaining and improving their performance,
recognizing changes in behaviors and loads, getting
adapted into the goals set by the designer or even
by adjusting past events in order to improve future
performance.

Background
The Delaunay diagram
The advantages of the Delaunay triangulation can
be briefly described by the max-min angle criterion:
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The diagonal of every convex quadrilateral occurring
in the triangulation should be chosen in a way that
the replacement of the selected diagonal by another
one must not increase the minimum of the six angles in the two triangles making up the quadrilateral
(Paul Chew, 1993). Because of the optimal properties of the Delaunay geometry, it has been broadly
used in structural engineering optimization as well
as in structural topology optimization studies.
A notable example is the Pablo Miranda Carranza’s load-bearing three-dimensional Delaunay
structure. He presented an example of a system with
a simple “bridge” problem. Once the problem is presented, in the form of ten parallel loads and four supports, points are distributed randomly generating a
random structure. Then, they are “tetrahedralised”
while the algorithm evaluates the structure through
a Finite Element Analysis and a score is given to each
node according to the stresses of the bars converging in it. In order to achieve the desired, balanced
condition, the points with low scores will migrate
to areas around points with high scores (Carranza,
2001). It was observed that the resulting structure
was adaptively developed in the sense that it selforganized itself to form an arch and even if it was
given four supports the program realized that it only
needed two to support itself.

Structural optimisation using genetic
algorithms
The adaptive search technique known as Genetic
Algorithm (GA) is not a new method for evaluating
shapes or generating forms; the graphic art of Karl
Sims and William Latham is quite well-known among
researchers. In engineering terms, forms and shapes
are closely related to performance in addition to
the economics of the design solution. An example
of a researcher who used Genetic Algorithms in
engineering design is that of John Frazer (1995). In
an application dealing with the design of a sailing
yacht, the GA optimization considered both objectives of engineering parameters (stability, center of
buoyancy, wetted surface area, prismatic coefficient,

blocking) and the designer’s criteria such as aesthetic appearance, historic tradition, allusion of form
etc. (Frazer, 1996). The complication of such a search
space is difficult to be described and therefore to
evaluate and examine; genetic algorithms though,
can surpass this complexity and have been capable
of searching discontinuous and difficult fitness landscapes. According to Frazer, a genetic code was first
developed to control the fairing of the curves of the
hull’s profile. At a further stage, a new population
was evolved by mutating slightly the genetic code.
Each hull was then plotted out and several composite computations were carried out for displacement,
trim, water plane, wetted surface and for block and
prismatic coefficients which allowed for some indication of the likely performance of the hull. The more
potentially coefficient hulls were selected through
natural selection to reproduce new populations. On
the other hand, artificial selection was also applied
by selecting hulls for breeding on the basis of experience, institution or other considerations such as the
ergonomics of the deck layout (Frazer, 1995).

Method
The objective of this study was to develop a method
which would optimise a three-dimensional pin joint
space frame under the application of dynamic forces
by using a genetic algorithm. The algorithm itself
is based on a bottom-up approach as there was no
specific direction for the end topological result and
the structure was rather established on the study
of its local properties. The relationship of the finite
point elements called particles which compose the
structure characterize the overall outcome. A piecemeal portrayal of the algorithm would incorporate
a) a tetrahedra generating algorithm based on the
properties of Delaunay diagram, b) an algorithm that
uses a Particle-Spring system to estimate statically
the system and c) the setting of a genetic algorithm
on it to evolve and optimise the resulting structure.
The algorithm was developed using Java (http://
www.java.com: Jun 2008) as well as the Processing

programming language (http://processing.org: Jun
2008). It dynamically simulates a self organizing triangulated particle spring network, which evolves
from generation to generation by small local alterations leading up to its global representation. The local adjustments that dynamically establish the end
form are directed by a fitness function, which permits the structures with the overall smallest percentage of deflection (tension or compression) to move
to the next population and feed the population with
healthy solutions.
As mentioned above, the aim of this project
was to achieve an optimised structure composed of
tetrahedra. In order to achieve this, a mesh Delaunay generating method was chosen. This method
encloses by default several properties such as the
ability to compose a collection of non-overlapping
tetrahedra avoiding ‘skinny’ angles. To that end, an
algorithm which establishes a temporary initial position for the particles and ensures the maintenance
of the system’s Delaunay properties during the evolutionary process was written. The initial key step
of an iteration of the system is the performance of
a Delaunay tetrahedralisation on a predetermined
space volume filled with a predetermined number
of points.
Subsequently, the overall resulting tetrahedralised arbitrary structure is evaluated by calculating
the deflection of each element of the frame. The
evolved engineering artifact is subjected to structural analysis which contains the set of physical laws
required to study and calculate the behavior of the
above-mentioned system; the reliability of this system is evaluated upon a) its ability to withstand its
own weight and b) its ability to offset the effects of
lateral loads. Hence, the analysis of the system is the
computation of the deformations and the stresses of
its elements of which the behavior encapsulates locally and globally the principal actions of the actual
system.
The algorithm takes the resultant mesh and subdivides it in finite one-dimensional elements (edges
of the Delaunay tetrahedra), where each element
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is a straight, linear member with two nodes, one at
each end. Physical properties are embedded in the
system by using the characteristics of a Particle System where particles are attached to each node of the
structure, randomly spread inside the bounding volume. Therefore, each particle has a defined position
and is supposed to have some mass. The structure
is completed by assuming that every linear edge of
the tetrahedra acts as a spring, connecting every
two particles and keeping them apart by a certain
distance. The algorithm was based on the traers.
physics library engine for Processing (http://www.
cs.princeton.edu/~traer/physics: Jun 2008) where
the inbuilt functions of the library made the manipulation of the system easier.
Firstly, the distance between the initial positions
of the particles determined by the Delaunay topology is calculated and saved. Because of the downward forces acting on the system, the particles are affected by changing their position. The new resultant
distance between the particles is calculated again
and is subtracted from the initial one. The return indicates the deformation of each connection. If the
distance between the two particles has a negative
value, then the spring is in tension and therefore exerts a force that takes the two connected particles
away from each other. If the value of the distance is
positive then the spring is in compression and therefore applies a force that brings the two connected
particles closer to each other. The third case is that
the resultant distance has the same value with the
initial distance and, consequently, the spring has an
ideal length and is in equilibrium. After each iteration of the algorithm, a new but yet temporary position for each node-particle is calculated and the
node is drawn at its new position along with its new
pairwise spring links that have been established. The
algorithm is recalculated by preceding a new topology for the structure through another iteration that
acknowledges the updated positions of the particles
and the spring connections. Topology therefore is
not fixed, but rather evolving taking always into account the Delaunay properties.
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Figure 1
From genes to tetrahedral
(1): Genes are randomly
initialized with double values
(alleles)
(2): Points are mapped to the
genes, using the double values as x,y,z coordinates.
(3): A Delaunay tetrahedron
is generated from the point

Description of the genetic algorithm
The genetic algorithm evolves by preserving a population of individuals that is composed of a genotype
and a corresponding phenotype. The genotype
comprises the coded version of the parameters that
organise the tetrahedralised pin joint space frame.
Such a parameter is referred to as a gene where in
this study a gene takes the values (alleles) of a point
corresponding to the position of a node of the system. Therefore, every gene represents the coordinates of a point in space, its x, y, z values in the Cartesian system, for example Pi (xi, yi, zi) = Genei (Figure
1).
After the genotype of an individual (a space
frame) in the population of 100 individuals is initialised with random alleles, the main loop of the
algorithm commences with every phenotype being
evaluated according to how well it completes the
problem’s objective given a certain fitness value. The
fitness values or scores are mapped on each structure and decide the number of the copies of the
structures that will be placed in the mating pool. The
mating pool is an area that feeds the genetic operators with individuals and let them perform. In this
project there would be two fitness values steering
the evolution; the first (fa) assigned with the average
of the sum of the absolute values of the deformations of all individual springs of the system, and the
second (fb) assigned with the value of the biggest
angle calculated among all connections. According
to the estimated importance of each fitness values,
weights were appointed to each of them in order to
calculate the final value Fab. At the end the equation
describing Fab was

Figure 2
Left: Sample of the engineered topology
Right: Sample of a generated
topology after 1000 generations using a multiple-objective evolutionary algorithm

				
(1)
During this research the process was always goal
oriented; to reach the point where the tetrahedralised space frame with randomly distributed joints
will outperform an engineered structure on an orthogonal canonical grid with the same number of
joints (Figure 02). In order to increase the chances
of optimization a hypothesis was made that sorting the genes inside the predefined space envelop
would lead further to better topologies as well as
static performances of the system. By sorting the
genes it is meant putting the composite genes, the
nodes, in order. The labeling of the composite genes
is arbitrary; however, by assigning them the coordinates of the nodes they can be set in order by their
double values. They are sorted according to their y
coordinate in descending order, from the highest to
the lowest according to their distribution inside the
orthogonal box. Having sorted the nodes, it results
that during the crossover operation, the offsprings
will have the same chance of inheriting the properties from the same areas of the structure from both
the ‘mother’ and ‘father’.

For further experimentation and because the
coordinates of each pin joint of the system are real
numbers with a meaningful special position, it was
decided to include this attribute into the reproductive mechanism. The mutation was modified in
such a way that during breeding, every time a node
was selected to be ‘disrupted’ it was not allowed to
change its coordinates randomly, but rather be assigned with a value distributed close to it. In that
way the space of possible new values is narrowed
but without reducing the innovation in the research
space. This observation is closely related to the nature of the Delaunay edges which are particularly
dependent on their adjacent ones; by repositioning
one can lead to a radical change of geometry.

Testing and results
Following the algorithm’s modification, two formal
experiments with different fitness function were
executed. In both cases the structures were evolved
with 45 nodes, spread in the volume of a solid with
proportions 1x1x3. The samples were taken at an increment of the fitness function during evolution until
1000 generations were reached and the experiment
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Figure 3
Left: Fitness value activity
during runtime of the algorithm for 45 nodes and two
forces
Right: Deformations activity
of all members during runtime of the algorithm for 45
nodes and two forces every
200 generations

was halted. The first fitness function attempts to minimise the average of the sum of the absolute values
of all members. The second function attempts, in addition, to maximise the minimum angle calculated
among all Delaunay tetrahedra with probability of
0.3. For that reason the following equation was applied to determine the second fitness value.

				

		
(2)

In both cases, at the beginning there is a fast evolution of the process which is stabilized after a while
until it changes again. It is worth observing that
even after 1000 generations the values continue to
increase meaning that the algorithm has not come
to convergence and the structure keeps improving
its performance (Figure 3). Furthermore, since the topology of the system is fixed but not the geometry,
there is a consequent adjustment of the members of
the system. The quantity of connections varies, but
it is an advantageous property of the optimisation
process that in the end the space frame optimises its
performance with less members.
What was observed from the following figures was
that the multiple-objective optimisation gave rise to
systems with optimized performance but not better attributes considering builtability parameters
than of the ones with the single-objective fitness
function. Skinny angles were again found but without leading to a disadvantageous frame in terms of
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strain distribution. Following closely the evolutionary process very abrupt changes of the topology
were detected (Figure 4). During the first experiment
someone could see only few repositions of the structure’s nodes after a number of generations. Interestingly, when that was occurring it was changing more
locally the topology and therefore the geometry of
the system, until it reached a point where the changes were infrequent. During the second experiment’s
process, almost at every change of the fitness value
the alterations in topology were efficient enough
to generate a totally different geometry. The structure only after the 800th generation reached a more
stable topology allowing after that small local alterations that would optimise the structure further. This
characteristic of the evolutionary process is closely
related to the restricted properties of the Delaunay
triangulation; even a small change in an angle of
the system may be responsible for the generation of
new tetrahedra instead of only one transformation
of the respective one.

Discussion
The results confirmed that the algorithm performs
optimally in terms of minimising the strain on individual strings The strain is better distributed on the
members by constantly rearranging the position of
the joints. In terms of average member strain, the
generated space frames performed not only better than the orthogonal engineered one but, also

Figure 4
Indicative generated samples
captured after every 200
generations during the first
experiment. The edges are
coloured according to the
total deformation. The more
red they are the more affected
from the appliance of the two
forces

better in terms of individual member strain. When
dividing the aggregate strain with the number of
nodes, the generated topologies seemed to perform
actually better than all other topologies. However,
the genetic algorithm was significantly challenged
while accomplishing the objective with a minimum
of effort in engineering terms. The Delaunay diagram encompasses certain characteristics that are
restricted during the optimised process. Although
the algorithm avoids ‘skinny’ angles, the empty circle

property creates limitations to the structure in a way
that it then appears responsible for the non-optimal
results. It is believed that the use of an algorithm that
could generate more adaptable interlocking tetrahedra could lead to geometry with more optimal
features. An algorithm that takes as input a desirable
range of angles and distances between the edges
could generate a structure that is both optimal in
static terms and easier to fabricate.
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Conclusion
The successful result of this investigation reinforces
the argument that engineering and architectural
design can benefit from the innate morphological
mechanisms of nature and natural selection processes. The proposed method enables the designer
to find a solution that fulfils the performance standards and provides good economy. It also allows the
exploration of structures that are difficult to assess
and less likely to get optimised. In this context, it
might well be the case that the suggested method
could form a mechanism for the research of composite space frames and structure relationships under
the appliance of complex dynamic forces.
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