Chapter 1

The Seceder Effect in Bounded Space

Peter Dittrich University of Dortmund Computer Science XI D-44221 Dortmund ls11-www.cs.uni-dortmund.de

The seceder model consists of a population of simple entities which reproduce and die. A reproduction event consists of the following steps: Three individuals are chosen randomly. The most different individual is allowed to have an offspring. The offspring replaces a randomly selected individual of the population. The seceder model shows how the local tendency to be different gives rise to the formation and stable coexistence of groups. But in unbounded space these groups disperse. This contribution investigates the group formation in two variants of bounded space: periodic boundary condition and additional selection pressure. In the rather artificial case of periodic boundary condition the system converges to a simple stable state where only three main groups are present. The second more realistic variant introduces an additional static selection pressure as a unimodal function on the genotype. In this case quite complex patterns of group formation and group disintegration appear depending on the strength of the selection pressure.

1.1 Introduction

The seceder model [6] shows how the local tendency to be different gives rise to the formation and stable coexistence of groups. The mechanism is simple compared to other individual-based models [1, 5, 7] for the formation of species or hierarchical organizations. Despite of its simplicity it shows comparably complex

Figure 1.1: Typical evolution of the population structure of the seceder model for population size M = 20, 200, 2000, 20000 and σ = 1. The population is initialized at t = 0 with pi(0) = 0. A small dot represents an individual i where its genotype pi(t) specifies its ordinate value (vertical position).

behavior. The seceder model does not require global energy functions [4, 7, 8], spatially separated populations [11, 14], or sexual recombination [4, 10, 12].

The model consists of a population of simple entities which reproduce and die. Each individual is represented by a real number called genotype. The population of size M is represented by an array (or multi set) P = {p_1, . . . , p_M } of individuals p_i ∈ R. p_i(t) refers to the i-th individual of P at time t. The population evolves over time according to the following simple algorithm: (1) Three individuals s_1, s_2, s_3 are chosen randomly from the population without removing them. (2) The individual μ = f_{sel}(s_1, s_2, s_3) which is most different (the seceder) is selected as a parent according to the selection function

f_{sel}(s_1, s_2, s_3) = s_1 : F_1 ≥ F_2 ∧ F_1 ≥ F_3, s_2 : F_2 ≥ F_1 ∧ F_2 ≥ F_3, s_3 : otherwise,

(1.1)

with F_i = |s_i −^1_3 (s_1 + s_2 + s_3)|. (3) The offspring λ = μ + N (0, σ) is created by adding a normally distributed random number with mean 0 and variance σ to the parent μ. (4) The offspring λ replaces a randomly chosen individual of the population. M iterations of the algorithm are called a generation. The unit ”generation” is used to measure time.

In [6] the behavior of the model has been analyzed for an unbounded genotype space namely R (s. Fig. 1.1). This is somehow unrealistic because there is no trait which can increase or decrease infinitely. Imagine, e.g., the weight of the body. It can be changed by evolution in a reasonable interval, but its range is bounded “smoothly” by an upper and lower bound. Therefore this contribution explores the behavior of the seceder model in bounded genotype space. Two methods are investigated that impose a boundary: (a) cyclic genotype space with periodic boundary condition, and (b) additional external fitness pressure such that the death rate of a genotype increases with its distance to the origin (equal to its absolute value).

In this paper the term group refers to a set of similar individuals which is a subset of P and which is separated from other individuals by an empty ”gap” in genotype space. The number of groups (denoted by # groups) is then computed by partitioning the population P so that (1) each element in P is assigned to exactly one partition, (2) the distance between two object belonging to different partitions is at least gapSize, and (3) a partition or group can not be subdivided into two subgroups which are separated by at least a gap size gapSize. To reduce noise, a group is only counted if the number of individuals inside exceeds minGrpSize. 1.2 Periodic Boundary Condition

The first boundary condition we investigate is rather unrealistic, but is commonly used in computer science and cellular automaton like models. We simply fold up the genotype space so that is becomes cyclic. In doing so we get two properties which are also present in natural fixed-length genotypes: Mutation can only operate in a finite range and the maximal distance between two arbitrary genotypes is bounded.

To modify the seceder model such that the genotype space becomes cyclic we just have to redefine the mutation and the distance d between two genotypes. Now, each individual is represented by a real number p. p ∈ S. S = [−r, r]. r is called world radius. The distance between two genotypes s_1, s_2 ∈ S is defined as d(s_1, s_2) = { 2r − |s_1 − s_2| if |s_1 − s_2| > r, |s_1 − s_2| otherwise.

(1.2)

A mutation by addition of a normally distributed number may lead to an offspring whose distance to its parent can become arbitrarily large. To ”fold back” the offspring to the valid genotype space S the following function is applied:

foldback(s) = foldback(s − 2r) if s > r, foldback(s + 2r) if s < −r, s otherwise.

(1.3)

Figure 1.2: Seceder model with periodic boundary conditions (cyclic genotype space). Simulation performed for population size M = 2000 and world radius r = 80, 160, 320, 640, 1280, 2560. σ = 1.

We can now redefine the functions for the periodic boundary conditions: F_1 = d(s_1, s_2) + d(s_1, s_3), F_2 = d(s_2, s_1) + d(s_2, s_3), F_3 = d(s_3, s_1) + d(s_3, s_1) and the offspring λ = mutate(μ) = foldback(μ + N (0, σ)). 1.2.1 Results

Figure 1.2 shows how the world radius r influences the time evolution of the population. For all simulations the population is initialized with M = 2000 instances of the genotype 0 (p_i(0) = 0) and simulated for 5000 generations. If the radius is small (r < 100) group formation can not been observed. For

Figure 1.3: Left: Typical simulation of a population initialized with four groups (”equidistant” genotypes). M = 1000, r = 1000, σ = 1. Right: Population initialized with five groups (”equidistant” genotypes). M = 1000, r = 1000, σ = 1. In three out of 15 runs the length of the transient phase exceeded 20000 generations. Number of groups measured in both cases with gapSize = 50, minGrpSize = 50.

r = 160 three groups emerge and coexist in a stable way. For larger r the time evolution of the population structure becomes more complex. We can identify a complex transient phase where the population expands. The length of the transient phase increases with r. The stationary phase is characterized by three very stable^1 groups. All 50 simulations that have been performed with different settings of r < 3000, M ≤ 20000 and the initial condition p_i(0) = 0 have entered the stationary phase where only three main groups are present.

If we initialize the population with four groups as shown in Fig. 1.3 we could expect that they are able to coexist because the theoretical ODE model of [6] predicts stable coexistence. But that is only the case for mutation rate σ = 0. If mutation is activated (σ = 1) the groups expand and move in genotype space such that one group is pushed out. If the population is initialized with five groups the transient phase is longer compared to the case where the population is initialized with four groups. Surprisingly the transient phase is also shorter when the population is initialized with random individuals drawn from the whole genotype space S = [−r, r] (not shown here).

Figure 1.4 shows an interesting behavior which might be described as spontaneous mass extinction and by which the transient phase comes to an end. Without external influence ”suddenly” more than 60% of the groups die out. Mass extinction occurs when the expansion of the population reaches a critical diameter d_{crit} which depends on the world radius r. All performed simulations confirm that d_{crit} ≈ 2r/3.

1 Note that the concept of stability is not well defined for constructive non-deterministic systems with finite number of components. For this paper it should be sufficient to consider a system to be in a stable state if for all small disturbances the system will go back into that state.

Figure 1.4: Left: Population initialized with two different genotypes g1 = −2r/3 and g2 = 2r/3 such that each genotype M/2 individuals are present at t = 0. M = 2000, r = 2560, σ = 1. Right: Typical simulation of a large population initialized with one genotype. M = 20000, r = 2560, σ = 1. Number of groups measured in both cases with gapSize = 50, minGrpSize = 50. 1.3 Boundary by Explicit Selection Pressure

Now, instead of the periodic boundary condition, a ”smooth” boundary is introduced by an additional external selection pressure such that the death rate of an individual depends on its genotype. For this we define a ”fitness” function f(x) = |x|^α, x ∈ S, S = R. (1.4) The parameter α allows to tune the selection pressure. High α corresponds to high selection pressure. For α = 2 the function f becomes the sphere model [17] and for α = 0 we get the basic (unbounded) seceder model [6]. To include the external selection pressure, Step (4) of the algorithm (Sec. 1.1) is modified. Instead of choosing an individual randomly which is replaced by the offspring we choose two individuals x_1, x_2 randomly and select one individual to be replaced. The probability that x_i is selected is f(x_i)/(f(x_1) + f(x_2)), i ∈ {1, 2}.

1.3.1 Results

Figure 1.5 shows how the selection pressure influences the time evolution of the population structure. Typical simulations are shown for population size M = 1000 and selection pressure α = 0, 0.01, 2, 4, 9, 15. If the selection pressure is strong (α > 9 for M = 1000) the time evolution is quite complex. New groups emerge, move through genotype space, split up, and die. There is an ongoing change of the population structure. A simple stationary state, like the three stable groups in simulations with periodic boundary conditions, does not appear.

For intermediate selection pressure (0.01 < α > 9 for M = 1000) a rather surprising phenomena appears. The expansion of the populations diameter is

Figure 1.5: Seceder model with additional external selection pressure. The strength of the external selection pressure increases with α. Initialization: pi(0) = 0. Parameter: f(x) = |x|^α, M = 1000, σ = 1. High value of f(x) corresponds to high death rate of an individual with genotype x ∈ S.

faster than without selection pressure. The expansion is limited because one side-arm finally dies out (s. Fig 1.5 middle right, α = 4). After that, the other side-arm returns to the origin of the genotype space (not shown here). It can also been observed in Fig. 1.5 that (a) the diameter of the two main groups that move away from the origin in genotype space is smaller than in simulations without selection pressure, and (b) the formation of side-arms which appear spontaneously for α = 0 is drastically reduced. This may provide an explanation, but it seems too early to speculate about the reason.

1.4 Discussion and Outlook

The experiments show that both methods prevent an unlimited growth of the population diameter. But the resulting pattern is quite different. The external selection pressure (Method 2) can cause a complex temporal structure. whereas the cyclic genotype space (Method 1) results in three stably coexisting groups. The cyclic genotype space is a rather artificial method for introducing a boundary. Thus we can hardly imagine a natural system where the phenomena depicted in Fig. 1.2 become visible. Nevertheless they may appear in an artificial system, such as an evolutionary algorithm where the genotype space is periodic and a diversity maintenance method is used similar to the seceder model (e.g., a certain variant of fitness sharing).

The second variant of the seceder model, where an additional external selection pressure is added, is much more realistic. Thus we can expect to observe the phenomena shown in Fig. 1.5 in nature, too. The model predicts that an evolutionary system where the seceder effect and an additional simple selection pressure (e.g., Eq. 1.4) determines the effective fitness of a genotype may be in at least two modes: (1) In the “simple mode” only a few (two or three) main groups are present. An initial population of individuals with identical genotypes will increase its diameter quickly by forming distinct groups with relatively small diameter. (2) The “complex mode” appears when the additional selection pressure is increased, here by increasing α. In that mode complex spontaneous branching of the population structure appears nearly all the time. This mode (or behavior) may be interpreted as an instance of open-ended evolution [2, 13]. Discussing the problem of open-ended evolution in detail goes beyond the scope of this paper. But one aspect should be addressed: Open-ended evolution demands that new species or components appear permanently. In the presented model after a while “new” groups (originating through branching) consist of genotypes which have been already present before (e.g., Fig. 1.5). This may argue against open-ended evolution. But we can avoid this artifact easily by replacing the one-dimensional genotype by a high-dimensional – and thus more realistic – genotype, e.g., a long binary string. In that case new groups of genotypes (“quasi-species”) would appear over and over again.

Future investigations should explore whether the phenomena observed here are typical for systems where being different is an advantage, or whether they are artefacts caused by certain components of the model, e.g., the function f. Finally the application of the seceder model to explain phenomena of molecular evolution[15], sympatric species formation [9, 12], or the emergence of groups in social systems [3, 16] should be examined.

Acknowledgment: The author thanks W. Banzhaf for many helpful discussions and for providing a stimulating research environment. Financial support has been provided by the DFG grant Ba 1042/7-1.

Bibliography

[1] Bagnoli, F., and M. Bezzi, “Species formation in simple ecosystems”, Int. J. Mod. Phys. C 9, 4 (June 1998), 555–571.

[2] Bedau, M. A., and C. T. Brown, “Visualizing evolutionary activity”, Artificial Life 5, 1 (1999), 17–35.

[3] Bourdieu, P., Distinction: A Social Critique for the Judgement of Taste, Routledge and Kegan Paul London (1984).

[4] Dieckmann, U., and M. Doebeli, “On the origin of species by sympatric speciation”, Nature 400, 6742 (1999), 354–357.

[5] Dittrich, P., and W. Banzhaf, “Self-evolution in a constructive binary string system”, Artificial Life 4, 2 (1998), 203–220.

[6] Dittrich, P., F. Liljeros, A. Soulier, and W. Banzhaf, “Spontanous group formation in the seceder model”, Phys. Rev. Lett. 84 (2000), 3205–8.

[7] Drossel, B., “Simple model for the formation of a complex organism”, Phys. Rev. Lett. 82, 25 (1999), 5144–7.

[8] Ebner, Marc, Richard A. Watson, and Jason Alexander, “Coevolutionary dynamics on a deformable landscape”, Proceedings of the 2000 Congress on Evolutionary Computation (CEC’2000) (San Diego Marriott Hotel, La Jolla, CA, ), vol. 2, IEEE (2000), 1284–1291.

[9] Felsenstein, J., “Skepticism towards santa rosalia, or why are there so few kinds of animals”, Evolution 35 (1981), 124–38.

[10] Higgs, P.G., and B. Derrida, “Stochastic models for species formation in evolving populations”, J. Phys. A 24, 17 (Sep. 1991), 985–991.

[11] Johst, K., M. Doebeli, and R. Brandl, “Evolution of complex dynamics in spatially structured populations”, Proc. R. Soc. Lond. Ser. B 266, 1424 (1999), 1147–1154.

[12] Kondrashov, A. S., and F. A. Kondrashov, “Interactions among quantitative traits in the course of sympatric speciation”, Nature 400, 6742 (1999), 351–354.

[13] Maley, C. C., “Four steps toward open-ended evolution”, Proceedings of the Genetic and Evolutionary Computation Conference (San Francisco, CA, ) (W. Banzhaf, J. Daida, A. E. Eiben, M. H. Garzon, V. Honavar, M. Jakiela, and R. E. Smith eds.), vol. 2, Morgan Kaufmann (1999), 1336–1343.

[14] Manzo, F., and L. Peliti, “Geographic speciation in the Derrida-Higgs model of species formation”, J. Phys. A 27, 21 (Nov. 1994), 7079–7086.

[15] Ratner, Vadim A., Andrey A. Zharkikh, Nikolay Kolchanov, Sergey N. Rodin, Viktor V. Solovyov, and Andrey S. Antonov, Molecular Evolution vol. 24 of Biomathematics, Springer, Berlin (1996).

[16] Schelling, T. Thomas, Micro Motives and Macrobehavior, Norton New York (1978).

[17] Schwefel, Hans-Paul, Evolution and Optimum Seeking, Sixth-Generation Computer Technology Series, John Wiley & Sons, Inc. New York (1995).