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One of the greatest challengesin the moder n biological and social sciences has been
to under stand the evolution of altruistic and cooper ative behavior s. General outlines of the
answer to thispuzzle are currently emerging asaresult of developmentsin the theories of
multilevel selection (1), cultural group selection (2), and strong reciprocity (3). Themain
conceptual tool used in probing the logical coher ence of proposed explanations has been
gametheory, including both analytical models and agent-based simulations (4-7). The
game-theoretic approach yields clear cut results, but the simple structur e of payoffs and a
small fixed set of strategies, imposed by investigators, in some cases may be an unrealistic
assumption. We describe a much mor e stringent test of the theory by developing a
computer model in which agents ar e endowed with a limited set of receptors, a set of
elementary actions, and a neural net in between. Behavioral strategies are not
predeter mined, but allowed to emerge in the process of evolution. Our resultsindicate that
cooper ative strategies can evolve even under such minimalist assumptions, provided that
agents ar e capable of perceiving heritable exter nal marker s of other agents.

The artificial world in our model is divided into cdlls, which either contain a resource
bundle, or are empty. An empty cell can acquire resource with a certain probablity per time step.
Agents are characterized by a set of receptors, a set of effectors, and a neural net connecting
receptors to effectors. Each effector is responsible for a particular action. Agents can do nothing
(rest), consume resource if it is present (eat), produce offspring (divide), go forward to a neighbor
cell (move), make aturn to left or right (turn), and attack another agent if present in the same cell
(attack). All actions spend energy taken from the agent’ sinternal store. If internal energy is
completely depleted, the agent dies. The least energetically demanding action is rest, the most—
attack. Consumption of resource increasesinternal store of energy subject to an upper limit (the
maximum energy that can be stored). When one agent hits another, the victim loses a certain
amount of energy, part of which is gained by the attacker.

Sensory inputs of agentsinclude its internal store of energy, whether there is resource in
the agent’sfield of vision (the cell it isin, the neighbor cell in front of the agent, and the cellson
theright and left), and how many other agents are in the field of vision. Each agent has external
phenotype that is coded by avector of integer values (markers). The Euclidian distance between
an agent’s markers and the markers of another agent in the cell (a potential subject for attack) is
also a sensory input. Behavior of an agent is controlled by a simple one-layer neural net. The
neural net isamatrix of weights that transform the values of sensory inputsinto the strengths of
output signals, or “ mativations.” The agent selects the action with the strongest motivation. A
specific neural net with a certain combination of weights, therefore, corresponds to a specific
behavior strategy. Both weights of the neural net and external markers are inherited by the
offspring when an agent divides, subject to a certain rate of mutation. Detailed description of the
model could befound in (8).
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Each agent in our model has 11 receptors and 7 effectors. The number of potential
behavioral strategies in out model is literally astronomical (greater than 10**°). Because of the
huge number of potential strategies, it is somewhat difficult to understand just what are the
behaviors that evolve in the simulation—each matrix of neural weightsisa*“black box.” To make
sense of our results we confronted agents, which evolved in our simulations, with a discrete set of
stimuli and noted the action taken. Thus, we placed each agent in a cell with a phenotypically
similar (“in-group”) versus dissimilar (“ out-group”) other agent, and took note of the action that
the agent took: escape, attack, or no interaction (rest, eat, etc). This approach allowed us to
classify strategies into aggressive or not, and those discriminating, or not, in-group versus out-
group members.

Our simulation study examined the spectrum of strategies evolving in the full model
versus the simplified model in which agents could not detect external markers. We also
determined how the carrying capacity of the environment (varied by increasing the size of food
bundles) affects the strategies adopted by the agents.

Analysis of the model without markers showed that agents adopted strategies
corresponding to those in the well-known game of dove—hawk—bourgeois (9). Doves never attack
other agents and attempt to escape when attacked, while hawks make a living by predation on
other agents. The bourgeois strategy is to stay in the same cell and immediately attack any
invader, while ignoring agents in neghboring cells (unlike the hawks). In the model without
markers the dominant strategy is bourgeois, provided that the carrying capacity of asingle cell is
sufficient for supporting a sedentary agent. Below this threshold, C,, the bourgeois strategy is
impossible, because agents are forced to keep moving in order to get enough food to survive, and
the population is divided between doves and hawks. The long-term population density increases
linearly with carrying capacity until it reaches C; and then becomes flat (Figure 1). What happens
isthat once the bourgeois strategy takes over, each cell can be occupied only by a single agent.
Even when resources are sufficient to support more than one agent per cell, they fight until only
one survives.

In the full model, in which agents could detect phenotypic similarity, three kinds of
cooperative strategies emerged. Thefirst one was simply the cooperative version of the dove
strategy. Cooperative doves ignored out-group (phenotypic distance large) members, but left cells
with in-group (phenotypic distance is small) membersin order to avoid competing with them. In
the second strategy, agents also left cells with in-group members, but when they encountered out-
group members they attacked them. We term this strategy “ raven,” because, according to the
Russian proverb, “araven will not peck out the eye of another raven.” Thethird cooperative
strategy was to stay in the same cell with in-group members and collectively fight with any out-
group invader. Having to share limited resources of the cell meant that agents utilizing this
cooperative defense strategy were small, but they still had a good chance of defeating alarge
invader because of their advantage in numbers. This strategy resembles the “ mobbing” behavior
that many species of small birds, such as starlings, useto drive away large predators. For this
reason, we call it the“ starling strategy.”

The emergence of the starling strategy has a dramatic effect on the relationship between
carrying capacity and the long-term population density. For the lower values of carrying capacity,
the curve in the full model follows that of the model without markers. But once it exceedsthe
threshold C, = 2C,, the density curve again beginsto rise (Figure 1). The implication is that
cooperating agents devel op the capacity to utilize the resource more efficiently than the
noncooperative ones. Analysis of the effect of carrying capacity on the prevalent strategies,
evolved by agents, shows the mechanism of thisrise. While carrying capacity is insufficient to
support survival of at least two agentsin acell (C < Cy) the starling strategy cannot invade the



Burtsev and Turchin Page 3

population. Instead, the dominant strategy is raven, whose frequency increases linearly with C for
C < Cy, and saturates at a high level for C; < C < C, (Figure 2). So far the only difference
resulting from the agents ability to use markers is the switch from the hawk to the raven strategy
(predators recognize and do not attack in-group members). Once carrying capacity goes beyond
C, the starling strategy becomes viable. Starlings, however, do not drive ravensto extinction.
Instead we observe sustained oscillations in the numbers of starlings, ravens, and doves (Figure
3). Asaresult, all three strategies manage to coexist in the long term (Figure 2).

In conclusion, our study shows that within the artificial evolution framework it is possible
to model not only how one strategy displaces another (or not), but the very process by which
novel strategies emerge. Our model did not endow agents with a set of preconceived strategies—
all that we have assumed about our agents was that they have a set of elementary sensory inputs
and a set of actions. How they connect inputs to actions was molded by the process of evolution.
It is remarkable that the agents in our simulations evolved many of the strategies that were
postulated by previous researchers. Thus, in the absence of phenotypic markers, three distinct
strategies emerged, corresponding to the dove, the hawk, and the bourgeois. In the presence of
markers, the evolution resulted in some predictable modifications of these basic strategies, but
aso in the emergence of anovel one. Cooperative doves avoided competition with in-group
members, while cooperative hawks—ravens—avoided attack on phenotypically similar agents.
The nove strategy was the starlings, who lived in groups and defended themselves cooperatively
against predation. The starling strategy allowed agentsto utilize the resources much more
efficiently than any other strategy.

While we saw the emergence of cooperative defense, there was no corresponding
cooperative attack strategy. Thisis probably because agents did not have an effector that would
allow themto travel in groupsin search of prey. In future work we plan to investigate whether
adding such action as “ follow another agent” could enable evolution of cooperative predation
(“wolves”). Another limitation of our study was that agents could transmit traits (including
phenotypic ones) only vertically, from parent to offspring. This means that our “in-group
members’ were also relatives. But one of the greatest puzzles about human ultrasociality is how
cooperation between unrelated individuals could arise in the process of evolution. This issue can
be addressed (and we plan to do so) by allowing cultural transmission of traits between group
members.
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Figure Captions

Figurel. Population density (average number of agents per cell) as a function of the abundance
of resources (the size of resource bundle randomly appearing in a cell with afixed probability).
Broken curve: the mode version without external markers; solid curve: the model with markers.

Figure 2. Average proportion of agents employing the raven (solid curve), the cooperative dove
(broken curve), and the starling (dotted curve) strategies in the full model with markers.
Proportions do not add up to one, because there are other strategies, including the non-
cooperative ones.

Figure 3. Numbers of agents empoying one of the three cooperative strategies (starling, raven, or
dove) as afunction of time in one realization of the model.
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