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Abstract

Most multilevel selection models in the literature focus on ad-
dressing the evolution of cooperation. There is, however, an-
other aspect of multilevel selection theory. It might be able to
provide explanations for evolutionary transitions, which in-
volve the creation of higher level complexes out of simpler
elements. Here, we propose a multilevel selection model to
support evolutionary transitions. This model employs a ge-
netic operator called “cooperation” to build the hierarchical
structure used in multilevel selection theory, and applies two
types of multilevel selection to achieve transitions. Our ex-
periments on an extended N-player Prisoner’s Dilemma game
demonstrate that groups with all required skills emerge from
a population of independent individuals, no matter whether
skills are equally rewarded or not. Our experiments confirm
that both types of multilevel selection mentioned are relevant
to evolutionary transitions.

Introduction

Our biological world is hierarchically organized. Starting
from the bottom level to the top, the hierarchy includes
atoms, molecules, organelles, cells, tissues, organs, organ
systems, organisms, populations, communities, ecosystems
and biospheres. It is also generally accepted that the sim-
pler, smaller components appeared before the more com-
plex, composite systems. The creation of new higher level
complexes out of simpler entities is referred to as an “evo-
lutionary transition” (Buss, 1987; Michod, 1999; Smith and
Szathmadry, 1995).

How and why evolutionary transitions take place during
evolution is an important question to address for biologists
and sociologists. Increasingly, multilevel selection (MLS)
has been suggested as a potent explanation (Michod, 1999;
Smith and Szathmary, 1995; Sober and Wilson, 1999). MLS
theory posits that natural selection may simultaneously oper-
ate at multiple levels of the biological hierarchy. Multilevel
selection theory has its origins in group selection theory,
which initially was aimed to explain the evolution of coop-
eration': Individuals are divided into groups; within-group

! Group selection is a longstanding controversial area in the evo-
lution of cooperation. It recently re-emerged as an important com-
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selection favors selfish individuals, while between-group se-
lection favors cooperative individuals. When between-group
selection dominates within-group selection, a major transi-
tion occurs and the group becomes a higher level organism
in its own right (Wilson and Wilson, 2007).

The way to explain evolutionary transitions extends MLS
theory in an important new way. Nevertheless, investiga-
tions of most existing MLS models focus on the conditions
necessary for the emergence of cooperation during evolu-
tion. The purpose of this paper is to computationally ver-
ify the idea that evolutionary transitions can indeed occur
through multilevel selection. To this end, we consider a new
MLS model and investigate its ability to exploit the divi-
sion of labor. A crucial step in many of the major tran-
sitions (Smith and Szathmary, 1995) is the division of la-
bor between components of an emerging higher level unit
of evolution (Gavrilets, 2010). This new MLS model dis-
tinguishes itself from existing MLS models in two ways.
First, it integrates two types of multilevel selection (Okasha,
2005), which are believed to be relevant to the evolution-
ary transitions, each at a different stage. To encourage a
transition, group fitness (fitness of higher level units) is de-
fined to be “decoupled” (Michod and Nedelcu, 2003) from
the individual fitness (fitness of the lower level units). Sec-
ond, the model does not take the existence of the hierarchical
structure for granted; multicellular organisms do not exist at
the beginning of life. Our model constructs the hierarchy
through evolutionary transitions. The experiments shown
here confirm that in appropriately defined models indepen-
dent individuals are able to transit to groups with totally dif-
ferent functionalities using multilevel selection; in terms of
the division of labor, those are groups with members execut-
ing various skills with possibly different rewards.

The remainder of this paper is organized as follows. Sec-
tion 2 briefly describes multilevel selection theory, espe-
cially the two types of multilevel selection. Section 3 in-

ponent of a multilevel theory of evolution. Many strong advocates
of other alternatives in explaining the evolution of cooperation have
come to accept multilevel analysis (Borrello, 2005; Okasha, 2001,
2008; Wilson, 1983).
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troduces our multilevel selection model. Section 4 shows
experiments with the model and their results. Section 5 con-
cludes and discusses future work.

Multilevel Selection

Group selection (Sober and Wilson, 1999) tries to explain
the evolution of cooperation by introducing selection be-
tween groups. Between-group competition allows traits to
arise from evolution that are costly for individuals but bene-
ficial to groups. This is therefore one mechanism by which
cooperation is able to emerge in evolution. Individuals and
groups, however, are relative: an entity can be regarded as a
group for individuals at the level below, and as an individual
of a group at the level above. This new perspective is now
called multilevel selection (MLS) theory.

When higher level selection (i.e. between-group selec-
tion) dominates lower level selection (i.e. within-group se-
lection), an evolutionary transition occurs (Wilson and Wil-
son, 2007). The reason that individuals would give up their
survival and reproductive opportunity to become a part of
complexes is that the complexes are able to protect their
members from being eliminated by selection. For exam-
ple, by hunting together or by watching predators for others,
members in a group have a greater chance to survive severe
competition. In addition, a consequence of higher level se-
lection is adaptation, which minimizes conflict among lower
level entities and increases cooperation. Therefore, lower
level selection does not interrupt the formation of higher
level entities (Okasha, 2005).

For the hierarchical structure used in MLS with a num-
ber of individual entities nested within each group entity,
we need to clarify which entities should become the ob-
jects of evolution or which level should undergo evolution
(Okasha, 2005). If we are interested in the changing fre-
quencies of different individual traits, individual entities will
be the objects of evolution; group entities are only a struc-
ture or an environment where fitness-affecting interactions
take place. Most multilevel selection models proposed for
the evolution of cooperation, such as Wilson (1975)’s and
Traulsen and Nowak (2006)’s models, belong to this kind.
These models focus on how to propagate the altruistic trait
among individuals in a population. To this end, groups are
regularly formed and evaluated. Groups with more altruists
will have a higher fitness; hence cooperative individuals in
such groups will have higher probabilities to be reproduced.
In other words, groups are only temporary fitness-bearing
entities; even though they are selected, it is not them but in-
dividuals that are reproduced, and also it is the frequency of
individual traits that is changed. This type of MLS is called
MLS type 1 (MLS1) (Damuth and Heisler, 1988; Okasha,
2005).

Alternatively, if we are interested in the changing frequen-
cies of different group traits, group entities need to be the ob-
jects of evolution. They are not merely an environment to in-
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dividual entities or an object of selection; they actually have
their own heritable traits. Group entities with higher fitness
will reproduce more offspring group entities with similar
traits. Individual entities may still undergo evolution within
each group entity, which leads to changes in the distribution
of individual traits and potentially affects group traits. This
type of MLS is called MLS type 2 (MLS2) (Damuth and
Heisler, 1988; Okasha, 2005). As a result, since the entities
undergoing evolution are different in these two types of mul-
tilevel selection, the evolutionary changes obtained on each
level are different. MLS1 will contribute the most individual
entities to the next generation, while ML.S2 will contribute
the most groups. Both MLS1 and MLS2 are distinct pro-
cesses that can occur in nature.

According to Okasha (2005), both types of multilevel
selection may be relevant to evolutionary transitions. An
evolutionary transition is more complicated than the evolu-
tion of cooperation. However, before transitions take place
and complexes emerge, simpler entities which constitute the
complexes have to be able to work together. They need
to sacrifice their individuality and exhibit cooperative traits.
Therefore, in the early stage of evolutionary transitions, the
evolution of cooperation has to emerge, so that cooperative
traits can spread among simpler entities in the population.
That is exactly what MLS1 promotes: using groups as an
environment to help individual traits to propagate. Once in-
dividuals are willing to form cohesive complexes, evolution
should work on complexes to gradually develop their own
traits. In other words, complexes should now themselves
become objects of evolution. Through selection and repro-
duction, complexes are better adapted to their environment
and eventually become discrete units, normally with traits
different from their constituents’ traits. It follows that MLS2
should be applied at a later stage of an evolutionary transi-
tion.

The shift from MLS1 to MLS2 also indicates a change in
the definition of group fitness. In MLS1, group fitness is de-
fined as the average fitness of the individuals within a group,
while in MLS2, group fitness is defined independent of the
average fitness of its individuals. As the transition proceeds,
group fitness gradually becomes “decoupled” from individ-
ual fitness (Michod and Nedelcu, 2003), until it is no longer
closely related to the average individual fitness. Once group
fitness is decoupled, the transition has been achieved, and
new complexes have been created that assume an existence
of their own.

A New MLS Model

The concept of multilevel selection is very simple: levels are
like “Russian matryoshka dolls” (Wilson and Wilson, 2008)
nested one within another; selection simultaneously oper-
ates on every level and favors different types of adaptations.
Many models have been proposed based on this concept (see
Wu and Banzhaf (2011) for examples). However, their main



focus is to investigate under which conditions the evolution
of cooperation will occur or what mechanisms could pro-
mote the evolution of cooperation. Furthermore, these mod-
els take the hierarchical structure in a MLS for granted; that
is, they treat the hierarchical structure as given. Biologi-
cal hierarchies, on the other hand, have developed gradu-
ally; a good example is the evolution of multicellular organ-
isms: it did not exist at the beginning of life. We therefore
need to consider other MLS models to explain evolutionary
transitions: how simpler entities form complexes and how
complexes emerge as discrete units with traits different from
their constituents.

This contribution aims at introducing such a new multi-
level selection model for evolutionary transitions. The inves-
tigation uses the division of labor as an example. Division of
labor is a group trait resulting from evolutionary transitions,
where low level independent entities with specialized skills
cooperate to increase the reproductive success of high level
complexes. Examples include the separation of germ and
soma cells in simple multicellular organisms, appearance of
multiple cell types and organs in more complex organisms,
and emergence of casts in eusocial insects (Gavrilets, 2010).

We adopt the extended N-player Prisoner’s Dilemma
(NPD) game to study the division of labor. The NPD game
(Sober and Wilson, 1999) is the classical setting for ad-
dressing the evolution of cooperation. Once cooperation
is reached, all players possess the same cooperative trait,
which is also the only trait required for cooperation. Even if
such cooperation breaks down by loosing some individuals,
the rest are still capable of cooperating with others. Evi-
dently, the game does not serve the need for investigating
the division of labor unless extensions are made. We first
change the NPD game by attaching a new trait called “skill”
to each player; then we redefine the goal of the NPD game:
find IV players who not only are willing to cooperate but also
possess all required skills.

The general framework of our model is illustrated in
Fig. 1. This model accommodates two types of entities:

Level 3

Level 2

Level 1

Level 0

Individual Pool

Figure 1: A general framework of the new MLS model
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individuals (white circles) and groups (black circles). The
initial population contains individuals and groups on level
0, which are composed of two randomly selected individu-
als. The genome of individuals carries two genes. One gene
has two variants (alleles); one allele codes for cooperators,
the other for defectors. When the former trait is expressed,
the individual is said to be a cooperator; otherwise, it is a
defector. The other gene encodes the skill possessed. An in-
dividual’s fitness is determined by the following equations,
depending on whether it is a cooperator (C) or a defector
(D):

fc,(x) = base —l—w(% -0, (0<i<m) (1)
fp,(x) = base +w bnigi (0<i<m) (2

ni—l’

where m is the number of groups in the population; base the
base fitness of cooperators and defectors; g; the fraction of
cooperators in group ¢; n; the size of group ¢; b and c are
the benefit and cost caused by the altruistic act, respectively;
w 1is a coefficient. From the above fitness definitions, it be-
comes clear why the initial population must contain groups
on level 0: those groups are the smallest units in which the
individual fitness can be evaluated. This fitness definition
also implies that cooperation is not supported at the indi-
vidual level, as cooperators always have lower fitness than
defectors. Because individuals are unaware of what skills
are needed without higher level entities being formed, the
skill trait has no effect on the individual fitness.

Groups in the evolution of cooperation simply pool indi-
viduals together; however, groups in our model have their
own genotype definition, which is represented by a boolean
list. Each position in the list is connected to a unique skill,
so that the genotype of a group can keep track of all differ-
ent skills of its members. When a skill is possessed by at
least one cooperator in a group, the corresponding position
in the genotype is set to true (we say is activated); when the
skill is no longer possessed by any cooperator in that group,
we inactivate the position by setting it to false. Again, com-
pared to groups in the evolution of cooperation, groups here
require their members to develop different skills, not just to
cooperate. As a result, groups exhibit more traits than sim-
ply the cooperative trait of individuals. Genetically, groups
in our model are ready for evolutionary transitions.

From level 0, an operator called “cooperation” starts to
build the hierarchical structure level by level. In each gen-
eration, it selects two existing groups proportional to fitness
to form a new group. For example, as highlighted in Fig. 1,
a group on level 0 and a group on level 2 can be made to co-
operate in a new group on level 3. After the cooperation op-
erator is applied, the genotype of the new group contains all
unique skills from the two parent groups. This operator al-
lows evolution to tinker with varying group memberships in
order to find the best combination of individuals and groups
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at lower levels for a higher level function. It in fact is a ge-
netic operator for selecting and reproducing groups; there-
fore, heritable traits of groups can pass from parent groups to
offspring groups. Other genetic operators, such as crossover
and mutation, can also be applied to groups. Because groups
should be the objects of evolution, multilevel selection of the
MLS?2 type is employed here.
Group fitness is defined as follows.

Z:L:() fidv('ri) x

n

activegeno (y)
lengthgeno (Y)

9(y) = 3)

It measures the performance of a group in two respects: (i)
the average individual fitness of its n members and (ii) the
percentage of activated skills in the genotype. The inten-
tion behind this fitness definition is straightforward; the first
part encourages the appearance of cooperators, as coopera-
tors improve the overall individual fitness, and the second
part rewards groups in which cooperators possess as many
different skills as possible. Obviously, this group fitness is
not defined as the average individual fitness, but it can be ei-
ther proportional to average individual fitness, or completely
“decoupled” from individual fitness, depending on the influ-
ence of the second term of the fitness function. According
to Okasha (2005), the former indicates the transition from
MLSI1 to MLS2, and the latter indicates the groups have
fully emerged as discrete units. Both encourage evolution
to reach transitions.

Individuals also evolve. To do so, a group is first selected
proportional to fitness; an individual is then selected from
this group as a parent. For simplicity, asexual reproduction
is considered here. Obviously, even though the survival of
individuals is now associated with the performance of their
group, individuals at this stage are the objects of evolution.
Groups provide context for individual fitness evaluation and
selection. Hence, multilevel selection of type MLS1 is ap-
plied here.

The specific computational implementation of the frame-
work is shown in Algorithm 1. It begins with initialization.
N individuals, r percent of which are cooperators, are ran-
domly created and exclusively paired into groups at level 0.
Groups at level 0 have their fitness evaluated right away.

In each generation, only one group is created by the co-
operation operator, which selects two groups proportional to
fitness to create a new group. The consequence of cooper-
ation is the increase of group complexity or the appearance
of new levels in the hierarchical structure. To prevent lev-
els from ceaselessly growing, we assign every individual a
unique number as its I D; no individuals with the same I D
can appear within the same group. After fitness evaluation,
the new group is added to the population P. If at that point
the maximum number of groups, say N, is reached, another
group has to be removed from the population selected in-
versely proportional to fitness. To highlight the effect of the
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Algorithm 1: Computational Implementation of the
New Multilevel Selection Model
1 P+ Initialize Population (N,r);
2 Evaluate_Individual_Fitness (P);
3 Evaluate Group_Fitness (P);
4 while population does not converge or max generation
is not reached do

5 gp < Conduct _Cooperation (P);
6 Evaluate_Individual_Fitness (gp);
7 Evaluate_Group_-Fitness (gp);
8 Add_a_Group.to_Population (gp, P);
9 if Population_Size (P) > N’ then
10 ‘ Remove_a_Group ();
11 end
12 for i < O ton do
13 idv + Reproduce_an_Individual (P);
14 Replace_an_Individual (idv, P);
15 Update_Changes (idv, P);
16 end
17 end

cooperation operator, crossover and mutation on groups are
currently not included.

We also asexually reproduce n individuals every gener-
ation. Individuals are selected proportional to fitness from
another selected group, instead of from the pool of individ-
uals. The offspring inherits its parent’s genome, and further
replaces the genome of a less fit individual in the individual
pool. The absolute fitness of individuals in the pool is de-
termined by the average fitness of its copies (i.e. individuals
with same /D) in all groups. Individuals from the pool are
allowed to participate in composing more than one group, so
they may have multiple copies in different groups. Depend-
ing on group composition, they have different fitness within
groups. So the simplest way to determine their absolute fit-
ness is to average the fitness of all copies.

After an individual in the pool is replaced, the change
needs to be implemented in all groups that contains the copy
of the replaced individual. The group fitness and individual
fitness of affected groups need to be updated, accordingly.

We repeat the process until a termination condition has
been reached or the population converges.

In summary, this new model distinguishes itself from
other multilevel selection models in two ways. First, it in-
tegrates two types of multilevel selection, both of which
are believed to be relevant to the evolutionary transitions
(Okasha, 2005). Individual evolution with the help of group
selection is analogous to multilevel selection type 1 (MLS1).
It propagates cooperators in the population, which is a pre-
requisite of evolutionary transitions. Group evolution is then
analogous to multilevel selection type 2 (MLS2). The selec-
tion pressure on group levels forces groups to evolve adap-



tations for regulating conflicts among their members. The
adaptations indicate that groups emerge as discrete entities
with heritable traits. Second, instead of taking the hierar-
chical structure resulting from evolutionary transitions for
granted, our model introduces a “cooperation” operator to
create higher level complexes out of simpler ones.

Experiments

In the experiments, we closely examine the transition by our
multilevel selection model to the division of labor from a
population of independent individuals. First, we examine
the ability of our model to evolve groups fulfilling various
numbers of skills, when all skills receive the same reward.
Second, we examine the dynamics within the model and the
responses of individuals when different skills are given dif-
ferent rewards.

Experimental Setup

The experiments are conducted on the extended NPD game
with a population of 200 individuals and a maximum of 50
groups on level 1 and above. The initial fraction of coop-
erators in the population is 0.5; half of the individuals play
cooperators in the game, while the other half are defectors.
Eq. | and Eq. 2 are used to calculate the fitness of cooper-
ators and defectors within a group, respectively. The base
fitness base is set to 10, benefit b to 5, cost ¢ to 1, and co-
efficient w to 1 in these two equations’. Group fitness is
calculated according to Eq. 3. Group size is a self-adaptive
parameter affected by the cooperation operator.

Because the purpose of these experiments is to study the
division of labor, our investigation will focus on the effects
of two parameters: the number of desired skills and the re-
wards associated with each skill. For each parameter setting,
we ran the model 20 times, each with 5000 generations. We
measure the performance of the model by the probability
of fixation to cooperators Pf;zqtion and the number of ac-
tivated skills Sgctivated- Pfization 1S computed as the ratio
of the number of runs where population converges to coop-
erators over 20 runs. We also collect the convergence speed
Seconverge in €ach run, which is the number of generations
after which group fitness stops to change.

Varying Skills

The first experiment is given 5 different skills. At initializa-
tion, individuals independently choose to be a cooperator or
a defector. In addition, they need to randomly pick a skill
from 5 skills, {1, 2, 3, 4, 5}. An individual with an attached
skill will perform a specific task. The best performing group

ZSensitivity analysis of our model wrt. the initial fraction of
cooperators and selection pressure (w), as well as a performance
comparison with an improved Traulsen’s group selection model
(Wu and Banzhaf, 2011) can be found in (Wu, 2011). These exper-
iments confirm that our model promotes cooperation over a wider
range of parameter settings.
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should contain only cooperators and should have all 5 skills
presented in its genotype. We then gradually increase the
number of desired skills to 10, 15 and 20. For each setting,
we run the algorithm 20 times. The results are collected in
Table 1. The probability of fixation Pf;zq¢i0n With a value
of 1 is obtained under all settings, which indicates that de-
fectors, despite a relatively high individual fitness, are elim-
inated from the population, whereas cooperators dominate
the population eventually. MLS1 is the explanation for this
result. More importantly, the best performing group for each
setting develops all required skills through evolution. This
demonstrates that MLS2 is at work. It is not surprising to see
the larger the number of desired skills, the slower the pop-
ulation was to reach the equilibrium on group fitness. This
is simply a reflection of the problem becoming harder when
the number of desired skills is raised.

To get a better idea of how the division of labor develops
through evolution, we select a typical run for each of {5, 10,
15, 20} roles for further analysis. Figure 2 depicts the maxi-
mum and average number of unique skills of all groups over
500 generations. Starting from at most 2 skills, the best per-
forming groups gradually evolve to perform more and more
different skills until the number of desired skills is reached
(see Fig. 2a). This growth is due to the guidance provided by
the group fitness. Take the run for 20 desired skills for ex-
ample. We collect the following information from this run:
group fitness, the number of activated roles, and the percent-
age of cooperators in the best performing group, as well as
the percentage of cooperators in the population; that is plot-
ted in Fig. 3.

Group fitness (refer to Eq. 3) is determined by the aver-
age individual fitness and the percentage of activated skills.
We plot the percentage of cooperators, instead of the aver-
age individual fitness, in the best group because of two rea-
sons; we can easily extrapolate the average individual fitness
from this percentage, and it also shows the fixation process
in the best group. Figure 3 clearly shows how the percent-
age of cooperators and the number of activated roles affect
the group fitness. Interestingly, we notice that the popula-
tion converges to cooperators first, and then the best group
develops all required skills. The same trend is also observed
in other runs with {5, 10, 15} skills. This observation in-
dicates that cooperators spread in the population before the
evolutionary transition happens, a result confirming the dis-
cussion about the relationship between MLS1 and MLS2.
Group fitness, in turn, influences the execution of individ-
ual evolution and group evolution (i.e. cooperation opera-
tor). Since defectors bring no fitness benefit on group levels,
they are eliminated from the population by group selection
at reproduction; hence the percentage of cooperators in the
best group and in the population increases steadily towards
1. As shown in Fig. 2b, the average number of activated
skills never comes close to the number of desired skills. This
implies that the population maintains groups with various
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Settings Pfiaca,tion Sacti’uated Sco’n,ve'rge
role =5 1 5 96.3
role = 10 1 10 181.55
role =15 1 15 247.60
role = 20 1 20 301.25

Table 1: The performance of our multilevel selection model when individuals play various skills.

Maximum number of unique skills

Number of skills

L L L
0 50 100 150 200 250 300 350 400 450 500

Generations.

0 L L L L L L

5 skills 10 skills ++eeeee 15 skills =——— 20 skills =« we =+

(a) Maximum number of unique skills

Average number of unique skills

Number of unique skills

0 50 100 150 200 250 300 350

Generations.

400 450 500

S skills 10 skills +++eeee 15 skills =——— 20 skills =« v =+

(b) Average number of unique skills

Figure 2: The changes of the maximum and average number of unique skills in a typical run.

skills. They are potential building blocks, out of which the
cooperation operator is able to test different combinations of
existing groups, and gradually hones in on optimal groups
with all required skills.

In summary, our model is able to successfully evolve
groups with all desired skills for the extended NPD game; or
we can say that our model is able to evolve groups to engage
in the division of labor between equally rewarded skills.

A typical run when skills=20

Percentage
Number of activated skills

0 L L L L
0 50 100 150 200

L L L L L 0
250 300 350 400 450 500

Generations

Pet. of coops in population =+====++
Group fitness of the best group

Pet. of coops in the best group
Activated skills in the best group ===

Figure 3: The changes of group fitness, percentage of coop-
erators and activated roles when 20 skills are set.

Varying Rewards

We continue the exploration of whether or not our model
can evolve the division of labor, but this time skills are un-
equally rewarded. The different rewards put extra pressure
on accomplishing the task, as it attracts individuals to spe-
cialize on the most rewarding skills while avoiding the less
rewarding skills.
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To distinguish skills with different rewards, we refer to
the “leader/follower” situation described by Goldsby et al.
(2009). Individuals who have skill 1 are appointed as leader
of that group, while individuals performing other skills are
followers. Leaders receive different reward than followers,
but followers, no matter what specific skills they have, re-
ceive no other rewards. A coefficient, «, is used to control
how much reward a leader can receive. Coefficient o basi-
cally is a multiplicative of the individual fitness; the individ-
ual fitness of a leader is calculated as the product of o and
the individual fitness obtained by Eq. 1 or Eq. 2.

We vary the value of « in the range of {0.5, 2, 4, 8, 64}
on each of {5, 10, 15, 20} roles, and run the model on each
setting 20 times. The performance is summarized in Table 2.
Clearly for each setting the population converges to cooper-
ators as a result of MLS1, and the best performing group is
composed of cooperative individuals with all required skills
as a result of MLS2.

Because the group fitness can hardly converge in this ex-
periment, the convergence speed Sconuverge i judged by the
stabilization of Pfizqtion and Sactivated- Fig. 4 displays a
typical run when the number of desired skills is set to 5
and coefficient « is set to 8. Although the percentage of
cooperators in the population and the number of activated
skills in the best group converge quickly (around generation
350), group fitness and the percentage of leaders in the best
group never stop increasing. After generation 350, the per-
centage of leaders is the only factor that changes the group
fitness. Leaders in this case receive much higher rewards
than followers, and maximizing this percentage at the same
time maximizes the group fitness. Therefore, both values



Settings Pfi.ration Sa,ctiva,ted Scorwerge

a=0.5 1 5 90.45

a=2 1 5 145.35

role=5 a=414 1 5 193.00
a=38 1 5 238.10

a =064 1 5 330.00

a=0.5 1 10 152.2

a=2 1 10 232.40

role=10 | a=4 1 10 379.05
a=38 1 10 488.00

a =064 1 10 607.75

a=0.5 1 15 196.60

a=2 1 15 313.80

role=15 | a=4 1 15 531.50
a=38 1 15 696.55

a =064 1 15 950.55

a=0.5 1 20 314.80

a=2 1 20 407.35

role=20 | a=4 1 20 586.85
a=38 1 20 902.35

a =064 1 20 1394.75

Table 2: The performance of runs when leaders are assigned with various rewards.

A typical run when skills=5 and a:=8

LAy

08

0.6

ercentage

4 04

Number of activated skills

02

0

L L L L L
8000 10000 12000 14000 16000

Generations

L L L
0 2000 4000 6000

Pet. of cooperators in population
Pct. of leaders in the

Group fitness of the best group
he best group =« + - Activated skills in tF

he best group «++=++

Figure 4: A typical run when skills=5 and a=8.

are constantly improving. Because there is no upper bound
on group size, the cooperation operator keeps creating larger
groups with more leaders; therefore an equilibrium distribu-
tion of different roles can hardly be reached.

To facilitate the investigation on how different rewards af-
fect the division of labor, we restrict the maximum group
size to 20. We plot in Fig. 5 the percentage of leaders in
the best performing group collected from a typical run with
5 desired skills when « is set to each of {0.5, 2, 4, 8, 64}.
When « is set to 0.5, 5% of 20 individuals, which is only
1 individual, play the role as a leader, while when « is set
to 2, 55% of the group, that is 11 individuals, choose to be
a leader; similarly, 15 out 20 individuals (75%) become the
leader when « is 4 or 8, and 16 leaders (80%) when « is 64.

When « is less than 1, leaders are in fact receiving a
penalty, not a reward. Very naturally, individuals avoid be-
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The percentage of leaders in the best group when reward is set to 0.5, 2,4 .8, 64, respectively

> 16/20=08

TN 15/20=0.75

__—=> 11/20=0.55

Percentage

e 1/20=0.05

!
4000

L L L L
2500 3000 3500 4500 5000

Generations

I L I
1000 1500 2000

L
0 500

05 2

64 wwue e

Figure 5: The percentage of leaders in the best group when
ais set to 0.5, 2, 4,8, 64, respectively.

coming a leader, but because of the selection pressure on the
group level, the role of a leader must be present in a group.
Therefore, the best group ends up with only 1 leader, which
maximizes the group fitness. By contrast, when « is greater
than 1, individuals strive to be leaders because of the positive
reward. An « value of 64 shows another extreme distribu-
tion of different roles. Driven by such a significant reward,
the best group only has 4 individuals as followers, each for
the rest 4 skills, while all other individuals play the role as
a leader. The higher the reward, the greater the number of
leaders in a group, and the slower the population converges
(see Sconverge column in Table 2).

The experiment perfectly shows the adaptability of our
model in response to changes in group selection pressure,
and the importance of selection pressure on group levels in
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developing division of labor. Selection pressure eliminates
defectors from a population, adjusts the distribution of roles
according to the received reward or penalty, and forces all
skills to be present even though some of them have lower
fitness than others.

Conclusion

In this paper, we considered a new multilevel selection
model to investigate evolutionary transitions. This model
introduces a genetic operator called “cooperation” to cre-
ate higher level complexes out of simpler ones of lower lev-
els. Different types of selection, MLS1 and MLS?2, are inte-
grated in the model to determine whether or not the com-
plexes are able to transit to discrete units with their own
heritable traits. We test the transition ability of the new
model on an extended N-player Prisoner’s Dilemma game
for achieving the division of labor from a population of in-
dependent individuals. The experiments confirm that our
model is able to evolve groups fulfilling various numbers of
skills whether skills are equally rewarded or not. The experi-
ments also demonstrate that multilevel selection, both MLS1
and MSL2, are necessary for transitions to occur. MLSI1
propagates cooperators in a population. Only when partici-
pating individuals are willing to cooperate, will evolutionary
transitions occur. MLS2 forces complexes to evolve adap-
tations for regulating conflicts among their members. The
adaptations are guided by group fitness, which in our model
is decoupled from individual fitness to promote the appear-
ance of new group traits. In future work, we seek to adapt
this model for evolutionary computation to solve problems
where transitions are needed.
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