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How to measure the complexity of artificial simulation or ecosystem? How to know
whether a simulation is more complex than another one? How to use simulation to
understand self-organization?

This article presents a new approach to measure the complexity of artificial life
simulation. To achieve that, one identifies in the simulation each parameter that
seems relevant to measure simulation complexity and self-organization. During the
simulation, the evolution of these parameters is used to build a graph. We analyze the
evolution of the latter using four properties defining a small-world. These properties
give the information about the rank of organization of the simulation.

In the results, we give many examples where it is possible to apply this method
and we explain a successful application on an ant simulation. We compare different
ant simulations with different parameters and we compare their evolutions and the
different complexity thanks to the properties of small-worlds. Generating the data to
synthesis small-worlds with all their properties is a difficult problem; generally the data
come from the real life. This study also emphasizes that ant simulations can be an
alternative method to produce randomly generated small-worlds.

These artificial small-worlds are interesting and could be compared to real small-



worlds and help us to understand the complexity of the self-organization. In per-
spective, it could be interesting to see if we can establish some relations between the
information theory and the properties of the small-worlds for a similar simulation.

1 Introduction

How to measure the complexity of artificial simulation or ecosystem? How to
know one simulation is more complex than another one. What is characterizing
a complex environment? The sociologists, economists, biologist and mathemati-
cians try to represent the societies and its organization, the interactions inside an
environment by some models. They collect many data and try to analyze them.
One of the possible representation to these data is a graph; the road networks,
the connections in our brain [2], the interaction between people [6, 14] or even
between species could be represented by a graph. Many solutions exited now to
analyze these graphs and their proprieties. Sometimes, the most difficult thing
is to obtain these data. In artificial life simulation, we have the data but we
don’t always have the tools to analyze their complexity [3]. So, if the artificial
life tries to reproduce the life, why don’t we used the tools that have already
been created to measure the complexity of life?

In this article, we propose to use the proprieties of the small-world [10, 15] to
measure the complexity of artificial life simulation. In the first part, we explain
why it is interesting to measure the complexity of an artificial simulation and
which property we want to measure. We show that if it is easy to measure the
complexity of each part of one system, it is more difficult to measure the global
complexity of this system. In the second part of this article, we explain why
we use the properties of small-world in the measure of the complexity. On the
third part, We give some examples which is possible to apply this method and
we apply it on ant simulation [4]. In the last part, we show that this method is
very interesting to generate the small-worlds. To finish, we conclude this article
with some perspectives.

2 Why to measure the complexity?

A complex system is a system with many small parties. When some new prop-
erties emerge from the sum of these parties, the complexity of the system is
improved [7]. The goal in the artificial life system is often to improve some
entities during a evolution. So it is interesting to see if the complexity is im-
proved during the simulation [12, 3]. One of the possibility to measure the
complexity is the information theory [13] So for example, if we considerer an
artificial ecosystem, it is possible to apply this method in order to see if the
information contents inside the representation of the creatures is complex. But
to know the complexity of the system, we need to know the complexity of each
creature. This information is on the creatures and not on global information of
the system. How to measure the global complexity of the interaction between



the creatures? This information is different of the precedent. For example, in a
model of extinction of species [1] how to measure the complexity. A graph can
give some information of the interaction between agents. To analyze a graph,
the properties of the small-world are interesting. These properties are frequent
in the real life, so if the artificial simulations are realistic, we should find these
properties. If we don’t find them, what could it means for the simulation? These
studies are necessary to understand by simulation the mechanism of life.

In our precedent work on artificial virtual creatures and ecosystem [8, 9],
we research this type of system to measure the complexity of interaction and
the organization of the system. It could be also interesting to see if we can
establish some relations between the information theory and the properties of
the small-world for a same simulation. What are the differences if there are?

3 Small-world

In this section, we present the properties of the small-worlds. For more details,
we recommend Newmans works on the structure and function of complex net-
works [10]. In this article, we define a graph G by a set of vertexes V and by a
set of edges E like G = (V, E). G is an undirected graph.

The first property of the small-worlds is its have low density. This means
that its have a little number of edges by report to their number n of vertexes.
In general, the number of edge is inferior to n2, in certain case to nlog(n) [14].

The second property is the longer L of the graph. It is the average of longer
of shortest paths between two vertexes. In the small-worlds, l is very small.

The third property is the rank of clustering C define by Watts and Strogatz
[15]. C of v, Cv,is define like Cv = Av/(Kv(Kv − 1)) where Kv is the number
of neighbors of v and Av is the number of edge between the neighbors of v. C
of G is the average C for each vertexes of G. C of G is always between 0 and 1.
The small-worlds have a high C.

The fourth property is the power-law P [10]. In the Small-World, there are
many vertexes with few edges and few vertexes with many edges. More the
vertexes have edges less they are. The sums of vertexes with the same number
of edges are represented in a reper loglog with on the axe x the number of
connected edges by vertex and on the axe y the results of each sums. This
function is analyzed by coefficients of correlation m and r.

To conclude, the small-worlds is the set of graph with a low density of edge,
a high clustering C and short distances l between their vertexes. The graphs
with all these properties are rare and are very characteristic of the organization
of the nature and our society [2, 6, 14, 10, 15]. Their production by an algorithm
is a difficult task because it is difficult to have the four properties as the same
time. In the next section, we propose to analyze an ant simulation thanks to
the small-worlds.



Figure 1: Evolution in time of a graph’s construction by ants.

4 Ants simulations

In this article, we observe the complexity of ant simulations in using the small-
world’s properties. The ants are inside an squared environment with some food
regularly distributed on the surface. The behavior of the ants is simple, when
an ant find a food the ant brings it and deposits it when the ant find a new site
with some food. The movement of ants could totally randomly like Brownian
motion or like a normal ants. In different experiments, we add some parameters
like a memory for each ant; we change the motion of the ant, the distribution
of the food, the quantity of food or ants. The question is how to measure the
difference of complexity of these different experiments?

At the end of the simulation, all the food is generally gathered on only few
sites. From the simulation, we build a graph that we analyze by using the small-
world’s properties. The graph (Fig. 1) is build using the deposits of food like
vertexes. Two vertexes V1 and V2 are connected in the graph when a food from
V1 is deposed on the deposit V2. A video showing a simulation 1.

5 Experiments

In each experiments, we observe the influence of the variation of different pa-
rameters like the size of the population of ants, the quantity of food etc. The
variation modifies the garphs and their structure, we mesuare the changement
thanks the properties of the Small-World defines aboves in this article. During
the constrution of graphs, we analyse them every 10000 addeds edges. The mea-
sures show the evolution of the organization during the time of each simulation.
All the generated graphs are connex. The number of verteces i

1A video of a generation of graph by ant simulation (part on the lefl). On
the left, there are the degree distribution in blue and the power-law in yellow.
http://www.irit.fr/∼Nicolas.Lassabe/smallworld/



Small-world’s C P L
Properties C local C gobal m r
Population 256
Edge 10000 0.1225 0.0780 -1.3734 -0.8253 4.1869
Edge 20000 0.1588 0.0817 -1.1904 -0.8527 3.1286
Edge 30000 0.1755 0.0884 -1.1855 -0.8510 2.8069
Population 512
Edge 10000 0.1436 0.0706 -1.3475 -0.8703 4.1146
Edge 20000 0.1788 0.0775 -1.2303 -0.8184 3.0480
Edge 30000 0.2043 0.0808 -1.0951 -0.8022 2.7042
Edge 50000 0.2537 0.0995 -0.9619 -0.8279 2.4158
Edge 60000 0.2827 0.1074 -0.9236 -0.8290 2.3398
Population 1024
Edge 10000 0.1851 0.0502 -1.3652 -0.8402 3.5575
Edge 30000 0.3007 0.0556 -0.9780 -0.8278 2.4094
Edge 50000 0.4346 0.0704 -0.8580 -0.7767 2.1638
Edge 80000 0.5515 0.0779 -0.7930 -0.7538 2.0656

Table 1: Varation of the size of the population and evolution of the number of gen-
erated edges. The quantity of food (vertex) is fixed at 1024 units. The motion of the
ants is the Browian motion

.

5.1 Variation of the size of the Population

We observe what happend if we fixe the quantity of food to 1024 units and we
change the size of the population. The table (Tab. 5.1) reasuming the exper-
iments shows that we obtain small-world (C > 0.1 and r < −0.8; see [10] for
more details). The best results is when the number of ants is hight (1024).

5.2 Varation of the quantity of Food

In this experiment, we fixe the size of the population to 1024 ants and the quantiy
of food units changes for each experiment (Tab. 5.2). In these experiments,

5.3 Random distribution of the food

It is the same experiment above but the distribution of the food is random
(Tab. 5.3).

5.4 Motion

In this experiment (Tab. 5.2), we use another ant’s motion. The motion is more
”natural” like the ant in the nature but don’t use any pheromones. The ants go
straigth on during 90% of their time and they are 5% of chance to go on their
left or on their right.



Small-world’s C P L
Properties C local C gobal m r

Food 1024
Edge 10000 0.1851 0.0502 -1.3652 -0.8402 3.5575
Edge 30000 0.3007 0.0556 -0.9780 -0.8278 2.4094
Edge 50000 0.4346 0.0704 -0.8580 -0.7767 2.1638
Edge 80000 0.5515 0.0779 -0.7930 -0.7538 2.0656

Food 2025
Edge 10000 0.1128 0.0681 -1.6865 -0.8751 7.7934
Edge 30000 0.1586 0.0641 -1.3332 -0.7932 3.6897
Edge 50000 0.1824 0.0623 -1.2578 -0.8076 3.0466
Edge 80000 0.2043 0.0640 -1.1504 -0.8428 2.6868

Food 4096
Edge 10000 0.0833 0.0627 -2.3838 -0.8643 17.8707
Edge 30000 0.1273 0.0720 -1.6291 -0.8264 6.4254
Edge 50000 0.1430 0.0690 -1.5341 -0.8439 4.6484
Edge 100000 0.1568 0.0629 -1.3572 -0.8462 3.4279
Edge 150000 0.1673 0.0603 -1.3027 -0.8463 3.0729

Food 9216
Edge 30000 0.0962 0.0743 -2.6756 -0.8759 25.0928
Edge 50000 0.1233 0.0798 -2.2949 -0.8208 12.4055
Edge 80000 0.1384 0.0772 -2.0286 -0.8176 7.4871
Edge 100000 0.1450 0.0749 -1.8505 -0.8214 6.1711

Table 2: Varation of the quantity of units of food and evolution of the number of
generated edges. The size of the population is fixed to 1024. The motion of ants uses
the Browian motion.

Small-world’s C P L
Properties C local C gobal m r

Food Random distribution of the food
Edge 10000 0.1059 0.0680 -2.2604 -0.8327 8.7386
Edge 30000 0.1415 0.0720 -1.3400 -0.8377 3.8863
Edge 50000 0.1565 0.0730 -1.2211 -0.8251 3.2169
Edge 100000 0.1876 0.0819 -1.1532 -0.8707 2.7079
Edge 150000 0.2170 0.1012 -1.0221 -0.8664 2.5239

Table 3: In this experiment, the distributin of the food is randomized.



Small-world’s C P L
Properties C local C gobal m r

Motion Natural motion
Edge 10000 0.0135 0.0101 -1.3635 -0.8585 3.7066
Edge 20000 0.0434 0.0323 -1.3367 -0.8508 2.9351
Edge 30000 0.0878 0.0597 -1.1960 -0.8786 2.6733
Edge 50000 0.1703 0.0921 -0.9954 -0.8712 2.4357
Edge 60000 0.2019 0.1007 -0.9645 -0.8850 2.3859

Table 4: Varation of the quantity of foods and evolution of the number of edge
generated. The size of the population 2048. The movement of the ants is random.

Small-world’s C P L
Properties C local C gobal m r
Memory Ants 512 / Food 2025

Edge 9372 0.1996 0.0085 -1.0604 -0.7998 3.0426
Edge 13946 0.3518 0.0127 -0.9490 -0.7545 2.3354

Table 5: Results for the ants using memory

5.5 Memory

Variation of the quantity of foods and evolution of the number of edge generated.
The size of the population is 2048. The motion of the ants is random. Each
ant has a memory M to stock the number maximal of food saw during the
simulation. It is only possible to deposit the food on a site if the quantity of
food of the site is superior to M − 2

6 Conclusions and Perspectives

Generate small-world and find a method to measure the complexity of a global
system is a difficult problem. In this article, we show that is possible to use
the proprieties of small-world to analyze the artificial life simulations and show
the difference of complexity between the simulations. The generated graphs
have a high degree clustering C > 1; this shows that the simulations have a
good degree of organization. Most of the graphs are small-world with the four
properties: clustering, density, power-law and length path low. Generally the
method to generate small-world have difficulties to generate the four properties.
However ant simulation can be a new method to generate small-world. These
syntheses small-world are necessary because it could be difficult to have the
data formatting a small-world. In perspective, we plan to improve this method
to generated parameterized small-world and we plan to determine how to use
small-world to measure the complexity of more simulations.
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