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Various studies have shown the emergence of cotyperbehavior in evolutionary models with
spatially distributed agents. We investigate to tuetent these findings generalize to evolutionary
models of price competition among spatially disitédd firms. We consider both one- and two-
dimensional models, and we vary the amount of médion firms have about competitors in their
neighborhood. Our computer simulations show thatdmergence of cooperative behavior depends
strongly on the amount of information availablefitms. Firms tend to behave most cooperatively if
they have only a very limited amount of informatiapout their competitors. We provide an intuitive
explanation for this phenomenon. Our simulationghter indicate that three other factors in our
models, hamely the accuracy of firms’ informatitine probability of experimentation, and the spatial
distribution of consumers, have little effect oe #mergence of cooperative behavior.

1. Introduction

The phenomenon of cooperative behavior among iddals in social, economic,
and biological systems has been fascinating resees@lready for a long time. An
important topic in the economic and biological riieire is the emergence of
cooperative behavior among individuals who are wuogs their self-interest.
Researchers aim to identify the conditions undeckwthe emergence of cooperative
behavior among such individuals is possible.

In an economic context, the best-known explanatibieooperative behavior is
probably the one based on the idea of reciprocityepeated encounters. When
individuals interact with each other repeatedlyeythmay choose to behave
cooperatively, even though this has a negativecefba their short-term interests.
Individuals may choose to behave cooperatively ieedhey realize that if they do
not behave this way, others won'’t do either. Thisg aealize that in the long run they
are better off in a cooperative world than in a-cooperative one. Hence, although
cooperative behavior harms one’s short-term intgrasis likely to be beneficial to
one’s interests in the long run.

Explaining cooperative behavior in terms of recqiy assumes that individuals
interact with each other repeatedly and that teayember what happened in the past.
These assumptions seem reasonable in some cobtext®t in others. Because of
this, a number of alternative explanations of coatie behavior have been proposed
in the literature. In this paper, we focus on oneghs explanation. This is the
explanation that cooperative behavior is a consezpi®f the spatial distribution of
individuals and the local interaction among them.the biological literature, this
explanation was proposed in a well-known paper bywék and May (1992). Many



biologists have built on this work, which has résdlin a substantial body of
literature.

Inspired by the work done in biology, economistgehalso attempted to explain
cooperative behavior in terms of local interactiamong spatially distributed
individuals. An evolutionary perspective is typigalaken, in which individuals are
assumed to imitate each other and to randomly @rpat with new actions. The first
work in the economic literature was done by Beagatiand Stark (1993) and Eshel,
Samuelson, and Shaked (1998). In this work, codperdehavior was shown to
emerge in models in which individuals are organized circular structure. A large
number of studies have built on this early wbi&tudies in the economic literature
often focus on rather abstract models. Many studgsexample assume that
individuals are located in a one-dimensional woAdso, many studies assume a
situation similar to a classical prisoners’ dilemmmawhich individuals can choose
from only two actions (i.e., cooperation and det@ot For examples of studies that
make these assumptions, we refer to Bergstrom tarét @993), Eshel et al. (1998),
Jun and Sethi (2007), Mengel (2009), and StarkBetdens (2010).

In this paper, we consider a somewhat less abd&aet of modeling. We aim to
determine to what extent the findings from earbardies generalize to models of
price competition among spatially distributed firnivs particular, we want to find out
whether imitation and experimentation may causepewaive behavior to emerge in
spatial price competition models. Compared with fileguently studied prisoners’
dilemma models, the models that we study are obeernomplex nature. There is no
simple binary decision between cooperative and comperative behavior in our
models. Firms can cooperate with each other bytlyoincreasing their price, and
different price levels correspond with differentvéés of cooperation. Also,
interactions in our models may involve more tham twdividuals. In one of our
models, each consumer has four different firms fiwhaich he may choose to buy.
Hence, firms in this model always have multiple patitors with which they fight for
the same market share. Like in the literature meetl above, we take an
evolutionary perspective in our models. We assumesf behavior to be determined
by imitation and experimentation. More specificalye assume that firms change
their price either by imitating successful commestin their neighborhood or by
experimenting with small price increases or de@sas

We study a variety of conditions under which firrm&y or may not start to
cooperate with each other. We consider both a miadehich firms are organized in
a one-dimensional space and a model in which fiars organized in a two-
dimensional space. Our two-dimensional model has ariants, which differ from
each other in the way in which consumers are locale also look at the effect of
the information firms have about competitors initmeighborhood. In doing so, we
distinguish between on the one hand the numbewowipetitors about which firms
have information and on the other hand the accuodiie information firms have.
Another effect that we look at is the effect ofrfs’ experimentation probability, that
is, the probability with which firms experiment witsmall price increases or
decreases. Due to the complexity of the models Weatstudy, we perform our
analyses mainly using computer simulations.

! See Barr and Tassier (2010), Bilancini and Boriki(2009), Chen and Chow (2009), Eshel et al.
(2000), Eshel, Sansone, and Shaked (1999), Fostdvangel (2011), Jun and Sethi (2007, 2009),
Kirchkamp (1999, 2000), Mengel (2009), Noailly, Vden Bergh, and Withagen (2009), Noailly,

Withagen, and Van den Bergh (2007), Outkin (20&33rk and Behrens (2010), Tieman, Houba, and
Van der Laan (2000), and Wilhite (2006).



This paper is organized as follows. The models wmatstudy are introduced in
Section 2. The analysis of the models is preseint&kction 3. The main conclusions
of our research are summarized in Section 4.

2. Models

We consider two closely related models. We refethese models as the one-
dimensional model and the two-dimensional modele Way in which firms and
consumers are located is different in each modekrAfrom this difference, the
models are essentially identical. We discuss tleedimensional model in Subsection
2.1 and the two-dimensional model in Subsection 2.2

2.1. One-dimensional model

There aren firms, denoted by 1, ..n. In the one-dimensional model, firms are
located equally spaced on a circle (see FigureThe distance, measured over the
circumference of the circle, between any two negimy firms equals one.
Consumers are uniformly distributed on the cirGlleey are modeled as a continuum.
The density of consumers equals 1 everywhere ortitobke. Firms all produce the
same product, they all have an unlimited productiapacity, and they all have the
same constant marginal cost. Without loss of gditerirms’ constant marginal cost
is set to zero. The price at which fiinsells one unit of its product is denoted gy
Firms choose their prices simultaneously. A congisrnietal cost of buying a unit
from a firm equals the price charged by the firmuspltransportation cost.
Transportation cost equals the distance, measuved the circumference of the
circle, between the consumer and the firm. Eaclswmer needs exactly one unit of
the product produced by the firms. A consumer khigsunit from the firm for which
the consumer’s total cost is lowest. This impliegt the circle can be partitioned into
n segments in such a way that all consumers loaaetheith circle segment buy
from firm i. Firmi’'s quantity demanded, denoted &gy then equals the length of the
ith circle segment, and firis profit is given by = piqg;.

Figure 1. One-dimensional model with= 10 firms. A firm is indicated by a black
dot. Consumers are located everywhere on the circle

The model has a symmetric pure-strategy Nash équitn in whichp; = ... =pp
= 1. This can be seen as follows. Supposeghat... =p, = 1. We will show that a
firm cannot increase its profit by unilaterally dgang its price. Consider an arbitrary

2 Firms are located on a circle rather than onaitinorder to avoid boundary effects.



firm i, and suppose that this firm changes its ppicdhe other firms do not change
their price. Next, consider a consumer located sdmeee in between firmand firm

], where firmj is one of the two neighboring firms of firmLet the distance between
the consumer and firinbe denoted bg. The distance between the consumer and firm
j is then given by 1 €. The consumer’s total cost of buying from firraqualsp; + d,
while the consumer’s total cost of buying from fifrequalsp; + 1 —d = 2 —d. Hence,
the consumer will buy from firmif p; + d < 2 —d or, equivalently, ifd < 1 —p; / 2.
This means that firnis quantity demanded equais= 2(1 —p; / 2) = 2 —p; and that
firm i makes a profit of; = pi(2 —p;). Clearly, firmi maximizes its profit by choosing
a price ofp; = 1. In other words, if firm changes its price to a value different from 1,
its profit will decrease. This implies that = ... =p, = 1 is a Nash equilibrium. In this
equilibrium, each firm makes a profit of 1.

It is straightforward to see that firms find thetss in a situation that is
somewhat similar to a prisoners’ dilemma. ChoosivgNash equilibrium price can
be seen as defection, while choosing a price aboy®&lash equilibrium level can be
seen as cooperation. If a firm cooperates whilengghbors defect, the firm will
make a lower profit than in the Nash equilibriumawever, if a firm cooperates and
its neighbors do so as well, the firm will make igher profit than in the Nash
equilibrium. The payoff matrix shown in Table lusktrates the situation in which
firms find themselves. Notice that there is one onignt difference with a prisoners’
dilemma. This is because a firm may also chooseca pelow the Nash equilibrium
level. For this action, there is no analogous aditioa prisoners’ dilemma.

Table 1. Payoff matrix that illustrates the sitaatiof firms in the one-dimensional
model. For the purpose of illustration, price isated as a discrete variable that can
take four different values. The row player représem arbitrary firmi. The column
player represents firms- 1 and + 1, which are the two neighbors of fitm(The two
neight3)ors are assumed to choose the same price payoffs represent the profits of
firm i.

| p_1=p+1=150 p_1=p+1=125 p_1=p+1=1.00 p_1=p.1=0.75

pi = 1.50 1.50 1.13 0.75 0.38
pi=1.25 1.56 1.25 0.94 0.63
pi=1.00 1.50 1.25 1.00 0.75
pi=0.75 1.31 1.13 0.94 0.75

In our model, we assume firms to be boundedly matioHence, firms need not
use Nash equilibrium strategies. We take an ewalatly game theory approach and
assume firms’ behavior to be determined by imitand experimentation. The stage
game described above is played repeatedly forge laumber of rounds. After each
round, firms may change their price. Firms charggr tprice by imitating successful
neighbors or by experimenting with a small pricerégase or decrease. Price is
modeled as a discrete variable. That is, firms shabeir price from a finite set of
price levels.

Imitation is modeled as follows. At the end of eaolind, a firm is randomly
selected. The selected firm knows its own pricgh@ most recent round and the

% In the payoff matrix shown in Table 1, there aheeé Nash equilibria, namely a strict Nash
equilibrium in which each firm charges a price oérid two weak Nash equilibria, one in which each
firm charges a price of 1.25 and one in which efich charges a price of 1.5. The weak Nash
equilibria are due to the treatment of price assardte variable. We will come back to this issaie

on in this paper (see Footnote 5).



prices of itsp closest neighbors, whepeis an even number that indicates the size of
the information neighborhood of a firm. The selddiem also observes its own profit
in the most recent round and the profits ofpitslosest neighbors. In the case of its
neighbors, however, the firm does not observe tinee profits but rather their true
profits perturbed by some noise. For each neigtthernoise is modeled by adding a
normally distributed random variable to the neigtddrue profit. The random
variable has mean 0 and standard deviatiowhere we refer to as the noise level.
The selected firm chooses a new price by copyiegptice that appears to have been
most profitable in the most recent round. More gmadly, the firm first averages the
observed profits of firms that used the same gnate most recent round. The firm
then chooses the price associated with the hightestrved profit as its new price.
(Ties are broken randomly.) An illustration of tin@tation mechanism is provided in
Figure 2.

10 2
9 3
8 4
7 5
6
Firm
1 2 3 4 5 6 7 8 9 10
Price 1.00 1.10 1.10 1.10 1.00 0.90 1.00 1.00 0.9®.80
Quantity 0.95 0.95 1.00 0.95 1.00 1.10 0.95 0.95 001. 1.15
Profit 0.95 1.05 1.10 1.05 1.00 0.99 0.95 0.95 0.900.92
Obs. profit 1.17 1.23 1.00 0.98 0.86

Figure 2. lllustration of the imitation mechanisihere aren = 10 firms. Firms have
an information neighborhood of sipe= 4, and the noise level equais= 0.1. For
each firm, the price, the quantity demanded, aedbtbfit are listed in the table. Firm
5 is randomly selected to change its price. Firdo&s not observe the true profits of
its neighbors but rather their true profits peragbby some noise. The profits
observed by firm 5 are listed in the table as wHlle average observed profit equals
0.98 for a price of 0.9, (1.00 + 0.86) / 2 = 0.984 price of 1.0, and (1.17 + 1.23) / 2
=1.20 for a price of 1.1. Hence, firm 5 will inese its price from 1.0 to 1.1.

Experimentation takes place after imitation antchaleled as follows. At the end
of each round, each firm independently decides méreto experiment with a new
price or not. The probability that a firm chooses eéxperiment is given by the
parameteq. This probability is typically very small. If arfn chooses to experiment,
there is a 50% probability of a price increase an80% probability of a price
decrease. The firm will set its new price to theselt price level above or below its



current price. Of course, if the firm’s currentgaiequals the highest (lowest) price
level that can be chosen in the model, no priceease (decrease) is possible.

One-dimensional models have been frequently studhetthe literature (Barr &
Tassier, 2010; Bergstrom & Stark, 1993; Chen & Ch8@09; Eshel et al., 1998,
1999, 2000; Jun & Sethi, 2007; Mengel, 2009; Ngadt al., 2007; Outkin, 2003;
Stark & Behrens, 2010; Wilhite, 20060ur model is somewhat similar to the model
of Eshel et al. (1998). Eshel et al. study a pdpeof altruists and egoists located on
a circle. Like in our model, agents imitate theatsgies of successful neighbors. It
turns out that, even though being an egoist israimiant strategy, altruism can still
prevail in the long run. Altruism can prevail iftralists are grouped together on the
circle, so that they benefit from each other’'s uadtm. An important difference
between the model of Eshel et al. and our modehas in our model agents can
choose from more than two actions (i.e., firms chaose from more than two price
levels). Another difference is that in our modetisiy do not always have noise-free
information about their neighbors’ payoffs.

2.2. Two-dimensional model

The two-dimensional model is very similar to theeahmensional model except
that firms and consumers are located differentlythle two-dimensional model, we
start with a square lattice af x m points. There ara = n? firms, which are located
on the points of the lattice (see Figure 3). Tratatice between firms that are direct
neighbors equals one. The model has two variartesd variants differ from each
other in the way in which consumers are locate@ (Sgure 3). In one variant,
referred to as variant A, consumers are locatey onlline segments between firms
that are direct neighbors. In the other variarferred to as variant B, consumers are
located everywhere in the two-dimensional spacbetween the firms. Consumers
are modeled as a continuum in both variants ofmbéel. Also, in both variants, the
distribution of consumers is uniform, with a depgf one everywhere. All distances
in the model are calculated using the city blochM@anhattan distance measure rather
than using the Euclidean distance measure (seeeFHu The use of the city block
measure is mathematically convenient, but it atsa natural choice if we interpret
the model in terms of firms and consumers locateal ity with a block design.

DDA

* We focus on the theoretical literature. In the exipental literature, a model similar to our one-
dimensional model is considered by Selten and Aygesa (2005).



Figure 3. Two-dimensional model with= 16 firms. A firm is indicated by a black
dot. In variant A of the model, consumers are ledabnly on the black lines. In
variant B of the model, consumers are located evieeye in the gray area.

0.4

x----- —

0.7

Figure 4. lllustration of the calculation of dist&s using the city block measure. The
distance between firm F and consumer C equals 0.4 = 1.1.

In our one-dimensional model discussed in Subse@ia, firms and consumers
are located on a circle rather than on a line. Shiglifies the analysis of the model,
because there are no boundary effects that nelee taken into account. In a similar
way, we also want to avoid boundary effects in two-dimensional model. We
therefore treat firms at opposite edges of the dvweensional space as direct
neighbors of each other. Hence, each of the lettrfiors has a direct neighbor
among the rightmost firms. Similarly, each of tbhprhost firms has a direct neighbor
among the bottommost firms. In this way, thereravdoundary effects in the model.
That is, each firm finds itself in exactly the sapwsition, with the same number of
neighboring firms and an equally-sized consumeiketar

Both variants of the model have a symmetric puratastly Nash equilibrium.
Variant A has an equilibrium in whighy = ... =p, = 1. This can be shown using an
argument analogous to the argument used in theafabe one-dimensional model.
Variant B has an equilibrium in whigh = ... =p, = 1/2. This can be seen as follows.
Suppose that; = ... =p, = 1/2. We will show that a firm cannot increasegtofit by
unilaterally changing its price. Consider an adsijrfirmi, and suppose that this firm
changes its pricp.. The other firms do not change their price. Wéingiish between
two cases, namely the case of a price increasdh@ndase of a price decrease. We
first analyze the case of a price increase. If firmcreases its pricg; to a value
above 1/2, its quantity demanded will becomne max(3/2 —pi, Of (see Figure 5(a)
for an illustration forp; = 0.7). Consequently, firm will make a profit ofm = p;
max(3/2 —p, 0F. Clearly, for pi > 1/2, this profit function is monotonically
decreasing. Hence, if firmincreases its price to a value above 1/2, itsitpvaifl
decrease. We now analyze the case of a price decreathe case of a price decrease,
firm i's quantity demanded is given by= (1/2);? — (5/2)p; + 17/8 (see Figure 5(b)
for an illustration forp, = 0.1). This results in a profit function af = (1/2)p —
(5/2)p% + (17/8);. Forpi < 1/2, this function is monotonically increasing.idmplies
that a decrease of firits price to a value below 1/2 will lead to a deseaf firmi’s



profit. Hence, both a price increase and a priceadese will lead to a decrease in
profit. This shows thap; = ... =p, = 1/2 is a Nash equilibrium of variant B of the
model.

—o ¢ > o ¢ -

Tt Tt

() (b)

Figure 5. lllustration of the calculation of a fismguantity demanded. The firm in the
center of panel (a) charges a price of 0.7. Thm fir the center of panel (b) charges a
price of 0.1. The surrounding firms all charge &erof 0.5. In both panels, the
shaded area marks the consumers that buy fronirthénfthe center. In panel (a), the
guantity demanded of the firm in the center eq@atsx 0.8 = 0.64. In panel (b), the
guantity demanded of the firm in the center eqdadsx 1.4 — 4x 0.5%x 0.2%x 0.2 =
1.88.

Both in variant A and in variant B of the modelnis find themselves in a
situation that resembles a prisoners’ dilemma. #irggle firm unilaterally deviates
from the Nash equilibrium by increasing its prittee firm will make a lower profit
than in the equilibrium. However, if all firms jdlp deviate from the Nash
equilibrium by increasing their price, they willl mhake a higher profit than in the
equilibrium.

Like in our one-dimensional model, we assume fitmmbe boundedly rational in
our two-dimensional model. Firms’ behavior is asedmo be determined by
imitation and experimentation in the same way atherone-dimensional model. In
the one-dimensional model, imitation takes placddoking at the prices and profits
of p + 1 firms, namely a randomly selected firm andpitslosest neighbors. In the
two-dimensional model, we focus on two scenarioghe way in which firms imitate
each other. In the first scenario, imitation tagésce based on the prices and profits
of five firms, namely a randomly selected firm atgldirect neighbors in horizontal
and vertical direction. In this scenario, firms Baan information neighborhood of
sizep = 4. In the second scenario, imitation takes pleseed on the prices and profits
of nine firms. In this scenario, the selected fsndirect neighbors in diagonal
direction are included as well. The second scenagsults in an information
neighborhood of sizp = 8.



A number of two-dimensional models have been studie the economic
literature (Barr & Tassier, 2010; Kirchkamp, 192900; Noailly et al., 2009; Outkin,
2003; Tieman et al., 2000; Wilhite, 2006). The msdef Kirchkamp (2000) and
Tieman et al. (2000) are the ones that are mosieblorelated to our model.
Kirchkamp studies a two-dimensional model in whagfents play prisoners’ dilemma
games with their neighbors. He shows that unddaiceconditions cooperation can
prevail in the long run. Important differences beén Kirchkamp’s model and our
model are that in our model agents can choose fone than two actions and that in
our model agents do not always have noise freanrdbon about their neighbors’
payoffs. Tieman et al. study a local interactiondedoin which agents play
generalized prisoners’ dilemma games, that is,opass’ dilemma games in which
there can be more than two actions. They find whtkt a high probability a moderate
level of cooperation emerges in their model. Aneasial difference between the
model of Tieman et al. and our model is that inrtiedel of Tieman et al. agents do
not imitate each others’ strategies. Instead, &gentrease or decrease their
cooperativeness depending on whether their averageft is higher or lower than the
average payoff of their neighbors.

3. Analysis

We are interested in the long-run behavior of firmour one-dimensional and
two-dimensional models. In particular, we want tedfout whether in the long run
firms behave cooperatively by charging prices abthee Nash equilibrium level.
Because our models do not seem analytically tréstai®e use computer simulations
to perform our analysis. In Subsection 3.1, theself the simulations is discussed.
The results obtained using the simulations areepitesl in Subsections 3.2 (one-
dimensional model) and 3.4 (two-dimensional modeyme intuitive insight into the
one-dimensional model is provided in Subsection 3.3

3.1. Simulation setup

In our simulations, there ara = 400 firms. This means that in the two-
dimensional model firms are located on the poirita @0% 20 square lattice. Firms
choose their price from a set of 21 price levelseSe price levels are uniformly
distributed between OpR and 1.pn, wherepy denotes the Nash equilibrium price.
Hence, in the one-dimensional model and in varant the two-dimensional model,
the price levels that can be chosen are 0.50, 0.551.50. In variant B of the two-
dimensional model, the price levels that can besehare 0.250, 0.275, ..., 0.75h
the case of the one-dimensional model, simulatasesrun for six different values of
the information neighborhood sipe namely 2, 4, 6, 8, 10, and 20. In the case of the
two-dimensional model, simulations are run for afoimation neighborhood of size
p =4 and for an information neighborhood of size 8. Furthermore, both in the case
of the one-dimensional model and in the case of tthe-dimensional model,
simulations are run for four different noise levels namely 0, 0.4y, 0.2, and

® Modeling price as a discrete rather than a contisuvariable may introduce additional Nash
equilibria. This turns out to be the case in the-dimensional model and in variant A of the two-
dimensional model. In addition to a strict Nashiklgrium in which each firm charges a price of 1,00
there are two weak Nash equilibria in these modwils,in which each firm charges a price of 0.95 and
one in which each firm charges a price of 1.05.r&harn out to be no additional Nash equilibria in
variant B of the two-dimensional model. In the refthis paper, when we refer to a Nash equilibrium
of a model, we always mean a strict Nash equiliriu



0.50n, and for four different experimentation probalekt i, namely 0, 0.00001,
0.0001, and 0.001.

At the beginning of a simulation run, each firmiscp is initialized by randomly
drawing a price from a uniform distribution ovef ptice levels. A simulation run
lasts for one million rounds. One million roundssiout to be sufficient for studying
firms’ long-run behavior. We performed some testsicv indicate that after one
million rounds the results of our simulations argansitive to the way in which firms’
prices have been initialized. The tests that wdopmeed also indicate that a larger
number of rounds would yield essentially the sammikation results.

The source code of the simulations is available inenl at
www.ludowaltman.nl/price_competitianThe source code runs in MATLAB and has
been written partly in the MATLAB language and paim the C language.

3.2. Simulation resultsfor the one-dimensional model

The results of the simulations for the one-dimemsiomodel are reported in
Tables 2 and 3. For each combination of an infomnateighborhood sizg, a noise
level o, and an experimentation probabiljiy 500 simulation runs were performed.
For each simulation run, we calculated the meacepof the firms at the end of the
last round (i.e., at the end of the one milliontirrd). In Tables 2 and 3, this mean
price is averaged over the 500 simulations rung Wmere performed. Standard
deviations over the 500 simulation runs (not regubrin the tables) are always less
than 0.05. The relatively small standard deviatiowiécate that there is little variation
between simulation runs.

Table 2. Simulation results for the one-dimensianablel forp = 2 and for different
values ofo andp. The table shows the mean price at the end ddithelation runs.

| 0=0.0 0=0.1 0=0.2 0=05
n=0 1.28 1.33 1.31 1.31
1 = 0.00001 1.27 1.25 1.27 1.28
= 0.0001 1.25 1.20 1.22 1.23
u=0.001 1.14 1.11 1.13 1.15

Table 3. Simulation results for the one-dimensiagnatel for different values gf, o,
andp. The table shows the mean price at the end ddithelation runs.

0=0.0;u=0 o0 =0.0;u =0.0001 0=0.2;u=0 0 =0.2;u=0.0001
p=2 1.28 1.25 1.31 1.22
p=4 0.90 0.90 0.93 0.95
p=6 0.90 0.90 0.95 0.95
p=8 0.90 0.93 0.95 0.96
p=10 0.93 0.95 0.96 0.96
p=20 0.98 1.00 0.98 0.98

In Table 2, results are reported of simulations which the information
neighborhood has a size pf= 2. In these simulations, firms can imitate othigir
direct neighbors. As can be seen in the table,stimlations yield prices that are
substantially above the Nash equilibrium level offthe prices are not very sensitive
to the noise levelb. They are somewhat more sensitive to the expetation
probabilityu. A higher experimentation probability clearly lsad a lower price. The
results in Table 2 are in line with the findingsearlier studies in which somewhat
similar models were analyzed (e.g., Eshel et 8b8).
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We now turn to the effect of the information neighimood sizep. Simulation
results for different values of the size of theomfiation neighborhood are reported in
Table 3. If the size of the information neighbortdas larger than 2, firms can imitate
not only their direct neighbors but also some dirttmore distant neighbors. The
results in Table 3 are quite remarkable. It turatstbat prices are no longer above the
Nash equilibrium level if the size of the infornm@tineighborhood is larger than 2. On
the contrary, if the size of the information neighiiod is not too large, prices turn
out to be below the Nash equilibrium level. Thiegpecially the case if there is no
noise and no experimentation (i.e.= 0 andu = 0). In earlier studies (Hoffmann,
1999; Ifti, Killingback, & Doebeli, 2004; Mengel,009; Stark & Behrens, 2010), it
was found that cooperative behavior (i.e., pricesva the equilibrium level in our
context) tends to be more difficult to sustain et size of the information
neighborhood is increased. This is consistent with findings, but our findings go
one step further. If the size of the informationgh®&orhood is increased, firms not
only stop behaving cooperatively but they in fatdrts behaving in exactly the
opposite way, that is, they decrease their pricegtues below the equilibrium level.
Hence, our results show that in some cases theinatidn of local interaction and
imitation of neighboring individuals has a negatraéher than a positive effect on the
degree to which individuals cooperate with eacleioth

3.3. Further analysis of the one-dimensional model

Why does our one-dimensional model yield completepposite simulation
results for an information neighborhood of sjze= 2 on the one hand and for an
information neighborhood of size [J {4, 6, 8, 10} on the other hand? To provide
some intuitive insight, we first focus on the ca$ean information neighborhood of
size 2 and we then consider the case of an infeomateighborhood of size 4. To
simplify the analysis, we assume that in both céises can choose from only two
price levels. We also assume that there is no ramideno experimentation (i.&,= 0
andp = 0). In other words, the only way in which a fican change its price is by
means of imitation, and if a firm imitates, it doss based on noise-free information
about the profits of its neighbors.

In the case of an information neighborhood of &ze/e assume that firms charge
a price of either 1.0 (i.e., the Nash equilibriurice) or 1.1° We refer to these prices
as, respectively, the low price and the high praogd we refer to firms charging the
low price as low-price firms and to firms chargitng high price as high-price firms.
Suppose that we have a cluster of low-price firms @ cluster of high-price firms. By
a cluster of low-price (high-price) firms, we meamumber of low-price (high-price)
firms that are direct neighbors of each other. ®spgurther that the cluster of low-
price firms and the cluster of high-price firms doeated next to each other in the
one-dimensional space of our model. This is ilatsw in Figure 6(a). The figure also
shows the profit made by each firm. Based on Fidi(e8, let us look what will
happen. A low-price firm that is surrounded by tether low-price firms cannot
change its price. The same holds for a high-piirce that is surrounded by two other
high-price firms. We therefore focus on firms 5 d@hah Figure 6(a). Firm 6 will not
change its price. This is because, based on toemation available to this firm, the
average profit resulting from the high price (i%/ 2 +n; / 2~ 1.073) exceeds the
average profit resulting from the low price (i.&,= 1.050). Hence, firm 6 will stick

® The choice of these two prices is fairly arbitrafpwever, our analysis is valid for many othecps
as well.
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to the high price. Unlike firm 6, firm 5 will chaegts price. Firm 5 is currently a low-
price firm, but based on the information availatdehe firm, the high price appears
to be more profitable than the low price (simge= 1.045 >4/ 2 +75/ 2 = 1.025). As

a consequence, firm 5 will change to the high prides will lead to a new situation,
which is illustrated in Figure 6(b). Looking at Eig 6(b), it is clear that the next step
will be firm 4 changing from the low price to thégh price. Hence, the general
pattern is that the cluster of high-price firmsgi®wing more and more while the
cluster of low-price firms is shrinking. This isethbasic intuition underlying our
simulation results for an information neighborhaddize 2’

1 2 3 4 5 6 7 8 9 10
(a) —@ L 4 L 4 L 4 L 4 L L L L 4 *—
p=1.0 p=1.0 p=1.0 p=1.0 p=1.0 p=1.1 p=1.1 p=1.1 p=1.1 p=1.1
m=1.000 w=1.000 mw=1.000 w=1.050 w=1.045 w=1.100 m=1.100 w=1.100
1 2 3 4 5 6 7 8 9 10
(b) —@ L 4 L 4 L 4 L 4 L L L L 4 *—
p=1.0 p=1.0 p=1.0 p=1.0 p=1.1 p=1.1 p=1.1 p=1.1 p=1.1 p=1.1
m=1.000 w=1.000 mw=1.050 mw=1.045 w=1.100 w=1.100 m=1.100 w=1.100

Figure 6. lllustration of the effect of imitation the one-dimensional model with an
information neighborhood of size= 2.

We now consider the case of an information neighbod of size 4.In this case,
we assume that firms charge either a low price.®8fdd a high price of 1.0 (i.e., the
Nash equilibrium price). Notice that these prices different from the prices used in
the above analysis for an information neighborhobsize 2. This is because we now
want to explain why firms charge prices below thesN equilibrium level, while in
the analysis presented above we wanted to explaynfinms charge prices above the
Nash equilibrium level. We again start from a ditwa with a cluster of low-price
firms and a cluster of high-price firms. This stioa is illustrated in Figure 7(a).
Based on Figure 7(a), it can be seen that therenarérms for which a price change
is possible, namely firm 4 and firm 5. In both cgdbere would be a change from the
low price to the high price. Firm 4 and firm 5 cahioth change their price at the
same time. Instead, one of the two firms will bed@mly selected to change its price.
If firm 5 is selected, the effect will be that tbleister of high-price firms grows while
the cluster of low-price firms shrinks. This is fdanto what happens in the case of an
information neighborhood of size 2. If firm 4 islesed, the effect will be quite
different. We will then end up in the situatiorugstrated in Figure 7(b). As can be
seen in the figure, there will no longer be a paréeparation of low-price and high-
price firms. In this new situation, there turn aatbe three firms for which a price

" The full story is more complicated. In particulér,can be shown that low-price firms will not
disappear altogether. Suppose we have a clustweprice firms surrounded on both sides by a
cluster of high-price firms. As explained aboveg ttluster of low-price firms will shrink more and
more. However, when there are just two low-prigcend left, the cluster of low-price firms will not
shrink any further. Hence, in the end there willrbestly high-price firms, but in between these firm
there will also be some small islands of low-pfiicens. We refer to Eshel et al. (1998) for an extea
discussion of this kind of dynamics.

8 We refer to Mengel (2009) for a somewhat similaalgsis. One of the differences between our
analysis and the analysis of Mengel is that we dbaonsider the effect of experimentation while
Mengel focuses on the limit case in which the pbilitg of experimentation (referred to as trembling
by Mengel) approaches zero.
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change is possible, namely firm 4, firm 6, and fifmin all three cases, the price
change would be a movement from the high pricenéolow price. At this point, a
comprehensive analysis of the various possibilibesomes cumbersome. Let us
therefore focus on the most interesting possibilltgis is the possibility of a price
change by firm 7. If firm 7 changes its price, ttlaster of high-price firms will
shrink, as is illustrated in Figure 7(c). A nexgsicould then be that firm 8 or firm 9
also changes its price, which would mean that tbster of high-price firms will
shrink even further. Going back to the initial aiion illustrated in Figure 7(a), it is
now clear that there are two counteracting for¢esoak. On the one hand the cluster
of high-price firms may grow, while on the othembdathis cluster may shrink. In the
situation illustrated in Figure 7(a), the clustémhah-price firms will grow if firm 5
changes its price. On the other hand, if firm 4ngjes its price, this may cause the
cluster of high-price firms to shrink. It is not mnediately clear which of these two
counteracting forces is stronger. However, basethersimulation results reported in
Table 3, it can be concluded that the force worlagginst the high-price firms must
be the stronger one.

1 2 3 4 5 6 7 8 9 10
(a) —@ L 4 L 4 L 4 L 4 L L L 2 L 4 *—
p=0.9 p=0.9 p=0.9 p=0.9 p=0.9 p=1.0 p=1.0 p=1.0 p=1.0 p=1.0
m=0.900 w=0900 mW=0.900 mw=0945 w=0.950 w=1.000 m=1.000 T=1.000
1 2 3 4 5 6 7 8 9 10
(b) —@ L L @ L L L L L 4 *—
p=0.9 p=0.9 p=0.9 p=1.0 p=0.9 p=1.0 p=1.0 p=1.0 p=1.0 p=1.0
m=0900 w=0945 w=0.900 w=0990 w=0.950 w=1.000 w=1.000 T=1.000
1 2 3 4 5 6 7 8 10
(C) —@ L L @ L L L L L 4 *—

p=0.9 p=0.9 p=0.9 p=1.0 p=0.9 p=1.0 p=0.9 p=1.0 p=1.0 p=1.0
m=0900 w=0945 w=0.900 w=0990 w=0.900 w=0.990 w=0.950 Tw=1.000

Figure 7. lllustration of the effect of imitation the one-dimensional model with an
information neighborhood of size= 4.

We have now looked at our one-dimensional modeh hot the case of an
information neighborhood of size 2 and in the aafsan information neighborhood of
size 4. What is the essential difference betweesehwo cases? In both cases, a
cluster of high-price firms may take over a neigip low-price firm. However, the
difference is that in the case of an informatiorghkorhood of size 2 the high-price
firms will always remain organized in a single ¢ergsee Figure 6) while in the case
of an information neighborhood of size 4 the higlte firms may become separated
from each other (see Figure 7). When high-pricadiare separated from each other,
they become vulnerable. This is because an isohaggdprice firm makes a relatively
low profit while an isolated low-price firm makeseatively high profit. The result
may therefore be that low-price firms start to taker high-price firms. This is the
basic mechanism that explains why in our one-dinoeas model prices are lower in
the case of an information neighborhood of sizeahtin the case of an information
neighborhood of size 2.

3.4. Simulation resultsfor the two-dimensional modd

The results of the simulations for the two-dimenalomodel are reported in
Tables 4 to 7. Tables 4 and 5 relate to variantf e model. This is the variant in
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which consumers are located on line segments batweighboring firms. Tables 6

and 7 relate to variant B of the model. In thisiaat, consumers are located
everywhere in the two-dimensional space in betwherfirms. The results in Tables
4 to 7 were obtained in the same way as the resull@bles 2 and 3. Hence, the
results are averages over 500 simulation runs.d8tdndeviations over the 500
simulation runs (not reported in the tables) aveagt less than 0.03, indicating that
there is little variation between simulation runs.

Table 4. Simulation results for variant A of theotdimensional model fos = 4 and
for different values oo and u. The table shows the mean price at the end of the
simulation runs.

| 6=0.0 0=0.1 0=0.2 0=05
n=0 1.15 1.05 1.06 1.06
1 = 0.00001 1.17 1.07 1.06 1.07
u=0.0001 1.18 1.10 1.08 1.08
u=0.001 1.16 1.12 1.11 1.11

Table 5. Simulation results for variant A of theotdimensional model fgs = 8 and
for different values oo and u. The table shows the mean price at the end of the
simulation runs.

| 0=0.0 0=0.1 0=0.2 0=05
pn=0 1.04 1.01 1.00 0.99
1 = 0.00001 1.04 1.00 1.00 1.00
i = 0.0001 1.05 1.01 1.01 1.01
u=0.001 1.07 1.05 1.04 1.03

Table 6. Simulation results for variant B of theotdimensional model fgs = 4 and
for different values oo andu. The table shows the mean price at the end of the
simulation runs.

| 0=0.00 6=0.05 6=0.10 6=0.25
pn=0 0.58 0.53 0.53 0.54
1 = 0.00001 0.59 0.54 0.54 0.54
u = 0.0001 0.59 0.55 0.55 0.55
u=0.001 0.59 0.56 0.56 0.57

Table 7. Simulation results for variant B of theotdimensional model fgs = 8 and
for different values oo andu. The table shows the mean price at the end of the
simulation runs.

| 0=0.00 0=0.05 6=0.10 6=0.25
p=0 0.52 0.50 0.51 0.51
1 = 0.00001 0.52 0.51 0.51 0.51
i = 0.0001 0.53 0.51 0.51 0.52
= 0.001 0.54 0.53 0.53 0.53

We first focus on variant A of the two-dimensiomabdel. As can be seen in
Tables 4 and 5, prices tend to be relatively closthe Nash equilibrium level of 1.
They do not exceed the equilibrium level by mo@nth8%. This is much less than in
the one-dimensional model, in which prices excéwdetquilibrium level by at most
33% (see Table 2). Also, in variant A of the twoadnsional model, prices do not fall
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below the equilibrium level (except fa = 0.5 andp = 0, where the price is
marginally below the equilibrium level). This is @her difference with the one-
dimensional model. In the one-dimensional modetgsrcan be up to 10% below the
equilibrium level (see Table 3). Comparing Tableard 5, it can be seen that
increasing the size of the information neighborhdam p = 4 top = 8 leads to
substantially lower prices. This is similar to wha@s observed for the one-
dimensional model, and it is also somewhat simdagarlier findings reported in the
literature (Ifti, Killingback, & Doebeli, 2004). Teheffect of the noise level and the
experimentation probability is different than in the one-dimensional modeleTh
noise level turns out to have a negative effecpoces, while the experimentation
probability turns out to have a positive effect.tide, however, that especially the
effect of the experimentation probability is notywstrong.

We now consider variant B of the two-dimensionaldelo As discussed in
Subsection 2.2, variant B has a Nash equilibriuroepof 0.5, which is only half of
the Nash equilibrium price of variant A. This expEawhy the prices in Tables 6 and
7 are much lower than the prices in Tables 4 aiWten looking at prices relative to
the equilibrium price, it can be seen that theltesno Tables 6 and 7 are in fact very
similar to the results in Tables 4 and 5. The e$fef the information neighborhood
sizep, the noise levet, and the experimentation probabiliiyare also very similar.
Hence, it turns out that the way in which firms &eh is very similar in the two
variants of the two-dimensional model.

4. Conclusions

We have studied evolutionary models of price coitipat among spatially
distributed firms. In our models, firms are orgauzither in a one-dimensional space
or in a two-dimensional space. Firms’ behavior &edmined by imitation and
experimentation. Imitation means that firms cops fiice of one or more successful
competitors in their neighborhood. Experimentatimeans that firms randomly
increase or decrease their price by a small amount.

In earlier studies (e.g., Bergstrom & Stark, 19HB3hel et al., 1998; Nowak &
May, 1992), often in the context of prisoners’ dilea games, it was found that
spatially distributed individuals that interact &ly and that imitate successful
neighbors tend to behave cooperatively in manyscdsehis paper, our aim has been
to investigate whether a similar tendency towamsperative behavior can be found
in the context of price competition among spatiaistributed firms. In this context,
cooperative behavior would mean that firms havegsriand profits above the
ordinary equilibrium level.

We have performed our analyses mainly using comgsiieulations. The results
of the simulations provide a mixed picture. The egeace of cooperative behavior
turns out to depend strongly on the amount of métion available to firms. In the
one-dimensional model, firms behave cooperativaly @ the information they have
about the prices and profits of other firms isniegtd to their two direct neighbors. In
the two-dimensional model, firms behave more coajpesly if they have information
about four neighbors than if they have informatidiout eight neighbors. Hence, the
general pattern seems to be that having too muohnmation may hurt cooperation
(for similar results, see Hoffmann, 1999; Ifti, Kigback, & Doebeli, 2004; Mengel,
2009; Stark & Behrens, 2010). We have shown th#terone-dimensional model this
is because having too much information may causmpemtive firms to become
separated from each other, which weakens theitipogielative to non-cooperative
firms. The two-dimensional model is more diffictdt analyze, but the mechanism at
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work in this model may well be similar. A remarkaldinding is that in the one-
dimensional model having too much information magrelead to prices and profits
below the ordinary equilibrium level. This showsatththe combination of local
interaction and imitation of neighboring individaatan have both a positive and a
negative effect on the degree to which individu@eperate with each other. To the
best of our knowledge, negative effects have nehlieported before in the literature.
We have also investigated a number of other fadtuas may affect the degree of
cooperative behavior among firms. One of theseofacis the accuracy of the
information firms have about the profits of theeighbors. Another factor is the
probability with which firms experiment with smadtice increases or decreases. The
effect of these two factors turns out to be retdtivsmall. In the case of the two-
dimensional model, we have also looked at the efiethe way in which consumers
are located in the two-dimensional space. Thera tut to be no substantial
differences between the two variants that we hawsidered.
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