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Abstract

For ary cartel,the entranceof a nev competitoris a dangerouslevelopment.This pa-
perdevelopsa dynamicmodelthat,in contrasto muchof the collusionliterature,affords
asubstantiatole to entry Heterogeneourms malke collusion,entry; exit, andinvestment
decisionswithin anevolving ervironment. The modelis calibratedusingdemandandcost
estimatedrom thelysine market, a market in which collusionrecentlyplayeda dramatic
role. The collusive agreementadoptedis basedon a simple rule of thumbwhich is mo-
tivatedby the detailsof collusionin the lysine market. The modelprovidesonerationale
for theemepgenceof a price war uponentry anda meandor examiningthetiming of the
decisionto reinstigatecollusion. It is foundthatan entrantwill wait until it hasbuilt up a
market sharecomparabldo its competitorsbeforeagreeingto collude. Further allowing
for collusive possibilitiestendsto give rise to a lessconcentratedndustry with reduced
consumewvelfare. Themodelis ableto characteris¢he experiencewith entryin thelysine
marketandcouldprovide insightsinto any marketwith collusive possibilities the potential
for entry andsomeuncertaintyaboutthe characteristicef potentialentrants.
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1 Intr oduction

The emepgenceof a new competitorposesa seriouschallengefor ary collusive arrangement.
Carefulexaminationof the experienceof collusionin the market for lysine revealsthat entry
playeda pivotal role. However, mosttheoreticaimodelsof collusionignoretherole of entry. In
fact,mosttheoreticaimodelsallow no role for ary firm actionsthatalterthe collusive environ-
ment. This paperdevelopsa dynamicmodelof collusionin which firms mustrespondo, and
caninfluence theevolution of their ervironment.Firmsarefreeto make decisionsaboutentry;
exit, investmentandwhetherto collude. Themodelprovidesonerationalefor theemepgenceof
apricewar uponentry, anda meandor examiningthetiming of thedecisionto reinstigatecol-
lusion. It alsofacilitatesa comparisorbetweeraworld with andwithout collusive possibilities
alongthe dimensionsof industrystructureandconsumeandproducemwelfare.

Themodelis appliedto the market for lysine,wherethe entry of a competitordramatically
alteredthe experiencewith collusion. Demandand costestimatedor the lysine market are
usedas parametersn the firm profit functions. Knowledge of the operationof collusionin
that market is usedto shapekey assumption®f the model. In particular the natureof the
collusive agreemenin the modelreflectsthe simplerule of thumbthat operatedn the lysine
market. However, the model hasa more generalapplicability. It could provide lessonsfor
any market with collusive possibilities,the potentialfor entry, andsomeuncertaintyaboutthe
characteristicef potentialentrants.

We might expectthe responsef incumbentfirms to the entry of a competitorto depend
critically on how seriousa threatthe entrantis expectedto be. Incumbentfirms may seekto
drive out afeebleentrant,or simply ignoreit. In contrastjncumbentsnay needto completely
recasttheir behaiour uponthe entry of a more substantiacompetitor The modelis designed
to examinesucha situation. Agreementof the recententrantis requiredbeforea collusive
arrangementanbesettled.It wasjustthiskind of entrythatunsettledhelysinemarket. Hence,
thelysinemarket providesaninterestingexaminationof the model’s performancelt shouldbe
noted,however, thatdueto therich natureof theexperiencewith collusionin thelysine market,
we cannothopeto explainall thenuance®f firm behaiour in thatmarket. Ratherl characterise
akey ingredientin the collusive experiencen thelysine market.

| follow FershtmarandPakes(2000)in developinga modelwith heterogeneousrms oper
atingin achangingervironment.Firmsengagen repeatedjuantitycompetitionin amarketfor
ahomogeneouproduct,subjectto capacityconstraints. Thesecapacityconstraintdetermine
the profits enjoyed by firms. Eachperiod,firms canchooseto indulgein investmenspending

LIn applyingthis modelto thelysinemarket, | interpretcapacityasthe stockof interesteccustomersatafirm’s
fingertips,andnot asthe stockof physicalproductioncapacity



aimedatincreasingcapacity andthusallowing greatemprofit opportunitiesn the future. Firms
arefreeto exit shouldtheir competitve environmentbecomeoo hostile. Potentialentrantgoin
the fray if the competitve ervironmentbecomesconducye to them. Incumbentfirms make
decisionsaboutwhetherto collude,takingthesefactorsinto account.

Every cartelmustdecidenow muchto produceandhow to splittheproceedgrom collusion.
Economictheoryprovidesno clearguidanceon this matter The presenimodelappealdo em-
pirical obsenation by adoptingthe simplerule of thumbthatoperatedn the market for lysine.
Thecollusve agreemenspecifieghatparticipatingfirms receve the market sharethey enjoyed
at the time collusionwasinitiated andthat thesemarket sharesare maintainedhroughoutthe
agreementThis assumptiorappealdo the boundedrationality of firms. Therule of thumbis
only (at best)approximatelyoptimal, but may be aneasyrule on which to coordinate.This is
a departurdrom mostexisting modelsof collusion,which assumehe existenceof anoptimal
collusive mechanismor at the very leasta collusve mechanismnvolving a high degree of
rationality on the partof firms. Thatis, participatingfirms areassumedo devise complex con-
ditional punishmenandrewardregimesto createtheincentvesnecessaryo sustainanoptimal
degreeof collusion.

An additionalmotivationfor this rule of thumbrelatesto theinherentuncertaintyof incum-
bentfirmsaboutthecharacteristicef anew entrant.Incumbenfirmswill have only incomplete
informationaboutcrucialattributesof anentrant,suchasits marginal costor productioncapac-
ity. Thesevariablesarekey elementsn the determinatiorof anoptimalcollusive arrangement.
We might expectanentrantto build up market shareovertime asit adwertisescustomerdearn
aboutits product,andit developsa distribution network, but exactly how muchof the market
shouldit receve in animmediateagreement®nlessthe entrantcancredibly corvey its private
information,it maynot be possibleto negotiatean optimalagreement.

In the absencef an optimal collusive mechanismfirms may gravitate toward an obvious
arrangementhat could sene as a focal point. In this contet, a clearfocal point is the ex-
isting market shareof the firms. Schelling(1960) presentexperimentalevidencesuggesting
thatwithout communicationpartieswith coincidingor opposinginterestswill tendto coordi-
nateon a focal point evenif it yields an asymmetricor indeed“unfair” outcome. He argues
that the statusquo also providesa strongattractionin situationsaffording explicit communi-
cation. Schmalense€1987,p.357) notesthatif side paymentsareimpossibleandfirm costs
areasymmetriccolludingfirms maywish to maintainmarket sharesat their non-collusve lev-
els, particularlyif firms have imperfectinformationon their rivals’ costs.In the next section,|
briefly discusghe manifestation®f this problemin thelysine market.

Thecrucialtradeoff for theentrant(or for afirm with asmallcapacityrelativeto its competi-
tors)canthenbe summarisedsfollows. Shouldthe entrantagreeto colludetoday it canenjoy



collusive payofs immediately but will hase a minor sharein the collusive agreementor its
workinglife. If theentrantwaits,it obtainsthereducedrofitsarisingfrom the non-cooperatie
regime, but hasthe prospectof a potentiallymuchlarger shareof the collusive regimein the
future.

Severalotherassumptionplayacentralrolein themodel. First, therearecorvex adjustment
coststo increasingoutput. Suchcostscould take the form of physicalcapacityconstraints,
adwertising, customersearch,or distribution costs. Secondentry is assumedo interruptthe
collusive agreemenasfirms mustnegotiatea new agreementhataccountgor theentrant.This
assumptiorfollows naturallyfrom our consideratiorof entrantof substanceatherthanfringe
entrants. Finally, firms are able to collude on output, but not investmeng This restriction
implicitly assumeghat firms are betterable to coordinateon output than investment. This
may arise becauseoutputis easierto obsere and verify, and the returnsto investmentare
uncertain.Thisis particularlysoif weinterpretinvestmenmorebroadlythansimplyinvestment
in productve capacity

The resultssuggesthat if we permit entry and investmentin an industry with collusive
possibilities,we might expecta muchricher setof firm behaiour. In equilibrium,we obsere
periodsof successfutollusion,price warsdueto entry andpunishmentandentry deterrence.
An entrantwill tendto build up a market sharecomparableavith its competitorsbeforecollud-
ing, unlessimminententry is anticipatedor entry deterrencemight prove fruitful. Thereason
is that, by waiting andforegoing the collusive profitsin the short-run,the entrantcanobtaina
larger slice of the payofs to collusionin the future. Relatve to a world without collusion, if
we permit collusion,we tendto obtaina lessconcentratedndustry as potentialentrantsseek
to benefitfrom the increasegayofs associatedvith collusion. Despitethis result,we tendto
obsere higherpricesandreducedconsumesurplusif we allow collusive possibilities.

Therestof the paperis organisedasfollows. Below, | briefly discusssomeof the related
literatureon collusion. Sectiontwo describeghe operationof collusionin the lysine market.
This providesboth a context for discussiorandareal applicationfor the model. Sectionthree
discussethemodel. Sectionfour sketcheghecomputationahlgorithmusedo solvethemodel.
Resultsare presentedn sectionfive. The type of firm behaiour obsered in equilibriumis
describecandcomparedo amodelwithoutthepossibilityof collusion. Themodelis simulated,
generatingndustry andwelfare statistics. | thenexaminethe flavour of shortterm dynamics
we might obsere by simulatingthe modelrepeatedlychoosingasa startingpoint theindustry
structureprevailing in the lysine market at the time of a majorentryinto the market. Finally, |
illustratetheimplicationsof changingkey parameter$or the model’s predictions.Avenuedor
refinementeandfurtherresearctarediscussedn sectionsix. Concludingremarksarecontained

2FershtmarandPakes(2000)adoptthis assumptiorin a similar context.
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in sectionseven.

1.1 RelatedLiteratur e

Thecollusionliteraturehashighlightedthetensiorbetweertheprofitability of acollusveagree-
mentandthe enforcemenbf the agreement.Stigler (1964) discusseshe industry conditions
conducve to the enforcemenof a cartel. Friedman(1971) demonstrateshat the incentves
for collusioncanbe maintainedthrougha regime of punishmentsandrewards. The patience
of the participatingfirms is crucial for determiningthe viability of collusion. The modelsof
GreenandPorter(1984)and Abreu, Pearceand Stacchett{(1986)reveal that, if firms cannot
perfectlymonitorthebehaiour of theirrivals,periodicpricewarsmaybenecessaryo maintain
theincentivesfor collusion.

An assumptiorcommonto thesemodelsis thatfirms are symmetricandoperatein anun-
changingernvironment. However, introducingdynamicconsiderationgndfirm heterogeneity
candramaticallyalterthe natureof collusion. Rotembeg andSaloner(1986)demonstratéhat
allowing demando vary with time altersthe natureof the collusive agreementhatcanbe sus-
tained. A high level of demandresultsin an increasedemptationto cheaton the collusive
agreementmaking collusion lesseffective in peakdemandperiods. Compte,Jenty and Rey
(1997) considerthe problemof optimal collusionwhenfirms faceasymmetriccapacitycon-
straints finding thatcollusionis moredifficult to sustainwith asymmetridirm capacitiesvhen
aggreatecapacityis limited.

Fershtmanand Pakes (2000) develop a dynamicmodel of collusion with heterogeneous
firms. In their collusiondecisionsfirms explicitly considerthe entry, exit, andinvestmente-
cisionsof incumbentsandpotentialcompetitors.It is foundthat collusionis particularlyhard
to sustainif oneof the firms is likely to exit in the nearfuture. Moreover, allowing for the
possibility of collusioncanhave a dramaticimpacton industry structure. The presentpaper
differsin several respectstwo of which arecrucial for the flavour of the model’s predictions.
First, the natureof the collusive agreemenis markedly different. FershtmarandPakesassume
thatthe termsof the collusive agreemenarenegotiatedeachperiodthrougha staticNashbar
gaininggameof perfectinformation. In the currentpaper the collusive agreemenis designed
to capturesomeof theinformationalasymmetriesgspeciallywith respecto anew entrant.The
collusive agreemenspecifieghat, for thelife of theagreementiirms receve sharesn the car
tel profits basedon their market sharesat the time of the agreementThis reflectsthe inability
of competingfirms, anda recententrantin particular to credibly corvey key informationthat
would determindts market shareundercollusion. Theimplicationis thata prospectie entrant
mustestablishtself througha pricewar beforeit canreceve favourabletermsfrom a collusive



agreementln contrast,n the modelof Fershtmarand Pakes,an entrantwill often anticipate
enteringa comparatiely benignindustryin which collusionis maintaineddespiteentry.

Second,n the currentpaperthe flavour of punishmenis quite different. In the model of
FershtmarandPakes,asin mostof theliteratureon collusion,punishments intendedto deter
deviation from the collusive agreemenby ary firm attemptingto skim additionalprofitsin the
shorttermbeforeits competitorscandetectits deviantbehaiour andcoordinatearesponseBy
its nature,this kind of punishmenwill not be obseredin equilibrium. In the presenimodel,
punishmenis more characteristiof a generaldeteriorationof the agreementThatis, a firm
will willingly invoke the punishmentegimeif it no longerbelievesthe collusive agreemenis
in its interests As we shallsee this kind of punishments obsenedin equilibrium.

Otherauthorshave examinedempiricalapplicationsof collusionmodels.Porter(1983)finds
the existenceof pricewarsin the Joint Executve Committeerailroadcartelandconcludeghat
the patternof pricing behaiour is consistentith the GreenandPortermodel. Ellison (1994)
reexaminesthis dataset,contrastinghe GreenandPortermodelwith the modelof Rotembeg
andSalonerLevinstein(1997)compareshepricewarsin thepre-World War| bromineindustry
with thepredictionsof the GreenandPorterandAbreu,PearceandStacchettpricewarmodels.
It is arguedthatthe natureof the mostsevereprice warsis more consistentith a baigaining
andrengotiationprocesghanwith problemsof imperfectmonitoringanddemanduncertainty
Basedon an examinationof the recentinternationallysine price-fixing conspirag, de Roos
(2000)findsthatimperfectmonitoringmodelsof price warsprovide only limited guidancefor
firm behaiour.

2 Collusionin the Mark et for Lysine

The market for lysine providesa uniqueopportunityto studythe operationof aninternational
cartelin alegal ervironmenthostileto collusion. The original motivationfor the currentmodel
arosefrom anexaminationof thismarket. In thissection will provide abrief descriptiorof the
operationof collusionin the lysine market3 This shouldsene the dual purposef clarifying
the natureof the modeland providing a real application. | will first describesomeessential
featuresof the lysine market, and then describebriefly the history of collusionin the lysine
market.

Lysineis an essentialamino acid for the lean muscledevelopmentof hogsand poultry.
Beingachemicalcompoundit isahomogeneougroduct.Thereis agreatdealof heterogeneity

3For moredetaileddiscussiorof the operationof collusionin the market for lysine, seeConnor(1998a,1998b
andde Ro0s(2000).



in the capacitiesjocations,and costsof firms in the lysine market. Prospectie entrantsface
entry barriersarising from technologicalpatentsand the costand length of time requiredto
build anew lysineplant. Pricesandvolumesof lysinesuppliersarecontractuabndnotdirectly
obsenable.

By the end of the 1980s,the lysine market was dominatedby three Asian basedfirms;
Ajinomoto and Kyowa Hakko of Japan,and Sevon of SouthKorea. Testimory by officials
at Ajinomoto revealsthat price fixing was a featureof this period (Connor 2000). In 1989,
ArcherDanielsMidland (ADM) beganconstructiorof theworld’s largestlysinefactory ADM
began productionin February1991, precipitatinga severe price war. During the price war,
Ajinomoto andKyowa Hakko tried unsuccessfullyo raisepricesseveraltimes. Subsequently
ADM suggestedhe formationof alysine tradeassociationyith the first meetingtaking place
in Junel992. Lysinepricesroseshortly afterwards. Thus,in the market for lysine, collusion
wasinterruptedoy the emepgenceof alarge-scaleentrant.

A cartel comprisingthe major firms operatedwith moderatesuccessover the next year
However, no consensusvasachiezed on the operatingmechanisnof the cartel. Cooperation
in the monitoring of salesand priceswas scant. Firms were suspiciousof rivals’ costsand
capacities. A secondprice war beganin early 1993, and was resolhed later that year The
characterof the subsequenphaseof collusionwas considerablydifferent. Uncertaintyabout
costsand capacitiesvaslargely resohed. A centralisednonitoringschemewasinitiated. A
systemof global volume quotaswas agreedto, basedon the currentmarket sharesof firms.
A compensatioschemenvolving intra-cartelsalesoperatedor thosefirms not meetingtheir
quotas.

The carteloperatedsuccessfullyfor a periodof abouttwo yearsbeforethe FBI intervened
in Junel995. Thebehaiour of pricesfollowing the breakupof the cartelis consistentvith the
existenceof tacit collusion. Pricesroseprecipitouslybeginningin 1996. Latein 1999,another
largefirm, ajoint venturebetweenCamgill andDegussagnteredhe market. In this case prices
declinedbeforetheentry of Camgill andDegussa.

An interestingpuzzlein this brief history is why collusionbroke down at all when ADM
enteredhemarket. Incumbenfirms hadadwancedwvarningof theconstructiorof ADM’ splant.
Wouldit nothave beenbetterto simply let ADM into the collusive agreemenimmediatelyand
thuspreventa pricewar? It is improbablethata price war arosefrom attemptsby incumbents
to scarethe upstartADM out of the market. The sheersize of ADM’ s plant seemgo signal
ADM'’ sintentionsof remainingin the market. Furthermoretheincumbentfirms werethe first
to attemptto raiseprices.

Two alternatve, interrelatedexplanationsoffer themseles. First, firms may have beensig-
nalling in advanceof a collusive market shareagreementThis explanationrequiresthatfirms



areuncertainabouttheirrivals’ capacitie®r costsor someotherstratejic variablesandexpect
thetermsof the collusive agreemento dependon thesefactors. Hence firms signaltheir low
costor high capacityin a price war prior to collusion. Secondthe entrantmay have wished
to gain market sharein adwanceof a collusive agreementThis presumeshatthe termsof the
collusive agreementiependon the market sharesof the participantgprior to collusion.

| contendthatthesetwo explanationgepresentwo sidesto the samecoin. Becausef the
high degreeof uncertaintyin thelysine market aboutmarginal costsandproductioncapacities,
therewere no ohbvious termsto setfor a collusive agreement.Firms were unableto credibly
corvey their privateinformation? Hence theonly obviousfocal pointfor anagreementvasthe
existing market sharef thefirms. Theactualcollusive agreemenspecifiedhatfirms receved
market sharedasedn their actualmarket sharewverthe pastyear Thesemarket sharesvere
to be maintainedover the life of the agreementThis kind of agreemenhaturallyencourages
ary entrantto first build up market sharebeforeagreeingo collude. ThefactthatADM appears
to have beenthe principal stumblingblock for collusionis consistentvith thisinterpretation.

This history may be repeatingtself with the recententry of Cagill/Degussa. The model
| develop below begins with the presumptiorthat the collusive agreemenspecifiesthat firms
maintaintheir market shares.Fromthis startingpoint, | canmake inferencesaboutthe timing
decisionof firms contemplatingollusion.

3 The Model

The modeladaptghe framevork setoutin EricsonandPakes(1995). In this framework, firms
solve a discretetime, infinite horizon probleminvolving endogenougntry, exit, and invest-
mentdecisions.Eachperiod,firms engagen price, quantity or quality competitionsubjectto
constraintamposedby a setof firm-specificstatevariables. This processdeterminesrofits
eachperiod. In addition,firms caninfluencethe vectorof statevariablesthatdeterminegprofit
opportunitieghroughinvestmenspending.

The solution conceptis Markov-perfectNashequilibrium (MPNE)2 In an MPNE, firms
have perceptionsaboutthe distributions of the statevariables,conditional on their actions.
Firms chooseoptimal actionsbasedon theseperceptions. The realisedconditionaldistribu-
tions of the statevariablesdependon the actionsof all thefirms. In equilibrium,theserealised
distributionsaccordwith firms’ perceptions.

4In fact, ADM conductedoursof its plantin June1992for Savon andin April 1993for Ajinomoto.
SThe solutionconcepidepartsfrom thatof MaskinandTirole (1988)in permittingfirms to conditionon infor-

mationnot relevantfor payofs.
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Figure 1 describeghe sequencef eventstaking placeeachperiod. Therearethreecom-
petitive regimeswhich yield differentprofits eachperiod: a non-cooperatie regime, a collu-
sive regime, anda punishmentegime. Profitsin the non-cooperatie andpunishmentegimes
aredeterminedoy the Nashequilibriumin quantitiesto a one-shotcapacity-constrainegame.
Profitsin the collusive regime aredeterminedoy joint profit maximisationsubjectto capacity
constraintsanda market shareconstraint.The market shareconstraintspecifieghatfirms must
produceoutputin theratio givenby theirratio of capacitiesitthetime collusionwasinstigated®
Hence firms have anincentive to build up capacityprior to a collusive agreement.

Play switchesfrom the non-cooperatie regime to the collusive regimeif all firmswishto
collude. It is assumedhatary firm thatis indifferentbetweercolludingandnot colludingwill
vote for collusion/ Shouldanotherfirm enterthe market, play revertsto the non-cooperatie
regime until all firms, including the entrant,againagreeto collude. At ary time, firms may
chooseo exit thecollusive agreemengvenif entrydoesnot occur However, thiswill invoke a
punishmentegime. In this punishmentegime, firms behae asin the non-cooperatie regime,
exceptthat thereis no possibility of collusion. With fixed probability, y, firms negotiatetheir
way backto the non-cooperatie regime. Hence the expectedengthof the punishmenphase
is 1/y periods. Oncefirms have negotiatedtheir way out of the punishmentegime, they then
mustachiere consensuto begin colluding.

The sequencef play eachperiodis asfollows. At the beginning of the period, collusion
decisionsaremade.Thatis, if we arein the non-cooperatie regime, firms decideif they wish
to collude. If all firms agreeto collude,thenplay switchesto the collusive regime. If we arein
the collusive regime, firms decidewhetherthey wish to breakthe collusive agreementlf ary
of the firms wishesto breakcollusion, play switchesto the punishmentegime. If we arein
thepunishmentegime,with exogenougprobabilityy thefirms renayotiatetheir way to thenon-
cooperatie regime. Following the collusiondecision,incumbentfirms decidewhetherto exit.
Firmsthenmake outputdecisionswvhich determineprofits. Finally, incumbentfirms decideon
investmenspendingandpotentialentrantsdecidewhetherto enter Entrantstake oneperiodto
setup operationsandbegin productionin the next period®

6A morerealisticmarket shareconstraintwould specify productionin the ratio of salesratherthan capacity
at thetime of collusion. However, this would resultin a considerablynore computationallydemandingoroblem

withoutaddingsignificantlyto the flavour of theresults.
"This assumptionrulesout the uninterestingequilibriumwhereall firms decidenotto colludeeachperiod.
8This is unrealisticallyshortfor thelysine market.
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3.1 The State Space

To make computatiorfeasible the statespacdas assumedo be discrete.The setof feasibleca-
pacities Q, canbe mappedntothesetof positive integers.Severalrestrictionsaremadeto the
statespaceto make the problemmoremanageableFirst, following Ericsonand Pakes(1995),
eachfirm’s capacitycantake on afinite setof values® Secondpayofs areindependentf the
orderingof afirm’s competitors.Hence,we do not have to considerdifferentpermutationof
competitors’states. Finally, successie elementof Q are assumedo increaseaxponentially
ratherthanlinearly asin Ericsonand Pakes (1995) 10 Thatis, the setof feasiblecapacitiess
givenby Q = {T,Tg,rgz, . ,Tg"}, wheret andEdeterminaheminimumandmaximumpossi-
ble capacityrespectrely. Thisassumptiorconsiderablyestrictsthe statespacebecausestates
thatgeneratéhe sameratio of capacitiemmongsfirms atthetime of collusionareequivalent!?

In the non-cooperatie and punishmentregimes, the statespace,S, is fully describedby
thevectorof capacitieof theincumbenfirms, wy = {u{t}i”;l, wheren is thenumberof active
firmsin periodt, andw t € Q.12 However, in thecollusiveregime,afirm’s shareof thecollusive
profitsdepend®n its capacityat thetime the collusive agreementivasnegotiated.Hence each
firm’s stateis given by atuple comprisingits currentcapacityandits sharein total capacityat
the beginning of the collusive regime. Thatis, the statespace S°, is givenby {ay, [k}, where
= {pi,t}i”t:l is the vector of capacitiesat the time the collusive agreementvas struck, and
Mit € Q.13

3.2 Profit Functions

Profits eachperiod are determinedby quantity competitionfor a homogeneougroduct. The
inversedemandfunctionis givenby P(Q;) = a— bQ, whereQ; is market output,anda and
b aredemandparametersCurrentproductiondecisionshave no impacton stateprobabilities.
Hence,the productiongamecan be treatedin isolation from the investment,exit, entry, and
collusiondecisions.

In the non-cooperatie regime, the profit vector T (w) = {1 (o) int:r is determinedby
theuniquesolutionto aone-shotapacity-constraineguantitygame.lt is calculatedecursvely
asfollows. Defineq;; to befirm i’s outputin periodt. In the absencef capacityconstraints,

9EricsonandPakesshaw thereis amaximumstatelevel thatcanbereachedn equilibrium.
10This assumptiorimpliesthattherearesomeeconomie®f scalein capacitygeneration.
LThe statespacecould be further restricteddramaticallyby ruling out statevectorsat which collusionwould
never beagreedo. However, this requiressomeeducatedjuesswrk aboutthe equilibrium prior to computation.
12ps the above discussiorindicatesthis notationconsiderablyexaggerateshe extentof the statespace.
B8pgain, the notationexaggerateshe extentof the statespace.
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Git=0q= %, wheremcis the constantmaiginal costof production. This is the Cournot-
Nash equilibrium output for the unconstrainedjame. We introducecapacityconstraintsas
follows. Startingwith the smallestfirm, we checkto seeif wi; > §. If so,thenqi; = §,i =
1,...,n. If wiy < §, thengiy = wt, andwe redefinef = %‘bb‘”“ andverify whetherfor the
next smallesffirm, wj > §, andsoon.

To calculatethecollu3|\/eprofltvectorTlC (o, ) {TE (o, ) i 1, let s bethevectorof
collusive shareswith st = | t/zl 1Hjt- Then,in the absenceof capacityconstraintsgj; =
Sit 2{)“0, firm i’s shareof a monopolists optimal output. To incorporatecapacityconstraints,

we allocateexcessproductionover capacityto the remainingfirms accordingto their shares.

3.3 Investment

Let ni+ € {1,9} representhe outcomeof the firm’s investmentprocess. The probability of
successfuinvestments anincreasingconcae functionof investmenspendingLetv; € {1,9}
betheoutcomeof someexogenougprocesapturingdevelopmentsn theindustry If wetake w
to describephysicalcapacitiesthenan obviousinterpretatiorfor v is the stochastidindustry-
wide) decayof capacity If w representshe stockof interestedcustomerdor eachfirm, we
couldthink of v asanindustry-widedemandshock. Then,the transitionof firm i’s capacityis
governedby

Wity = “’i,tniﬁl @
Vt+1
g with probabllltylzﬁ'; , )
i = 1 with probabllltdeXit

3)

v = g with probability d,
7 ] 1 with probability1 — 5.

wherea > 0 is aconstantleterminingthe effectivenesf investmentandyx; ¢ is firm i’sinvest-
mentexpenditurein periodt.

3.4 Entry and Exit

Eachperiod, beforefirms engagen quantity competition,they have the option of exiting the
industry A firm which exits recevesa pay-of of ¢ andtakesno furtherpartin thegame. A
firm will thereforeexit if the expecteddiscountedsalueof remainingin the marketis lessthan
0)

Entry decisionsare madeconcurrentwith investmenidecisions.A single potentialentrant
obsenesan entry costdraw, xe, from a uniform distribution U (xI'"", x"®) and then decides
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whetherto enter Shouldthefirm decideto enter it recevescapacitywe andbeginsproduction
in the following period. The entrantwill chooseto enterif the expecteddiscountedvalue of
entryat capacityw is greaterthanor equalto the obsenedentry cost.

3.5 The Bellman Equations

| definea separatdellmanequationfor eachof thethreeregimes!* Thesuperscript®N, and
C refer to the punishmentnon-cooperatie, and collusive regimes, respectiely. A negative
subscriptdenotemissionof asingleelement.Thus,w_; = (w1, ..., 01, W+1,...,0n ). The
Bellmanequationdelow describehevalueto firm j for each(w, ) in the statespacefor each
of theregimes.Collusiondecisionsarebasedn thesevalues.

VP (0 00_j) = max{(p,n'\'(w,,w_)+m%x[ X

+Bg W)+ (L-VV7 (0 )))

P (wf o0, )PP( wjle)] 3 @)
VN (wj;0_)) = max{(p,r['\'(w,,w_)+m%x[ X
+Bg(lc [ )VE (o000 )
+<1_|C( jr 0 ))VN(("‘)J’("‘) J)>
P (ew;,x) P (&0 jle) ]} ©

VA (CHANRUHTE maX{cp,nC(wj;wj,uj;uj)+r;l>%><[—x
+Bg(IP(w’j;w’_j,uj;u_,-)vp(w’j;w’_j)
+<1—|P<w’--w'_j,uj-w1>> CHEERTHTE)

p (05, x) p° (e jlooh) | } (6)

whereTt (wj; w_j, Wj; i j) = 76 (w, 1) and (wj; w_j) = 1 (w) arethe profit functionsfor
collusionandnon-cooperatiorrespectiely; | (coj,oo_ ) € {0,1} is anindicatorfunctiongov-
erningtransitionfrom the non-cooperatie regimeto the collusive regime, with

L4alternatively, the systemcould be representedby a single Bellman equationby incorporatingan additional
statevariableindicatingthe currentregime of play.
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1€ (wj;w_j) =1 &V (w); wj,wj; w_j) > VN (wj;w_j) Vj; 7)

andlP (oo,- ;0O j, Hj; u,,-) € {0,1} isanindicatorfunctiongoverningtransitionfrom thecollusive
regimeto the punishmentegime, with

1P (wj; 0o, W5 j) = 1 VP (w);0-)) >V (wj; w_j, 1j; 1j) for ary j. (8)

In eachof theregimes,thefirm canchooseo exit andreceve @, or receve the continuation
value. The continuationvalue comprisescurrentprofits plus the expecteddiscountedvalue of
future returns. The simplestcaseis the punishmentregime. Here, profits are given by the
non-cooperatie profit function. The continuationvaluedependsn which competitive regime
we arein next period, the firm’s own statenext period,w’j, andthe statesof its competitors
(including the entrantif entry occurs)next period,(d_j. The investmentpolicy function,x =
X" (wj; w_j), dependsn this continuatiorvalue. With probabilityy, play switchesto the non-
cooperatre regime. The distribution of the firm’s own statein the next period, p((dj |wj,X), is
determinedby its level of investmentthis period, X, while the distribution of its competitors’
statesext period, pP(w/_ j |w), dependontheinvestmentgexit, andentrydecisionamadeby its
competitorghis period.

In thenon-cooperatie regime, profitsaregivenby the non-cooperatie profit function. The
continuationvalue againdependson next period’s competitve regime, the firm’s own state
next period,andthe statesof its competitoranext period. This determineghe non-cooperatie
investmentpolicy function,xN (wj; w_;). Thecollusive policy function, | (.), dependonthe
currentvectorof capacitiesA valueof oneindicatesthatplay switchesto the collusive regime
next period.

Finally, in the collusive regime, profits aregiven by the collusive profit function. Note that
thecollusive profit function(andthereforealsothecollusive valuefunction)depend®nboththe
vectorof currentcapacitiesandthe vectorof capacitysharesat the time collusiontook place.
Thepunishmenpolicy function,1? (.), andtheinvestmenpolicy function,x (ooj L 0_j, Hj; LLJ-),
dependn this expandedstatevector If IP(.) = 1, play switchegto the punishmentegime next
period.

We arenow in a positionto discusshe entry decision.A singlepotentialentrantobseres
anentrycostdraw of xe beforedecidingwhetherto enter The entrantthenspendgsheremain-
der of the period constructinga plantwith capacitywe. It takesno partin the quantitygame.
In the following period, the entrantbecomesan incumbentwith capacitywy, with probability
pe(w,). The stochastimatureof wy, arisesfrom the uncertaintyaboutindustrywide develop-
mentsduringthe periodof plantconstruction.Thatis, pe (we) = 1 — 0 and pe (we/g) = 8. The
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entry decisionwill dependon the currentcompetitive regime for two reasons First, the value
functiondiffersby competitveregime. Secondrival firms’ investmentlecisionsandhencehe
statetransitionprobabilities,dependon the competitive regime. Equationg9)-(11) summarise
the entrydecisiondor the punishmentnon-cooperatie, andcollusive regimes,respectiely.

BgVP Wy W )pe(we) pp( /e|w) > Xe 9
BZVN (00 &) pe () PN (W elw) > e (10)
Bng Wy ) Pe (wh) P° (W gl p) > Xe. (11)

Lettheresultingentrypoliciesbegivenby xE (we; w_g), XY (we; w_g), andx$ (we; w_e, 1)
for the punishmentnon-cooperatie, and collusive regimes,respectrely. Becausehe costof
entry, Xe, Is random,the entry policy is a probability measureaeflectingthe perceptionf the
incumbentfirms of the probability of entry at the time investmentdecisionsare made. In the
collusive regime, the entry condition dependson the non-cooperatie value function because
entry breaksthe collusive agreementNotice, however, that the transitionprobabilitiesof the
incumbenffirms dependon theinvestmentecisionganadein the collusive regime.

4 Computational Algorithm

Thereadercanomitthis sectiorwithoutlossof continuity. Thecomputationahlgorithmusedo
solve for the equilibriumof the modelis basedon the methoddescribedn PakesandMcGuire
(1994). The methodinvolvesiterative computatiorof the valueandpolicy functions®® First, |
calculatethe non-cooperatie profits, ¥ (.), for eachw € Sandthe collusive profits, 1 (), for
each(w, ) € S°. | begin with aninitial valuefunctionandinvestmenpolicy functionfor each
of the competitive regimes, (VH-0(.) ,xH-0(.)), H € {N,P,C}. The superscriptgefersto the
competitve regime, andthe iterationnumber respectiely. To completeoneiteration,| cycle
throughall the elementsof the statespaceof the non-cooperatie regime, obtainingupdated
valueandpolicy functions. | thendo the samefor the punishmentnd collusive regimes. In
equilibrium,thevalueandpolicy functionswill notchangerom oneiterationto the next.
Considerfirst the calculationsnvolved to obtainthe iterationk + 1 functionsfor the non-
cooperatre regime. | first determinethe entry policy, x'g' k“( ) by testingequation(10) using
VNK() andxNK(.). I next updatethe collusionpolicy function,|©k+1(.), by verifying equation

15The computationalalgorithm is written in the C programminglanguage. Further details are available on
request.
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(7) usingVCX(.) andvNX(.). Theentryandcollusionpoliciesarethenusedto updatethe exit
andinvestmenpolicies.Firm j will exit if VjN’k(oo) < @. If it exits, we canupdatej’sinvestment
andvaluefunctionsby settlnng k+1( w)=0 andVJ-N’k+1 (w) = @. If it doesnt decideto exit,
firm j'sinvestmenpolicy in iterationk+ 1 is givenby

X;_\l,k+1(w) — argmax(zo _X+B%<IC,|(+1 (0\)],0\) )VCk(w],(.l) jijio‘) ])

) ) )

p (0} |wj, x) pN (oo’_j|w_,, N,k,x'é' k“)] (12)

Notice that the distribution of statesnext period, pN(.|.), dependson the currentiteration
entrypolicies, xN I‘“( w), andtheinvestmenpoliciesof competitordderivedfrom the previous
iteration xN]k( w). We can usexN I‘“( w) to updatethe valuefunctionfor firm j for iteration
kK+1,

VjN7k+1((,\)) _ T[,j\l(w)_xg\hk+1+[3§(Ic,k+1(w1,w )VCk(w],OJ J,w],(x) J)

+(1—ICv"“(w’-;w’,j)>v’\‘"‘(w’-;w’,-)>
(oo @}, % N k+1) p\ (ij|w_17 Njk7xlgl k+1>. (13)

A similar setof calculationsis then performedfor the punishmentegime. Entry policy,

X& (), is determinecby equation(9). Firm j will exit if V™ (w) < @ If j doesnotexit, we

calculateits iterationk + 1 investmenpolicy with

@) = argmaxzo —HB%(WN’k(w’j:w'j)+(1—v)VRk(w’j;w’j)>
k
p(wff0j,x) P (! oo, x5, xEL) | (14)
Wethenusexfk“( w) to updatethe valuefunctionfor firm j for iterationk + 1,

VjP,k+1(w) _ T[l]\j( W) — Pk+1+BZ< w o ) (1— y)VPk(w o ])>
p (0 FH) p7 (oo 02K XE ). (15)
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Collusionentrypolicy, xg ket (.), isdeterminedy equation(11). Firm j will exit if Vjc’k (o, p) <

@. If j doesnotexit, we calculateits iterationk + 1 investmenpolicy with

) = argmaxso —x+Bz<IR"+1 (o e, by b ) VPR (s )
(1 1P (i) ) VER (o))
p (o o0y, %) B (@005 H xS | (16)

We thenusex(f k+1(w, W) to updatethevaluefunctionfor firm j for iterationk + 1,

V-C’k+1(00,u) _ nﬁ;(w,u)—x(f’k“Jng (IP,k+1 (w/j;w/_jalij;li—j)vp’k ((U/j;w/_j)

j
+(1 PR (0 o0 ’_j,uj;|J_j)>VC’k(w’j;w’_j,uj;H—j))

((L) |00], Ck+1> pC< 7]|(A),], CJk’XCe: k+1> ) (17)

Up to now, we have assumedhatwe know the extent of the statespacesS, andS©. How-
ever, the dimensionf the statespaceslependon the maximumallowable capacityof a firm,
1g¥, andthe maximumnumberof firms, N. As in PakesandMcGuire (1994),the maximum
allowablecapacityis determinedy the pointatwhich themonopoliststopsinvesting.In Pakes
andMcGuire, the maximumnumberof firms is obtainedby calculatingthe equilibriumfor a
restrictednumberof firms andincreasinghe numberof firms until a potentialentrantwould no
longerenterat ary elementof the statespace.Due to computationalimitations, | imposean
upperlimit of threefirms 16 | amunableto verify whethera 4" firm would wish to enter

5 Results

The resultsbelon arebrokeninto threesections. The first sectioncharacteriseghe natureof
the equilibrium for a given setof parameters.Static parametersare basedon an empirical
examinationof the lysine market. Here,| comparethe resultsobtainedin the completemodel
with the resultsobtainedin a stripped-davn model ignoring the possibility of collusion. |

16As an example,with 3 firms anda setof feasiblecapacitiesQ, of dimension20, the statespacecomprises
1,771elementdor the non-cooperatie andpunishmentegimesand1,955,401elementdor the collusive regime.
With 4 firms andthe samesetof feasiblecapacitiesthe statespaceexpandsto 10,626and282,340,29&lements
for thenon-cooperatieandcollusive regimes,respectiely.
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Tablel: ParameterdJsedfor the BaseModel

Parameter Description Value
a Demandntercept 1.651
b Demandslope 0.0857
mc Marginal costof production 0.527
a Investmentefficiengy 1.2
We Entrants startingcapacity 19° = 2.88
xmin Minimum entry cost 13.0
xgax Maximumentry cost 18.0
® Scrapvalueof firm 1.0
T Minimum capacity 2.0
g Capacitygrowth factor 1.2
k Numberof feasiblecapacitylevels 16
B Discountfactor 0.98
o Capacitydepreciatiorrate 0.4
% Rengotiationprobability 0.05
N Maximumnumberof firms 3

employ a variantof the punishmentegime to this end. In the secondsection,| comparethe
model's resultswith the experiencan thelysine market. This exercisealsohighlightsthetype
of short-termdynamicghemodelcanproduce.In thethird section| examinetheconsequences
of varyingkey parameters.

5.1 The BaseCase

A list of the parametersisedandtheir valuesfor the basemodelis containedn Tablel1. The
static parameters$ chooseare basedon the demandestimatesand costdataobtainedfor the
lysine market in de Roos(2000). The slopeof the demandcurwe, b, is derived from the de-
mandelasticity of the lineardemandmodel. The intercept,a, is calculatedusingthe valuesof
explanatoryvariablesat the time of ADM’ s entryinto the market. The constanimarginal cost,
mg¢ is derivedfrom a parameterisationf ADM’ s costfunctionallowing for learningby doing.
Thedynamicparametersarechoserto producearelatively concentratedhdustry Thehigh
discountfactorof 0.98is choserto reflectthemonthlyplanninghorizonthatappearedo operate
in thelysine market, andthe monthly costanddemandiatausedfor the estimationof the static
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parameters.The maximumnumberof firms wassetat 3. This is not designedo mimic the
market structurein the lysine market (wheretherewere 5 major firms), but ratherreflectsthe
enormougsomputationaburdenof the statespace.

5.1.1 A Model Without Collusion

The point of comparisonis a modelwithout the possibility of collusion. This is given by the
punishmentegime with y = 0. Hence,thereis no possibility of transitionto eitherthe non-
cooperatre or the collusive regimes. This modelis essentialljthe dynamicmodelof Pakesand
McGuire (1994). A generalcharacterisationf this modelfor a differentstatic profit function
and setof parameterganbe found there. Firms tendto investmore whenthey have a low
capacity Investmenttendsto decreasevith the capacitiesof rivals. Entry is morelikely to
occur thesmallerandfewer theincumbentirms.

| simulatedthe industryfor 1,000,000 iterationsand obsened the distributionsof several
industrycharacteristicsThe initial statevectorusedwas(4,0,0). Thatis, we startthe simula-
tionswith a singlefirm with capacityof tg*. Theresultsarepresentedn column1 of Table2.
Theindustrycontainsthe maximumnumberof firms (three)for about12% of the periods,and
is aduopolyfor almostall theremainingperiods.Firmschageamarkupover maiginal costsof
about71%on average Entry andexit arehighly correlated Many firms areunableto establish
themselesbut, onceentrenchedfjirms tendto enjoy along operatindife.

5.1.2 The Full Model

Oncewe allow collusive possibilities we cangeneratarichertapestryof firm behaiour. | will
first describesomefeaturesof the modelallowing for collusion,draving comparisonsvith the
modelwithout collusion. Then,industrystatisticsfor thetwo modelsarecompared.
Therearetwo kinds of ervironmentthat are conducve to collusion. First, firms tendto
switchto thecollusive regimewhenthey have similar capacitiesThe smallesffirmswill gener
ally presenthe greatesstumblingblock to collusionbecausehey obtainonly a smallshareof
the profitsin a collusive agreementGiventhe high discountfactorassumedsmallerfirms are
preparedo suffer througha spell of non-cooperatie profits while they investheavily to later
obtainahighershareof thecollusive profits. Secondtherearesomeelementsn the statespace
wherefirms will agreeto colludewith asymmetriomarket shares.This occurswhenthereare
only two actie firms, andboth are not overly large. Therearetwo possiblereasondor this.
First, whentheincumbentfirms arerelatively small,entryis very likely in the nearfuture. By
colluding, firms obtainthe collusive profitsimmediatelyand, becausesntry breaksthe collu-
sive regime, alsoobtaina larger shareof collusive profits sometime in the future. Thisis less
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Table2: IndustryStatisticsfor Model With andWithout Collusion

IndustryFeature Without Collusion With Collusion
Periodswith O firms 0.0% 0.0%
Periodswith 1 firm 0.06% 0.05%
Periodswith 2 firms 88.13% 39.48%
Periodswith 3 firms 11.81% 60.47%
Periodswith entry 0.22% 0.51%
Periodswith exit 0.21% 0.53%
Periodsn collusive regime - 70.46%
Periodsin non-cooperatie regime - 6.45%
Periodsin punishmentegime - 23.10%
Meanmarket price 0.904 1.032
(0.050) (0.093)
Meaninvestmenby incumbents 1.297 1.574
(0.658) (0.738)
Meanfirm production 4,116 2.772
(0.499) (0.843)
Meanfirm capacity 6.712 6.875
(2.779) (4.130)
Meanone-firmconcentratiomatio 0.492 0.408
(0.063) (0.093)
Meanconsumesurplus 3.270 2.283
(0.417) (0.727)
Meanproducersurplus 1.932 1.904
(0.972) (1.318)
Meantotal surplus 5.201 4.188
(1.128) (1.414)
Meanfirm value 3.701 1.385
(16.86) (12.95)
Meanfirm lifespan 984.0 492.8
(1399.6) (660.0)

Standarcerrorsarein parenthese§.
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likely to occurwhenincumbenfirms arevery largebecausé¢he probabilityof entryis markedly
reduced.Secondjncumbentfirms may seekto deterentry For a given statevector the prob-
ability of entryis lowerin the punishmentegime. Incumbentsould reducethe probability of
entryby colludingandsubsequentlgnteringthe punishmentegime.

Punishmentendsto occurif firms have collusive shareghatare misalignedwith their cur
rent sharesof total market capacity Punishmentwill occurover a greaterrangeof capacity
vectorsthe moreunequalthe collusive sharef theincumbentfirms. If firms have equalcol-
lusive sharespunishmentwvill never occurif therearethreefirmsin the marketl’ However, if
thereare only two firms in the market, punishmentendsto occurif the firms are not overly
large, evenif the firms’ collusive sharesare equal. As discussedthis reflectsattemptsto de-
ter entry. Entry is lesslikely for a given statevectorin the punishmentegime thaneitherthe
collusive or non-cooperatie regimes.

Figure 2 describeghe elementf the statespacen which entry occurswith a probability
of atleast0.15for the modelwithout collusion,andfor eachcompetitive regime of the model
with collusion!® The axesindex the capacitylevels of eachincumbentfirm, with a valueof 0
indicatingthata firm is inactive anda positive valuek indicatinga capacityof tg¥. We need
only two axesbecause¢hereareat mostthreefirms in the market. Entry will alwaysoccurinto
a monopoly Entry is morelikely in the modelwith collusion, reflectingthe option value of
collusion. Within the modelof collusion, entryis morelikely in the non-cooperatie regime
thanthe punishmentegime for the samereason.Becauseve switch from the collusive to the
non-cooperatie regimeif entryoccurs,entrybehaiour is almostidenticalin the collusive and
non-cooperatie regimes. Differencesn the entry behaiour of thesetwo regimesreflectonly
thedifferencesn investmenspendingn theseregimes.For example atthestatevector(7,3,0),
entryis morelik ely into the collusive regimebecausé¢helargestfirm investdessin thecollusive
regimethanin the non-cooperatie regime.

Investmentbehaiour is also differentoncewe permit collusion. In the non-cooperatie
regime, investments tailoredto speedthe onsetof collusion. Thatis, in statetuples“near”
collusion,thelargerfirms will tendto investless,andthe smallerfirms investmore,relative to
the punishmentegime or the modelwithout collusion. Similarly, firms thatwish to maintain
collusionwill tendto bendtheirinvestmenspendingo reducethelik elihoodof reachingstates
in which punishmenbccurs.

Column2 of Table2 presentsndustry statisticsfor the modelallowing for collusion. In-
dustry statisticsare generatedn the samemanneras the model without collusion. Thatis,

"Thisis notageneraresult,but holdsfor the currentsetof parameters.
18For the collusive regime, | examineonly elementsf the statespacein which firms have equalsharef the

cartelprofits.
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Figure2: Entry Region by Model andRegime
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beginning in the non-cooperatie regime with a statevectorof (4,0,0), the industryis simu-
latedfor 1,000,000terations,andindustrycharacteristicare obsered. Therearetypically a
greatemumberof firms in the modelwith collusion,but eachfirm tendsto produceless. This
differencen industrystructureis areflectionof the greaterattractvenesf entryin the model
with collusion. Thereis alsoa greaterincidenceof entry andexit in the modelincorporating
collusion.

Firmschagehigherpricesin thecollusionmodel,andtheindustrywith collusionis charac-
terisedby greaterinvestmentandlower consumemndtotal surplus'® Interestingly producer
surplusis alsolower on averagein the industrywith collusion, reflectinga lessconcentrated
industrystructureandgreatelindustry-wideinvestmentFirmsarelongerlivedandearngreater
lifetime profitsin theindustrywithout collusion. This resultis a culminationof severalfactors.
First, with alessconcentratedndustry producersurplusis spreadamonga greatemumberof
firms. Secondfirmstendto beshortedived,anotherreflectionof the greatelincidenceof entry

19This contrastswith the resultsof Fershtmarand Pakes (2000). In their model,consumesurplusis higherif
we allow collusionbecauséhe collusive industrygenerates greatervariety of products.
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andexit. Finally, becauseentryis morelikely for a given stateandentry costsare stochastic,
entrantswill on averagencur greatercostsof entryin the modelwith collusion.

Table 3 presentssomeadditional statisticson collusion and punishment. The top panel
describeghe lengthof time it takesfirms to colludeafterwe enterthe non-cooperatie regime
(after eitherthe end of punishmentpr the entry of a new firm while firms are colluding), the
lengthof thecollusiveregime,andthebehaiour of priceswhenwe switchcompetitveregimes.
With the baseparameterspn averagecollusion occursrelatively quickly, but thereis a large
varianceto collusiontimes. Collusionis rapidwhenthereareonly two firmsin the market for
two reasonskFirst, entrymay be anticipated-elatively quickly. Therefore firmswill bewilling
to colludeevenwith asymmetrianarket sharesanticipatingimminententry Secondfirmsmay
make efforts to deterentry. They canattemptthis by colluding quickly andthenenteringthe
punishmentegime. Whentherearethreefirms in the market, the smallestfirm will wish to
build up market shareprior to collusion. Collusionwill thenoccurmuchlaterif the smallest
firm experiences badsequencef investmenbutcomeshut is ableto remainin the market.

Collusionis long-lastingon average,but thereis a greatdeal of variety in the succesof
collusion, reflectingthe variety of statesin which collusionis instigated. Collusionwill end
quickly if thereare two small firms in the market when collusion begins. For the reasons
describedabove, either entry or punishments thereforelikely in the nearfuture. Collusion
appearso lastlongerwhenit is brokenby entryratherthanpunishmentThisis largely because,
for theparametewalueschosengntrydeterrenceavill befruitlesswhentheincumbenfirmsare
particularly small. Therefore,collusionwill tendto be broken by entry whenthereare two
smallactive firms. We aremorelik ely to arrive at this situationwhencollusionoccursinitially
with threesmallfirms. Transitionfrom threesmall firms to two small firms will often occur
comparatrely quickly.

As onemight expect,pricesjump substantiallywhenwe enterthe collusive regime,andfall
whencollusionbreaksdown. Thefall in priceswhencollusionis brokenby entryis moredra-
maticbecaus®f thecombinedeffect of achangen competitve regimeandalessconcentrated
industry Thebottompaneldescribeshe conditionsprevailing atthetime of collusionandpun-
ishment. It canbe seenthat we only ever enterthe punishmentegime with two firms in the
market. Thisis becausewith threefirms, collusiononly occurswhenfirms have equalmarket
sharesandpunishmenwill neveroccurwhile therearethreefirmsin themarketenjoying equal
collusive sharesAt theonsetof collusion,therearetypically two firms operatingn the market.
However, aswe will seebelow, collusionis usuallycharacterisety threefirms. This apparent
discrepang arisesbecausewith two firms in the market, a brief spell of collusionwill often
occurasapreludeto entrydeterrence.

Table 4 presentsa comparisonof industry characteristicor eachof the regimesof the
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Table3: Characteristicef CollusionandPunishment

Mean Standardeviation

Periodstakento collude
With 2 firms 2.20 4.92
With 3 firms 9.97 8.67
All cases 3.99 6.83
Length of collusiveregime
Beforeentry 26.52 89.37
Beforepunishment 55.91 124.2
All cases 52.18 120.7
Price changeat collusion

22.10% 9.14
Price changeon breaking collusion
Dueto punishment -13.12% 7.15
Dueto entry -17.90% 10.22

At Collusion At Punishment
Percentageof Periods with n firms active
n=2 76.94% 100%
n=3 23.06% 0%

collusionmodel. As might be expectedthe collusive regimeyields the highestindustryprices
andproducersurplus.Therearetypically morefirms operatingn thecollusive regime,but each
firm tendsto produceless. Consumersurplusis substantialljjower thanin the otherregimes.
Interestinglythelowestpricesandthe highestconsumesurplustendto beobsenedin thenon-
cooperatie regime. The punishmentand non-cooperatie regimessharea commonquantity
competitionstagegame. We obsere lower pricesin the non-cooperatie regime on average
becauseheretendsto be a greatemumberof firms in this regime. Firmstendto have alarger
capacityin the punishmentregime becauseve alwaysenterthe punishmentregime with two

firms. A greaterincidenceof entry keepsthe averagecapacityper firm in the non-cooperatie

regimedown.
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Table4: IndustryStatisticsfor DifferentRegimes

IndustryFeature Collusve Non-cooperatie Punishment
Periodswith O firms 0.0% 0.0% 0.0%
Periodswith 1 firm 0.02% 0.09% 0.13%
Periodswith 2 firms 23.05% 43.02% 88.61%
Periodswith 3 firms 76.93% 56.89% 11.26%
Periodswith entry 0.24% 1.65% 1.10%
Periodswith exit 0.16% 0.15% 1.67%
Meaninvestmenby incumbents  1.566 1.452 1.475
(0.739) (1.059) (0.750)
Meanfirm production 2.368 3.597 4.109
(0.421) (0.591) (0.545)
Meanfirm capacity 6.800 6.481 7.309
(4.232) (4.008) (3.705)
Meanmarket price 1.089 0.859 0.907
(0.005) (0.052) (0.053)
Meanone-firmconcentration 0.378 0.417 0.497
(0.083) (0.083) (0.064)
Meanconsumesurplus 1.842 3.672 3.242
(0.028) (0.458) (0.421)
Meanproducersurplus 2.087 1.075 1.578
(1.030) (2.978) (1.671)
Meantotal surplus 3.929 4.747 4.820
(1.042) (2.055) (1.863)

Standarderrorsarein parenthese§.

5.2 TheLysineMark et

Theresultsof the previous sectionsuggesthe modelis capableof explaining the type of col-
lusionexperiencedn thelysine market. In particular successfuphase®f collusion,reversion
to punishmentandprice warsfollowing entry wereall obsened in equilibrium. This section
senestwo purposeskFirst, | wishto examinemorecloselythe predictionsof the modelfollow-
ing an entry similar to the entry of ADM into the lysine market. The goalis notto replicate
every nuanceof firm behaiour in thelysine market, but ratherto examinewhetherthe flavour

25



Figure3: MeanSimulatedPrices
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of eventsin the lysine market canbe capturecby the model?° Second] wish to illustratethe
type of shorttermdynamicsthe modelcangenerate.

Theinitial capacitiesof the incumbentfirms arechosento reflectthe stateof affairs after
ADM entered.Thatis, | choosea startingstatevectorof (7,7,2), meaningheincumbentirms
have capacitiesof 1g’ andthe entranthascapacitytg®. The modelis thensimulated10,000
timesfor 100periods.Thetime horizonis assumedo be monthly, reflectingthefrequeng with
which lysine discussionsvere held, andthe frequeny of the datausedfor demandand cost
estimatesFigures3 and4 presentheresultsof thesesimulations.

Figure 3 depictsthe market price in eachperiod, averagedacrossthe simulations. One
standardeviation errorbandson the simulatedprice arealsoshovn. A greatdealof varietyin
thesamplepathsis masled. In themajority of simulationsthereis a sustainegricewar before
collusionis negotiated. Pricesdrop immediatelyafter entry, andthenrise whenthe collusive
regime begins. The averagemarket price beginsto rise afteronly two periods.This is because
in somesimulationsexit occursquickly, immediatelyfollowed by collusionby the remaining

201t shouldbe notedthatthe dynamicparametersrenot estimatedo fit the lysine market, but areonly guided
by theexperiencen thatmarket. In fact,parametechoicesareconstrainedy computationatonsiderationsvhich
limit thesizeof the statespacehatcanbehandled.
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Figure4: Fractionof Simulationsn EachRegime
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Figure4 shavsfor eachperiodthefractionof simulationsn eachof thecompetitveregimes.
It canbe seenthatwetendto enterthecollusiveregimein alargerfractionof periodsovertime,
with thedistributionsettlingdown afterabout30 periods.Thefractionof simulationsn thepun-
ishmentregime alsobeginsto rise after about4 periods. Punishmentwill occurvery quickly
only if the entranthasa sequencef adwerseinvestmentoutcomesand exits the market, and
theremainingincumbentsolludequickly atasymmetrianarket sharesanticipatingimminent
entry. If anentrantdoesnot oblige quickly, theincumbentsnaywish to breakout of collusion
for one of two reasons.If the incumbentwith the smallercollusive sharehasa sequencef
fortunateinvestmenbutcomeselativetoits rival, it maywishto breaktheagreementAlterna-

2170 controlfor this phenomenora subsebf the simulationswaschoserin which exit did notoccurwithin the
100 periodsof the simulation. The severity of the price war is thenmoreapparent.The averageprice acrosshe
simulationsfalls for thefirst 4 months,andno collusionoccursfor atleast5 months. Thefraction of simulations
with collusionthenrisesrapidly over time. However, the readershouldnotice the distortionsinducedby this
selectionexercise.An implication of this sampleselectionis thatfirms’ investmengctivities weresystematically
more successfuthan anticipatedand/orthe decayof capacitywas systematicallyoverpredicted. However, the
exercisedoesmimic ADM’ s successfuéntryinto the market.
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tively, if bothfirms arerelatively small,they maywishto enterthe punishmentegimeto try to
deterentry,

A comparisonwith the discussionof section2 suggestdhatin principle the model can
provide usefulinsightsfor the lysine market. However, thereare somefeaturesghatwould be
difficult to explain in the currentmodel. First, the gradualnatureof price movementsin the
lysine market associatedavith the onsetof price warsandthe beginning of collusioncannotbe
capturedby the model. The smoothnessf price movementsn the lysine market reflectsthe
existenceof contractsandattemptgo avoid arousingthe suspicionof the anti-trustauthorities,
featuresnot incorporatedn the model. Secondthe modelassumeperfectinformation. This
doesnot allow price warsthatarisedueto the existenceof demanduncertaintyandimperfect
monitoring. de Roos(2000) notesthat thesefactorsmay have contributedto the secondprice
war in the lysine market. Otherdesirablefeaturesnot incorporatedn the presentmodelare
discussedn the extensionssection.

5.3 Comparative Dynamics

In this section,l examinethe consequencesf varying somekey parameters.Tables5 and
6 summarisecharacteristicof industry equilibrium for three experiments. Table 5 presents
generalstatisticson the industryequilibrium,andtable6 presentsnformationaboutcollusion
andpunishmenfor thethreeexperiments Theresultsshouldbe comparedvith thebasemodel,
which is includedin thefirst column. In the basecase the costof entry, xe, wasdravn from
the uniform distributionU (13, 18). In the secondcolumn,the costof entryis increasedo that
Xe ~ U(15,20). As we might expect,the frequeng of entry andexit is reducedanda more
concentratedndustryresultson average.Consequentlywe tendto have higherprices. Firms
producemore on average,but industry productionis typically lower becausdewer firms are
active. Consumersurplusis reducedbut producersurplusactuallyriseson average. This is
becausef the reducedindustry investmentrequiredto sustaina more concentratedndustry
Therearealsoimplicationsfor collusion. Collusionprevails for a greaterfraction of periods.
Thereasonis thatthe averagelengthof collusionis greatemwith higherentry costs.However,
noticethatthe averageengthof collusionis actuallyslightly smallerwhencollusionis broken
by entry The apparentincreasein stability of collusionwith higher entry costsarisesfor a
more subtlereason.Becauseentry is more costly, colluding firms feel the needto engagean
entrydeterringbehaiour over a smallersubsebf the statespace Consequentlyit appearghat
punishments lessprevalentin theindustrywith greaterentry costs.

In column 3, the discountfactoris reducedfrom 0.98to 0.96. This hasa dramaticim-
pacton industrystructure. A more concentratedndustrytendsto resultbecausdirms have a
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Table5: IndustryStatisticsfor DifferentParameteialues

IndustryFeature Base Increased LowerDiscount Smaller
Case EntryCosts Factor Demand
Periodswith O firms 0.0% 0.0% 0.01% 0.0%
Periodswith 1 firm 0.05% 0.04% 0.77% 0.38%
Periodswith 2 firms 39.48% 73.38% 98.60% 99.03%
Periodswith 3 firms 60.47%  26.58% 0.61% 0.58%
Periodswith entry 0.51% 0.24% 0.68% 0.40%
Periodswith exit 0.53% 0.23% 0.66% 0.39%
Periodsn collusive regime 70.46% 76.70% 77.32% 94.77%
Periodsin non-cooperatieregime 6.45% 5.21% 7.06% 2.60%
Periodsin punishmentegime 23.10% 18.09% 15.63% 2.63%
Meanmarket price 1.032 1.049 1.069 1.009
(0.093) (0.078) (0.071) (0.032)
Meaninvestmenby incumbents  1.574 1.392 1.244 1.223
(0.738)  (0.717) (0.644) (0.607)
Meanfirm production 2.772 3.100 3.397 2.862
(0.843) (0.741) (0.495) (0.214)
Meanfirm capacity 6.875 6.867 4.771 5.597
(4.130) (2.984) 1.490) (2.218)
Meanone-firmconcentratiomatio  0.408 0.461 0.520 0.504
(0.093) (0.079) (0.057) (0.037)
Meanconsumesurplus 2.283 2.149 2.003 1.413
(0.727)  (0.604) (0.497) (0.199)
Meanproducersurplus 1.904 2.168 2.283 1.469
(1.318) (1.151) (1.429) (1.138)
Meantotal surplus 4.188 4.317 4.287 2.881
(1.414) (1.167) (1.632) (1.192)
Meanfirm value 1.385 2.797 2.806 6.712
(12.95) (15.39) (10.51) (14.55)
Meanfirm lifespan 492.8 942.5 295.7 504.0
(660.0) (1283.6) (355.2) (604.5)

Standarcerrorsarein parenthese§.
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Table6: CollusionandPunishmen€haracteristic$or DifferentParameters

Base Increased LowerDiscount Smaller

Case EntryCosts Factor Demand
Mean periodstakento collude
With 2 firms 2.20 3.89 5.50 6.28
(4.92) (5.86) (7.32) (7.73)
With 3 firms 9.97 8.78 1.23 3.32
(8.67) (8.11) (3.29) (11.12)
All cases 3.99 4.53 5.44 6.22
(6.83) (6.42) (7.30) (7.82)
Mean length of collusiveregime
Beforeentry 26.52 17.56 53.59 252.4
(89.37)  (92.94) (66.26) (296.6)
Beforepunishment 55.91 83.44 71.98 205.8
(124.2) (126.0) (71.04) (266.8)
All cases 52.18 79.60 66.02 237.4
(120.7) (125.2) (70.06) (288.2)
At collusion percentageof Periods with n firms active
n=2 76.94%  86.91% 98.59% 98.09%
n=3 23.06% 13.09% 1.41% 1.91%
At punishment percentageof Periods with n firms active
n=2 100% 100% 99.73% 97.35%
n=3 0% 0% 0.27% 2.65%

Standarderrorsarein parenthese§.
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reducedincentve to invest. This is becausdhey carelessaboutfuture profitability. Notice
thataveragefirm capacityis considerablylower in this experimentreflectingthe reducedevel
of investment.We might expectentry to be lessattractve with a lower discountfactorasthe
costof entryis imposedinitially andthe benefitsto industryparticipationaccruein thefuture.
However, entryactuallyoccursmoreoftenbecausective firms areon averagesmallerandless
numerousmakingthe conditionsfor entrymorefavourable.Interestinglyin this example,col-
lusionis more prevalentwhenfirms arelesspatient. This is dueto two factors. First, relatve
to the basecase,collusionis lessoften broken by punishment.Hence,firms needendurethe
punishmentegime lessfrequently Secondthe averagelengthof collusionis greaterthanthe
basecase.Themainreasorfor thisis theabsencef entrydeterrenceBecausentryis very un-
likely whentherearetwo firms in the market, thereis noincentive to engagen entrydeterring
behaiour.

In thefinal column,thedemandnterceptis reducedrom 1.651to 1.5. Noticethatthisis an
eguvalentexperimento increasingheconstantaiginal costparameterexceptthatthe market
pricewill differ by a constant.As we might expect,a moreconcentratedthdustrywith a lower
averagemarket price results. Averagefirm capacityis againlower, reflectingreducedaverage
investment. The mostdramaticeffect is the increasedsustainabilityof collusion. This arises
largely becauseentry and entry deterrenceare both muchlesslikely whenthereare multiple
firmsin the market. Entry almostalwaysoccursinto a monopoly Hence,collusionwill tend
to prevail until incumbenthave a sequencef extremelyunlucky investmenbutcomesandthe
marketis reducedo asingleactive firm.

6 Extensions

Therearemary possibleavenuedor extensionof the currentmodel. Policy experimentscould
be conductedhroughsomefairly minorchangeso themodel.A simplewayto incorporatethe
influenceof the anti-trustauthoritieswould be to includein the collusive regime a probability
of detectioneadingto pecuniarypunishment.The detectionprobability could potentiallybe
conditionalon the level of pricesor the rate of changeof prices,althoughthis will addto the
computationatompleity. Therehasbeena recentsuigein the numberof successfuinterna-
tional cartelprosecutionsyith acontributingfactorbeingachangen theamnestyprogram.An
amnestypolicy could beincorporatednto the modelby allowing ary firm to blow the whistle
onthecollusive regimeandavoid arny punishmenby the authorities.

Somemoresubstantre enhancement® the modelarealsodesirablel will pointoutsome
featureghatappearparticularlyimportantbasedon consideratiorof the lysine market. First, a
centralpredictionof the modelis thetendeng for firms to build up a market sharecomparable
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with their competitorsbeforecolluding. This predictioncanonly carry force if firms areon

an equalfooting. In the currentmodel, firms differ only in their capacityconstraints.A more
realisticsettingwould allow for otherasymmetriesCostasymmetriesreespeciallyymportant.
We might expectan entrantwith a relative costdisadantageto pursuesomethinglessthan
a market sharecomparabléo its competitorsbeforecaving in to the temptationof collusion.
Secondanimportantelementguiding firm behaiour in thelysine market wasthe expectation
of futuremarlketgrowth. Altering thediscountfactorcouldrepresenaroughapproximatiorfor

market growth. However, to accounimorepreciselyfor growth necessitateanexpansiorof the
statespace.

Third, an importantassumptiorof the modelis that the entrantmust be a party to ary
collusive agreementWe could relax this assumptiorby calculatinga separateraluefunction
in whichincumbenftirms colludewithout the participationof arecententrant.Incumbentirms
couldthencomparehis valuefunctionwith the collusive valuefunctionwhenmakingcollusion
decisions.More generally we could considercollusionby any subsebf the incumbentfirms.
Thisis aparticularlythorry problem,evenin theabsencef dynamicconsiderationg? Finally,
a centralelementto mary price war modelsis the asymmetryof information. Incorporating
this featureis a seriouschallenge put would considerablyenrichthe descriptve power of the
model.

7 Conclusions

This paperhasdevelopeda dynamicmodelof collusionthatfocuseson therole of entry The
modelis sufficiently rich to allow a wide variety of behaiour in equilibrium. Successfutol-
lusion, price warsdueto entry or punishmentandentry deterrencareall potentialelements
of equilibrium. Key assumption®f the modelare motivatedby recentempiricalobsenations
of collusion. Themodelcouldprovide guidancefor ary market with collusive possibilities the
potentialfor entry, andsomeuncertaintyaboutthe characteristicef potentialentrants.

A centralpredictionof the modelis thata firm enteringa market characterisety collusion
will tendto build up amarket sharecomparablevith its competitordbeforeagreeingo collude.
This was an importantfeatureof the market for lysine, wherecollusion hasrecentlyplayed
a dramaticrole. However, firms may collude quickly with asymmetricmarket sharesf they
anticipateentry, or if they wish to deterentry The resultshighlight the intimate connection
betweerthesuccessf collusionandthe prospectgor entry. In marketstructuresvhereentryis
unlikely andrecourseo entry deterrenceinnecessaryollusionis morelikely to be sustained.

223ee for example,Bernheim Pelag andWhinston(1987).
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Theresultsalsoreinforcethe conclusionof FershtmarandPakes(2000)thatanti-trustanalysis
mustconsidertheimpactof collusionon market structure.
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