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Abstract: This study conducts experiments to determine thdea@f communication th
are able to produce and sustain collusion and taetficacy of communication depel
on market structure. Two communication treatmemnts @nsidered: non-binding pr
announcements and unrestricted written communicatde find that price announceme
are conducive to coordinating on a high price iy ainder duopoly and when firms .
symmetric. The standard experimental finding thdlusemn without communication is re
when there are more than two firms is shown todimist to allowing firms to make pri
announcements. When firms are asymmetric, priceoamcements do result in higl
prices but there is little evidence that firms eo®rdinating their behavior. When firms .
allowed to engage in unrestricted written commutidce coordination on high pric
occurs for all market structures. We find that timecremental value to expre
communication (compared to price announcemenigiaater when firms

are asymmetric and there are more firn

Highlights

e Price announcements produce coordinated pricin@iblytfor symmetric duopoly.
e Price announcements produce higher but unstablegwith asymmetric duopoly.
e Incremental value of express communication is greaben firms are asymmetric.

Keywords: Collusion, price announcements, experimer
JEL Codes: L1, L4



1 Introduction

For firms to successfully collude, they must coordinate their behavior, and coorc
requires some form of communication. In practice, this communication can involve tac
a few digits to a multi-million dollar bid as in the FCC spectrum auction (Cramton

and Schwartz, 2000) or announcing future intendéckp as in the market for air trave
(Borenstein, 2004 or unilaterally announcing a pricing strategy asha truck rental
marketf or sitting in a hotel room and talking about psi@nd sales quotas as in the ly:
market (Eichenwald, 2000). While the last mode @hmunication is presumably the m
effective, it is also the most clearly unlawfulrifs interested in jointly raising prices fi
a tension in that communication which is more k&l result in coordination may also
more likely to result in prosecution. Hence, thegynchoose to more indirectly
communicate when it is sufficient to produce astesbme collusio.

This trade-off raises two questions that we examine here. First, what are the vario
of communication that can produce coordinated collusive outcomes? In particule
indirect can communication be and still be reasonably effective? This question is ct
antitrust and competition law and, in spite of a legion of legal cases that speak
practices are and are not lawful, there remains a large gray area where legalitgas?
Second, how does the answer to the first question depend on the structure of
the market?

These questions are notoriously difficult to exaniimeoretically because the equil
rium framework cannot speak to the issue of howmsircoordinate in moving from o
equilibrium to another which is exactly what is ssue here: What forms of communi
tion will result in firms coordinating a move from static equilibrium with competiti
prices to a dynamic equilibrium with supracompettiprices? Experimental methc
offer a comparative advantage in that subjects gaga exactly the dynamic process
coordination that we are trying to understand. WHhile subjects are college students
not managers - and thus extrapolating from expartméo market behavior is alway
precarious leap - experimental methods have mooanige than other methods
shedding light on the effectiveness of various camivation practices in producing
collusion.

The specific form of those two questions are addressed here as follows. In praci
commonly observed methods of communication for coordinating firm behavior are &
price announcements (as arose in the ATPCO airlines cases) and unrestricted comn
using natural language (as practiced by hard core cartels; for example, lysimensyjitan
fine arts auction house$).To assess the relative efficacy of different mode:
communication, the research plan is to compare outcomes when sellers can me
announcements with when they cannot, and to compare unrestricted communication
online chat) with price announcements. When are price announcements effec-

'Federal Trade Commissioim the Matter of Valassis Communications, InEile No. 051 0008,
Docket No. C-4160, April 28, 2006

2Kaplow (2013) delivers an excellent discussion efoundaries of unlawful collusion.

3The ATPCO case is covered in Borenstein (2004) Jevimany hard core cartels are discussed it
Harrington (2006) and Marshall and Marx (2012



tive at producing collusion? When is unrestricted communication particularly effec
producing collusion relative to price announcements? Answers to these questions \
light on when we can expect firms to engage in the most egregious form of coll
involving unrestricted communication - and when they will instead choose less
methods. In considering the relative efficacy of these different forms of communi
market structure is varied in terms of the extent of firm heterogeneity and the nui
sellers. While unrestricted communication is surely expected to be more effective th.
announcements, less clear is how the incremental value of unrestricted communica-
tion depends on market structur

Our main findings are that firms are able to cooate on a high price with pri
announcements but only for duopoly and when firmesssggmmetric. When there are m
than two firms, it is a widely-documented experitanfinding that collusion is ra
without communication and we find that result robtostallowing firms to make pric
announcements. While price announcements do rastigher prices for an asymmet
duopoly, there is little evidence that they are rdimating their behavior in the sense
acting consistent with a collusive equilibrium. Wihi'ms engage in unrestricted comr
nication, coordination on high prices occurs whefirens are symmetric or asymmetric
and regardless of the number of firm

Section 2 provides a brief summary of experimentalk pertinent to the curre
study. Section 3 describes the experimental dessgwedl as the theoretical model
derlying the experiment. The results from the ekpents are described and discus
in Section 4.

2 Literature Review

Pertinent to this paper are past studies that @xpatally examine how the frequency
extent of supracompetitive outcomes depend onhd)ntethod of communication betwe
firms about price or quantity intentions; and 2)rfiheterogeneity. There is a volumin
literature addressing the first issue, while theadetxperiments addressing the second i
is relatively sparse. There are no experimentsatdtess the interaction of communica
and firm heterogeneity, which is the primary foaighe current study. We provide her
brief summary of results from previous experiments] an extensive review is available
our working paper (Harrington, Hernan-Gonzalez, angaK 2013). Previous surveys
the experimental literature on communication oiritons in an oligopoly include Cas
(2008), Normann (2008), Haan, Schoonbeek, and W{2k®©9),

and Potters (2009)

The communication protocols used in past oligopolgeziments can be partition
into four categories. In all of these cases, theoamcements made by subjects are
binding. A Simple Price Announcement protocol inked one or more subjects
nouncing a price and, in some experiments, subjasgonding to an announcement
affirming or rejecting it. An Iterative Price Annnaement protocol has multiple sta
where price announcements made in an earlier segjact the announcements that
be made in the current stage. A Strategy Announcepratocol has subjects announc



not a price but a strategy for the game or, more generally, some set of contingenc
Finally, a Chat protocol allows for either oral or written communication using r
language with minimal restrictions though typically prohibiting a subject from revealing
his or her identity.

The following results are distilled from the experimental literature using those ci
nication protocols (and when no communication is allowed). We have noted papers th
for the hypothesized behavior though not every paper finds evidence supportive of tl
regularity.

1.

Without communication, prices above static Neghilibrium levels commonly oc-
cur when there are two sellers but very rarely occur with more than two
(Dufwenberg and Gneezy, 2000; Huck, Normann, and Oechssler, 2004; Enge
Rojas, 2012; Friedman, Huck, Oprea, and Weidenholzer, 2015)

. Compared to prices when sellers do not commtmi@dlowing sellers to announce

prices results in initially higher prices but then prices decline to levels mildly ab
close to levels when communication is prohibited. (Holt and Davis, 1990; Casor
Cason and Davis, 1995; Harstad, Martin, and Normann 1998; Hinloopen and Sc
2008; Bigoni et al, 2012; Cooper and Ku'hn, 2014)

3. Making communication costly tends to raise .risoqendersson and K\/lenﬁsﬁr('
(2007) and Andersson and Holm (201§)ssume a cost per message, while Hinlo
and Soetevent (2008) and Bigoni et al (2012) assume probabilistic penalties -
firms agreeing to communicate.)

. Compared to prices when sellers do not commuejcdat produces significantly

higher prices which persist over time. (Friedman, 1967; Issac and Plott, 1981
Ramey, and Williams, 1984; Davis and Holt, 1998; Dijkstra, Haan, and Schoc
2011; Fonseca and Normann, 2012; Cooper and Ku’hn, 2014)

. Compared to when firms are symmetric, asymmeiosis result in lower prices.

(Mason, Phillips, and Nowell, 1992; Mason and Phillips, 1997; Fonseca and Noi
2008; Dugar and Mitra, 2009; Argenton and Mu"ller, 2012)

Pertinent to the current study, the literature hatsatddressed the following questions

What is the effect of firm heterogeneity on the efficaf communication?

What is the effect of firm heterogeneity and the number of firms on the efficacy ¢
unrestricted communication compared to price announcements?

Do price announcements allow firms (whether symmetric ¢ asymmetric) to effec-
tively collude when there are more than two firms?



3 Experimental Design

The experimental setting is a variant of the Bertrand price game in which sellers make
posted offers, have homogeneous products, and may have different cost functions. In
each period, a seller chooses a price and an upper bound on how much it is willing to
produce and sell (this choice variable will allow sellers to allocate demand). The horizon is
indefinite and the history is common knowledge. Section 3.1 provides a detailed
description of the setting. A summary of the equilibrium properties for the game are
provided in Section 3.2. The various treatments are described in Section 3.3, and the
procedures deployed in conducting the experiments are summarized in Section 3.4.

3.1 Environment

Sellers offer 1dent1ca1 products and face market demand D (P) = 150 — P with 150 com-
puterized buyers The experiment consists of a multi-period posted-offer market with
participants playing the role of sellers. At the beginning of the experiment, subjects are
randomly matched in groups of » people and the match is kept fixed throughout the
session. Subjects are told that a session will last for at least 40 periods after which there
1s an 80% chance in each period of the session continuing to the subsequent perlod

Each seller’s cost function is a step-function with the low cost step equalling 10 and
the high cost step equalling 54. Seller /is assigned 4i.low cost units and £+ high cost
units so the cost function is

U " f W0k+54( —k) ifge (ki ., kLt k1)

In all treatments, industry capacity is fixed at 24 units of low cost capacity and 180 units of
high cost capacity, while the allocation of those units across sellers varies across
treatments (and will be described later). Thus, market demand and the industry cost
curve are as depicted in Figure 1

In each period, subjects simultaneously choose a price and a maximal quantity (to be
sold). A subject’s total number of units produced and sold equals the minimum of its
demand and the maximal quantity it selected. Subjects are told that low cost units will be
sold first, and any excess demand will not be carried over to the next period. Sellers only
incur costs for the units sold. Subjects have 60 seconds to select a price and a maximal
quantity, and there is only one price-maximal quantity offer posted by a subject in each
petiod. If a subject chose not to post an offer then s/he earns zero profits for that penod
Once subjects post their price-maximal quantity offers, the market clears. Buyers first
purchase from the low price seller until demand or the low price seller’s maximal quantity is
reached. If there is any residual demand, the process is repeated for the next lowest price
seller and this process continues until all demand is met at the prevailing prices or
maximal quantities are achieved. Buyers only purchase units if the price is equal to or

“There is one buyer with a valuation of 150, one with a valuation of 149, and so
forth. *The shortest session ran for 40 periods while the longest one lasted for 53
periods. 6A seller posted an offer more than 98% of the time.
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(Notes to Editor: Print this graph in B&W.)

Figure 1: Industry Cost and Demand

below their valuation for those units. In case of a tie, the system alternates between sellers -
buying a single unit from each seller (with identical prices) - until all available units are
exhausted. Subjects are informed about the tie-breaking rule and that the buyers are
computetized.

At the end of a period, each subject learns the price-maximal quantity offers of all
subjects in their group as well as all subjects’ results in terms of units sold and profit
earned. They can also review the entire history at any point in time. The environment that
subjects face is common knowledge; in particular, they all know market demand, the
number of sellers, and each seller’s cost function. Subjects are provided with a profit
calculator where they can input price-maximal quantity offers for all sellers and learn the
resulting profits. They ate told: ”The profit calculator allows you to estimate your (and
others’) profits. To do so you can input your price and quantity and make guesses for the
other sellers.”

The asymmetric treatment involves two firms. One subject is randomly selected to be
firm 1 which is given more units of low cost capacity than the other subject playing firm 2,
and these roles are kept fixed throughout a session. For all firms, the amount of low cost
capacity is set sufficiently low so that each firm’s capacity is used up at the static Nash
equilibria and at the joint profit maximum. As shown below, this specification has two
implications. First, firms have the same ordering over a common price and, in particular,
agree that the best common price is 102. Second, the static Nash equilibria are the same
in both the symmetric and asymmetric treatments.

As the two-step marginal cost function departs from the standard specification, let us
conclude by highlighting several appealing properties of it. First, under the more common
assumption of constant marginal cost, Nash equilibrium involves weakly dominated
strategies when firms are symmetric which can cause unstable behavior. With the two-step
marginal cost function, Nash equilibrium is not in weakly dominated strategies
and firms earn positive profits. Second, under the assumption of constant marginal cost
(with a finite price set), there are many Nash equilibria and this indeterminacy could con-



found the analysis when we compare results for symmetric and asymmetric cost functions.
Third, by assuming that the cost asymmetry applies only to a small number of units, the
set of static Nash equilibria with the two-step marginal cost function are identical for
symmetric and asymmetric treatments, but collusive equilibria can differ (as we show in
the next section). Thus, firm asymmetﬂes are relevant only when firms try to collude,
which is the focus of this study

3.2 Theory

In the static game, a pure strategy is of the form (p, r) where p is a firm’s price and r is a
firm’s maximal quantity. In characterizing equilibria for the static game, we will allow for
mixed strategies. Let 1i (p) denote the maximal quantity associated with firm i choosing
price p (whether as part of a pure or mixed strategy). Note that when p > 54 (which,
recall, is the cost of high cost capacity units), ti (p) is part of an optimal strategy as long
as it is as least as large as residual demand. In addition, setting the maximal quantity at
least as large as market demand D (p) weakly dominates setting it below market demand.
We will focus on Nash equilibria in which 1i (p) ~ D (p) when p ~ 54.

The following proposition holds for the parametric assumptions in the expenment

Proposition 1 Consider a mixed strategy Nash equilibrium in which ti (p) ~ D (p) Vp ~
54 in the support of firm 1’s strategy, V1. Each firm’s strategy assigns probability one to
prices in {54, 55}.

The set of Nash equilibria underlying Proposition 1 is composed of all firms pricing at 54,
all firms pricing at 55, and firms randomizing over 54 and 55. Thus, the competitive
price” is 54-55.

Turning to the indefinite horizon repeated game, there are obviously many subgame
perfect equilibria. To gain some insight, suppose sellers settle on the Nash Bargaining
Solution when the choice set is composed of all stationary outcome paths implementable
using the grim pumshment Let us further limit our attention to firms choosing a com-
mon price but possibly setting maximal quantities in order to unequally allocate market
demand. In this case, it can be shown that firm heterogeneity does not matter in that the
resulting outcome is symmetric.

Proposition 2 The Nash Bargaining Solution for the set of outcomes sustainable by grim

ggme rzagers A7 expressgg concerni that the experimental setting may be too complex because, in

contrast to the usual modeling of Bertrand price competition, marginal cost is a step function and subjects
choose a maximal quantity as well as price. In a footnote at the beginning of Section 4.3, we note that
experimental output is consistent with subjects understanding the market setting as reflected
in profit-maximizing behavior.
sAll results in this section are proven and discussed more extensively in Harrington, Hernan-Gonzalez,

and Kujal (2013) and are available in the Online Appendix.

*This specification was used in Harrington (1991) for the duopoly case when k3= 0 and k2’ = co
(that is, constant marginal cost that differs between firms). Also see Mikl6s-Thal (2011) where optimal
punishments are considered.



While firms’ traits then need not affect collusive behavior, this was shown for just one
possible specification of collusion. If an equiltom has all firms producing at least
much as its low cost capacity (for all historieten the equilibrium conditions ¢
independent of the amount of low cost capacity. Heweconsider a strategy profile
which the punishment has the deviator sell zerosfmme number of periods and, a
doing so, there is a return to the collusive outeoiMow equilibrium conditions depend
a firm’s low cost capacity because a firm with more low cost capacity foregoes more profit
when it produces zero. By affecting the set of equiim outcomes from which the
cartel selects, firms’ traits may then result in an asymmetric outcome.

To pursue this latter point, consider the followstgategy profile where the collusi
outcome has all firms set a common price and firfs share of market demand is si. If a
firm deviates from the outcome path, suppose that thespomgnt has the deviator choos:
(p,r) — (55, D (55)) and the non-deviators choose (p, — (54, D (54)) for one perioc -
so the _deviator sells zero and the non-deviators share_market demand at a price of
then there is a return to the collusive outcome. This punishment applies whethel
deviates from the original collusive path or the punishment path. Considering this
strategy proifle at the joint proift maximizing price 32 and assuming capacities for th
asymmetric duopoly treatment(kL koo )=-(18, 6) - it can be shown that all equilibri
conditions are satisfied if and only f® .403 and 8= .504.Thus, a higher market share
for the high cost firm may be required in ordeststain collusion.

Though our analysis of dynamic equilibria is lintifghere are two useful takeaway:s
First, there is a wide class of scenarios whereby the collusive outcome is symmet
when firms have different cost functions. If firms focus on equilibria in which they a
produce at least as much as their low cost capacity (such as with symmetric e
constructed on the grim punishment) and the selection of an outcome does not de
relative profits then the prediction is that the collusive outcome will involve equal 1
shares. Second, scenarios have been identified whereby the collusive outcome has
with fewer units of low cost capacity assigned a higher market share. If the punishm:
in equilibrium has the deviator produce zero (for some length of time), it is the
higher cost firm’s equilibrium condition that is most stringent which means it will need to
have more market share.

33 Treatments

There are three treatment variables: number of firms, seller cost heterogeneity, a
munication. The number of firms varied between 2 3 and 4. In the symmetric treatmen

all sellers have the same number of low cost agl bost units. The asymmetric treat
ment - which was run only for the case of a duopofgsumes that both firms have t
capacity of 102 units with firm 1 having 18 unitSlow cost capacity and firm 2 havil
6 units of low cost capacity. The various treatnsenith regards to the number of fir
and cost conditions is shown in the bottom row a@blE 1. Finally, there are thr
communication treatments:

e No Communication: Sellers cannot communicate in any form with theials.



Sellers simultaneously choose price-maximal quantity offers and have a maximu
seconds to make a decision. If offers are made earlier, the system imm
determines the market outcome and informs sellers of the outcome. Sellers also
option of not posting an offer by clicking on the “Do not send an offer” button. Sellers
have access to the entire history.

e Price Announcement: Sellers are informed that each period of the sassimsists
of two stages. In the first stage (Price Announcement), sellers simultaneously ch
not) to make a single non-binding price announcement regarding the price tf
select in the market competition stage. Thus, communication between se
exclusively numeric and no additional information can be transmitted.
announcements are simultaneously released to the other sellers. All sellers know
that all price announcements are non-binding, drad they can choose not tc
make an announcemerft While the first stage can last for up to 60 semritl
immediately goes to the second stage if all annomecgs are made before the ti
limit. As in the No Communication treatment, thecsed stage has the
simultaneously make price-maximal quantity offerd.iAformation is common ar
sellers have access the entire history, including all sellers” announcements.

e Chat: Sellers are informed that each period of the sessinsists of two stages. In
the first stage, they can participate in an onkthat room where they communic
with the other seller(s) for 60 seconds. The comigation protocol is explicitly e»
plained to the participants: “You are free to discuss any aspects of the experiment,
with the following exceptions: you may not reveal yoame, discuss side payme
outside the laboratory, or engage in inappropriatgliage (including such shorthi
as ‘WTF’). If you do, you will be excused and you will not be paid.” As in the No
Communication treatment, the second stage has #igmaltaneously make pric
maximal quantity offers. Sellers have access to éhd@ire history, including a
sellers’ messages.

The No Communication treatment describes the usual environment in which firms c
coordinate by signaling through their actual transaction prices. The Price Annour
treatment captures a feature of some markets in which firms can make non
announcements about future prices. For example, advance price announcements |
deployed and argued to have produced supracompetitive prices in steel (Scherer, 198
airlines (Borenstein, 2004), and diesel and petrolifu@laiwan (Fair Trade Commission,
2004)." The Price Announcement treatment is designedwe fyfms an instrument by

which to coordinate that is short of express comivatnon. The issue is whether pric:

°A seller can either click the button Do not send an announcement” or not submit an announcement
and wait until the end of the announcement perio

"In our experiment, price announcements can onlgdaffeller behavior because buyers are simu
and, even if buyers were live, they would be irvalet to buyer behavior. It is then best to thinktioé
Price Announcement treatment as relevant to markewghich these announcements are not receive
buyers (for example, they occur through a tradeeission) or where such information is of littlelua
to buyers.
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Symmetric Asymmetric

Communication Protoco

m=2 m=3 m=4 m=2
No Communication SNC2 [12]| SNC3 [8] ANC2 [13]
Price Announcements | SAN2 [12] | SAN3 [8] | SAN4 [6] AAN2 [12]
Chat SCH2 [12] SCH4 [6]| ACH2[12]

| Cost Treatmentgkscks [ (12,90) [ (8,60) [[ (6,45 [[(18,84),(6,96) |

Table 1: Experimental Treatmeni

announcements are sufficiently informative to induce coordinated beRaviamally, the
Chat treatment models explicit collusion in that firms can engage in unrestricte
munication in order to coordinate on a collusive outcome and engage in an exchange
assurances

Table 1 summarizes the different combination ohtmeents used in the experimen
along with the notation we will use when referritigthe treatment. In brackets [ ] is
number of sessions run with that treatment. Givee targe number of possit
combinations, the number of sellers-firm heterogigngeatments were chosen to m
the best use of our budget by avoiding treatmeh#&t twere unlikely to provide ne
information. For example, if m firms for a treatmemelded competitive results then
did not run the treatment with more than m firmsitas likely to produce competiti
results.

34 Procedures

Our subject pool consisted of students from Chaptdaiversity which is a major Ame
ican university with a diverse population. Partamps were recruited by email from a p
of more than 2,000 students who had signed up tiocgeate in experiments. Emails we
sent to a randomly selected subset of the pookuafents. Subjects were recruited f
total of two hours. The experiments took place iayd2011. In total, 242 students
participated in 73 duopoly, 16 triopoly and 12 quogmbly experiments.

The instructions were displayed on subjects’ computer screens and they were told thai
all screens displayed the same set of instructibhey had exactly 20 minutes to read
instructions (which are provided in the Online Apdix). A 20-minute timer was sho\
on the laboratory screen. Three minutes before ethé of the instructions period,
monitor entered the room announcing the time remgiand handing out a printed cc
of the summary of the instructions. None of thetipgrants asked for extra time to re
the instructions. At the end of the 20-minute instion round, the experimenter closed
instructions file from the server, and subjects t/pleeir names to start the session.
interaction between the experimenter and the ppaits was negligible.

The show-up fee was $7.00 and average payoffs (including the show-up fee) varie

2We intentionally did not allow firms to also ann@en maximal quantities because such qua
announcements are very uncommon though have occimréhe automobile industry (Doyle and Sny:
1999).



a low of $18.85 (which was for triopoly with the No Communication treatment) to a high
of $34.35 (which was for duopoly with the Chat treatment).

4  Results

Our interest is understanding the conditions under which subjects settle down on a col-
lusive equilibrium. When collusion does emerge, we do not generally expect it to occur
immediately for a subject may go through a learning phase as she seeks to become better
informed about the market environment and other sub]ects strategies. For this reason,
results are reported for periods 1-20, 21-40, and 1 -40." We expect results for periods 21-
40 to be most informative and, in fact, there is evidence of learning in the early periods as
revealed both through choices and in the messages from the Chat treatment.

41 Baseline: No Communication

Let us begin by considering the benchmark protocol of No Communication (N C). Table 2
reports the mean, median, and standard deviation of average market prlce We test
whether market prices are equal to (or exceed) the competitive price using a non-
parametric test in hght of the small number of observations and that market price is not
normally distributed.'® Mean and median market price exceed 55 in all treatments so it

is at least as high as the static Nash equilibrium price of 54-55. Average market price is
significantly higher for symmetric duopoly with a price of 69.5 (p-value =~ — .003) and for
asymmetry duopoly with a price of 63.0 (p-value =-.011). In contrast, the average market
price for symmetric triopoly is 56.3 which is very close to the competitive price (p-value

— .363).

Co)nsistent with previous findings in the experimental literature, supracompetitive
prices occur with two sellers but not with three sellers. We also find for the case of a
duopoly that prices are higher when firms’ cost functions are identical though it is only
barely statistically significant. For periods 1-40, prices are higher under symmetry by
8.5% (p-value =.103; see Table 4), and are higher for periods 21-40 by 10.3% (p-value —
128).

Result 1: For the case of no communication, average market price exceeds the competi-
tive level in duopoly (symmetric and asymmetric) but not in triopoly (symmettric).
For the case of duopoly and no communication, average market price is higher when

“Recall that the length of the horizon is 40 periods for sure and is then stochastically terminated.
There was no evidence of end-game effects before or after period 40.

“The market price is the sum of firms’ prices weighted by the firm’s market shares, and the average
market price for a group is the market price averaged across all periods (and is the unit of observation
for calculating the statistics in Table 2).

®The histograms on market price are available in the Online Appendix. A one-sided sign test is used for
which the null hypothesis is median market price = 55 and the alternative hypothesis is median market
price> 55. Given that theory predicts that price will not be less than the static Nash equilibrium price but
could exceed it, a one-sided test seems appropriate.



firms have identical cost functions than when they have different cost functions
(though the difference is not statistically significant at conventional levels).

4.2 Signaling: Price Announcements

In assessing the effect of the communication protocol on behavior and how its effect
depends on market structure, it is important to note that collusion is more than high prices;
it is a mutual understanding among firms to coordinate their behavior which is formally
expressed as a collusive equilibrium for an indefinite horizon game. Prices could be high
and yet firms may not be colluding. For example, firms may periodically raise price in order
to attempt to coordinate a move to a collusive equilibrium but never succeed in doing so;
high average prices are then the product of failed attempts to collude. Or sellers may
engage in randomized pricing that periodically results in high prices - thus producing high
average prices - but again there is not the regularity in prices one would typically associate
with a collusive equilibrium. In the ensuing analysis, sellers will be said to be colluding
when prices are high and follow some stable pattern. This could mean consistently setting
identical prices and equally sharing demand. Or firms could consistently set different prices
with the firm with the lower (but still high) price restricting its supply so that the firm with
the higher price has residual demand. Or firms could alternate over time with one firm
selling to the market and the other firm pricing itself out of the market or not participating.
Recognizing the different forms that supracompetitive

outcomes can take, various measures will be used in our analysis.

As an initial step, let us focus on collusion that takes the form of firms setting identical
supracompetitive prices. To identify the extent to which price announcements results in
such an outcome, we will report average market price and two measures of coordination:
the number of periods for which sellers set the same price exceeding the competitive price
(Same) and the longest number of consecutive periods for which sellers set identical prices
(Duration). Sellers achieving a high average price and high measures of Same and Duration
is compelling evidence that they are colluding. If sellers achieve a high average price and
low measures of coordination then it could either be that firms are not colluding
or are colluding in a different manner.

In going from the No Communication to the Price Announcement treatment, Table 2
reports that the average market price under duopoly substantially increases, whether
tirms are symmetric or asymmetric. Using a Mann-Whitney-Wilcoxon test (see Table 4),
this difference is statistically significant for asymmetric duopolies (e.g., p-value — .004
for periods 1-40) but only marginally so for symmetric duopolies (e.g., p-value — .133
for periods 1-40). Though the increase in average price is actually larger in absolute and
percentage terms when firms are symmetric, the standard deviation is much larger. We
will return to this point later.

Having the ability to make price announcements proves insufficient to produce col-
lusion when there are more than two firms. For symmetric triopolies, average price is 57.7
(periods 21-40) which is close to average price without announcements (56.3) and to the
competitive price (54-55). Similar results were found in six sessions conducted with four
symmetric firms. In sum, price announcements matter when there are two sellers -
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whether symmetric or asymmetric - but not when ttegeemore than two sellers.

One of the most robust findings in the experimethtatature on collusion is that, in
the absence of communication, three or more firery varely collude. Our results sh
this result to be robust to allowing communicattoroccur through price announceme
There is a fundamental difference in the strategicertainty faced by two firms and
more than two firms. With a duopoly, a firm that aonces a high price need o
convince the other firm that it intends to set ghhprice in order to induce that rival fi
to also set a high price. But that is insufficiewmhen there are three firms. T
announcement of a high price by firm 1 may convinoag 2 and 3 that firm 1 intends
raise price but firm 2 may be uncertain as to whefirm 3 drew the same inference
thus uncertain as to whether firm 3 will raise pricOur results suggest that pr
announcements are inadequate for surmounting takeciye of higher order
beliefs necessary to achieve collusion when therareore than two firms.

While price announcements are producing higher aeepges for duopolies, ha
firms coordinated on a stable pattern of prices?ntimang the coordination measures
Table 3, there is more than a doubling in the numifeperiods in which firms in
symmetric duopoly set identical prices, as it ilases from 5.3 to 13.0. It is even m
impressive if we focus on periods 21-40 where tlegudency of identical prices rises fr
18% of the time to almost 45%. Furthermore, thighlkr frequency of equal prices is tir
dependent: Probit regressions show that the probability that firms’ prices are identical in
the current period is higher when they were idefic the previous periotf. The Duratiol
measure tells the same story, as the average mlarumaber of consecutive periods
which firms set the same price goes from 2-3 to Ppdéiods. In contrast, pri
announcements do not produce any increase in thelioation measures when firms
asymmetric. Though the differences for symmetnim$ are not statistically significant
the usual standards (see Table 4), the evidersgjigestive that price announcements
are producing more coordination for symmetric duagsol

Of course, the lack of evidence for increased catibn in asymmetric duopoli
may just reflect the inadequacy of our measures. SanteDuration are designed
detect coordination on identical prices. Perhapse tb cost differences, asymme
duopolies collude with different prices and choosaximal quantities so as to alloc
market demand, or instead alternate in supplyingetitere market. If firms have settl
down to such supracompetitive outcomes then thikbeireflected in high and stable
industry profit.

Figures 2 and 3 report the mean and standard deviation of industry profit over per
40 for asymmetric and symmetric duopolies, respectively, and for both the No

'” Collusion is associated with the

run where thpethdent variable was a dummy for whether
flrms in the market set the same price (above 55)ai, and have the one-period lag of the deper
variable as the regressor. The estimated coeffiad@nthe regressor is always positive and significa
all of the duopoly treatments (all p-valugs0.05), for periods 1-40. Similar results occur fariods 21
40 (all p-values< 0.029), except for treatments SNC2 and AAN2. Thesallts are available in the
Online Appendix.

"The joint profit maximum vyields profit of 3360, whiindustry profit is 1056 when all firms set a
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northwest quadrant where industry profit is highhwlibw volatility. Examining Figure :
price announcements raise average industry profia§ymmetric duopolies but there
no observations of high and stable profit (relatiwevhen firms are not permitted to m.
price announcements). In contrast, price announogmesult in noticeably higher a
less variable profit for one-third of the symmetdoopolies. For those four duopoli
industry profit is higher and the standard deviatis lower than in any of the
symmetric duopolies in the No Communication treattm&his evidence is consistent w
price announcements increasing the extent of adollufor symmetric duopolies but r
for asymmetric duopolie¥®

Result 2: When firms can make price announcements then - ao@ato no communi-
cation - firms in a duopoly set higher prices whettieey are symmetric or asy!
metric, but firms coordinate more only when they ayenmetric. When there &
more than two firms, price announcements do natlté&s supracompetitive price:

There is a rather natural explanation for why praggmouncements are more effectivi
producing collusion when firms are symmetric. Wisetiers have identical cost functio
a symmetric supracompetitive outcome is focal, ead be implemented by coordinat
on identical prices. However, when sellers havdedint cost functions, a symmei
outcome is no longer focal. An asymmetric outcomeld be produced in a variety
ways but arguably the most straightforward is fetless to set identical prices &
unequally allocate market demand, which is what basn done with many cart
(Harrington, 2006). For example, if sellers wantedupport the joint profit maximum a
have the high cost seller receive 60% of market atein both sellers could charge
monopoly price of 102, which yields market demahd®& and have the low cost seller
its maximal quantity equal to 19, which will resit the high cost seller supplying 1
residual demand of 29. However, this collusive ouate requires coordination of pric
and quantities. The difficulty in coordinating on equaices and unequal quantities in
Price Announcement treatment is that sellers alg ahowed to announce prices.
course, just because an asymmetric outcome malebmost desirable collusive outco
for an asymmetric duopoly, it does not imply thiam&s would try to coordinate on it. If
is perceived to be too difficult then they coulctcdie to coordinate on identical prices
equally share market demand; some collusion issbétian competition. However, thai
not what we are finding. Under asymmetric duopssjlers are not coordinating
on a common price

To complement the preceding nonparametric analysiegl data regressions wer
conducted to measure the effect on market prich@fcommunication protocols anc
cost structures. The empirical model 1 =t + BX; + «i""*" i1 is the market
price in group/ in period £ and X;; are dummy variables for each treatment. Simila
to previous studies, we allow for serial autocatiein of the disturbanc¥. The model

price of 54.

*These measures look at the mean and standard ideviat periods 21-40. A duopoly could succeed
in colluding late in the horizon and thereby failltave a high stable profit in this 20 period windo
Inspection of the time series for all of the groupgeals only two such cases

“See Mason, Phillips and Nowell (1992), Mason andipi(1997), and Argenton and Mu’ller (2012).
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was estimated for duopolies and for periods 1-204Q, and 1-40. In Table 5, DAnn
a dummy variable that takes the value 1 for the @Announcement treatment (e
value 0 for the No Communication treatment), DAsigma dummy variable that tak
the value 1 for the asymmetric cost treatment,@wadlso have an interaction term fc
the communication and cost treatmen

Confirming Result 2, the coefficient on DAsym is negative (and significant exce
periods 1-20) indicating that, when communication is prohibited, prices are lower whe
are asymmetric. Permitting firms to make price announcements raises price by
symmetric duopolies and 7.64 for asymmetric duopolies (using the estimated coeffici
periods 21-40). While the negative coefficient on the interaction term DAnn x DA:s
consistent with the claim that indirect communication through price announcements is
a more effective collusive device when firms are symnitigt is not significant.

Let us now return to the issue of the high standidation for average market pr
for a symmetric duopoly under the Price Announcentesatment (see Table 2). .
inspection of the price paths for individual groupseal that, under symmetric duopol
sellers either set high identical prices (5 out of 12 groups) or prices near compatitige |
with some unsuccessful forays into supracompettvatory (5 out of 12 groupsy’ It is
this dichotomy in outcomes which we believe is resgaador the high standard deviatic
Either firms have great success in colluding or verjelistuccess. Such a property is
found for the case of asymmetric duopoly. These dane supported by Figure 4 where
observation is a group’s average market price and the number of periods for which firms set
the same price. When firms are symmetric, the obsensaform two (circled) clumps; o
with low price and low coordination, and the other whilgh price and high coordinati
(with the exception of one group with high price and mordination). Note that thewes
average price for the groups in the ”high Same” clump exceeds the highestaverage price ft
the groups in the ”low Same” clump. Also, 5 out of the 12 symmetric duopoly groups have
average price close to the monopoly price of 102. Whers are asymmetric, there is
apparent relationship between average price anddljadncy
with which firms set the same price

Summarizing this section, the ability to make nonding price announcements p
duces more collusion - as reflected in stable suprgpetitive outcomes - only for sy
metric duopolies. For symmetric duopolies, if priaenouncements are able to proc
collusion then the collusion is often near-maxinmathat sellers consistently set prices 1
the monopoly level. While price announcements deeraverage prices for asymme
duopolies, there is little evidence that sellers aoordinating; they do not set comn
prices, and an examination of profit does not suppoordination on an asymmet
outcome.

43 Express Communication: Chat

Turning to the Chat treatment, collusion is rampaetlers set high and identical price:
most of the time and in almost all groups. FromI&dbfor the symmetric case, averag:

»Price paths for all 12 groups are available in@ine Appendix.
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price is 91.2 over periods 1-40 (which is 77% of the gap between the competitive and
monopoly prices) and is 98.9 over periods 21-40 (93% of the gap). Even more impressive,
the median price is the monopoly price of 102 (periods 21-40). Prices are just as high when
the duopoly has asymmetric firms with an average price of 91.2 for periods 1-40 and an
average price of 99.5 for periods 21-40. Finally, when there are more than two sellers,

chat is producing near-monopoly prices, while prices are close to competitive levels when
sellers could only make price announcements. 2'2

We previously noted that, when sellers are symmetric, coordination is higher with
price announcements compared to when there is no communication, and we find that
they are yet higher when sellers can chat. From Table 3, the percentage of periods for
which symmetric sellers set the same price (during periods 21-40) is 18% with no
communication, almost 50% with price announcements, and more than 90% with chat.
Furthermore, there was near-perfect collusion in 11 of the 12 groups as firms charged
identical prices starting in period 27 (or earlier) and the average market price was between
97 and 102. When sellers are asymmetric, the percentage of periods for which sellers set
the same price (during pisrfbd$2d wth either no communication or price announcements
and rises to almost 55% with chat.

However, that measure understates the extent of collusion because some groups co-
ordinated on different prices. Table 6 reports summary statistics for the 12 asymmetric
groups with chat (for periods 21-40). Seven groups coordinated on identical prices near
the monopoly level and another three groups coordinated on different prices (as revealed
by inspecting the price and quantity paths). Sellers in group 2 alternated between a price
just above 145 and a price of 145 so they took turns selling at 145 (which actually resulted
in low profit because price was too high). Group 6 settled down to a stationary outcome
in which the low cost seller prices at 90 and the high cost seller prices at 82 and limits its
supply to 42 so that the low cost seller has residual demand of 18. This outcome allowed
them to earn the same high profit. Finally, sellers in group 10 alternated between a price of
102 and not posting a price so that each earned monopoly profit every other period.23

Result 3: When sellers can engage in chat then - compared to either no communication
or price announcements - sellers set higher prices and coordinate more, whether
they are symmetric or asymmetric and whether there are two sellers or more than
two sellers. With chat, prices are often at or near monopoly levels.

Table 7 reports estimates from panel data regressions which allow us to compare the
efficacy of communicating through chat with non-binding price announcements. Express

*Jn Table 2, prices for four symmetric sellers in the Chat treatment far exceed the prices for three
symmetric sellers in the Price Announcements treatment.

2With regards to the earlier expressed concern that the experimental setting may be too complex,
subjects’ behavior does not support that concern. As just noted for the Chat treatment, the median price is
at or very close to the monopoly price which indicates that they have solved the joint profit maximization
problem. For the No Communication treatment, results are consistent with previous experiments in that
market price for two subjects exceeds the static Nash equilibrium price, while market price for three or
more subjects is close to the static Nash equilibrium price.

2Group 4 also had a high average market price but their conduct did not settle down to any recognizable
pattern.
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communication significantly raises price. When firgse symmetric, price is higher
19.43 and, when firms are asymmetric, the priceeiase is 28.71 (using the estime
coefficients for periods 21-40). The positive cogéint for the interaction term suppc
the claim that direct communication through chaa imore effective collusive device wt
firms are asymmetric, compared to price announcéndrhus, the incremental value
directly, as opposed to indirectly, communicatiisggreater when firms have different ¢
functions.

Result 4. For the case of duopoly, the incremental effecpare of chat compared
to price announcements is greater when firms are asymmetric than when t
symmetric.

5 Concluding Remarks

The primary objectives of this project are to inugste: 1) the efficacy of non-bindi
price announcements in producing collusion; 2) ¢lfffecacy of unrestricted communic
tion relative to price announcements in producinfjusion, and 3) how the answers
those first two questions depend on market strecturterms of firm asymmetries and
number of firms. One main finding is that price anncements clearly increase
frequency of collusion for a symmetric duopoly bt mbt facilitate collusion when firr
are asymmetric or there are more than two firmse fear-universal experimental find
that it is very difficult for three or more firms toordinate on high prices when there i
communication is shown to be robust to allowingnisr to communicate through pr
announcements. Though price announcements do aaiseage price with asymmet
duopolies, there is little evidence that they abéeao generate stable supracompet
outcomes. Regarding the efficacy of unrestrictechmanication, it is highly effective
producing collusion whether firms are identical rmt and regardless of the numbel
firms. For all cases, prices and profits are sigaiitly higher when sellers can engag
express communication compared to when only pricgoancements are available. ~
incremental gain of direct communication (throudiaty compared to indirect comn
nication (through price announcements) is largeafbmarket structures but especially
when firms are asymmetric and when there are mwe two firms.

Our experimental evidence is consistent with thewing two hypotheses. First, i
direct communication through price announcemenssifficient for producing collusion
symmetric duopolies. Second, reasonably direct comoation is required to produ
collusion when firms are asymmetric or there argaran two firms. The evidence -
that hypothesis is that collusion was widely obsdrwhen firms engage in online cf
while price announcements rarely resulted in catiaswhen there were more than i
firms or firms had different cost functions. Of ¢ea, there are other forms of indir
communication which may succeed where price annemeats failed. Also, while pri
announcements produced little collusion for asymimetnopolies, higher prices were «
served which may indicate failed attempts at cotigd Perhaps the addition of quan
announcements would be sufficient to result inutin in that case, or allowing firms
announce strategies. At the same time, the asymnmetiur experiment is very mild so
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it is rather striking that price announcements are insufficient for coordination. In actual
markets, firms are substantively asymmetric, yet it seems that price announcements have
worked; for example, in the airlines industry. There is then a gap between what is being
found experimentally and what has occurred in actual markets.

In terms of future research, there is more to be done in allowing for different firm
asymmetries and communication protocols. The cost asymmetry could be made more
extensive by assuming it applies to all units. Other forms of asymmetry to consider are
capacity and product differentiation. It is especially important to investigate other types of
non-express means of communication such as the announcement by a seller of a strat-
egy. Such messages were the basis for at least two Section 5 ”invitagolgg to, 1collude” cases .
pursued by the U.S. Federal Trade Commission in recent yeats. inally, some experi-
ments have allowed for probabilistic penalties in response to sellers choosing to engage in
online chat, in order to simulate the penalties imposed by antitrust and competition law.
Our design could be modified to make online chat an option. Sellers could then seek to
“legally” collude through price announcements or “illegally” collude through online chat.
This design would serve to identify the types of market structures for which sellers opt
for express communication.

#In the Matter of V alassis Communications, Inc., File No. 051 0008, Docket No. C-4160, April 28, 2006; and
U-Haul International, Inc. Docket No. C-4294 Complaint, July 14, 2010.
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Table2: Average Market Price

Average (Median) [Std. Dev] Market Pric

No Communicatiol Price Announcemen Chat
Periods SNC2 ANC2 SNC: SAN2 AAN2 SAN3 SAN4 SCH2 ACH2

SCH4

667 615 585 762 675 580 612 912 012
140  (634) (578) (568) (726) (65.7) (55.7) (610) (927) (90.4)
[118 [109] [81 [176] [59 [46 [74 [125 [17.§]

89.6
(94.7)
[17.1]

640 600 607 729 644 583 632 835 827
120  (613) (566) (560) (645 (643) (56.1) (639) (838) (835)
17 [124] [159] [181 [73] B3 [88] [184] [202]

85.7
(87.2)
[16.9]

605 630 563 795 706 577 592 989 995
2140  (641) (569) (55.6) (765) (728) (558) (555) (102.0) (99.8)
71 [43 [R2 202 4 43  [9 [86 [17.7]

934
(102.0)

[185]

Table 3: Coordination M easures (Duopoly)

No Price Chat
Communication Announcement:
Periods SNC2 ANC2 SAN2 AANZ2 SCH2 ACH2

140 53 40 130 43 205 177
Number of periods wit 4 5, 18 22 40 14 112 67
equalprice (P>55) 5149 35 18 90 29 183 110
o of P 40 25 17 98 18 230 118
oo o 120 10 13 27 08 85 52
2140 23 12 78 15 173 87




p-values for the test that the average Market Price, Same or Duration is the same across two t

Table 4: Mann-Whitney-Wilcoxon Tests

for periods 1-40 (1-20) [21-40]

Treatment 1 Treatment 2 Average Market Price Same Duration
SN2 SAN2 133 (.184) [.273] .368 (.549) [.170] 211 (.583) [.084]
Sap <0.001 (.008) [<0.001] <0.001 (<0.001) [<0.001] <0.001 (.002) [<0.001]
SNC3 .045 (487) [.009] .015(.213) [.014] .014 (.246) [.003]
ANC2 103 (.828) [.128] .225 (.955) [.095] 264 (.929) [.068]
SAN2 Sap .057 (.184) [.022] .008 (.015) [.002] .009 (.010) [.002]
SAN3 .009 (.031) [.005] 002 (.373) [<0.001] .004 (.368) [<0.001]
SAN4 .039 (454) [.011] .002 (.135) [.001] .003 (.148) [.001]
AAN2 .525 (.453) [419] 092 (.717) [.048] 114 (.925) [.047]
SaR Sa# .925 (>0.999) [.758] 963 (.706) [.210] 510 (.851) [.071]
ACH2 564 (.817) [.231] 046 (.111) [.011] .022(.147) [.005]
SNC3 SAN3 916 (.674) [.529] 337 (.386) [.487] .143 (.333) [.535]
SAN3 SAN4 .699 (.366) [>0.999] .330(.370) [.386] 411 (411) [.386]
SAN4 Sa# .016 (.025) [.006] .013(.013) [.007] .013(.013) [.007]
ANC2 AAN2 .004 (.211) [.017] 825 (.737) [.519] .657 (.346) [.414]
ACH2 <0.001 (.002) [<0.001] .009 (.123) [.009] .008 (.093) [.005]
AAN2 ACH2 <0.001 (.008) [<0.001] .015 (.056) [.026] .015 (.032) [.025]

SNC3 — Symmetric, No Communication, Triopol
SAN3- Symmetric, Price Announcement, Triopc
SCH4 - Symmetric, Chat, Quadropc

AAN2 — Asymmetric, Price Announcement, Duopc

SNC2 - Symmetric, No Communication, Duop
SAN2 - Symmetric, Price Announcement, Duop
SCH2- Symmetric, Chat, Duopoly

ANC2 — Asymmetric, No Communication, Duop
ACH2 — Asymmetric, Chat, Duopoly



Table5: Duopoly Market Price— No Communication vs. Price Announcements

Regression Regression Z Regression :
Periods: 120 21-40 140
Constant 64.00** 69.47* 66.74***
(2.52) (2.07) (1.66)
DANN 8.93+** 10.00™* 9.46**
(3.46) (3.20) (2.40)
DAsym -4.04 -6.46** -5.25%
(3.26) (2.67) (2.15)
DAnn x DAsym -4.48 -2.36 -3.42
(4.27) (3.94) (2.97)
F(3, 976) 5.80%** 10.59%
F(3, 1956) 14.89**
N 980 980 (19)

DAnn is a dummy variable which takes value 1 if firms can make price announct
and value 0 otherwis®Asymis a dummy variable which takes value 1 if firms co
functions are asymmetric and value O otherwise. Newey-West standard errors il
parentheses. *p -value<.10, ** p-value<.05, and *** p-value<.01.

Table 6: Asymmetric Duopoly with Chat (periods 21-40)

Average Median Numper of FArm 1 ﬁrm 2 Firm 1 (Low
Group Market Market pe riods (Low cost) (High cost) oot
Price Price with equal Average Average Average
price Profit Profit Market Share
1 102.0 102.0 2 1944 1416 56
2 144.5 145.0 1 335 304 5%
3 1009 102.0 16 1629 1601 41%
4 95.6 95.0 4 1148 1654 %
5 102.7 103.0 18 1753 1523 45%
6 &4 &4 0 1440 1440 %
7 98.0 101.0 17 1603 1640 %
8 9.0 102.0 18 1904 1287 56
9 102.0 102.0 2 1944 1416 5 0774)
10 9%.4 102.0 1428 1186 5%
1 686 645 1 1057 555 %%
12 100.6 99.0 16 1795 1451 47%




Table 7: Duopoly Market Price-Price Announcementsvs. Chat

Regression Regression - Regression :
Periods: 1-20 21-40 140
Constant 72.93%* 79.47%* 76.20%*
(2.37) (2.45) (1.74)
DChat 10.38** 19.43* 14.97%*
(3.83) (2.68) (2.43)
DAsym -8.51%** -8.83* -8.67%*
(2.76) (2.90) (2.04)
DChatx DAsym 7.85 9.28** 8.53+*
(4.91) (3.60) (3.19
F(3, 949) 19.05%*
F(3, 955) 88.98***
F(3, 1908) 69.72%+*
N (99) (99) 9

DChatis a dummy variable which takes value 1 if firms can chat and value 0
otherwise DAsymis a dummy variable which takes value 1 if firms cost function
asymmetric and value 0 otherwise. Newey-West standard errors in parenthese
value<.10, ** p-value<.05, and *** p-value<.01.



Figure 2: Mean and Standard Deviation of Profit - Asymmetric Duopoly

(No Communication and Price Announcement Treatments)

Figure 3: Mean and Standard Deviation of Profit - Symmetric Duopoly

(No Communication and Price Announcement Treatments)




Figure4: Average Market Price and Coordination (Same)

Price Announcement: Symmetric and Asymmetric Duopolies




