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GeneralIntroduction

Areideasgettinghardertofind?ThisquestionformulatedbyBloometal.(2017)stems

fromtheobservationofasubstantialdiminishingofresearchproductivitycoupledwith

aconsiderableriseinresearchefforts. Between1930and2014,theyestimatethatthe

effectivenumberofresearchershasbeenmultipliedby23whilethetotalfactorproductiv-

itygrowthrateoftheUnitedStateshasbeendividedby2(Figure1).Thisobservation

seemsconfirmedinawiderangeofcases.Oneofthemoststrikingfactsthatemergefrom

theirpaperconcernstheMoore’sLaw(Moore,1965),whichreferstothedoublingofthe

numberoftransistorsinmicroprocessorseverytwoyears,aremarkablystablerelationship

overtime(Figure2).Toachievethesameannualgrowthrateofthenumberoftransistors

(≈35%),thenumberofresearchersrequiredin2014is18timesthatintheearly1970s.

Otherapplicationsinagricultureandmedicaltechnologiesshowsimilarpatternswitha

decreaseintheresearchproductivityatanannualratearound3.5%.

Thedeclineofresearchproductivityinnotanewquestionintheinnovationeconomics

literature.Bloometal.(2017)areresurrectinganolderdebatefirstintroducedbyEvenson

(1993)andlaterbyLanjouwandSchankerman(2004)whoobservethattheratioofthe

numberofpatentedinnovationstotheresearchanddevelopmentexpenditures(orthe

numberofscientistsandengineers)hasbeenapproximativelydividedbytwobetweenthe

1960’sand1990intheUnitedStates,UnitedKingdom,GermanyandFrance.

1



2 GENERALINTRODUCTION

Figure1:AggregateDataonGrowthandResearchEffort.Source:Bloometal.(2017).

Figure2: Moore’sLaw-Thenumberoftransistorsonintegratedcircuitchips
(1971-2016).Source:Wikipedia.

Inthepharmaceuticalsector,researchexpenditureshavesubstantiallyincreasedwhile

theintroductionofnewmolecularentitiesandnewdrugsonthemarketdeclinesorre-

mainsatbeststableovertime. Cockburn(2006)arguesthatthesemeasuresofR&D

efficiencyoverestimatethedeclineofresearchproductivity:iftherisingcostofnewdrugs

https://en.wikipedia.org/wiki/Moore's_law
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isindisputable,asignificantpartisalsoduetoincreasingtransactioncostsandother

marketinefficiencies.Nevertheless,aconsensusisemergingamongscientistsonthefact

thatresearchproductivityissharplydeclining.

Thisisamajorconcernsinceideasandtheiradoptionareatthecoreofeconomic

progress. Thefirsteconomicgrowthmodels(Romer,1990)supposeconstantresearch

productivityimplyingthatthegrowthrateofideasisproportionaltothenumberof

peopleworkingintheresearchsector.Itresultsascaleeffect:iftheshareofworkers

devotedtoresearchisconstantovertime,thenthetotalfactorproductivityandthe

growthrateoftheeconomyareproportionaltothesizeofthelaborforce.Howeverthere

isnoempiricalevidenceofsucharelation.Jones(1995)arguesthatthegrowthrate

ofideasdoesnotonlydependonthenumberofresearchers,butalsoonthestockof

knowledgeintheeconomyintwodifferentways. Thefirstoneimplicitlyassumesthat

knowledgeisinfinite:thenumberofnewideasincreaseswiththestockofknowledge

intheeconomy,signifyingthatpreviousdiscoveriesmakeeasiertofindnewideas.The

secondoneinfersthatknowledgeisfinite:findingnewideasdecreasesthestockofthose

notyetdiscovered,makingthenewoneshardertofind.Inbothcasesthegrowthrate

ofideasdecreaseswiththestockofknowledgeavailableintheeconomy. Thesemodels

assumethatresearchproductivityisconstantovertime.Howeverthepreviousempirical

observationsseemtosupportthatresearchproductivityisdeclining,meaningthatthese

modelspotentiallyoverestimatethegrowthrateofideas.Segerstrom(1998)isthefirstto

exploretheconsequencesofR&DbecomingmoreandmoredifficultovertimeinaR&D

endogeneousgrowthmodel. Heassumesthatresearchproductivityisdeclininggiven

thatthemost“obvious”ideasarediscoveredfirst,makingthenewoneshardertofind.

Howeverthenatureofideas(obviousorcomplex)remainsafuzzyconcept.

Naturallycomesthequestionofwhyresearchproductivityisdeclining.Inthephar-

maceuticalsector,Pammollietal.(2011)observethattheR&Dexpenditureshavesustan-

tiallyincreasedwhilethenumberofnewdrugsbeingapprovedremainsstable.According

totheauthors,R&Dexpenditureshavebeenconcentratedonhighriskoffailureresearch

areas.Theproductivitycrisisinthepharmaceuticalsectormaybetemporarysincefirms

haveinvestedhighamountsofmoneyonriskyresearchareaswiththehopetoinnovate

disruptivelyratherthanincrementally. Thismightmomentaryleadtoadeclineinthe

researchproductivitythatcanbecompensatedinthefuturebyagreaternumberof

patents,drugsandmolecularentitiesonthemarket.AccordingtoAkcigitetal.(2013),
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theunderinvestmentofgovernmentsandprivatesectorinbasicresearchisdetrimental

sincebasicresearchgeneratesgreaterpositivespilloversfortheeconomythanappliedre-

search.GiventhatcollaborationinScienceisbecomingmoretherulethantheexception

(Adamsetal.,2005),coordinationcostsandfree-ridingcouldalsoexplainthedeclinein

theresearchproductivity.

Perhapsthemorenaturalreasontoexplainthisphenomenonisthatresearchisbe-

comingmoreandmorecomplex.AccordingtotheOxfordDictionaryofEnglish,complex

hasseveralmeanings. Thefirstoneis“Noteasytoanalyseorunderstand;complicated

orintricate”.Asknowledgeaccumulates,itbecomesincreasinglydifficultto“reachthe

frontier”.Jones(2009)arguesthatresearchersneedtospendmoreandmoretimein

educationtothedetrimentoftimetoinnovateastheknowledgefrontiermovesfurther.

Thereisanincreasingeducationalburdensothatageoffirstinventionincreasesover

time,individualknowledgenarrowsleadingtoagreaterspecialization,andteamsize

grows. Consequently,thelaborconsumptionincreasesandthustheassociatedcosts,

leadingtoadeclineinresearchproductivity.

Thesecondmeaningofcomplexityis“Consistingofmanydifferentandconnected

parts.”Doingresearchisintrinsicallyaproductiveproblem:itrequirestocombineprevi-

ousacademicworksinaparticularwaytoproducenewideas.Hereincreasingthecom-

plexityofresearchprojectsmeansthattheknowledgeproductionfunctionhaschanged

overtime,inawaythatleadstoanincreaseofthelaborconsumptionandadeclineof

researchproductivity.Suchexplanationdoesnotexistintheliteratureyet,andisthe

mainsubjectofthisthesis. Todoso,weproposeinChapter2atheoreticalmodelto

understandhowvariationsintheknowledgeproductionfunctionthatwesupposeofthe

constantelasticityofsubstitutionformaffectsscientificoutputandproductivity.Among

manyresults,wefindthat,atequilibrium,allthevariablesdependonasyntheticindex

oftheknowledgeproductionfunctionthatwedefinetobeitscomplexity. Weshowhow

changesinthisindexmodifytheknowledgeproductionandproductivityatequilibrium.

Toempiricallytestourmodel(Chapter3),weconsideroneparticularformofcomplex-

ity,calledinterdisciplinarity1,whichrequirescombiningskillsandeffortsfromdifferent

1OneimportantchallengeinthePhilosophyofSciencehasbeentoconceptualisedifferentformsof
combiningdisciplines. Theseacademicworksledtodifferentexpressionssuchas multidisciplinarity,
interdisciplinarityortransdisciplinarity,whichhavebeenemployedindifferentlyforalongtimealthough
aclearclassificationexistssincethepaperofChoiandPak(2006).
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researchareasoracademicdisciplines. Moreprecisely,theNationalAcademyofScience

definesinterdisciplinarityasfollows:

Interdisciplinaryresearchisamodeofresearchbyteamsorindividualsthat

integratesinformation,data,techniques,tools,perspectives,concepts,and/or

theoriesfromtwoormoredisciplinesorbodiesofspecializedknowledgeto

advancefundamentalunderstandingortosolveproblemswhosesolutionsare

beyondthescopeofasingledisciplineorareaofresearchpractice.

Ifinterdisciplinarityisaformofcomplexity,thisisnottheonlyformofcomplexity.

Ourchoicetostudyinterdisciplinarityismotivatedbythefactthatthistopichasreceived

agrowinginterestfromthescientificcommunityinrecentyears.Variousstakeholderssee

interdisciplinaryresearchasameantoincreasethesocialreturnstopublicfundingof

academicresearch.Thisquestionisallthemoreimportantgiventhatmanystudiespoint

outthebarrierstointerdisciplinaryresearchraisedbytheintrinsicorganizationofsci-

entificcommunities.Journaleditorsandrefereesencounterdifficultiestoevaluatesuch

worksincetheyareoftenspecialisedinasinglediscipline. Whilestandardsofevaluation

oftenexistformonodisciplinarypapers,theyareextremelyrareorevennon-existentfor

multidisciplinaryresearch(PautassoandPautasso,2010).Reviewersoftendisagreecon-

cerningtheevaluationofthequalityofthosepapers(Lamontetal.,2006)whichmay

leadtohigherrejectionratesoratleastcomplicatestheprocessofpublication. Multidis-

ciplinaryresearchersseemtobepenalisedforacademicpromotionandtenures(Rhoten

andParker,2004). Eventhoughuniversitiesincreasinglytrytovalueinterdisciplinary

research,theirorganisationalstructureisoftenbasedonmonodisciplinarydepartements,

whichlimitsinteractionsbetweenresearchersfromdifferentfieldsofscience(Sá,2008).

Aremarkablefactisthatthisformofcomplexityisincreasingovertime.Tothebest

ofourknowledge,suchanempiricalfacthasnotbeenestablishedyet. Wedealwithtwo

databasestosupportthisassertion. Thefirstonecontainsmorethan400,000research

articlesinacademicjournalspublishedbyatleastaFrenchresearcherbetween1999and

2013.Thesecondoneisthefull WebofSciencebetween2013and2017whichcontains

around8,000,000publicationsovertheperiod.Inbothcases,weobservethattheaverage

complexityofacademicpublicationsincreasesovertimeataconstantrate,between1

and3.5%peryear(Figures3and4),whatevertheindexconsidered. Althoughmany

factorsaffectresearchproductivity,itsdeclineratecalculatedbyBloometal.(2017)
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approximativelycorrespondstoourcomplexitygrowthrate.Thisobservationgoesinthe

samedirectionthanourtheoreticalconclusionsontherelationbetweenthecomplexityof

theknowledgeproductionfunctionandtheresearchproductivity.Neverthelesscomesthe

questionofwhyresearchersengageinmoreandmorecomplex
1
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theirproductivity. Weopenthedebateinthelastpartofthisdocument.

Figure3:Evolutionoftheinterdisciplinarityofresearcharticlespublishedbyatleasta
Frenchresearcherovertheperiod1999-2013, WebofSciencedatabase(400,000

observations),OSTdisciplinarynomenclature.

Inadditiontothegrowingcomplexity,Sciencehasevolvedtowardsanincrediblyin-

creaseofthecompetitionoverthelastdecades.Thescientificlaborforcehassustantially

grown.Butaboveall,thenumberofselectiveprocedureshasconsiderablyincreasedto

fundprojects(creationofresearchfundingagencies),topromoteresearchersortogrant

scientificawardsforinstance.Decision-makersaimtoincreasetheefficiencyoftheallo-

cationofresources. Howeverresearchersoftenhavetofaceuncertaintyconcerningthe

numberofcompetitorsbutalsotheprizestructure,whichcanchangetheirincentivesto

exerteffort.Inthisthesis,wetheoreticallyaddressthesequestions.InChapter1,weare

interestedinhowcompetitionanduncertaintyconcerningthenumberofprizeschange

playersincentivestoexerteffort.InChapter2,weaimtofocusontheeffectofcom-

petitiononeffortsandoutput,bothinthequalitative(greaterefficiencyofcompetitors)

andquantitative(numberofprojects)dimensions. Weobtaininterestingresultsthatwe
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Figure4:Evolutionoftheinterdisciplinarityofresearcharticlesovertheperiod
2013-2017, WebofSciencedatabase(8,000,000observations),OSTdisciplinary

nomenclature.

developallalongthesetwochapters.

Thisthesiscontainsthreechapters.

Weproposein Chapter1anoriginalcontributionontheTullockcontesttheory. We

considermultiple-prizecontestswherethenumberofprizestobeawardedisuncertain.

WedeterminethesymmetricNashequilibriumofthecontestgame. Underaspecifica-

tionofthemodelcommonlyusedintheliterature,weshowthattheaggregatecontest

expendituredecreaseswiththeexpectationonthenumberofprizes(first-orderstochastic

dominance),withtheriskinthenumberofprizes(second-orderstochasticdominance),

andincreaseswiththenumberofcontestantsregardlessoftheprizeallocationmechanism.

Wegivesufficientconditionssuchthatthesameholdsunderageneralspecification.Ac-

cordingly,completeinformationconcerningthenumberofprizesmaximizestheaggregate

contestexpenditure.

InChapter2,weproposeatheoreticalmodeltodealwiththeeffectofthecomplexity

oftheproductionfunctionontheoutputandproductivityatequilibrium. Wemodel

competitioninScienceasaTullockcontestbetweenresearchprojectsfortheobtention

ofaprize(apublicationslotinajournalforinstance). Weconceptualizearesearch
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projectasanideaandateamofresearchers.Eachideaisassociatedtoagivenknowledge

productionfunctionwhosefactorsaresubteamefforts,eachoneinadistinctfieldof

expertise. Weabstractfromfree-ridingissuesandintra-teamcoordinationtofocuson

thecharacteristicsoftheknowledgeproductionfunction,thatwesupposeoftheCESform.

WecharacterizetheNashequilibriumofthecorrespondingcontestgame. Wefindthat

allthevariablesarefunctionofasyntheticindexoftheknowledgeproductionfunction,

thatwecallcomplexityoftheprojectgivenitsproperties. Wederivecomparativestatics

withrespecttothisindicatorandanalyzetheconsequencesofthenumberofprojectsin

thecontest.Amongtheresults,weshowthatteamstreatingmorecomplexproblemsare

penalizedsincetheirparticipation,theirimpact,theirproductivityandtheirprobability

toobtaintheprizedecrease. Wefindthatcompetitionexertsadifferentiatedeffecton

projectimpactdependingontheirowncomplexity.

InChapter3,weanalyzetheeffectofoneformofcomplexityontheimpactofresearch

projects,calledinterdisciplinarity. Wefirstrewriteourindexofcomplexityasafunction

ofthecontributionsofeachfieldofexpertisetotheoutcomeandshowthatitbelongsto

thefamilyofHilldiversityindexes,astandardinterdisciplinarymeasure. Weconfirmour

theoreticalpredictionsonanoriginaldatasetofnearlyfourhundredthousandauthorship

participationsofapproximatelythirtythousandFrenchprofessorsandresearchersover

theperiod1999-2013forwhichwehaveindividualdata. Weshowthatinterdisciplinarity

isincreasingovertimebeforediscussinghowthismayaffecttheresearchproductivity.

Wefinallyconcludeandgiveperspectivesforfurtherresearchdealingwiththerelation

betweencomplexityandresearchproductivity.



Chapter1

Tullockcontestswithanuncertain

numberofprizes1

1 Introduction.

Sisak(2009)surveyedtheliteratureonmultiple-prizecontests2. Sheshowsthatthis

frameworkcanberelevantinmanysituations,takingexamplesfromrent-seekingactiv-

ities,patentsandR&Draces,licenses,labormarkets,sportsandsoon.Sisak(2009)

classifiestheliteraturealongtwomaindimensions,basedonthespecificationofthecon-

testsuccessfunction(Tullockversusfullydiscriminatingcontestsuccessfunction)and

ontheadoptionofsingleversusmultipleefforts(thecontestantsexertanoveralleffort

forallprizesorcanallocateitmorespecificallytoasub-groupofprizes). Thecentral

findingisthatwithrisk-neutralandsymmetriccontestants,acontestdesigneraiming

atmaximizingtheaggregateeffortshouldalwaysprefertoallocateasingleprizerather

thansplittingitintoseveralsmallerprizes.However,dividingtheprizecanbeoptimal

insituationswithasymmetricplayersforinstance(SzymanskiandValletti,2005).

Morerecently,theliteratureonmultiple-prizecontestshasbeenextendedinseveral

ways. Fuetal.(2014)proposeaprizeallocationmechanismwhichselects-outlosers

whiletheliteraturehadsofarconsideredawinnerselectionmechanism(ClarkandRiis,

1996).MinchukandSela(2014)studyanall-payauctionwithmultipleprizes,wherethe

playershaveacommonvalueforallthecertainprizesandaprivatevaluationforthe

uncertainone.Strackeetal.(2014)analyzetheeffectoftheprizestructureoneffortin

adynamictwo-stageeliminationcontest.Ifasingleprizemaximizestheaggregateeffort

whenplayersarerisk-neutral,atwoprizesstructuremaydominateawinner-takes-all

contestifplayersarerisk-averse.Inaworkingpaper,Balafoutasetal.(2017)propose

1Thispaperisco-authoredwithSébastienRouillon.
2Theveryfirstcontributionsonmultiple-prizecontestsareGlazerandHassin(1988)andBerry(1993).

9
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totestexperimentallyanall-payauctionwithmultipleendogenousanduncertainprizes.

Keepingconstanttheexpectednumberofprizes,theyobservethatmoreuncertaintyleads

toadecreaseintheeffortspentbyplayers.

Surprizingly,thecaseofmultiple-prizecontestswithanuncertainnumberofprizes

hasneverbeeninvestigatedtheoretically,althoughthisisanaturalassumptionandan

immediateextensionoftheliteraturejustsurveyed. Manyreal-lifeexamplescorrepond

tothissituation.Infirms,workersmaycompetewithoutknowingexactlythenumberof

promotions.InScience,researcherscompetetoobtainfundswithoutknowingprecisely

howfundingagenciesallocatetheirbudgetbetweenprojects. Topublishtheirpaper,

researchershavelimitedinformationsconcerningtheacceptationrateofjournals.Inthe

academicjobmarket,PhDstudentsarenotawareoftheexactnumberofjobsofassistant

professorsorresearchersthatwillbeavailableaftertheirPhDdefense.Thepurposeof

thepresentpaperistoprovideafirstattempttofillthegapconcerninguncertaintyon

thenumberofprizesincontests.

WeconsideraTullockcontestsuccessfunctionwithrisk-neutralandsymmetricplay-

ers,assumingthatthenumberof(identical)prizestobeawardedisarandomvariable,

withacommonknowledgeprobabilitydistribution. WecharacterizetheNashequilibrium

ofthecorrespondingcontestgameandidentifysomeofitsproperties.Underaspecifica-

tioncommonlyusedintheliteratureonmultiple-prizecontests(Berry,1993;Clarkand

Riis,1996),wefindthattheaggregateeffortofthecontestantsincreaseswhentheuncer-

tainnumberofprizesgetssmallerinthesenseofthefirst-orderstochasticdominanceor

whentheriskinthenumberofprizesdecreasesinthesenseofthesecond-orderstochastic

dominance. Wediscusshowthevaluationfunctionandthespecificationoftheprobability

functioncanmodifythepropertiespreviouslydetermined. Wealsoprovideanumerical

illustrationtodisplaylessexpectedbehaviors.

Thispaperalsocontributestotheliteraturefromatechnicalpointofview. Our

resultsfollowfromtheproperties(monotonicityandconcavity)ofadiscretefunction

firstappearedinClarkandRiis(1996)theninFuetal.(2014). Weshowherehow

toextendittoacontinuousandtwicedifferentiablefunction,byusingofthepsi(or

digamma)function(AbramowitzandStegun,1964). Thisgreatlyeasestheanalysisof

itsproperties,whichareobtainedfromfirst-orderandsecond-orderderivatives. Wealso

enhancetheconditionsofexistenceofasymmetricequilibriumofthecontestgamesgiven
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inthepapersofClarkandRiis(1996)andFuetal.(2014).

Finally,thispaperisrelatedtoMünster(2006),LimandMatros(2009),Myersonand

Wärneryd(2006),andKahanaandKlunover(2015),whoextendthecontestliteratureto

situationswherethenumberofcontestantsisuncertain. Theyshowthatthe(ex-ante)

aggregateeffortinacontestwithpopulationuncertaintyissmallerthanitscounterpartin

acontestwithpopulationcertaintyandthesameexpectednumberofcontestants.Under

someconditions,ourpapergivestheanalogfindingforcontestswithprizeuncertainty.

Therestofthepaperisorganizedasfollows.Section2setsoutthemodel.Section

3presentstheprizeallocationmechanismsandcharacterizestheNashequilibriumofthe

contestgames.Section4dealswiththepropertiesoftheequilibriumoutcome.Section5

concludes.SeveralproofsaregivenintheAppendix.

2 The model.

Weconsidern(riskneutral)playerscompetinginanestedcontestawardingkprizes,with

1≤k<n.Allprizeshavethesamevalue,givenbythevaluationfunctionV(k)3.The

contestantssimultaneouslyexertanoveralleffortforallprizesinordertogetachance

towinoneprizeandnomore. Theindividualeffortofaplayeriisdenotedbyxiand

theaggregatedeffortisdenotedbyX= n
j=1xj.Letf(xi)betheimpactfunctionof

playeri(Myersonand Wärneryd,2006),andassumethatthisisastrictlyincreasingand

concavefunction,withf(0)=04.Toeasethenotation,itwillbeusefulbelowtodefine

g(xi)≡f(xi)/f(xi)
5.

Intheliteratureonmultiple-prizecontests(Berry,1993;ClarkandRiis,1996),itis

standardtousethespecificationwheref(x)=xr,with0<r≤1,andV(k)=V/k.To

easethecomparison,belowwewillsometimesrefertoitasabenchmarkcase.However,

itisworthnotingthatmostoftheanalysisandresultswillbederivedwithinthegeneral

model.

LetPi(x1,...,xn;k)denotethe(exante)probabilitythatplayeriwinsoneprizeinthe

certaincase.Theoriginalityofourpaperisthatweassumethattheplayersareunaware

3Fortechnicalreasons,itwillbeconvenienttoassumebelowthatV(k)isdefinedandtwicedifferen-
tiableforallk∈[1,n].
4Theseassumptionsarecommonlyusedintheliterature.
5Remarkthat g(xi)isincreasing. Indeed,f(xi)> 0andf(xi)≤ 0implythatg(xi) =

1−f(xi)f(xi)/(f(xi))
2
>0.
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oftheexactnumberofprizestobeawardedandonlyknowthatthisnumberisdistributed

between1andK,accordingtoaprobabilitydistributionπ(k).Inthissettingwithan

uncertainnumberofprizes,eachplayeriexpectstowinoneprizewithprobability

E[Pi(x1,...,xn;k)]=
K

k=1

π(k)Pi(x1,...,xn;k).

Weconsiderfirstthecasewheretheplayersobservethenumberofprizes ktobe

allocatedbeforetheychoosetheirlevelofeffort. Wethendealwiththecasewherethe

playersonlyknowthatthenumberofprizeskisdistributedbetween1andK,according

totheprobabilitydistributionπ(k).

Whenthenumberofprizesisknownwithcertainty,eachplayer iobserveskand

choosesxitomaximize

Pi(x1,...,xn;k)V(k)−xi. (1.1)

Foraninteriorsolution,thefollowingfirstandsecond-orderconditionsmustbesatisfied

∂

∂xi
Pi(x1,...,xn;k)V(k)−1=0,foralli,

∂2

∂x2i
Pi(x1,...,xn;k)V(k)<0,foralli,

aswellastheparticipationconstraint

Pi(x1,...,xn;k)V(k)−xi≥0.

Considernowthecasewheretheplayerschoosetheireffortunderuncertainty.Know-

ingthatkisdistributedbetween1andK,accordingtoaprobabilitydistributionπ(k),

eachplayermaximizeshisexpectedutilitywithrespecttohisowneffort

K

k=1

π(k)Pi(x1,...,xn;k)V(k)−xi.

Foraninteriorsolution,thefollowingfirstandsecond-orderconditionsmustbefulfilled

K

k=1

π(k)
∂

∂xi
Pi(x1,...,xn;k)V(k)−1=0,foralli,
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K

k=1

π(k)
∂2

∂x2i
Pi(x1,...,xn;k)V(k)<0,foralli,

aswellastheparticipationconstraint

K

k=1

π(k)Pi(x1,...,xn;k)V(k)−xi≥0.

3 Prizeallocation mechanismsandequilibriumout-

comes

Weproposetwospecificationsfortheprobabilityfunction Pi(x1,...,xn;k)here,eachof

themassociatedtoadifferentprizeallocationprocess. WedealwiththeClarkand

Riis(1996)winnerselectionmechanism(WSM)andtheFuetal.(2014)loserelimination

mechanism(LEM).WealsocharacterizetheNashequilibriumofthecorrespondingcontest

games.

3.1 WinnerSelection Mechanism(WSM)

Theprizesareawardedinkrounds,accordingtotheiterativeprocessinitiallydescribed

inClarkandRiis(1996)6.LetN(κ)denotethesetofplayersstillremaininginthecontest

atroundκ7.Theconditionalprobability8thatanyplayeriinN(κ)winstheprizeinthe

κ-throundisequalto

pκi(x1,...,xn)=






f(xi)

j∈N(κ)
f(xj)

if j∈N(κ)f(xj)>0

1
n+1−κ

ifx1=...=xn

.

Ifplayeriisdrawnatrandomduringroundκ,thesetofremainingplayersthenevolves

accordingto

N(κ+1)=N(κ)−{i}.

6MoredetailsaregiveninAppendix6.1.
7Clearly,N(1)={1,...,n}.
8ThecontestsuccessfunctionhasbeenaxiomatizedbySkaperdas(1996).
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Theprocessisrepeateduntilallprizesareallocated.Assumingthatxj=x,forallj=i,

ClarkandRiis(1996)showthat

Pi(xi,x,...,x;k)=
f(xi)

f(xi)+(n−1)f(x)

+
k

κ=2

κ−1

λ=1

1−
f(xi)

f(xi)+(n−λ)f(x)

f(xi)

f(xi)+(n−κ)f(x)
.

Consideringthesymmetricequilibrium(lettingxi=xforalli),wecancalculatethat
9

∂

∂xi
Pi(x,...,x;k)=

n−k

n

n

r=1

1

r
−
n−k

r=1

1

r

f(x)

f(x)
. (1.2)

Proposition1givestheconditionsofexistenceandtheexpressionoftheNashequilib-

riumofthegamewhenthenumberofprizesisknownwithcertainty.

Proposition1Thereexistsasymmetricpurestrategyequilibriumx∗i=x
∗foralliif

thefollowingsufficientconditionissatisfied

n

r=1

1

r
−
n−k

r=1

1

r
≤1, (1.3)

wherealltheplayersexertaneffortsatisfying

g(x∗)=AWSM(k,n), (1.4)

wherewedenote10

AWSM(k,n)=V(k)
n−k

n

n

r=1

1

r
−
n−k

r=1

1

r
. (1.5)

ProofisgiveninAppendix6.4.3. Wedrawattentiontothefactthatourproofimproves

theprecedentonesconcerningtheconditionsofexistenceoftheNashequilibrium.Clark

andRiis(1998)giveasufficientconditiononthenumberofprizeskandtheparameterr

oftheimpactfunctionf(x)=xrtoobtainalocalmaximum,sothattheutilityfunction

9Forreasonsthatwillbecomeclearbelow,theexpressionofthefirst-orderconditionusedhere,though
equivalent,differsfromthatin(ClarkandRiis,1996).TheproofisgiveninAppendix6.4.1.
10ClarkandRiis(1996)writeAWSM (k,n)=V(k)k−

k−1
j=0(k−j)/(n−j)/n,whichisequiva-

lent.
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isconcavearoundxi=x
∗.Herewegivetheproofforanyimpactfunctionf(x)andshow

thatplayeri’sutilityfunctionisconcavewithxiovertheinterval[0;x].

Whentheplayerschoosetheireffortunderuncertainty,weestablishinProposition 2

thesymmetricNashequilibriumofthegameanditsconditionsofexistence.

Proposition2Thereexistsasymmetricpurestrategyequilibriumx∗i=x
∗foralliif

thefollowingsufficientconditionisfulfilled

n

r=1

1

r
−
n−K

r=1

1

r
≤1,

whereallplayersexertaneffortsatisfying

g(x∗)=
K

k=1

π(k)AWSM(k,n), (1.6)

with

AWSM(k,n)=V(k)
n−k

n

n

r=1

1

r
−
n−k

r=1

1

r
.

Notealsothateffortatequilibriumintheuncertaincaseisalinearcombinationof

equilibriumeffortsinthecertaincaseweightedbytheprobabilities.

3.2 LooserElimination Mechanism(LEM)

Insteadofselecting-inthewinnersineachnestedroundlikeinthemodelofClarkandRiis

(1996),Fuetal.(2014)proposeamechanismwhichselects-outlosers11.Ineachround

κ,oneplayerandnomoreiseliminatedanddoesn’treceiveanyprize12.Theelimination

processcontinuesuntilkplayerssurvive,orequivalentlyn−kplayersareremovedfrom

theinitialsetofcontestants. Attheendofroundκ=n−k,eachsurvivorreceivesa

prizeofvalueV(k).

LetS(κ)denotethesetofsurvivorsremaininginthecontestatroundκ13. The

conditionalprobability14qκithataplayeriinS(κ)iseliminatedintheκ-throundis

11MoredetailsaregiveninAppendix6.2.
12Fuetal.(2014)allowseliminatedplayerstoreceiveaprizeofpositivevalue. Herewemakethe
assumptionthateliminatedplayersgetnoprizetohaveaperfectmatchwiththeClarkandRiis(1996)
prizestructure.
13ClearlyS(1)=1,...,n
14ThecontesteliminationfunctionhasbeenaxiomatizedbyLuand Wang(2016).
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equalto

qκi(x1,...,xn)=






1
f(xi)

j∈S(κ)
1

f(xj)

if j∈S(κ)f(xj)>0

1
n+1−κ

ifx1=...=xn

Ifplayeriiseliminatedatroundκ,thenthesetofsurvivorsinnextperiodevolves

accordingto

S(κ+1)=S(κ)−{i}

Sinceonlyoneplayeriseliminatedineachround,theprocessendsatroundκ=n−k.

Assumingxi=xforallj=i,theprobabilitythatplayeriwinsoneprizewiththelooser

eliminationmechanismsimplifiesto

Pi(xi,x,...,x,k)=
n−k

κ=1

(n−κ)f(xi)

(n−κ)f(xi)+f(x)
.

Weobtainthat15

∂

∂xi
Pi(x,...,x;k)=

k

n

n

r=1

1

r
−

k

r=1

1

r

f(x)

f(x)
. (1.7)

Proposition3givestheconditionsofexistenceandtheexpressionoftheNashequilib-

riumofthegamewhenthenumberofprizesisknownwithcertainty.

Proposition3Thereexistsasymmetricpurestrategyequilibriumx∗i=x
∗ifthefollow-

ingsufficientconditionissatisfied

n

r=1

1

r
−

k

r=1

1

r
≤1, (1.8)

wherealltheplayersexertaneffortsatisfying

g(x∗)=ALEM(k,n), (1.9)

with

ALEM(k,n)=V(k)
k

n

n

r=1

1

r
−

k

r=1

1

r
. (1.10)

15TheproofisgiveninAppendix6.5.1.
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ProofisgiveninAppendix6.5.2.SinceFuetal.(2014)haveusedthesamespecificationas

ClarkandRiis(1996)(f(x)=xr),ourproofenhancestheFuetal.(2014)one.Indeedwe

consideramoregeneralimpactfunctionf(x)andweshowthatplayeri’sutilityfunction

isconcavewithxiovertheinterval[x;+∞[,notjustaroundxi=x.Herethesufficient

conditionin(1.8)involvesthatweareabletoprovetheexistenceofasymmetricpure

strategyequilibriumwhenf(x)=xaslongasthetotaleffortspentbyplayersdoesn’t

exceedthetotalvaluedistributedinthecontest.

Nowweturntothecasewheretheplayerschoosetheireffortunderuncertainty.

Proposition4givestheconditionsofexistenceandtheexpressionofthesymmetricNash

equilibriumofthegame.

Proposition4Thereexistsasymmetricpurestrategyequilibriumx∗i=x
∗ifthefollow-

ingsufficientconditionissatisfied

n

r=1

1

r
−

k

r=1

1

r
≤1, (1.11)

withk∈[1;K]theminimalintegersuchthat(1.11)istrue,and

π(k)=0 ∀k<k,

whereallplayersexertaneffortsatisfying

g(x∗)=
K

k=1

π(k)ALEM(k,n), (1.12)

with

ALEM(k,n)=V(k)
k

n

n

r=1

1

r
−

k

r=1

1

r
.

ProofisgiveninAppendix6.5.2. Thesufficientconditionin(1.11)meansthatwhen

f(x)=x,weareabletoprovetheexistenceofasymmetricpurestrategyequilibrium

aslongastheaggregateeffortexertedbyplayersislowerthanthetotalexpectedvalue

distributedinthecontest. Again,effortatequilibriumintheuncertaincaseisalinear

combinationofequilibriumeffortsinthecertaincaseweightedbytheprobabilities.
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4 Comparativestatics

Herewederivesomecomparativestaticsoftheequilibriumoutcomeunderuncertainty.

Weshowhowtheprobabilitydistributionofthenumberofprizesandthenumberof

participantsaffecttheaggregatecontestexpenditure. Forconvenience,wesometimes

dropthesubscriptrelativetotheprizeallocationmechanism(WSMorLEM).Thus,this

meansthatourassertionsarevalidregardlessoftheprizeallocationmechanism.

4.1 Distributionofthenumberofprizes

Weconsiderheretheeffectoftheprobabilitydistributionofthenumberofprizes.For-

mally,wecomparetheequilibriumoutcomeundertwodistributions,denotedbyπ(k)and

π(k). Weletxbetheequilibriumeffortinthecontestwithπ(k),andxtheequilibrium

effortinthecontestwithπ(k). WesearchforconditionsonthevaluationfunctionV(k)

suchthatx>x,consideringinturnfirst-orderandsecond-orderstochasticdominance16.

Fromourpreviousanalysis,weknowthattheequilibriumeffortsrespectivelysatisfy

g(x)=
K

k=1

π(k)A(k,n)andg(x)=
K

k=1

π(k)A(k,n).

Asg(x)isincreasing,theconditionforx>xwrites

K

k=1

π(k)A(k,n)>
K

k=1

π(k)A(k,n), (1.13)

wherewerecallthat

AWSM(k,n)=V(k)
n−k

n

n

r=1

1

r
−
n−k

r=1

1

r

and

ALEM(k,n)=V(k)
k

n

n

r=1

1

r
−

k

r=1

1

r
.

Below,weinvestigatepropertiesofthevaluationfunctionV(k)suchthatinequality

(1.13)willholdtrue,dealinginturnwithfirst-orderandsecond-orderstochasticdomi-

16SeeAppendix6.3fordefinitionsoftheseconcepts.
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nance.Assumingthatπ(k)first-orderstochasticallydominatesπ(k),itwillbesufficient

tofindshapesofthevaluationfunctionV(k)generatingafunctionA(k,n)decreasing

ink(Courtaultetal.,2006).Assumingthatπ(k)second-orderstochasticallydominates

π(k),itwillbesufficienttoidentifyshapesofthevaluationfunctionV(k)inducinga

functionA(k,n)concaveink(RothschildandStiglitz,1971).

RemarkingthatA(k,n)isadiscretefunctionofk17,ourstrategyforinvestigatingits

propertiesisasfollows.Usingthepsi(ordigamma)function(AbramowitzandStegun,

1964),forallrealnumbersk∈[1,n],weconstructacontinuousandtwicedifferentiable

functionF(k),coincidingwithA(k,n)foreveryintegerk18. Wethencalculatethefirst-

orderandsecond-orderderivativesofF(k). Wefinallyusethederivativestogivesufficient

conditionsonV(k)ensuringthemonotonicityandtheconcavityofA(k,n)withrespect

tok.

x

x

F(k)

k

Effort

(a)Decreasingandfirst-orderstochastic
dominance

x
x

F(k)

k

Effort

(b)ConcavityandSecond-orderstochastic
dominance

Figure1.1:Influenceoftheprobabilitydistributiononthenumberofprizes(first-order
andsecond-orderstochasticdominance)oneffort

Example1Toillustrateourmethodology,weprovideanexampleinFigure1.1.Panel(a)

considerstwocontestswherethenumberofprizesisuncertainanddistributedaccordingto

twoprobabilitydistributions:π(3)=π(7)=0.5andπ(9)=π(13)=0.5.Obviously,π(k)

first-orderstochasticallydominatesπ(k). WerepresentthefunctionF(k)whichcoincides

17Thisisduetothepresenceoftheterm
n−k
r=11/ror

k
r=11/r.

18Formally,F(k)=A(k,n)whenk=1,...,n.
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withA(k,n)(theequilibriumeffortwhenthenumberofprizesiscertain)foreveryinteger

k.Sinceequilibriumeffortintheuncertaincaseisalinearcombinationofequilibrium

effortsinthecertaincaseweightedbytheprobabilities,wecaneasilydetermineonthe

graphtheeffortsxandx(respectivelyinorangeandblue).HerethedecreaseofF(k)leads

tox>x.Panel(b)considerstwocontestswiththesameexpectednumberofprizesbut

withadifferentvariance.Theprobabilitydistributionsaregivenbyπ(6)=π(10)=0.5

andπ(1)=π(15)=0.5,meaningthatπ(k)second-orderstochasticallydominatesπ(k).

GiventhatF(k)isconcavewithk,weobservex>x.

Forallk∈[1,n],letusdefine

FWSM(k)=V(k)
n−k

n
(ψ(n+1)−ψ(n−k+1)), (1.14)

and

FLEM(k)=V(k)
k

n
(ψ(n+1)−ψ(k+1)), (1.15)

whereψisthepsi(ordigamma)function(AbramowitzandStegun,1964),definedfor

anypositiverealχby

ψ(χ)=−γ+
∞

j=0

χ−1

(j+1)(j+χ)
, (1.16)

whereγistheEulerconstant.Knowingthat

ψ(η+1)=−γ+
η

j=1

1

j
,

whereηdenotesanypositiveinteger(AbramowitzandStegun,1964),wecanverifythat

FWSM(k)=V(k)
n−k

n

n

r=1

1

r
−
n−k

r=1

1

r
=AWSM(k,n)

and

FLEM(k)=V(k)
k

n

n

r=1

1

r
−

k

r=1

1

r
=ALEM(k,n)

forallintegervaluesk=1,...,n. Moreover,knowingthatthefirst-orderandsecond-order

derivativesofψare(AbramowitzandStegun,1964)

ψ(k)=
∞

j=0

1

(j+k)2
andψ(k)=−

∞

j=0

2

(j+k)3
, (1.17)

weknowthatF(k)istwicedifferentiable.
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Wecancalculatethat

FWSM(k)=−
1

n





−(V(k)k+V(k)) ∞

j=0
n−k

(j+n+1)(j+n−k+1)

+V(k)k ∞
j=0

j+1

(j+n+1)(j+n−k+1)2




 (1.18)

FLEM(k)=−
1

n





−(V(k)k+V(k)) ∞

j=0
n−k

(j+n+1)(j+k+1)

+V(k)k ∞
j=0

1
(j+k+1)2




 (1.19)

and

FWSM(k)=−
2

n










−1
2
(V (k)k+2V(k)) ∞

j=0
n−k

(j+n+1)(j+n−k+1)

+(V(k)k+V(k)) ∞
j=0

j+1

(j+n+1)(j+n−k+1)2

+V(k)k ∞
j=0

j+1

(j+n+1)(j+n−k+1)3










(1.20)

FLEM(k)=−
2

n










−1
2
(V(k)k+2V(k)) ∞

j=0
n−k

(j+n+1)(j+k+1)

+(V(k)k+V(k)) ∞
j=0

1
(j+k+1)2

+V(k)k ∞
j=0

1
(j+k+1)3









. (1.21)

Beforewederivegeneralresults,itisworthconsideringthebenchmarkspecification,

whereV(k)=V/k,whichistheoneusedintheliterature(Berry,1993;ClarkandRiis,

1996).Forthefirst-orderderivatives,weobtainclearcutresults,asthetwoconditions

respectivelysimplifyto

FWSM(k)=−
V

n

∞

j=0

j+1

(j+n+1)(j+n−k+1)2
<0

and

FLEM(k)=−
V

n

∞

j=0

1

(j+k+1)2
<0

Proposition5Withthevaluationfunction V(k)=V/k,equilibriumeffortxislarger

thanxwhenπ(k)first-orderstochasticallydominatesπ(k).

Proposition5parallelstheresultsof(ClarkandRiis,1996;Berry,1993),showingthat

whenthenumberofprizesiscertain,thecontestantsexpendmoreinacontestwitha

singleprizethaninacontestwithseveralprizes.Roughlyspeaking,ourresultmeansthat
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whenthenumberofprizesisuncertain,thecontestantsexertmoreeffortinthecontest

thatawardsthesmallestexpectednumberofprizes(inthesenseoffirst-orderstochastic

dominance). WithavaluationfunctionV(k)=V/k,eachcontestanthasmorechancesto

winaprizebutoflowervalue.Asaconsequence,thiscreateslessincentivesforplayers

toexerteffortinthecontest.

Lookingatthesecond-orderderivatives,wealsoobtainclearcutresultswiththebench-

markspecificationV(k)=V/k:

FWSM(k)=−2
V

n

∞

j=0

j+1

(j+n+1)(j+n−k+1)3
<0.

and

FLEM(k)=−2
V

n

+∞

j=0

1

(j+k+1)3
<0.

Proposition6Withthevaluationfunction V(k)=V/k,equilibriumeffortxwillbe

largerthanxwhenπ(k)second-orderstochasticallydominatesπ(k).

Thisresultisnewintheliterature. Thismeansthatwhenthenumberofprizesis

uncertain,thecontestantsexpendmoreinthecontestwithlessriskinthenumberofprizes

(inthesenseofsecond-orderstochasticdominance).NotefirstthatProposition6doesn’t

dependontheprizeallocationmechanism. Remarkthatthefirst-orderandsecond-

orderderivativesofF(k)(expressions(1.18)to(1.21))arefunctionsofV(k). Witha

generalspecificationforthevaluationfunctionV(k),wecanextendourresultsinseveral

directions.

Usingcondition(1.18)and(1.19),weseethatF(k)<0whenevertheaggregate

valueatstake(i.e.,V(k)k)isnon-increasinginthenumberofprizestobeallocated(i.e.,

V(k)k+V(k)≤0).Then,assumingthatπ(k)first-orderstochasticallydominatesπ(k),

condition(1.13)istrueandx>x.Inotherwords,thecontestantsexertmoreeffortin

thecontestwithπ(k)thaninthecontestwithπ(k).

Likewise,using(1.20)and(1.21),weseethatF(k)<0whenevertheaggregatevalue

atstake(i.e.,V(k)k)isnon-decreasingandweaklyconcaveinthenumberofprizestobe

allocated(i.e.,V(k)k+V(k)≥0andV (k)k+2V(k)≤0).Then,assumingthatπ(k)

second-orderstochasticallydominatesπ(k),condition(1.13)istrueandx>x,meaning

thatthecontestantsexpendmoreinthecontestwithπ(k)thaninthecontestwithπ(k).
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Finally,itshouldalsobenotedthatthesetoffunctionsV(k)suchthatF(k)<0and

F (k)<0,isstabletopositivecombinationsofitselements.Indeed,itshouldbeclear

thatifV1(k)andV2(k)aretwovaluationfunctionssatisfyingF(k)<0andF (k)<0,

soisthevaluationfunctionV(k)=λV1(k)+µV2(k),withλ>0andµ>0.

Wehavediscussedsomeconditionsonthevaluationfunction V(k)suchthatPropo-

sitions5and6stillhold.Inthefollowing,weproposeanexampletoillustratethecase

wheretheseconditionsarenomoresatisfied.

Example2Weusethespecificationwhere f(x)=xr,withr=1,V(k)=V/kµ,V=1

andµ≥0. Weconsiderthe(ClarkandRiis,1996)prizeallocationmechanism. The

numberofcontestantsnissetequalto100. Weconsideraclassofprobabilitydistributions

π(k),characterizedbytwoparameters1<k<8and0<υ<1,asrepresentedin

Figure1.2.19 Accordingly,thenumberofprizeshasanexpectedvalueequaltokanda

varianceequaltoυ.

k−2k−1 k k+1k+2

υ
2

1−υ

Numberofprizesk

π(k)

Figure1.2:Probabilitydistributiononthenumberofprizes

Thisclassofprobabilitydistributionsisconvenienttodealseparatelywiththefirst-

andsecond-orderstochasticdominanceeffectsthatweareinterestedin. Anincreaseof

kalonegivesanewprobabilitydistributionthatfirst-orderstochasticallydominatesthe

initialone.Adecreaseofυaloneyieldsanewprobabilitydistributionthatsecond-order

stochasticallydominatestheinitialone.

19Formally,π(k)=1−υ,π(k−1)=π(k+1)=υ/2andπ(k)=0otherwise.
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Letusfirstillustratetheeffectofalargerexpectednumberofprizes. Figure1.3

representsthetotaleffortXasafunctionoftheexpectednumberofprizesk,thevariance

υbeingsetto0.5.Thetwopanels1.3(b)and1.3(c),dealingwiththecaseswhereµ=1

andµ=1.05,aremeanttoillustrateourpreviousfindingsinthissection. Weobserve

thattheaggregateeffortisdecreasingastheexpectednumberofprizesincreases.Infact,

wehaveshowntheoreticallythatthiswillbethecasewheneverV(k)kisnonincreasing

(i.e.,here,forallµ≥1).Panel1.3(a)suppliesanexample,dealingwiththecasewhere

µ=0.95,suchthattheaggregateeffortisincreasingwiththeexpectednumberofprizes

k.

Letusnowillustratetheeffectofalargervarianceofthenumberofprizes.Figure1.4

plotsthetotaleffortXasafunctionofthevarianceυ,theexpectednumberofprizesk

beingsetto5.Thetwopanels1.4(a)and1.4(b),dealingwiththecaseswhereµ=0.95

andµ=1,aregiventoconfirmourpreviousresultsinthissection. Weobservethatthe

aggregateeffortisdecreasingasthevarianceofthenumberofprizesincreases.Infact,

wehaveprovedtheoreticallythatthiswillbethecasewheneverV(k)kisnondecreasing

andweaklyconcave(i.e.,here,forallµ≤1).Panel1.4(c)providesanexample,dealing

withthecasewhereµ=1.05,suchthattheaggregateeffortisincreasingwiththevariance

ofthenumberofprizesυ.

AnotherfactorthatcanmodifythesignofthesecondderivativeofF(k)isthespeci-

ficationoftheconditionalprobabilitytobeselectedoreliminated.Inthispaper,wehave

onlyconsideredthosedevelopedbyClarkandRiis(1996)andFuetal.(2014).However

intheliterature,thereexistsotherformsfortheconditionalprobabilitytobeselected

oreliminated(Berry,1993;ChowdhuryandKim,2014),theformerbeinglargelycrit-

icizedbyClarkandRiis(1996)forinstance. Giventhatequilibriainthecertainand

uncertaincaseareeasytoobtainwiththesespecifications,andthateffortatequilibrium

canbeconsideredasacontinuousfunctionofthenumberofprizes,wedonotreportthe

calculationsandtheproofs.Resultsareunchangedconcerningthefirst-orderstochastic

dominancebutmaychangeconcerningthesecond-orderstochasticdominance.Inpartic-

ular,weobtainthatxislargerthanxwhenπ(k)second-orderstochasticallydominates

π(k).Inotherwords,increasingtheriskinthenumberofprizesinthesenseofthe

second-orderstochasticdominanceincreaseseffort.Naturallycomesthequestiontofind

generalconditionsontheprobabilityfunctionPi(x1,...,xn;k)suchthatthelattergen-

eratesafunctionA(k,n)concaveorconvexwithk.Themaindifficultyisthatnothing
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ensuresthatA(k,n)isacontinuousfunctionofthenumberofprizesk,andthatwecan

findacontinuousandtwicedifferentiablefunctiontoextendA(k,n)likeforthesetwo

prizeallocationmechanisms.

4.2 Numberofcontestants

Wenowconsidertheeffectofthenumberofparticipantsinthecontest.Formally,wefirst

derivethecomparativestaticsoftheaggregatecontestexpenditureX=nxwithrespect

tothenumberofcontestantsn. Wethenprovideconditionsontheimpactfunctionsuch

thatXisincreasinginn.

Fromourpreviousanalysis,weknowthattheequilibriumeffortsatisfies

g(x∗)=
K

k=1

π(k)A(k,n).
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LetususethefollowingexpressionofAWSM(k,n)foundinClarkandRiis(1996),

AWSM(k,n)=
V(k)

n



k−
k−1

j=0

k−j

n−j



, (1.22)

andofALEM(k,n),thatwecandeducefromFuetal.(2014),

ALEM(k,n)=
V(k)

n



n−k−
n−k−1

j=0

n−k−j

n−j



. (1.23)

Letting

BWSM(n)≡
K

k=1

π(k)
V(k)

n



k−
k−1

j=0

k−j

n−j





BLEM(n)≡
K

k=1

π(k)
V(k)

n



n−k−
n−k−1

j=0

n−k−j

n−j



,

theequilibriumeffortisimplicitlydefinedby

g(x∗)=B(n).

RemarkingthatALEM(k,n)isadiscretefunctionofn,weuseagainthedigamma

functiontoconstructacontinuousandoncedifferentiablefunctionF(n)coincidingwith

ALEM(k,n)foreveryintegern.Using(1.15),weobtainimmediately

FLEM(n)=V(k)
k

n
(ψ(n+1)−ψ(k+1))

andwecanverifythat

BLEM(n)=
K

k=1

π(k)V(k)
k

n
(ψ(n+1)−ψ(k+1))

forallintegervaluesn.

Usingtheimplicitfunctiontheorem,wecanshowthat

dx

dn
=
B(n)

g(x)
.
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BydifferentiationofX=nx,wethenfindthat

dX

dn
=x+n

B(n)

g(x)
.

Fromthis,knowingthatg(x)=B(n)andg(x)>0,wecanshowthat

dX

dn
>0⇔

g(x)x

g(x)
>−
B(n)n

B(n)
.

Now,knowingthat

BWSM(n)n=
K

k=1

π(k)V(k)



k−
k−1

j=1

k−j

n−j





BLEM(n)n=
K

k=1

π(k)V(k)k(ψ(n+1)−ψ(k+1)),

andsince

∂

∂n



−
k−1

j=1

k−j

n−j



=
k−1

j=1

k−j

(n−j)2
>0

ψ(n+1)=
+∞

j=0

1

(j+n+1)2
>0,

B(n)nisincreasinginn,implyingthat

B(n)+B(n)n>0

and

−
B(n)n

B(n)
<1.

Therefore,asufficientconditionfordX/dn>0is

g(x)x

g(x)
≥1.

Proposition7Aggregateeffortatequilibriumincreaseswiththenumberofcontestants

whenevertheelasticityofg(x)isatleastequaltoone.
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Inparticular,thebenchmarkspecificationf(x)=xrsatisfiesProposition7,forallr20.

5 Conclusion

Thispaperisthefirstonetoanalyzethecaseofmultiple-prizecontestswithanuncertain

numberofprizes. Weextendthemultiple-prizecontestinitiatedinBerry(1993)andin

ClarkandRiis(1996),assumingthatthenumberof(identical)prizestobeawardedisa

randomvariable.

UsingthesamespecificationasClarkandRiis(1996)(contestsuccessfunctionand

prizevaluationfunction)thenFuetal.(2014)(contesteliminationfunction),wefindthat

theaggregatecontestexpenditureincreaseswhenthenumberofprizestobeawardedis

expectedtobesmallerandlessrisky,inthesenseoffirst-orderandsecond-orderstochastic

dominance,andwhenthenumberofcontestantsincreases. Wediscusstherobustnessof

theseproperties(valuationfunction,specificationoftheconditionalprobability),bothby

providingsufficientconditionssuchthattheystillholdtrueandbyproposingnumerical

illustrationsshowingoppositeresults.

Thispaperalsoillustrateshowtousethepsi(ordigamma)function(Abramowitz

andStegun,1964),inordertoextendadiscretefunctionappearinginClarkandRiis

(1996)andFuetal.(2014)toacontinuousandtwicedifferentiablefunction,whichhelps

derivingthecomparativestaticsoftheequilibriumoutcome.Ourbeliefisthatthistrick

mayprovetobeusefulinothersettingsinthecontestliterature(uncertaintyonthe

numberofplayersforinstance).

Futureworkincludesrisk-aversionanddifferentprizevaluationsinamultiple-prize

contestwithanuncertainnumberofprizes.Indeedtheliteratureexposedinintroduction

hasshownthattheseassumptionsmayclearlymodifytheresults.Howeverthisleadsto

complexcalculationsandwearenotsuretoobtainatractableform.

20Indeed,whenf(x)=xr,wehaveg(x)=f(x)/f(x)=x/randg(x)x/g(x)=1.
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6 Appendix

6.1 WinnerSelection Mechanism(ClarkandRiis(1996),sub-

section3.1)

TheprizeallocationmechanismdescribedbyClarkandRiisisthefollowing:“Theplayers

makeonerent-seekingcontributionwhichisvalidforallkroundsofanestedcontest.The

winnerofthefirstprizeisdecidedbyusingtheprobabilitydistributionwhicharisesafter

therent-seekingoutlaysofallnplayersarecollected.Thewinnerofthisroundisthen

eliminatedandthesecondprizeisdistributedbyusingtheprobabilitydistributionwhich

ariseswhenweexcludetheoutlayofthefirstwinner.Thisprocesscontinuesuntilallk

prizeshavebeendistributed.Thustheprobabilitydistributionisupdatedaflereachround

toreflectthefactthatpreviouswinnersareeliminatedfromfuturerounds.”

Let’sgiveanexamplewithk=3prizesandn=10players. Thecontestdesigner

organisesthreeroundstoallocatetheprizes. Considerthatplayeriistheblueplayer.

Theothercontestantsthatwesupposesymmetricarerepresentedinblack.Inthefirst

round(Figure1.5(a)),playerihasaprobabilityp1itowintheprize(issueW).Ifhereally

wins,heisexcludedfromtheotherroundsofthecontestashecan’twinnomorethan

oneprize.

Otherwise,playeriloses(issueL)withthecomplementaryprobability1−p1ianda

blackplayerwinsthefirstround. Thelatterisexcludedfromthefutureroundswhile

playeriparticipatestothenextround.Thecontestdesignerorganisesthesecondround

(Figure1.5(b))toallocatethesecondprizewhere9playersstillremain.Ifplayeriwins

(withprobabilityp2i)thenheisexcludedfromthefuturerounds.Otherwise,heloseswith

probability1−p2iandablackplayerwinsthesecondround.

Afinalroundisorganisedtoallocatethethirdandlastprize(Figure1.5(c)).8players

stillremain:playeriandsevensymmetriccontestants.Playeriwinswithprobability

p3iorloseswithprobability1−p
3
i.Astherearenomoreprizestoaward,theprocessof

allocationstops.

Finally,theprobabilitythatplayeriwinsaprizeinacontestwherethreeprizesare

allocatedis:

p1i+ 1−p
1
i p

2
i+ 1−p

1
i 1−p2i p

3
i
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whichcorrespondstoPi(xi,x,3).

1stround

p1i W

1−p1i
L

(a)Firstround

1stround

p1i W

1−p1i
L

2ndround

p2i W

1−p2i
L

(b)Secondround

1stround

p1i W

1−p1i
L

2ndround

p2i W

1−p2i
L

3rdround

p3i W

1−p3i
L

(c)Thirdround

Figure1.5: MechanismofClarkandRiis(1996)
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6.2 LooserSelection Mechanism(Fuetal.(2014),subsection3.2)

TheprizeallocationmechanismproposedbyFuetal.(2014)isthemirrorimageofthe

mechanismofClarkandRiis(1996). Here,losersaresequentiallyeliminatedtoobtain

thesetofwinners. Consideracontestamongn≥2playerswith1≤k<nprizes.

Eachplayerexerteffortonlyonce. Thelosereliminationprocesslastsseveralrounds

throughwhichn−kamongthenplayersareeliminated.Ineachperiod,oneplayeris

eliminated,andwhenkplayersareleft,theidenticalprizesofvalueV(k)aredistributed

tothesurvivors.

Toillustratethismechanism,let’stakeanexamplewithn=10playersandk=7

prizes.Thismeansthatthreeplayersneedtobeeliminatedtoobtainthesetofwinners;

thusthreeroundsareorganised.Inthefollowing,weonlydescribetheedgesofthegame

treeinwhichplayeriappears.

Considerthatplayeriistheblueplayer. Wesupposethattheothercontestantsare

symmetricandrepresentedinblack. Foreachround,noteEtheevent“theplayeris

eliminated”andStheevent“theplayerisasurvivor”.

Inthefirstround,playeriiseliminatedwithprobabilityq1i. Otherwise,hesurvives

withthecomplementaryprobability1−q1i,whichmeansthatablackplayerhasbeenre-

movedfromthecontest.Inthiscase,thesetofsurvivorsafterthefirstroundiscomposed

ofplayeriandeightsymmetricblackplayers.

1stround

q1i E

1−q1i
S

Thenanewroundisorganisedtoeliminateoneofthenineremainingplayers.Player

iisremovedfromthecontestwithprobabilityq2i.Otherwise,ablackplayeriseliminated

andcontestantisurvivesinthesecondroundwithprobability1−q2i.
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1stround

q1i E

1−q1i
S

2ndround

q2i E

1−q2i
S

Afinalroundisorganisedtoexcludeoneoftheeightremainingplayers.Concerning

playeriandconditionaltobeasurvivorinthefirstandthesecondround,theeventE

occursinthethirdroundwithprobabilityq3iandtheeventSoccurswithprobability

1−q3i.Ifplayerihassurvived,thefinalsetofwinnersiscomposedofplayeriandsix

othersymmetricplayers.

1stround

q1i E

1−q1i
S

2ndround

q2i E

1−q2i
S

3rdround

q3i E

1−q3i
S

Theprobabilitythatplayeriwinsaprizeinacontestwheresevenprizesareallocated

is:

Pi(xi,x,7)=1−q
1
i 1−q2i 1−q3i

Thisexpressioncanbegeneralizedforanyk<n:

Pi(xi,x;k)=
n−k

κ=1

(1−qκi)
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6.3 FirstOrderandSecondOrderStochasticDominance

Ineconomicsofuncertainty,itisconvenienttousethefirst-orderandthesecond-order

stochasticdominancetocomparedifferentlotteriesaccordingtothewealththeydis-

tribute.Inourmodel,wecomparecontestsaccordingtothenumberofprizesthey

allocate.Usingthefirst-orderandsecond-orderstochasticdominanceonthenumberof

prizesseemsmorerelevantthanonthetotalvaluedistributedinthecontest. Asjusti-

fication,considerthevaluationfunctionV(k)=V/k.Thetotalvaluedistributedinthe

contestisV,whateverthenumberofprizesandtheprobabilitydistribution. However

thewayVissplitindifferentprizeschangestheplayersincentivestoexerteffort.Inthe

followingwepresentthecriteriaoffirst-orderandsecond-orderstochasticdominanceon

thenumberofprizes.

6.3.1 First-OrderStochasticDominance

DenotebyΠ(k)andΠ(k)thecumulativedistributionfunctionscorrespondingtothe

probabilitydensityfunctionsofthenumberofprizesπ(k)andπ(k). Wesaythata

contestwithΠ(k)dominatesacontestwithΠ(k)inthesenseoffirst-orderstochastic

dominanceifforallk∈[1;+∞[:

Π(k)≤Π(k)

6.3.2 Second-OrderStochasticDominance

Wesaythat π(k)islessriskythanπ(k)inthesenseofthesecondorderstochastic

dominanceif

∀t∈[1;+∞[,
t

1
Π(k)dk≤

t

1
Π(k)dk,

Orequivalently

∀t∈[1;+∞[,
t

1
Π(k)−Π(k)dk≤0. (1.24)

Itisconvenienttoconsideraspecialcaseofthesecondorderstochasticdominance

wheretheexpectednumberofprizesisthesameforbothprobabilitydistributions(mean-

preservingspread). WegiveanillustrationinFigure1.6. Considerthetwofollowing

probabilitydensityfunctionssuchthatπ(k)isamean-preservingspreadofπ(k).

Notethattheexpectednumberofprizesisequalto5forbothprobabilitydistributions.

Thecumulativedistributionfunctionsaregiveninthefollowingtable:
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Figure1.6: Meanpreservingspread

k [1;2[ [2;3[ [3;4[ [4;5[ [5;6[ [6;7[ [7;8[ [8;+∞[

Π(k) 0 0 0.05 0.3 0.7 0.95 1 1

Π(k) 0 0.05 0.15 0.35 0.65 0.85 0.95 1

Π−Π 0 -0.05 -0.1 -0.05 0.05 0.1 0.05 0

InFigure1.7,weobservethatcondition(1.24)issatisfied.

t t
1 Π(k)−Π(k)dk

[1;2[ 0
[2;3[ −0.05t+0.1
[3;4[ −0.1t+0.25
[4;5[ −0.05t+0.05
[5;6[ 0.05t−0.45
[6;7[ 0.1t−0.75
[7;8[ 0.05t−0.4
[8;+∞[ 0

12345678910

−0.2

−0.15

−0.1

−0.05

Numberofprizesk

t
1 Π(k)−Π(k)dk

Figure1.7:IllustrationoftheSecond-OrderStochasticDominanceonthenumberof
prizes
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6.4 Proofsassociatedtothe WinnerSelection Mechanism(WSM)

6.4.1 Proofofexpression(1.2)

Consideringplayeri’spointofview,weassumethatxj=x,forallj=i.Then,forall

roundκ,wecanwrite

pκi(xi,x,...,x)=
f(xi)

f(xi)+(n−κ)f(x)
.

Ifk=1,playerichoosesxitomaximize

f(xi)

f(xi)+(n−1)f(x)
V(1)−xi.

Therefore,thefirst-orderconditionforxitomaximizeplayeri’spayoffis

(n−1)f(x)f(xi)

(f(xi)+(n−1)f(x))
2V(1)−1=0.

Ifxi=x,thissimplifiesto

V(1)
n−1

n2
f(x)

f(x)
−1=0.

Ifk>1,playerichoosesxitomaximize

Pi(xi,x,...,x;k)V(k)−xi,

where

Pi(xi,x,...,x;k)=
f(xi)

f(xi)+(n−1)f(x)

+
k

κ=2

κ−1

λ=1

1−
f(xi)

f(xi)+(n−λ)f(x)

f(xi)

f(xi)+(n−κ)f(x)

Anequivalentexpressionis

Pi(xi,x,...,x;k)=
k

κ=1

f(xi)

(n−κ)f(x)

κ

λ=1

(n−λ)f(x)

f(xi)+(n−λ)f(x)
.

Bydifferentiation,wecanget
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∂

∂xi
Pi(xi,x,...,x;k)=

k

κ=1






f(xi)
(n−κ)f(x)

κ
λ=1

(n−λ)f(x)
f(xi)+(n−λ)f(x)

+ f(xi)
(n−κ)f(x)

− κ
s=1

(n−λ)f(x)f(xi)

(f(xi)+(n−λ)f(x))
2 µ=λ

(n−µ)f(x)
f(xi)+(n−µ)f(x)




.

whichcanberewrittenaftersomearrangements

∂

∂xi
Pi(xi,x,...,x;k)=

k

κ=1

f(xi)

(n−κ)f(x)

κ

λ=1

(n−λ)f(x)

f(xi)+(n−λ)f(x)
1−

κ

λ=1

f(xi)

f(xi)+(n−λ)f(x)
.

Ifxi=x,thissimplifiesto
21

∂

∂xi
Pi(x,...,x;k)=

1

n

k

κ=1

1−
κ

λ=1

1

n+1−λ

f(x)

f(x)
.

Wecanshowbyinductionthat

k

κ=1

1−
κ

λ=1

1

n−λ+1
=(n−k)

n

r=1

1

r
−
n−k

r=1

1

r
,

whichimpliesthat

∂

∂xi
Pi(x,...x;k)=

n−k

n

n

r=1

1

r
−
n−k

r=1

1

r

f(x)

f(x)

21Remarkherethat
κ
λ=1

n−λ
n+1−λ=

n−κ
n .
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6.4.2 ProofofProposition1

Second-ordercondition Asufficientconditionforaglobalmaximumofplayeri’s

payoffisobtainedif

∂

∂xi
Pi(xi,x,...,x;k)=

k

κ=1

f(xi)

(n−κ)f(x)

κ

λ=1

(n−λ)f(x)

f(xi)+(n−λ)f(x)
1−

κ

λ=1

f(xi)

f(xi)+(n−λ)f(x)

isdecreasingwithxi.Ifweconsiderthefollowingcondition

1−
κ

λ=1

f(xi)

f(xi)+(n−λ)f(x)
>0,forall1≤κ≤k,

then,theexpressionundersquarebracketsaboveistheproductofthreeterms,each

positiveanddecreasinginxi(giventhatf(xi)>0andf(xi)≤0).Clearly,thisimplies

that
∂2

∂(xi)
2Pi(xi,x,...,x;k)<0,

whichgivesasufficientsecond-orderconditionforaglobalmaximum22.

Neverthelesstheproposedinequalityisnotnecessarilysatisfiedforallxi
23.However

noplayerwillinvestmorethanV(k)inthecontest(otherwisehisutilityisnegative)so

weneedtoverifythisconditionforallxi∈[0;V(k)].

Moreoverremarkthatourconditionholdstrueforall1≤κ≤kifitholdstruefor

κ=k.Thusweobtainasufficientconditionforaglobalmaximum:

1−
k

λ=1

f(xi)

f(xi)+(n−λ)f(x)
>0,forallxi∈[0;V(k)],forallk.

Giventhatthisconditionmaynotbenecessarilyfulfilled,wecanatleastshowthatplayer

i’sutilityfunctionisconcaveovertheinterval[0;x]ifthenumberofprizesissuchthat

k

λ=1

1

n−λ+1
≤1,

whichcanberewrittenas
n

r=1

1

r
−
n−k

r=1

1

r
≤1,

22(ClarkandRiis,1998)provideasufficientsecond-orderconditionforalocalmaximumonly.Itwrites
1−

κ
λ=1

1
n+1−λ>0,forall1≤κ≤k.Clearly,itcanbederivedfromouranalysisinthecasewhere

xi=x.
23Forinstance,ifxi→ +∞,then

f(xi)
f(xi)+(n−λ)f(x)

tendsto1andthelefthandsideoftheinequality

tendsto1−κ≤0.
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andapproximatedbyk≤0.632nforlargevaluesofnaccordingtoClarkandRiis(1998).

Indeed,sincef(xi)=0whenxi=0andgiventhat

k

λ=1

f(xi)

f(xi)+(n−λ)f(x)

isincreasingwithxi,ourcondition

1−
k

λ=1

f(xi)

f(xi)+(n−λ)f(x)
>0

istrueforallxi∈[0;x].

Participationconstraint Atequilibriumeachplayerspendseffortsuchthat

g(x∗)=A(k,n)

ifhisparticipationconstraintisfulfilled

Pi(x
∗;k)V(k)−x∗>0.

Considerfirstg(x)=x24.Ifwesuppose

1−
k

λ=1

1

n−λ+1
>0,

thatwecanrewrite
n

r=1

1

r
−
n−k

r=1

1

r
≤1,

thenweobtain

Pi(x
∗;k)V(k)−x∗=

V(k)

n
n
k

λ=1

1

n−λ+1
+k 1−

k

λ=1

1

n−λ+1
>0.

Thuseachplayerparticipatestothecontest.

Forageneralg(x)function,weproceedasfollows.Giventhatg(x)isacontinuousand

increasingfunctionofxon[0;+∞[,withg(0)=0andlimx→+∞g(x)=+∞,thengisa

bijectionfrom[0;+∞[to[0;+∞[andadmitsaninversefunctiong−1:[0;+∞[→[0;+∞[.

24Thiscorrepondstof(x)=xforinstance.
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Itfollowsthattheparticipationconstraintcanbeexpressedas

Pi(x
∗;k)V(k)−g−1(A(k,n))≥0.

Ifwefindafunctiong1(x)suchthattheparticipationconstraintisfulfilled

Pi(x
∗;k)V(k)−g−11 (A(k,n))≥0,

thenthisisalsothecaseforanyfunctiong2(x)≥g1(x)
25. Orwehavefoundthatthis

isthecaseforg1(x)=x. Thuswecanconcludethatforanyfunctiong(x)≥x,the

participationconstraintisfulfilled.Giventhat

g(x)=
f(x)

f(x)
,

wecanrewriteg(x)≥xas
f(x)x

f(x)
≤1.

Inotherwords,alltheimpactfunctionsf(x)withanelasticitylowerorequaltoone

satisfytheparticipationconstraint.

25Considertwofunctionsg1(x)andg2(x)suchthatg1(x)≤g2(x)∀x.Then

g−11 (g1(x))≤g
−1
1 (g2(x))

sinceg1isacontinuousandincreasingfunctionofx.Thisleadsto

x≤g−11 (g2(x)).

Sincex=g−12 (g2(x))wededucethat

g−12 (g2(x))≤g
−1
1 (g2(x)).

Itfollowsthatifg1(x)≤g2(x)then

g−12 (A(k,n))≤g
−1
1 (A(k,n)).



40 TULLOCKCONTESTS WITHANUNCERTAINNUMBEROFPRIZES

6.4.3 ProofofProposition2

First-ordercondition Aninteriorsolutionsatisfiesthefollowingfirst-ordercondition

if
K

k=1

π(k)
∂

∂xi
Pi(xi,x,...,x;k)V(k)−1=0,foralli,

GiventhatwehavecalculatedthederivativeofPi(xi,x;k)insubsection6.4.1,weeasily

obtainequilibriumeffortintheuncertaincase

g(x∗)=
K

k=1

π(k)V(k)
n−k

n

n

r=1

1

r
−
n−k

r=1

1

r
.

Second-ordercondition Aninteriorsolutionsatisfiesthefollowingsecond-ordercon-

ditionif
K

k=1

π(k)
∂2

∂x2i
Pi(xi,x,...,x;k)V(k)<0,foralli.

Asufficientconditionistosatisfy

∂2

∂x2i
Pi(xi,x,...,x;k)<0

∀k=1,...,K.Notethatnoplayerwillinvestmorethanthehighestprizevaluedistributed

inthecontest(otherwisehisutilityisnegative).Giventhediscussioninthecertaincase,

theconditiontoobtainaglobalmaximumis

1−
K

λ=1

f(xi)

f(xi)+(n−λ)f(x)
>0,forallxi∈ 0; max

k=1,...,K
V(k).

Ifthisconditionisnotverified,wecanshow,aspreviously,thatplayeri’sutilityfunction

isconcaveovertheinterval[0;x]ifthenumberofprizesissuchthat

K

λ=1

1

n−λ+1
≤1,

thatcanberewrittenas
n

r=1

1

r
−
n−k

r=1

1

r
≤1,

andapproximatedbyK≤0.632nforhighvaluesofn.
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Participationconstraint Atequilibriumeachplayerspendseffortsuchthat

g(x∗)=
K

k=1

π(k)A(k,n)

ifhisparticipationconstraintisfulfilled

K

k=1

π(k)Pi(x
∗;k)V(k)−x∗>0.

Considerfirstg(x)=x26.Ifwesuppose

1−
k

λ=1

1

n−λ+1
>0,

thenweobtain

K

k=1

π(k)Pi(x
∗;k)V(k)−x∗=

1

n

K

k=1

π(k)V(k)n
k

λ=1

1

n−λ+1
+k 1−

k

λ=1

1

n−λ+1
>0.

Thuseachplayerparticipatestothecontest.

Forageneralg(x)function,weproceedasfollows.Giventhatg(x)isacontinuousand

increasingfunctionofxon[0;+∞[,withg(0)=0andlimx→+∞g(x)=+∞,thengisa

bijectionfrom[0;+∞[to[0;+∞[andadmitsaninversefunctiong−1:[0;+∞[→[0;+∞[.

Itfollowsthattheparticipationconstraintcanbeexpressedas

K

k=1

π(k)Pi(x
∗;k)V(k)−g−1

K

k=1

π(k)A(k,n) ≥0.

Ifwefindafunctiong1(x)suchthattheparticipationconstraintisfulfilled

K

k=1

π(k)Pi(x
∗;k)V(k)−g−11

K

k=1

π(k)A(k,n) ≥0,

thenthisisalsothecaseforanyfunctiong2(x)≥g1(x)
27. Orwehavefoundthatthis

isthecaseforg1(x)=x. Thuswecanconcludethatforanyfunctiong(x)≥x,the

26Thiscorrepondstof(x)=xforinstance.
27Considertwofunctionsg1(x)andg2(x)suchthatg1(x)≤g2(x)∀x.Then

g−11 (g1(x))≤g
−1
1 (g2(x))

sinceg1isacontinuousandincreasingfunctionofx.Thisleadsto

x≤g−11 (g2(x)).
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participationconstraintisfulfilled.Giventhat

g(x)=
f(x)

f(x)
,

wecanrewriteg(x)≥xas
f(x)x

f(x)
≤1.

Inotherwords,alltheimpactfunctionsf(x)withanelasticitylowerorequaltoone

satisfytheparticipationconstraint.

Sincex=g−12 (g2(x))wededucethat

g−12 (g2(x))≤g
−1
1 (g2(x)).

Itfollowsthatifg1(x)≤g2(x)then

g−12

K

k=1

π(k)A(k,n) ≤g−11

K

k=1

π(k)A(k,n) .
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6.4.4 Proofofequations(1.18)and(1.20)

FWSM(k)istwicedifferentiableandisequalto

FWSM(k)=V(k)
n−k

n
(ψ(n+1)−ψ(n−k+1))

Wecalculate FWSM(k)andFWSM(k):

FWSM(k)=
V(k)

n
(n−k)(ψ(n+1)−ψ(n−k+1))

−
V(k)

n
(ψ(n+1)−ψ(n−k+1)−(n−k)ψ(n−k+1))

FWSM(k)=
V (k)

n
(n−k)(ψ(n+1)−ψ(n−k+1))

−2
V(k)

n
(ψ(n+1)−ψ(n−k+1)−(n−k)ψ(n−k+1))

−
V(k)

n
(2ψ(n−k+1)+(n−k)ψ(n−k+1)).

Wereportsomeintermediatecalculationsusing(1.17)

ψ(n+1)−ψ(n−k+1)=
∞

j=0

k

(j+n+1)(j+n−k+1)

ψ(n−k+1)=
∞

j=0

1

(j+n−k+1)2

ψ(n−k+1)=−
∞

j=0

2

(j+n−k+1)3

whichallowustorewriteFWSM(k)andFWSM(k)as

FWSM(k)=
V(k)

n

∞

j=0

(n−k)k

(j+n+1)(j+n−k+1)

−
V(k)

n




∞

j=0

k

(j+n+1)(j+n−k+1)
−
∞

j=0

n−k

(j+n−k+1)2




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FWSM(k)=
V (k)

n

∞

j=0

(n−k)k

(j+n+1)(j+n−k+1)

−2
V(k)

n




∞

j=0

k

(j+n+1)(j+n−k+1)
−
∞

j=0

n−k

(j+n−k+1)2





−2
V(k)

n




∞

j=0

1

(j+n−k+1)2
−
∞

j=0

n−k

(j+n−k+1)3



.

FirstwefocusonFWSM(k):

FWSM(k)=−
1

n






−V(k)k ∞
j=0

n−k
(j+n+1)(j+n−k+1)

+V(k) ∞
j=0

k
(j+n+1)(j+n−k+1)

− ∞
j=0

n−k
(j+n−k+1)2






Weaddandremovethefollowingexpression

V(k)
∞

j=0

n−k

(j+n+1)(j+n−k+1)
,

whichleadsto

FWSM(k)=−
1

n






−(V(k)k+V(k)) ∞
j=0

n−k
(j+n+1)(j+n−k+1)

+V(k) ∞
j=0

k
(j+n+1)(j+n−k+1)

− ∞
j=0

n−k
(j+n−k+1)2

+ ∞
j=0

n−k
(j+n+1)(j+n−k+1)






=−
1

n






−(V(k)k+V(k)) ∞
j=0

n−k
(j+n+1)(j+n−k+1)

+V(k) ∞
j=0

n
(j+n+1)(j+n−k+1)

− ∞
j=0

n−k
(j+n−k+1)2






Wefinallyobtainexpression(1.18):

FWSM(k)=−
1

n





−(V(k)k+V(k)) ∞

j=0
n−k

(j+n+1)(j+n−k+1)

+kV(k) ∞
j=0

j+1

(j+n+1)(j+n−k+1)2






LookingatF(k):

FWSM(k)=−
2

n










−1
2
V (k)k ∞

j=0
n−k

(j+n+1)(j+n−k+1)

+V(k) ∞
j=0

k
(j+n+1)(j+n−k+1)

− ∞
j=0

n−k
(j+n−k+1)2

+V(k) ∞
j=0

1
(j+n−k+1)2

− ∞
j=0

n−k
(j+n−k+1)3









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Weaddandremovethefollowingexpressioninthefirsttwotermsofthesum

V(k)
∞

j=0

n−k

(j+n+1)(j+n−k+1)
,

whichleadsto

FWSM(k)=−
2

n










−1
2
(V (k)k+2V(k)) ∞

j=0
n−k

(j+n+1)(j+n−k+1)

+V(k) ∞
j=0

k
(j+n+1)(j+n−k+1)

− ∞
j=0

n−k
(j+n−k+1)2

+ ∞
j=0

n−k
(j+n+1)(j+n−k+1)

+V(k) ∞
j=0

1
(j+n−k+1)2

− ∞
j=0

n−k
(j+n−k+1)3










Rearrangingtheterms,itispossibletorewriteFWSM(k)as:

FWSM(k)=−
2

n










−1
2
(V (k)k+2V(k)) ∞

j=0
n−k

(j+n+1)(j+n−k+1)

+V(k)− ∞
j=0

n−k
(j+n−k+1)2

+ ∞
j=0

n
(j+n+1)(j+n−k+1)

+V(k) ∞
j=0

j+1

(j+n−k+1)3










Wefinallyobtainexpression(1.20):

FWSM(k)=−
2

n










−1
2
(V (k)k+2V(k)) ∞

j=0
n−k

(j+n+1)(j+n−k+1)

+(V(k)k+V(k)) ∞
j=0

j+1

(j+n+1)(j+n−k+1)2

+V(k)k ∞
j=0

j+1

(j+n+1)(j+n−k+1)3









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6.5 ProofsassociatedtotheLoserElimination Mechanism(LEM)

6.5.1 Proofofexpression(1.7)

Playerichoosestomaximize

Pi(xi,x,...,x;k)V(k)−xi,

where

Pi(xi,x,...,x,k)=
n−k

κ=1

(n−κ)f(xi)

(n−κ)f(xi)+f(x)
.

Since
∂

∂xi

(n−κ)f(xi)

(n−κ)f(xi)+f(x)
=f(xi)(n−κ)

f(x)

((n−κ)f(xi)+f(x))
2,

weobtainbydifferentiatingPi(xi,x,...,x;k)withrespecttoxi

∂

∂xi
Pi(xi,x,...,x;k)=

f(xi)

f(xi)

n−k

κ=1

(n−κ)f(xi)

(n−κ)f(xi)+f(x)

n−k

κ=1

f(x)

(n−κ)f(xi)+f(x)

Ifxi=x,thissimplifiesto

∂

∂xi
Pi(x,...,x;k)=

f(x)

f(x)

n−k

κ=1

n−κ

n−κ+1

n−k

κ=1

1

n−κ+1

andaftersomeintermediatecalculations,wecanshowthat

∂

∂xi
Pi(x,...,x;k)=

k

n

n

r=1

1

r
−

k

r=1

1

r

f(x)

f(x)
.
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6.5.2 ProofofProposition4

First-ordercondition Aninteriorsolutionsatisfiesthefollowingfirst-ordercondition

if
K

k=1

π(k)
∂

∂xi
Pi(xi,x,...,x;k)V(k)−1=0,foralli,

SincewehavecalculatedthederivativeofPi(xi,x,...,x;k)insubsection6.5.1,wededuce

theexpressionofequilibriumeffortintheuncertaincase

g(x∗)=
K

k=1

π(k)V(k)
k

n

n

r=1

1

r
−

k

r=1

1

r
.

Second-ordercondition Wefirstconsiderthecasewherethenumberofprizesis

knownwithcertaintyandequaltok. Theinteriorsolutionisaglobalmaximumfor

playeriif

∂

∂xi
Pi(xi,x,...,x;k)=

f(xi)

f(xi)

n−k

κ=1

(n−κ)f(xi)

(n−κ)f(xi)+f(x)

n−k

κ=1

f(x)

(n−κ)f(xi)+f(x)

isdecreasingwithxi.

Anequivalentexpressionis

∂

∂xi
Pi(xi,x,...,x;k)=f(xi)

1

f(xi)

n−k

κ=1

(n−κ)f(xi)

(n−κ)f(xi)+f(x)

n−k

κ=1

f(x)

(n−κ)f(xi)+f(x)

Ifweconsiderthefollowingcondition

1−
n−k

κ=1

f(x)

(n−κ)f(xi)+f(x)
>0,

thenthethreetermsofthefirstderivativeofPi(xi,x,...,x;k)withrespecttoxiare

positiveanddecreasingwithxi.

Theproblemisthatthisconditionisnotsatisfiedforallxi.Simply,whenxi=0,

theconditionbecomes1−(n−k)≤0.Neverthelesswecanshowthatplayeri’sutility

functionisconcaveovertheinterval[x;+∞[ifthenumberofprizesissuchthat

n−k

κ=1

1

n−κ+1
≤1, (1.25)
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orequivalently
n

r=1

1

r
−

k

r=1

1

r
≤1,

whichcanbeapproximatedbyk≥0.368nforlargevaluesofn.Indeed

n−k

κ=1

f(x)

(n−κ)f(xi)+f(x)

isdecreasingwithxisothatifourconditionistrueforxi=x,itholdstrueforxi≥x,if

thenumberofprizesissuchthat(1.25)isfulfilled.

Whenthenumberofprizesisuncertain,aninteriorsolutionsatisfiesthefollowing

second-orderconditionif

K

k=1

π(k)
∂2

∂x2i
Pi(xi,x,...,x;k)V(k)<0,foralli.

Asufficientconditionistosatisfy

π(k)
∂2

∂x2i
Pi(xi,x,...,x;k)≤0

∀k=1,...,K,withastrictinequalityforatleastavalueofk.

Denotebyktheminimumnumberofprizessuchthat

n−k

κ=1

1

n−κ+1
≤1. (1.26)

Thentheconditionaboveissatisfiedforallk∈[k;K].

Thusundercondition(1.26)andifπ(k)=0∀k∈[1;k−1],playeri’sutilityfunction

isconcaveovertheinterval[x;+∞].
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Participationconstraint TheproofisclosetotheonegiveninAppendix6.4.3.Each

playerparticipatestothecontestif

K

k=1

π(k)Pi(x
∗;k)V(k)−x∗≥0.

With g(x)=xandifwesuppose

1−
n−k

κ=1

1

n−κ+1
>0,

orequivalently
n

r=1

1

r
−

k

r=1

1

r
≤1,

weobtain

K

k=1

π(k)Pi(x
∗;k)V(k)−x∗=

1

n

K

k=1

π(k)kV(k)1−
n−k

κ=1

1

n−κ+1
>0

Thuseachplayerparticipatestothecontest. WecanshowlikeinAppendix6.4.3that

forafunctiong(x)≥x,theparticipationconstraintisfulfilled. Asaconsequence,any

impactfunctionf(x)withanelasticitylowerorequaltoonesatisfiestheparticipation

constraint.
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6.5.3 Proofofequations(1.19)and(1.21)

FLEM(k)istwicedifferentiableisequalto

FLEM(k)=
V(k)

n
k[ψ(n+1)−ψ(k+1)].

Wecalculate FLEM(k)andFLEM(k):

FLEM(k)=
V(k)

n
k(ψ(n+1)−ψ(k+1))

+
V(k)

n
(ψ(n+1)−ψ(k+1)−kψ(k+1))

FLEM(k)=
V (k)

n
k(ψ(n+1)−ψ(k+1))

+2
V(k)

n
(ψ(n+1)−ψ(k+1)−kψ(k+1))

+
V(k)

n
(−2ψ(k+1)−kψ(k+1))

Wereportsomeintermediatecalculationsusing(1.17)

ψ(n+1)−ψ(k+1)=
∞

j=0

n−k

(j+n+1)(j+k+1)

ψ(k+1)=
∞

j=0

1

(j+k+1)2

ψ(k+1)=−
∞

j=0

2

(j+k+1)3

whichallowustorewriteFLEM(k)andFLEM(k)as

FLEM(k)=−
1

n






−V(k)k ∞
j=0

n−k
(j+n+1)(j+k+1)

+V(k) ∞
j=0

k
(j+k+1)2

− ∞
j=0

n−k
(j+n+1)(j+k+1)






FLEM(k)=−
2

n










−1
2
V(k)k ∞

j=0
n−k

(j+n+1)(j+k+1)

−V(k) ∞
j=0

n−k
(j+n+1)(j+k+1)

− ∞
j=0

k
(j+k+1)2

+V(k) ∞
j=0

1
(j+k+1)2

+ ∞
j=0

k
(j+k+1)3









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FirstwefocusonFLEM(k):

FLEM(k)=−
1

n






−V(k)k ∞
j=0

n−k
(j+n+1)(j+k+1)

+V(k) ∞
j=0

k
(j+k+1)2

− ∞
j=0

n−k
(j+n+1)(j+k+1)






Weaddandremovethefollowingexpression

V(k)
∞

j=0

n−k

(j+n+1)(j+k+1)
,

whichleadsto

FLEM(k)=−
1

n






−(V(k)k+V(k)) ∞
j=0

n−k
(j+n+1)(j+k+1)

+V(k) ∞
j=0

k
(j+k+1)2

− ∞
j=0

n−k
(j+n+1)(j+k+1)

+ ∞
j=0

n−k
(j+n+1)(j+k+1)






=−
1

n





−(V(k)k+V(k)) ∞

j=0
n−k

(j+n+1)(j+k+1)

+V(k) ∞
j=0

k
(j+k+1)2






Wefinallyobtainexpression(1.19)

FLEM(k)=−
1

n





−(V(k)k+V(k)) ∞

j=0
n−k

(j+n+1)(j+k+1)

+V(k)k ∞
j=0

1
(j+k+1)2




.

LookingatF(k)

FLEM(k)=−
2

n










−1
2
V(k)k ∞

j=0
n−k

(j+n+1)(j+k+1)

−V(k) ∞
j=0

n−k
(j+n+1)(j+k+1)

− ∞
j=0

k
(j+k+1)2

+V(k) ∞
j=0

1
(j+k+1)2

+ ∞
j=0

k
(j+k+1)3










Weaddandremovethefollowingexpressioninthefirsttwotermsofthesum

V(k)
∞

j=0

n−k

(j+n+1)(j+k+1)
,

whichleadsto

FLEM(k)=−
2

n










−1
2
(V(k)k+2V(k)) ∞

j=0
n−k

(j+n+1)(j+k+1)

−V(k) ∞
j=0

n−k
(j+n+1)(j+k+1)

− ∞
j=0

k
(j+k+1)2

− ∞
j=0

n−k
(j+n+1)(j+k+1)

+V(k) ∞
j=0

1
(j+k+1)2

+ ∞
j=0

k
(j+k+1)3









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Rearrangingtheterms,itispossibletorewriteFLEM(k)as:

FLEM(k)=−
2

n










−1
2
(V(k)k+2V(k)) ∞

j=0
n−k

(j+n+1)(j+k+1)

+V(k) ∞
j=0

k
(j+k+1)2

+V(k) ∞
j=0

1
(j+k+1)2

+ ∞
j=0

k
(j+k+1)3










Wefinallyobtainexpression(1.21):

FLEM(k)=−
2

n










−1
2
(V(k)k+2V(k)) ∞

j=0
n−k

(j+n+1)(j+k+1)

+(V(k)k+V(k)) ∞
j=0

1
(j+k+1)2

+V(k)k ∞
j=0

1
(j+k+1)3









.



Chapter2

TeamProductionFunctionin

Science1

1 Introduction

“IfIhaveseenfurtheritisbystandingontheshouldersofGiants”wroteNewtonto

Hookein1676inaletterthatbecamefamous(NewtonandTurnbull,1961). Newton’s

quotedoesn’tonlyhighlighttheimportanceofgreatauthors’contributions,butalsothe

roleofpriorknowledgeinthediscoveryofnewideas.Doingresearchimpliestocombine

previousacademicworks,aformofinput,tocreateresearchoutput:thisisintrinsically

aproductiveproblem. Naturallyeachideadiffersinthenatureofinputs(byrequiring

differentsetsofpriorknowledge),butmainlyintheirassembly,inotherwordsthetype

ofknowledgeproductionfunction.

Thisisofinterestsincealargeliteratureininnovationeconomicstriestounderstand

howexistingknowledgeproducesnewknowledge.Interdisciplinarityandnoveltyarecur-

rentlythetwomaintopicsdealingwiththisquestion.Theformerstudiesthecombination

ofknowledgeandexpertisefromdifferentdisciplines,thelatterdealswiththe“recombi-

nationofpre-existingknowledgecomponentsinanunprecedentedfashion”(Wangetal.,

2017).Thequestionoftheproductionofnewknowledgeisalsoapproachedfromtheangle

ofgeographyofinnovationatamoremacroeconomiclevel(Jaffe,1989).Neverthelessto

thebestofourknowledge,notheoreticalcontributiondealswithknowledgeproduction

attheprojectlevel,andmainlythewaytoempiricallytestit.Thispapercontributesin

thatsense.

Inadditiontotechnologicalconsiderations,awidevarietyoffactorsinfluencesscien-

tificproduction. Memberscomposingtheteammaydifferintheirintellectualbackground,

theirability,theirworkingmethodsortheirinterestintheprojectforinstance.Larger

1Thispaperisco-authoredwithNicolasCarayol.
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teamsmayengenderbureaucraticstructures(WalshandLee,2015),coordinationissues

andfree-ridingbehaviors(AlbaneseandVanFleet,1985).Thecompetitionenvironment

alsoplaysacentralrole. Researchersengageinprojectstodevelopnewideasanddif-

fusetheirresultsbywritingpapers.Inthewell-established“publishorperish”culture,

academicscientistsneedtoobtainpublicationsinprestigiousjournalstogivevisibility

totheirwork,gainreputationandconsequentlybepromotedandfunded. Howeverall

submittedpapersarenotpublished:journalsalsocompetetobethemostprominentand

onlyawardthearticlestheyconsidertobethebest.Animportantfeatureofacademic

competitionistheimperfectionoftheselectionmechanismofpapersbyjournals.Onthe

onehand,somearticlesarepublishedthenwithdrawnsomeyearslaterafterthedetection

ofscientificfraud(ShewanandCoats,2010).Ontheotherhand,thereexistsmanyexam-

plesofpapersinitiallyrejectedbysomejournalswhichareconsiderednowadaysbythe

scientificcommunityasmajorcontributionsoftheirdiscipline,forinstanceineconomics

(GansandShepherd,1994).

Inthispaper,wemodelcompetitioninScienceasaTullockcontestbetweenresearch

projectsfortheobtentionofaprize(apublicationslotinajournalforinstance). We

conceptualizearesearchprojectasanideaandateamofresearchers. Eachideais

associatedtoauniqueknowledgeproductionfunctionwhosefactorsaresubteamefforts,

eachoneinadistinctfieldofexpertise.Dependingontheareasofexpertiseinvolvedand

thelevelofeffortsrequired,researchersformateamtocompletetheproject. Weabstract

fromfree-ridingissuesandintra-teamcoordinationtofocusonchangesintheknowledge

productionfunction.

Technically,ourmodelisinspiredbytheliteratureofgroupcontests,whosefirst

contributionisfromKatzetal.(1990). Assumingsymmetricplayers,theydefinethe

teamaggregateeffortasthesumofindividualspendings.Baik(1993)extendstheir

worktoallowforasymmetriccontestantswhodifferaccordingtotheirprizevaluations.

Lee(2012)investigatesacontestmodelwhereeachgroup’sprobabilityofwinningisonly

determinedbytheminimumeffortspentwithineachteam.Chowdhuryetal.(2013)treat

thecasewhereeachgroup’sprobabilityofwinningdependsexclusivelyonthehighest

effortexpendedwithineachteam. KolmarandRommeswinkel(2013)adoptateam

contestsuccessfunctionwithaconstantelasticityofsubstitutiontechnology.

Inthosemodels,eachindividualproducesaneffortconstitutingafactoroftheaggre-

gategroupoutputalsocalledteamimpactfunction(Myersonand Wärneryd,2006).In
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ourapproach,eachfactoristheeffortexertedbyasubteamofresearchersinafieldof

expertise.Heretheknowledgeproductionfunctionreflectsthewayeffortsarecombined

betweenresearchareastoobtainoutput.Fortheknowledgeproductionfunction,weadopt

aconstantelasticityofsubstitutiontechnology.ContrarytoKolmarandRommeswinkel

(2013),wedealseparatelywiththeeffectsoftechnicalchangesintheproductionfunc-

tionandthevaluationsoftheprizebythesubteams.Thisdistinctionrevealsinteresting

indexesandpropertiesthatwediscussinthispaper.

Sinceresearchersarebecomingmoreandmorespecialized,researchprojectsoften

involveteamwork.Onlyforthesakeofsimplicityofourmodel,wesupposethatateam

leadermakesthedecisionsoneffortsforthewholeproject.Inessence,weabstractfrom

free-ridingissues.Adamsetal.(2005)arguethat“thesystemofrewardforpriority

indiscoveryseverelypunishesshirkingbyteammembersandrewardsgoodworkwith

publication,reputation,andincome”.Inthispaper,weareinterestedintheconsequences

oftechnicalchangesintheknowledgeproductionfunctiononoutputandproductivity.

Infact,thechoiceofacentralizedversusdecentralizeddecision-makingdoesn’tchange

qualitativelyourresults,whatweshowinthelastpartofthispaper.

WecharacterizetheNashequilibriumofthecorrespondingcontestgame. Wefind

thatallthevariablesarefunctionofasyntheticindexoftheknowledgeproductionfunc-

tion,thatwecallcomplexityoftheproductionfunctiongivenitsproperties. Wederive

comparativestaticswithrespecttothisindicatorandanalyzetheeffectofthenumberof

projectsinthecontest. Amongtheresults,weshowthatteamstreatingmorecomplex

problemsarepenalizedsincetheirparticipation,theirprobabilitytoobtaintheprize,

theirproductionandtheirproductivitydecrease. Wealsoshowthatcompetitionexerts

adifferentiatedeffectonprojectoutputdependingonitsowncomplexity.

Thispaperisorganizedasfollows.Section2setsoutthemodel.Section3defines

thecomplexityoftheproductionfunction.Section4characterizestheNashequilibrium

ofthegame.Section5dealswiththepropertiesoftheequilibriumoutcome.Section6

extendsthemodelbyintroducingdifferentvaluationsfortheprizebetweenandwithin

teams.Section7concludes.ProofsaregiveninAppendix.
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2 The model

Weconsideracontestwhere Gresearchprojectscompetefortheobtentionofaunique

prizeofvalueV(apublicationinascientificjournalforinstance). Weassumethatthe

contestisnotperfectlydiscriminatingsothatcompetitioninScienceisaprobabilistic

contest.Formally,denotepitheprobabilitythatprojectiobtainstheprizeandassume

thatpiisoftheTullockform

pi=
qi
Q

∀i=1,...,G, (2.1)

withqitheproductionfunctionofteamiandQthetotalresearchproduction

Q=
G

l=1

ql. (2.2)

Theprojectwiththehighestqhasthegreatestprobabilitytoobtaintheprize,butthe

latterisnotnecessarilyequaltoonelikeinaperfectlydiscriminatingcontest.

DenoteXitheaggregateeffortandαitheeffortproductivityofprojecti

αi=
qi
Xi
. (2.3)

Weassumethatthecostfunctionofeffortsislinearandunitary,i.e. c(x)=x.Letui

designatetheutilityfunctionofprojecti

ui=piV−Xi. (2.4)

Inthismodel,weassumethattheknowledgeproductionfunctionqiisoftheconstant

elasticityofsubstitutionform∀i=1,...,G.Formally,letdefinemi≥1thenumberof

fieldsofexpertiseinvolvedinprojecti. Denotexi=(xi1,...,ximi)thevectorofefforts

ofdimensionmi,whereeachentryofcoordinates=1,...miisxis,theeffortspentin

researchareasofprojecti.TheaggregateeffortXiisequalto

Xi=
mi

s=1

xis. (2.5)

Wesupposethattoeachfieldofexpertise s=1,...,miinvolvedinprojecticorresponds

asubteamofresearchers.
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Letωisbetheeffortintensitycoefficientinresearchareasofprojecti,andωi=

(ωi1,...,ωimi)thevectorofthosecoefficientsinthissameproject. Withoutlossofgen-

erality,assumethatthecoordinatesofωiaresortedindescendingorder:

ωi1≥ωi2≥...≥ωimi, (2.6)

andwenormalizethosecoefficientssuchthat mi
s=1ωis=1.

LetdefineΩiapositiveconstantthatcanreflecttheintrinsicqualityofideaiorthe

efficiencyofteami(organizationalcapacity,researchersability...).

Theknowledgeproductionfunctionofprojectiisdefinedby

qi=Ωi

mi

s=1

ωisx
σi
is

1
σi

, (2.7)

withσi∈]−∞;0[∪]0;1]and i=
1
1−σi

theelasticityofsubstitutionbetweentheefforts

spentineachfieldofexpertise.Ifσitendsto−∞,effortsareperfectcomplements;σi=1

correspondstothesituationwhereeffortsareperfectsubstitutes. TheCobb-Douglas

functionisobtainedifσiapproaches0inthelimit.

Wheneffortsareperfectsubstitutes,theknowledgeproductionfunctionisthesumof

effortsinthedifferentfieldsofexpertise.Ifsomecoordinatesofvectorxiarenull(atleast

1andatmostmi−1values),then(
mi
s=1ωisx

σi
is)

1
σi>0ifeffortsareperfectsubstitutes

whereas( mi
s=1ωisx

σi
is)

1
σi =0onceeffortsbecomemorecomplementary.Insubstance,

theelasticityofsubstitutionindicatesthenatureoftheproject.Spendingeffortsinall

thefieldsofexpertiseinitiallyinvolvedintheprojectisnotnecessarytogetknowledge

productionwheneffortsareperfectsubstitutes.Inotherwords,theinteractionbetween

researchareasislowsinceknowledgeproductioncanbeobtainedwithonlyaunique

fieldofexpertise. Onthecontrary,researchersmustworkinallthefieldsofexpertise

implicatedinprojectiwheneffortsarecomplementary,otherwiseknowledgeproduction

isnull.Thusinteractionbetweenfieldsofexpertiseismoreimportantwhenσi→−∞

thanwhenσi=1.

Fromtheconstantelasticityofsubstitutionproductionfunction,wederiveasynthetic

indicatorthatwecallcomplexityoftheproductionfunction.Nextsectionpresentsthis

index.
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3 Complexityoftheproductionfunction

Definition1 Letdefine

Γi=
mi

s=1

ω
1

1−σi
is

1−1
σi

,∀i=1,...,G (2.8)

tobethecomplexityoftheconstantelasticityofsubstitutionproductionfunction.

Here,weneedtobeprecisewiththeword“complexity”thatcanmeanseveralthings.

AccordingtothefirstsensegivenintheOxfordDictionaryofEnglish,somethingcomplex

consistsofmanydifferentandconnectedparts.OurindexΓicoincideswiththisdefinition

sincethedifferentpartscorrespondtothefieldsofexpertiseandthedegreeofconnection

isgivenbyσi.ThesecondsensegivenintheOxfordDictionaryofEnglishissomething

noteasytoanalyseorunderstand;complicatedorintricate. Appliedtoresearch,this

definitionsuggeststhataprojectiscomplexsinceitrequiresalotofknowledgeorskills

tobecompleted.Thisisdefinitivelynotthesenseofthecomplexityofaprojectthatwe

expressinthispaper.

Wejustifytheuseofcomplexitygiventhepropertiesofthisindexthatwestateinthe

followingproposition.

Proposition8Γiincreaseswith:

(1)thenumberoffieldsofexpertisemi,

(2)theevenessofthedistributionofωis,

(3)thecomplementaritybetweeneffortsinthedifferentfieldsofexpertise(σi→−∞).

Γibelongsto[1;mi].

AdetailedproofisgiveninAppendix8.1.

Proposition8meansthatthemoreaprocessofproductionrequiresdifferentinputs,

themoretheseinputsareinvolvedinabalancedwayandthemoreitisdifficulttoswitch

inputstoobtainoutput,themoretheproductionfunctioniscomplex.

Inthenextsection,weidentifytheNashequilibriumofthemodel.
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4 Equilibriumoutcomes

Theleaderofeachprojecti=1,...,Gchoosesthevectorofeffortsxitomaximizethe

payofffunction:

max
xi1,...,ximi

ui. (2.9)

Withoutlossofgenerality,let’ssupposethatresearchprojectsaresortedinascending

ordersothat:
Γ1
Ω1
≤
Γ2
Ω2
≤...≤

ΓG
ΩG
. (2.10)

Wesaythatresearchproject iisinactiveifxiisthenullvector.Projectiparticipatesto

thecontestifatleastoneentryofvectorxiisstrictlypositive.

Letdefineg≤Gthenumberofactiveresearchprojectsinthecompetition.Let

z=
1

g−1

g

j=1

Γj
Ωj
.

Theresolutionofprogram(2.9)isveryclosetoKolmarandRommeswinkel(2013).The

followingpropositioncharacterizestheNashequilibriumofthegame.

Proposition9Giventherankingofprojectsin(2.10),theactiveprojectsarethosewith

theglowestvaluesofΓ/Ω,withgthesmallestintegersuchthat

Γg+1
Ωg+1

≥z, (2.11)

orGifthisvaluedoesn’texist.

Atequilibrium,thedemandoflaborinresearchareasofprojectiis

x∗is=






ω
1
1−σ
is

ΩiΓ
1
σ−1
i

1
z
1−1

z
Γi
Ωi
V ifi=1,...,g;∀s=1,...,mi

0 ifi=g+1,...,G

ProofisgiveninAppendix8.2.
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Substitutingequilibriumspendingsfrom(2.1)to(2.5)andin(2.7),wefinallyobtain:

p∗i=1−
1

z

Γi
Ωi

Q∗=
V

z

q∗i=Q
∗p∗i

u∗i=(p
∗
i)
2V

X∗i=
Γi
Ωi
p∗iQ

∗

α∗i=
Ωi
Γi

∀i=1,...,g,0otherwise.

Notethatifonlytwoprojectscompete,thentheyarenecessarilyactivesog=G=2.

IfG≥3,thenselectioneffectscanoccur(g<G):projectswithhighvaluesofΓ/Ω

relativelytootherteamsmaynotparticipatetothecontest.

Remark1 Allthevariablesatequilibrium(α∗i,p
∗
i,u

∗
i,q
∗
i,Q

∗)dependonΓi/Ωi,zandV.

zcharacterizesthesmoothnessoftheeffectivecompetitionatequilibrium,giventhatzis

closetothemeanoftheΓ/Ωofprojectsparticipatingtothecontest.

5 Comparativestatics

Inthissection,wederivesomecomparativestaticsoftheequilibriumoutcomewhichare

newcomparedtothepaperofKolmarandRommeswinkel(2013). Weshowsuccessively

howtheowncharacteristicsofprojectithenthoseofcompetitorsj=iaffectplayeri’s

probability,outcome,productivity,effortandoutputatequilibrium. Wemainlyfocus

onq∗igiventhatwehaveproxiesforresearchproject’simpact(seechapter3). Wealso

analyzetheconsequencesoftheentryofnewprojectsinthecontest.

5.1 Projecticharacteristics

Wehavealreadydiscussedtheeffectof Γi/Ωionprojectiparticipationtothecontestin

Proposition9.Asareminder,teamswithahigherratioΓ/Ω(thoselowerrankedin(2.10))
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maynotparticipatetothecontest.TherebyincreasingceterisparibusthecomplexityΓi

reducesthepossibilityforprojectitotakepartinthecompetition.Inthefollowing

proposition,wesummarizetheeffectofΓionthemainvariablesatequilibrium.

Proposition10TeamsthatarecharacterizedbyalargerΓiaredisadvantagedinthe

contestsincetheirparticipation,theirprobabilitytowin(p∗i),theiroutput(q
∗
i)aswellas

theirproductivity(α∗i)decrease.Thisrelationisconvexforq
∗
i.

ProofisgiveninAppendix8.3.ToillustratethethreefirstassertionsofProposition10,

let’sconsiderthefollowingexample.

i ωi1 ωi2 ωi3 Ωi Γi p∗i q∗i
1 1 1 1 0.293 0.207
2 0.97 0.03 1.1 1.144 0.264 0.187
3 0.96 0.04 1.1 1.183 0.240 0.17
4 0.93 0.04 0.03 1.2 1.352 0.203 0.144
5 0.5 0.5 1.33 2 0 0
6 1

3
1
3

1
3

2 3 0 0

Table2.1:Exampleofacontestwith6projectsincompetition

Example3ImaginethatsixprojectscompetefortheobtentionofaprizeofvalueV=1

(Table2.1).Project1onlyimpliesauniquefieldofexpertise.Otherprojectsarecomplex

sincetheyinvolveatleasttworesearchareas.Toeasetheexample,wesupposethatallthe

researchprojectshavethesameelasticityofsubstitution =1(σi=σ=0).Incolumn

6wecomputethecomplexityofeachresearchproject.Columns7and8giverespectively

theprobabilitytoobtaintheprizeandtheoutputofeachresearchprojectatequilibrium.

Let’sconsiderprojects2and3characterizedbythesameΩi=1.1butagreatercomplexity

forproject3.Indeed,Γ3>Γ2sincethesetworesearchprojectsonlydifferfromthe

distributionofωi(ω2beingmoreuneventhanω3),whilethenumberoffieldsofexpertise

andtheelasticityofsubstitutionremainthesame. Weobservethattheprobabilityto

obtaintheprizeatequilibriumandtheoutputaregreaterforproject2thanforproject3.

Concerningprojects5and6,eventhoughtheyhavehighvaluesofΩ,theircomplexityis

soimportantthattheydon’tparticipatetothecontest.

Theconvexityofq∗iwithrespecttoΓicanbeinterpretedinthefollowingway.From

Proposition8,Γibelongsto[1;mi]. WhenΓi=1theprojectisnotcomplexsinceit
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involvesauniquefieldofexpertise.Theconvexityofq∗iwithrespecttoΓiindicatesthat

thehighestpenaltyonoutputappearswhentheprojectbeginstobecomplex,thatisto

saywhenΓiraisesfrom1to1+δwithδ→0
+.Suchanincreasenecessarilyimpliesthat

theprojectgoesfrom1toatleastasecondfieldofexpertise.

Considernowtheproductivityα∗i.Proposition10stemsthatα
∗
iisdecreasingwith

Γi.Rememberthatα
∗
iistheratioofoutcomeq

∗
itothetotaleffortX

∗
i.Iftheformeris

decreasingwithΓi,thelatterisnotmonotonousasestablishedinthefollowingproposition.

Proposition11Anincreaseofthecomplexityofprojectihasapositiveeffectonthe

totaleffortexertedif
Γi
Ωi
<
z

2
, (2.12)

andanegativeoneif
Γi
Ωi
>
z

2
.

ProofisgiveninAppendix8.4.

IftheratioΓi/Ωiissuchthat(2.12)isfulfilled,thenraisingΓileadstoahigheref-

fortX∗i. However,theincreaseofX
∗
iisunsufficienttocompensatethenegativeeffect

oftheproductionfunctiontechnologicalchange. Asaconsequence,thegreateruseof

inputsdoesn’ttranslateintooutcomeq∗i.Sincethenumeratorofα
∗
idecreaseswhileits

denominatorincreases,projecti’sproductivitydeclineswithΓi.Ifcondition(2.12)isnot

fulfilled,projectidoesn’talreadybelongtothemostcompetitiveprojects.IncreasingΓi

discouragesprojectiresearcherstoexerteffort.Asaconsequence,q∗idecreases.Forthe

productivityα∗i,thenumeratorandthedenominatordecrease;howevertheneteffectis

negative. Wecanalsonoticethatα∗idoesn’tdependonthecharacteristicsofotherteams

j=i.In(2.10),wehaverankedprojectsinascendingorderofΓ/Ω.Infact,(2.10)isalso

therankingofprojectsbydescendingorderofproductivityatequilibrium.

5.2 Competitionintensity

Hereweanalyzetheeffectofthecompetitiveenvironmentonprojectimainvariablesat

equilibrium. Wesuccessivelyconsidertwoformsofcompetitionintensity: moreefficient
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projects(lowerratioΓk/Ωk,k=i)andmorecompetitors.Inbothcases,theeffectis

notmonotonousanddependsonthevalueofΓi/Ωi.Nextpropositiongivesthethreshold

underwhichdecreasingthecomplexityofotherteamsk=ihasapositive(respectively

negative)effectonprojectioutput.

Proposition12Adecreaseofthecomplexityofprojectk=ihasapositiveeffecton

projectioutputif
Γi
Ωi
<
z

2
, (2.13)

andanegativeoneif
Γi
Ωi
>
z

2
.

ProofisgiveninAppendix8.5.

SinceX∗i=
Γi
Ωi
q∗i,theconditionsuchasX

∗
iraisesafteradecreaseofΓkisexactlythe

sameasforq∗i.Decreasingthecomplexityofotherprojectsk=iincreasesthestrenghtof

thecompetitionforprojectisinceotherteamshavemorechancestowinthecontest.For

projectswithhighΓi/Ωi(thelessefficientones),theeffectisnegativeonoutputsincethe

increaseofthecompetitiongivesdisincentivestospendeffortX∗iatequilibrium.Onthe

contrary,forprojectswithlowΓi/Ωi,theincreaseofthestrenghtofcompetitioncreates

incentivestoexertefforts.

Nowwedealwithanincreaseofthecompetitionintensitybythenumberofprojects.

ConsiderthesituationwheregprojectsoutofGareactiveastheinitialcontest.Assume

thatanewprojectcharacterizedbyΓnewandΩnewentersthecontest. Denoterthe

numberofactiveprojectsoutofG+1afterthisentry.Let

z=
1

r−1

r

j=1

Γj
Ωj
.

Remarkthatthenewprojectstaysinactiveinthecontestif

Γnew
Ωnew

≥z.
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Obviouslyinthissituationthepreviousequilibriumremainsunchanged.

Otherwiseifthereexistsatleastanintegerh∈[1,g]suchthat

Γnew
Ωnew

≤
Γh
Ωh
,

thenthenewprojectisnecessarilyactive.

Notethatthenumberofactiveprojectsraftertheentrycanbegreaterorsmaller

thang,butlowerorequaltog+1.Toshowthatr≤g+1,considerprojectg+1.Since

projectg+1doesnotparticipateintheinitialcontest,wehave

Γg+1
Ωg+1

≥z. (2.14)

Anewprojectentersthecontestif

Γnew
Ωnew

≤z.

Projectg+1participatestothecontestaftertheentryif

Γg+1
Ωg+1

≤
1

g




g

j=1

Γj
Ωj
+
Γnew
Ωnew





Usingtheconstraintofparticipationofthenewproject,thisleadstothefollowingin-

equality
Γg+1
Ωg+1

≤z,

whichcontradicts(2.14).Ifthenewprojectentersthecontest,thennecessarilyr≤g+1.

Inparticular,ifthenewprojectissuchthat:

Γg
Ωg
≤
Γnew
Ωnew

<z,

thenr=g+1.

Nextpropositiondescribestheeffectoftheentryofanewprojectinthecontestonq∗i.

Proposition13ConsideracontestwheregprojectsoutofGareactive.Ifanewproject

entersthecontestsuchthat:
Γnew
Ωnew

≤z,
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thenatequilibriumq∗iisgreaterinthenewcontestif

Γi
Ωi
<
zz

z+z

andlowerinthenewcontestif
Γi
Ωi
>
zz

z+z
.

ProofisgiveninAppendix8.6.Notethatifzisveryclosetoz,sothatthesmoothness

oftheeffectivecompetitionatequilibriumremainsunchanged,thenweobtainthesame

conditionas(2.13).Increasingthecompetitionintensitybythenumberofprojectshasa

positiveeffectonoutputforlesscomplexprojectswhileitcanleadtoadecreaseofoutput

oreventoanon-participationformorecomplexprojects. Weobtainadifferentiatedeffect

ofcompetitiononoutputlikeincontestswithdifferentvaluationsfortheprize(Matros,

2006).

ToillustratePropositions12and13,wegivethefollowingexample.

Example4Let’sconsidertheinitialsituationwheretwoprojectscompeteforaprizeof

valueV=1. WegivetheircharacteristicsinTable2.1a.Imaginethatanotherresearch

projectjoinsthecontest.DependingonthevalueofΓnew/Ωnew,weshowinFigure2.1bthe

effectofthisentryonprojects1and2outputatequilibrium.Obviously,ifthenewproject

staysinactive(Γnew/Ωnew≥3,zoneA),nothinghappensandthenewequilibriumisiden-

ticaltotheinitialsituation.InzoneB,alltheprojectsareactive.Sincecondition(2.13)is

checkedforproject1,q∗1increaseswhenthecomplexityofthenewprojectdecreases(thus

agreaterintensityofcompetition). Forproject2,weobservetheoppositeresult. The

competitionbecomestoofierceanddiscouragesresearcherstospendefforts.Inparticular,

ifthenewprojectischaracterizedbyΓnew/Ωnew≤1,project2nolongerparticipatesto

thecontest.InzoneC,project2isinactiveandcondition(2.13)isnowunchecked.The

competitionbecomestoostrongforproject1againstthenewprojectandasaconsequence,

effortandoutputatequilibriumaredecreasingwhenΓnew/Ωnewdiminishes.
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i ωi1 ωi2 ωi3 Ωi Γi p∗i q∗i
1 1 1 1 0.666 0.222
2 0.5 0.5 1 2 0.333 0.111

(a)InitialContest

00.250.50.7511.251.51.7522.252.52.7533.253.5
0

0.05

0.1

0.15

0.2

0.25

q∗2

q∗1

A B C

Γnew
Ωnew

q

(b)Effectoftheentryofanewprojectinthecontestonq∗1andq
∗
2

Figure2.1:ExampletoillustratePropositions12and13

6 Extensions

Intheabove,wehaverestrictedthemodelofKolmarandRommeswinkel(2013)tothe

situationwhereeachteamhasthesamevaluationfortheprize. Wehaveshownthatall

thevariablesatequilibriumdependonasyntheticindicator(Γi)calledthecomplexity

oftheproductionfunction. Thisindexonlydependsonthecharacteristicsofprojecti

knowledgeproductionfunction.

Inthefollowing,weenrichthemodelbyincorporatingdifferentvaluationsforthe

prizebetweenandwithinteams. Wealsoassumethateachsubteamchooseshisownlevel

ofeffort.Infact,wereturntotheframeworkofKolmarandRommeswinkel(2013). We

introducevijtobethevalueofprojectiforthesubteamworkinginfieldofexpertisej

andvi=(vi1,...,vimi)thevectorofthosevaluations. Wekeepthenotationsofsections2

and4fortheothervariables. Wealsosupposethatthedecision-makingisdecentralized,
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i.e.eachsubteamchooseshisefforttomaximizehisownutilityfunction

uij=pivij−xij, (2.15)

withuijtheutilityofsubteamjinvolvedinprojecti.

Letdefine

Υi=
mi

s=1

ω
1

1−σi
is v

σi
1−σi
is

1−1
σi

,∀i=1,...,G (2.16)

tobeasyntheticindexofthecharacteristicsofprojecti.Supposethatresearchprojects

aresortedinascendingordersothat:

Υ1
Ω1
≤...≤

ΥG
ΩG

(2.17)

Wekeepthenotation g≤Gforthenumberofactiveprojects.Let

z=
1

g−1

g

j=1

Υj
Ωj
.

NextpropositionfromKolmarandRommeswinkel(2013)characterizestheNashequilib-

riumofthisgame2.

Proposition14Giventherankingofprojectsin(2.17),theactiveprojectsarethose

withtheglowestvaluesofΥ/Ω,withgthesmallestintegersuchthat

Υg+1
Ωg+1

≥z,

orGifthisvaluedoesn’texist.

Atequilibrium,thedemandoflaborinresearchareasofprojectiis

x∗is=






(ωisvis)
1
1−σ

ΩiΥ
1
σ−1
i

1
z
1−1

z
Υi
Ωi

ifi=1,...,g;∀s=1,...,mi

0 ifi=g+1,...,G

ProofisgiveninAppendix8.7.

2Weadapttheirpropositiontoournotations.
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Substitutingequilibriumspendingsinthemainvariablesofthemodel,weget

p∗i=1−
1

z

Υi
Ωi

Q∗=
1

z

q∗i=Q
∗p∗i

X∗i=

mi
s=1ω

1
1−σi
is v

1
1−σi
is Υ

1
1−σi
i

Ωi
p∗iQ

∗

α∗i=
Ωi

mi
s=1ω

1
1−σi
is v

1
1−σi
is Υ

1
1−σi
i

.

∀i=1,...,g,0otherwise.

Notethatthecomparativestaticsofp∗iandq
∗
iwithrespecttoΥiarethesamethan

thosethatwederivedwithrespecttoΓiinsection5. HoweverΥihasamorecomplex

shape,aswellasX∗iandα
∗
i.

HerewesearchforconditionsonthevaluationvectorvisuchthatthepropertiesofΓi

giveninProposition8stillholdforΥi.Inotherwords,wewanttoseeifallotherthings

beingequal,increasingthenumberoffieldsofexpertise,theevenessofthedistributionof

ωisorthecomplementaritybetweeneffortsalsoraisesΥi.

InAppendix8.8,weprovethatdecreasingσiincreasesΥiwhateverthevectorvi.

ThusΥibehavessimilarlytoΓiafteranincreaseofthecomplementaritybetweenefforts,

regardlessofthevectorofvaluations.Thesituationisdifferentforthetwootherdimen-

sionsofthecomplexity,sincetheeffectofachangeinthenumberoffieldsofexpertise

ortheevenessofthedistributionofωisdependsonvi.Considertwofieldsofexpertise

jandtwithωij>ωit.AsufficientconditiontoincreaseΥiafteranytransferfromωij

toωitistoverifyvij<vitifσi>0andvij>vitifσi<0. Givenavectorvi,this

meansthatwecanfindsituationssuchthatincreasingtheevenessofthedistributionof

theωisdecreasesΥi.Inotherwords,anincreaseofourindexofcomplexityΓicanlead

toahigherprobabilityandoutputatequilibriumbecauseofthestructureofthevector

ofvaluationsvi.

Example5Imagineajournalpublishingpapersinvolvingtwoacademicdisciplines.The

reputationofthisjournaldiffersbetweentheresearchareas.Supposethatthevectorof

valuationsisvi=(10,20). Withωi=(2/3,1/3)andσi=0.5,wegetΥi=0.15. With
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ωi=(0.6,0.4)andσi=0.5,wehaveΥi≈0.147.Thusthelatterprojectismorecomplex

thantheformeronebuthasalowerΥi,involvingagreaterprobabilityandahigheroutput

atequilibrium.

Lookingat(2.16),Υiisacombinationoftwoindexes.Ifallthecoordinatesoftheωi-

vectorareidentical(ωis=1/mi∀s=1,...,mi),thenΥiisproportionaltotheinverseof

thegeneralizedmeanofthevaluationsdenotedbyM σi
1−σi

:

M σi
1−σi

=
mi

s=1

v
σi
1−σi
is

1−σi
σi

Whenallthevaluationsoftheprizewithintheteamareidentical,thenΥiisproportional

toΓi,ourindexofcomplexity.Infact,theresultspresentedinsection5stillholdwhen

thereexistsheterogeneityconcerningthevaluationsoftheprizebetweenteamsbutnot

withinteams.

7 Conclusion

Thispaperanalyzestheeffectsoftechnicalchangesintheknowledgeproductionfunction

inaTullockcontestframework. Weadoptaconstantelasticityofsubstitutiontechnology

followingKolmarandRommeswinkel(2013),consideringfirstthatthevaluationsbetween

andwithinteamsareidentical. Weshowthatatequilibrium,themainvariablesofthe

modelarefunctionofasyntheticindexthatwecallcomplexityoftheproductionfunction

givenitsproperties.

Wefindthatthemoretheproductionfunctioniscomplex,themoreteamsaredis-

advantagedinthecontestgiventhattheirparticipation,theirprobabilitytowin,their

outputandtheirproductivitydecrease. Wealsoobtainthatcompetitionintensityexerts

apositiveeffectoneffortandoutputofmostefficientteams,whileitdiscouragesthose

alreadytreatingmorecomplexproblems.

Ourresultisrobusttodifferentvaluationsbetweenteams,butdoesnotholdanymore

whenweintroduceheterogeneitywithinteams. Weneedtoconductotherextensions.In

particular,wewanttoseeifourresultsstillprevailinagamewithincompleteinformation,

bysupposingthateachteamknowshisknowledgeproductionfunctionbutnotthoseof
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competitors. Moreover,sincewehavesupposedlinearcosts,ourindexmaybemodified

ifweuseastrictlyconvexcostfunction.Forfurtherwork,wewanttoseeifothertypes

ofproductionfunctioncanengenderotherindexesatequilibriumwithsimilarproperties.

Forthemoment,wewanttoempiricallytestourrelationbetweencomplexityandoutput

byusingadatasetonscientificpublications,whichisthesubjectofthenextchapter.
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8 Appendix

8.1 ProofofProposition8

Parts(1)and(2):Let’sanalyzetheimpactofthenumberoffieldsofexpertisemiand

thevectorωionΓi.

Theobjectiveistofindtheωi-vectormaximizingΓi.

Let’sconsideravectorωi. Wesaythatωiisimprovableifthereexistsavectorωiproviding

ahigherΓi.

Asitisatediousworktocompareallthepossiblevectors,onewaytoproceedistosee

ifanyLorenz-improvementinωi-vectorincreasesΓi.

Tocompareωi-vectors,weusetheconceptofLorenzdominance.Inaresearchproject

involvingmifieldsofexpertisesortedlikein(2.6),wesaythatωiisLorenzdominatedby

ωiifandonlyifwehave:
k

s=0

ωi,mi−s≤
k

s=0

ωi,mi−s

∀kwith0≤k<mandtheinequalityisstrictinatleastonecase.

AnicepropertyoftheLorenzdominanceconcernstransfers.Indeed,consideraninegal-

itarianωi-vectorandoperateatransferwhichreducesthedifferencebetweentwoofits

coordinatesωijandωit(j<t)toobtainthevectorωi.ThenωiLorenzdominatesωi.

Thetwoextremecasesaretheegalitarianvectorωi=(1/mi,...,1/mi)andtheperfect

inegalitarianvectorωi=(1,0,...,0).Example6withFigure2.2illustratesthisconcept.

Example6ωi=(0.3,0.3,0.25,0.15)andωi=(0.5,0.2,0.2,0.1).

Inthisexample,notethatthevectorωiisobtainedfromωibytransferingaweightof0.2

fromωi1toωi2(0.1),ωi3(0.05)andωi4(0.05).ThenwededucethatωiLorenzdominates

ωi.

From(3.1),let’scomputethepartialderivativeofΓiwithrespecttoωij:

∂Γi
∂ωij

=−
1

σi

mi

s=1

ω
1

1−σi
is

−1
σi

ω
1

1−σi
−1

ij (2.18)

Foranotherfieldofexpertiset>j,weobtainsimilarly:

∂Γi
∂ωit

=−
1

σi

mi

s=1

ω
1

1−σi
is

−1
σi

ω
1

1−σi
−1

it (2.19)
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0 0.2 0.4 0.6 0.8 1
0

0.2

0.4

0.6

0.8

1

ωi

ωi

Figure2.2:IllustrationofLorenz-dominance

Let’scompare(2.18)and(2.19).Sincet>jandaccordingto(2.6),wehaveωij>ωit.

Theimpactofaninfinitesimaltransferfromωijtoωit(Lorenzdominationofthenew

vector)dependsonthecomparisonbetween−1
σi
ω

1
1−σi

−1

ij and−1
σi
ω

1
1−σi

−1

it .Forωijandωit,

amoreegalitarianvectorinthesenseofLorenzincreasesΓiif:

∂Γi
∂ωit

>
∂Γi
∂ωij

Inotherwords,itisenoughtoshowthatthefunction

f(x)=−
1

σi
x

1
1−σi

−1

isdecreasinginxwhenx∈[0,1].

Sincewehave:

f(x)=−
1

1−σi
x

1
1−σi

−2
<0 ∀σi∈]−∞,0[∪]0;1],

weconcludethat:
∂Γi
∂ωit

>
∂Γi
∂ωij

∀ωit<ωij

andthusanyLorenz-improvementintheωi-vectorincreasesΓi. Wededucethatthe

vectorωiwhichminimizesΓiis(1,0,...,0),leadingtoΓi=1.Foragivenmi,thevector

ωiwhichmaximizesΓiis
1
mi
,...,1

mi
,leadingtoΓi=mi.ThusΓi∈[1;mi].
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Part(3): OurproofisclosetoBeckandSchögl(1995)dealingwiththeRÃľnyi

information(pages50-53).

DerivatingΓiwithrespecttoσi,weobtain

∂Γi
∂σi
=
Γi
σ2i




ln

mi

s=1

ω
1

1−σi
is −

σi
1−σi

mi
s=1(lnωis)ω

1
1−σi
is

mi
s=1ω

1
1−σi
is






=
Γi
σ2i






mi

k=1

ω
1

1−σi
ik

mi
s=1ω

1
1−σi
is

ln
mi

s=1

ω
1

1−σi
is −

mi

k=1

ω
1

1−σi
ik

mi
s=1ω

1
1−σi
is

σi
1−σi

lnωik






=
Γi
σ2i

mi

k=1





ω

1
1−σi
ik

mi
s=1ω

1
1−σi
is

ln
mi

s=1

ω
1

1−σi
is −lnω

1
1−σi

−1

ik






=−
Γi
σ2i

mi

k=1





ω

1
1−σi
ik

mi
s=1ω

1
1−σi
is

lnω
1

1−σi
−1

ik −ln
mi

s=1

ω
1

1−σi
is






=−
Γi
σ2i

mi

k=1

ω
1

1−σi
ik

mi
s=1ω

1
1−σi
is

ln











ω
1

1−σi
ik

mi
s=1
ω

1
1−σi
is

ωik











.

Let

Pik=
ω

1
1−σi
ik

mi
s=1ω

1
1−σi
is

.

Finally,weobtain
∂Γi
∂σi
=−
Γi
σ2i

mi

k=1

Pikln
Pik
ωik

.

ThissumisalwayspositivesinceitistheKullback-LeiblerdivergencebetweenPikand

ωik.Indeed
mi

k=1

Pikln
Pik
ωik

=−
mi

k=1

Pikln
ωik
Pik

.

Sincelnisaconcavefunction,bytheJenseninequalitywehave

mi

k=1

Pikln
ωik
Pik

≤
mi

k=1

lnPik
ωik
Pik

=
mi

k=1

ln(ωik)≤0,

therefore
mi

k=1

Pikln
Pik
ωik

≥0,
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andfinally
∂Γi
∂σi
≤0.

Thusmorecomplementaritybetweenefforts(σidecreasing)increasesΓi.
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8.2 ProofofProposition9

Theleaderofresearchprojectichoosesthevectorofeffortsxitomaximizeui. Weobtain

thefirstorderconditions∀j=1,...,mi:

Ωi

mi

s=1

ωisx
σi
is

1
σi
−1

ωijx
σi−1
ij

G
l=iql

Q2
V=1. (2.20)

Remarkthatthesecondorderconditionisalwayssatisfiedsince

(1−σi)ωijx
σi
ij−

mi

s=1

ωisx
σi
is Q−2x

σi
ij

mi

s=1

ωisx
σi
is

1
σi

<0.

Thustheeffortatequilibriumx∗isinfieldofexpertisesisgivenbythesolutiontothe

first-orderconditionin(2.20)orbythecornersolutionx∗is=0.

Using(2.20),wededucethefollowingrelationbetweeneffortsspentinresearchprojecti

fortwofieldsofexpertisejandt:

xit=
ωit
ωij

1
1−σi

xij.

Weget
mi

s=1

ωisx
σi
is=

xσiij

ω
σi
1−σi
ij

mi

s=1

ω
1

1−σi
is .

Takingtheexponent 1
σi
−1onbothsides,weobtain

mi

s=1

ωisx
σi
is

1
σi
−1

=
x1−σiij

ωij

1

mi
s=1ω

1
1−σi
is

1−1
σi

.

Replacinginthefirstordercondition(2.20)leadsto

G
l=iql
G
l=1ql

2V=
Γi
Ωi
, (2.21)

with

Γi=
mi

s=1

ω
1

1−σi
is

1−1
σi

.
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Thusprojectibestresponsegiventhestrategiesoftheothersis:

qi=max



0,Q/iV
Ωi
Γi
−Q/i



 (2.22)

Bydenotinggthenumberofprojectsparticipatingtothecontestandsumming(2.21)

∀i=1,...,gweobtain:

Q∗=
V

z
. (2.23)

with

z=
1

g−1

g

j=1

Γj
Ωj
.

From(2.22),projectiparticipatestothecontestif

V
Ωi
Γi
>Q/i.

Using(2.23)and(2.21),thisleadsto

Γi
Ωi
<z.

Sincewedenotegthenumberofactiveprojects,thefirstinactiveprojectg+1hasa

valueΓg+1/Ωg+1suchthat
Γg+1
Ωg+1

≥z.

Giventherankingofprojectsin(2.10),gisthesmallestintegersuchthatcondition(2.11)

issatisfied.
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8.3 ProofofProposition10

Wereportsomeintermediatecalculations

∂Q∗

∂Γi
=−
g−1

Ωi

V
g
j=1

Γj
Ωj

2<0

∂p∗i
∂Γi
=−
g−1

Ωi

g
j=i

Γj
Ωj

g
j=1

Γj
Ωj

2<0

∂2Q∗

∂Γ2i
=
g−1

Ω2i

2V
g
j=1

Γj
Ωj

3>0

∂2p∗i
∂Γ2i

=
g−1

Ω2i

2 g
j=i

Γj
Ωj

g
j=1

Γj
Ωj

3>0.

Sinceq∗i=Q
∗p∗i,weimmediatelyobtain

∂q∗i
∂Γi
=
∂Q∗

∂Γi
p∗i+Q

∗∂p
∗
i

∂Γi
<0.

Derivatingagain∂q∗i/∂ΓiwithrespecttoΓi,weget

∂2q∗i
∂Γ2i

=
∂2Q∗

∂Γ2i
p∗i+2

∂Q∗

∂Γi

∂p∗i
∂Γi
+Q∗

∂2p∗i
∂Γ2i

>0

q∗iisconvexwithrespecttoΓi.
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8.4 ProofofProposition11

Rememberthat

X∗i=
Γi
Ωi
p∗iQ

∗.

Giventhat

∂p∗i
∂Γi
=−

1

Ωi

1

z

g
j=i

Γj
Ωj

g
j=1

Γj
Ωj

2

∂Q∗

∂Γi
=−

1

Ωi

Q∗

g
j=1

Γj
Ωj

,

wehave

∂X∗i
∂Γi

=
1

Ωi
p∗iQ

∗+
Γi
Ωi

∂p∗i
∂Γi
Q∗+p∗i

∂Q∗

∂Γi

=
1

Ωi
p∗iQ

∗+
Γi
Ωi



−
1

Ωi

1

z

g
j=i

Γj
Ωj

g
j=1

Γj
Ωj

Q∗−
p∗i
Ωi
Q∗

1
g
j=1

Γj
Ωj





=
Q∗

Ωi



p∗i−
Γi
Ωi

1

z

g
j=i

Γj
Ωj

g
j=1

Γj
Ωj

−
Γi
Ωi

p∗i
g
j=1

Γj
Ωj





=
Q∗

Ωi




g

j=i

Γj
Ωj



 p∗i−
Γi
Ωi

1

z

=
Q∗

Ωi




g

j=i

Γj
Ωj



 1−2
Γi
Ωi

1

z

FinallythederivativeofX∗iwithrespecttoΓiispositiveif

Γi
Ωi
<
z

2
,

andnegativeif
Γi
Ωi
>
z

2
.
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8.5 ProofofProposition12

Asareminder,

q∗i=Q
∗p∗i

Giventhat

∂Q∗

∂Γk
=−

1

Ωk

Q∗

g
j=1

Γj
Ωj

∂p∗i
∂Γk
=
1

z

1

Ωk

Γi
Ωi
g
j=1

Γj
Ωj

,

weobtain

∂q∗i
∂Γk
=
∂Q∗

∂Γk
p∗i+Q

∗∂p
∗
i

∂Γk

=
Q∗

Ωk

1
g
j=1

Γj
Ωj

−p∗i+
1

z

Γi
Ωi

=
Q∗

Ωk

1
g
j=1

Γj
Ωj

2

z

Γi
Ωi
−1 .

ThusthederivativeofX∗iwithrespecttoΓkispositiveif

Γi
Ωi
>
z

2
,

andnegativeif
Γi
Ωi
<
z

2
.
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8.6 ProofofProposition13

Intheinitialcontest,projectioutputatequilibriumq∗iisgivenby:

q∗i=
V

z
1−
1

z

Γi
Ωi

Aftertheentryofanewproject,projectioutputatequilibriumq∗AEi isequalto:

q∗AEi =
V

z
1−
1

z

Γi
Ωi

Theentryexertsapositiveeffectonprojectioutputifandonlyif:

q∗AEi >q∗i⇔
V

z
1−
1

z

Γi
Ωi

>
V

z
1−
1

z

Γi
Ωi

⇔
1

z
−
1

z
>
1

z2
−
1

z2
Γi
Ωi

Since1
z
>1
z
(seebelow)wefinallyobtain

q∗AEi >q∗i⇔
Γi
Ωi
<
zz

z+z
.

Toshowthat1
z
>1
z
,let’sconsiderseparatelythecaser=g+1andr≤g.

Ifr=g+1:

1

z
>
1

z
⇔
r−1
r
l=1

Γl
Ωl

>
g−1
g
l=1

Γl
Ωl

⇔
g

g
l=1

Γl
Ωl
+Γnew
Ωnew

>
g−1
g
l=1

Γl
Ωl

⇔
Γnew
Ωnew

<z

whichcorrespondstotheconditionsuchasthenewprojectisactive.Therefore1
z
>1
z
if

r=g+1.

Ifr≤g

rprojectscompeteinthecontest:thenewprojectandther−1withthelowestvalues
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ofΓi/Ωi.

1

z
>
1

z
⇔

r−1
r−1
l=1

Γl
Ωl
+Γnew
Ωnew

>
g−1
g
l=1

Γl
Ωl

⇔(r−1)
r−1

l=1

Γl
Ωl
+

g

l=r

Γl
Ωl

>(g−1)
r−1

l=1

Γl
Ωl
+
Γnew
Ωnew

(2.24)

Sinceprojectsr,...,gareinactiveinthenewcontest,wehave:

Γk
Ωk
≥

1

r−1

r−1

l=1

Γl
Ωl
+
Γnew
Ωnew

∀k=r,...,g

Giventhatg−r+1projectsbecomeinactiveinthenewcontestandusingthecondition

ofnon-participationjustabovewededucethat:

(r−1)
r−1

l=1

Γl
Ωl
+

g

l=r

Γl
Ωl

>(r−1)
r−1

l=1

Γl
Ωl
+(g−r+1)

1

r−1

r−1

l=1

Γl
Ωl
+
Γnew
Ωnew

>(r−1)
r−1

l=1

Γl
Ωl
+(g−r+1)

r−1

l=1

Γl
Ωl
+
Γnew
Ωnew

>g
r−1

l=1

Γl
Ωl
+(g−r+1)

Γnew
Ωnew

>(g−1)
r−1

l=1

Γl
Ωl
+
Γnew
Ωnew

+
r−1

l=1

Γl
Ωl
−(r−2)

Γnew
Ωnew

Remarkthatthefirsttermofthelastexpressioncorrespondstotherighthandside

of(2.24). Wecanshowthatthesecondtermisnecessarilypositive:

r−1

l=1

Γl
Ωl
−(r−2)

Γnew
Ωnew

>0⇔
Γnew
Ωnew

<
1

r−2

r−1

l=1

Γl
Ωl

whichcorrespondstotheconditionofparticipationofthenewprojectwhenr−1already

compete.Thereforecondition(2.24)isnecessarilyrealized. Weconcludethat1
z
>1
z
.
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8.7 ProofofProposition14

Theutilityfunctionofsubteamjinprojectiis:

uij=
qi
Q
vij−xij (2.25)

Eachsubteamjmaximizeshisownutilitywithrespecttoxij. Weobtainthefirstorder

conditions∀j=1,...,mi:

Ωi

mi

s=1

ωisx
σi
is

1
σi
−1

ωijx
σi−1
ij

G
l=iql

Q2
vij=1 (2.26)

Wededucethatfortwofieldsofexpertise jandtinvolvedinthesameresearchprojecti:

xit=
ωitvit
ωijvij

1
1−σi

xij

Weobtain
mi

s=1

ωisx
σi
is=

xσiij

(ωijvij)
σi
1−σi

mi

s=1

ω
1

1−σi
is v

σi
1−σi
is (2.27)

Takingtheexponent 1
σi
−1onbothsides,weget:

mi

s=1

ωisx
σi
is

1
σi
−1

=
x1−σiij

ωijvij

mi

s=1

ω
1

1−σi
is v

σi
1−σi
is

1
σi
−1

Replacinginthefirstordercondition(2.26)leadsto

G
l=iql
G
l=1ql

2=
Υi
Ωi
, (2.28)

with

Υi=
mi

s=1

ω
1

1−σi
is v

σi
1−σi
is

1−1
σi

.

Projectibestresponsegiventhestrategiesofothergroupsis

qi=max



0,Q/i
Ωi
Υi
−Q/i



. (2.29)

Summing(2.28)∀i=1,...,g,withgthenumberofparticipatingprojects,weget

Q∗=
1

z
, (2.30)
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with

z=
1

g−1

g

j=1

Υj
Ωj
.

From(2.29),projectiparticipatestothecontestif

Υi
Ωi
>Q/i.

Using(2.30)then(2.28),weobtain
Υi
Ωi
<z.

Giventhatgisthenumberofactiveprojects,andaccordingtotherankingofprojects

in(2.17),thefirstinactiveprojectg+1hasavalueofΥg+1/Ωg+1suchthat

Υg+1
Ωg+1

≥z.

Using(2.28)then(2.27),wefinallyobtainq∗iandx
∗
is.
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8.8 PropertiesofΥi

DerivativeofΥiwithrespecttoσi.

∂Υi
∂σi
=
Υi
σ2i




ln

mi

s=1

ω
1

1−σi
is v

σi
1−σi
is −

σi
1−σi

mi
s=1(ln(ωisvis))ω

1
1−σi
is v

σi
1−σi
is

mi
s=1ω

1
1−σi
is v

σi
1−σi
is






=
Υi
σ2i






mi

k=1

ω
1

1−σi
ik v

σi
1−σi
ik

mi
s=1ω

1
1−σi
is v

σi
1−σi
is

ln
mi

s=1

ω
1

1−σi
is v

σi
1−σi
is −

σi
1−σi

mi

k=1

ω
1

1−σi
ik v

σi
1−σi
ik

mi
s=1ω

1
1−σi
is v

σi
1−σi
is

(ln(ωikvik))






=
Υi
σ2i

mi

k=1





ω

1
1−σi
ik v

σi
1−σi
ik

mi
s=1ω

1
1−σi
is v

σi
1−σi
is

ln
mi

s=1

ω
1

1−σi
is v

σi
1−σi
is −

σi
1−σi

ln(ωikvik)






=−
Υi
σ2i

mi

k=1





ω

1
1−σi
ik v

σi
1−σi
ik

mi
s=1ω

1
1−σi
is v

σi
1−σi
is

lnω
1

1−σi
−1

ik v
σi
1−σi
ik −ln

mi

s=1

ω
1

1−σi
is v

σi
1−σi
is






=−
Υi
σ2i

mi

k=1











ω
1

1−σi
ik v

σi
1−σi
ik

mi
s=1ω

1
1−σi
is v

σi
1−σi
is

ln











ω
1

1−σi
ik

v

σi
1−σi
ik

mi
s=1
ω

1
1−σi
is v

σi
1−σi
is

ωik





















Let:

Pik=
ω

1
1−σi
ik v

σi
1−σi
ik

mi
s=1ω

1
1−σi
is v

σi
1−σi
is

Rewritingthederivative,wefinallyobtain:

∂Υi
∂σi
=−
Υi
σ2i

mi

k=1

Pikln
Pik
ωik

<0

forthesamereasonsthanthosegiveninAppendix8.1.

DerivativeofΥiwithrespecttoωij.

DerivatingΥiwithrespecttoωij,weget:

∂Υi
∂ωij

=−
1

σi

mi

s=1

ω
1

1−σi
is v

σi
1−σi
is

−1
σi

ω
1

1−σi
−1

ij v
σi
1−σi
ij

Similarlyforanotherfieldofexpertiset>jwehave:

∂Υi
∂ωit

=−
1

σi

mi

s=1

ω
1

1−σi
is v

σi
1−σi
is

−1
σi

ω
1

1−σi
−1

it v
σi
1−σi
it
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Itfollowsthat
∂Υi
∂ωit

>
∂Υi
∂ωij

ifandonlyif

−
1

σi
ω

1
1−σi

−1

it v
σi
1−σi
it >−

1

σi
ω

1
1−σi

−1

ij v
σi
1−σi
ij

InAppendix8.1,wehavealreadyprovedthatforωij>ωit:

−
1

σi
ω

1
1−σi

−1

it >−
1

σi
ω

1
1−σi

−1

ij

Thusif

v
σi
1−σi
it >v

σi
1−σi
ij ,

then
∂Υi
∂ωit

>
∂Υi
∂ωij
.

andanyLorenz-improvementintheωi-vectorincreasesΥi.Thisoccursif:

vit>vijifσi>0

vij>vitifσi<0
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Chapter3

Docomplexprojectsleadtohigher

citationimpact? Anempirical

applicationtointerdisciplinary

research1.

1 Introduction

Inthegeneralintroduction,wehavepresentedoneformofcomplexityofresearchproject,

calledinterdisciplinarity,whichrequirestocombineknowledgefromdifferentresearch

areastoproducescientificoutput.Inthesecondchapter,wehavedefinedacomplexity

indicatoroftheproductionfunction.Theaimofthischapteristotestthisindexona

databaseofscientificpublications,andtolinktheresultswiththemainquestionofthis

thesis:thedeclineoftheresearchproductivityovertime. Todoso,weuseanoriginal

datasetofnearlyfourhundredthousandauthorshipparticipationsofapproximatelythirty

thousandFrenchprofessorsandresearchersovertheperiod1999-2013.

Neverthelessseveralproblemsarise. Thefirstoneisthateffortsexertedbyteams

areunobservablesowecan’tcalculatetheproductivityattheprojectlevel. However

wehavefoundinchapter2thatthecomplexityindexbehavessimilarlyonthescientific

outputforwhichwehaveproxies. Thesecondproblemisthatmanyaspectsofour

complexityindexareunobservable:theeffortintensitycoefficients(vectorω)andthe

elasticityofsubstitutionσ. Werewritethisindicatorasafunctionofthecontributions

ofeachdisciplinetotheoutput,andshowthatitbelongstothefamilyofHilldiversity

indexes. Thisisofinterestsincethisreducesthenumberofunobservabledimensions.

Moreovertheobtainedrewritingisastandardmeasureofinterdisciplinarity.

1Thispaperisco-authoredwithNicolasCarayol.

87
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Onemajorfindingofthispaperisthatinterdisciplinarityofresearchprojectsisin-

creasingovertime. Weconductseveralteststoconfirmthisassertion. Welinkthis

observationtothedeclineofresearchproductivityandopenthedebateinthelastpart

ofthischapter.

Therestofthepaperisorganizedasfollows.Section2explainsthetransitionfrom

themodeltodata.Section3reviewstheliteratureontherelationshipbetweeninter-

disciplinarityandimpact.Section4describesthedatabaseandthevariables.Section5

containstheregressionresults.Section6presentsrobustnesschecks.Section7aimsat

showingthatinterdisciplinarityisincreasingovertime.Section8discussestheresults.

Finallysection9concludes.ProofsandtablesofregressionresultsaregiveninAppendix.

2 Fromthe modeltothedata

Themainproblemtoempiricallytestourmodelcomesfromtheimpossibilitytoestimate

foreveryprojecttheparamaterσioftheknowledgeproductionfunction

Ωi

mi

s=1

ωisx
σi
is

1
σi

,

sinceeffortsspentineachdisciplinexisandtheparametersωis∀sareunobservable.

Subsequently,weareunabletocomputeourcomplexityindexΓi

Γi=
m

s=1

ω
1

1−σi
is

1−1
σi

. (3.1)

Inthefollowing,weaimatfindingarewritingofΓiasafunctionofvariablesforwhich

wehaveproxiesinourdataset.

Definition2 Letdefine

Hβ(b)=
m

s=1

(bs)
β

1
1−β

theHillindexoforderβ∈[0;+∞[ofvectorb=(b1,...,bm),withbs≥0∀s=1,...,m

and m
s=1bs=1.

Thisgeneralindex(Hill,1973)encompassesseriesofdiversityindexes,eachonecorre-

spondingtoaparticularvalueofβ:
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(1)theBerger-Parkerindexwhenβ→+∞:

H∞(b)=
1

maxs=1,...,m(bs)
;

(2)theSimpsonindexwhenβ=2:

H2(b)=
1

m
s=1(b

2
s)
;

(3)theexponentialoftheShannon-Wienerindexwhenβ=1:

H1(b)=e−
m

s=1
bslnbs;

(4)thenumberoffieldsofexpertisewhenβ=0:

H0(b)=m.

Lookingat(3.1),itfollowsimmediatelythat:

Proposition15ΓiistheHillindexoforderi=
1
1−σi

ofvectorωi.

Notethatβandtheelasticityofsubstitutioni=
1
1−σi
aredefinedonthesameinterval

[0;+∞[.Table3.1givesthecorrespondancebetweenσiandtheassociateddiversityindex

ofωi.

σi Diversityindex
1 Berger-Parkerindex
0.5 Simpsonindex
0 ExponentialoftheShannon-Wienerin-

dex
−∞ Numberoffieldsofexpertise

Table3.1:Tableofcorrespondancebetweenσiandthediversityindexesofωi

GiventhatΓiisafunctionoftechnicalparametersωis,s=1,...,mi,Γiisdifficultto

appreciateinconcreteterms. Werewriteitasafunctionofthecontributionsofeachfield

ofexpertisetotheknowledgeproductionsincewehaveproxiesforthisvariable.

Definition3 Letdefine

λij=
ωijx

σ
ij

mi
s=1ωisx

σ
is

. (3.2)
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thecontributionofeachresearchareajtotheknowledgeproductionofresearchprojecti,

andλi=(λi1,...,λimi)thevectorofthosecontributions.

Atequilibrium,λ∗ijisgivenby

λ∗ij=
ω

1
1−σ

ij

mi
s=1ω

1
1−σ

is

. (3.3)

Firstremarkthatλ∗ijonlydependsonthecharacteristicsoftheknowledgeproduction

functionofprojecti.Second,λ∗ijisalsoequaltotheshareofeffortinthefieldofexpertise

joverthetotaleffortspentinprojectiatequilibrium(x∗ij/X
∗
i).

Further,weshowinAppendix10.1thatitispossibletowriteΓias:

Γi=
mi

s=1

λ∗1−σiis

1
σi

. (3.4)

Itfollowsimmediatelythat:

Proposition16ΓiistheHillindexoforder1−σiofvectorλi.

OurindexofcomplexityΓicoincidesatequilibriumwiththediversityindicatorofthe

contributionsofthefieldsofexpertisetotheproduction.Sincewehaveproxiesforλis

thusonlyσiremainsunknown.Inotherwords,giventhatweobservevectorλ
∗
i,the

problemisreducedtotheorderoftheHillindex.

Proposition17Ifmi=m≤2,thentheorderingofanytwovectorsλ1andλ2isthe

sameaccordingtoHβi,∀β≥0.

ProofisgiveninAppendix10.2,andweillustrateProposition17inFigure3.1.Ifmi=2

thenλi2=1−λi1,thusH
β(λi)isafunctionofλi1andβ.Itisenoughtoshowthat

Hβ(λi)isdecreasingwithλi1whenλi1∈[0.5,1]whateverthevalueofβ.

Corollary1 Iftheelasticityofsubstitutionisidenticalforalltheprojects(σi=σ)and

thenumberoffieldsmi≤2foralli,thentherankingofprojectsaccordingtoΓiisthe

sameastheoneobtainedwithHβiforanyβ≥0.

Inotherwords,consideringthesubsampleofprojectsinvolvinglessthantwodisci-

plines,andassumingthatallofthemhavethesameelasticityofsubstitution,nomatter
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Figure3.1:Hillindexwhenmi=2

thechoiceoftheorderoftheHillindexβ,therankingofprojectsaccordingtoβisexactly

thesameasthisobtainedwith1−σ.

Neverthelessthisconditionmayconsiderablyrestrictthesampleofpapersinour

databaseandonlyallowsustodrawlimitedconclusionsintherelationbetweencomplexity

andimpact.Todealwiththeentiredatabase,wecalculateSpearman’srankcorrelation

coefficientsbetweendifferentdisciplinarydiversityindexes. Positivevaluescloseto1

indicatethattherankingofprojectsaccordingtotheirdisciplinarydiversitydoesn’t

substantiallychangewhateverthevalueofβ. HoweverHillindexesmaybenegatively,

non-orweaklycorrelatedwitheachother,likeinthenumericalillustrationgivenin

Example7.Thismayleadtooppositesignsforthecoefficientsassociatedtothediversity

indexesinourregressions.Ifsuchasituationweretooccur,sinceweareunabletoselect

thecorrectindex(β=1−σ),wecan’tverifythevalidityofourmodelwiththeentire

database.Inthissituation,weareonlyabletopartiallyconcludewiththesubsetof

projectsinvolvingatmosttwodisciplines.

Example7ConsiderthesetofprojectsgiveninTable3.2forwhichwereportthecon-

tributionsofeachdisciplinetotheoutcomeincolumns2to5.
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i λi1 λi2 λi3 λi4

1 0.52 0.48 0 0

2 0.68 0.27 0.05 0

3 0.7 0.24 0.04 0.02

4 0.72 0.14 0.12 0.02

5 0.74 0.09 0.09 0.08

Table3.2:Contributionsofeachdisciplineλijtoprojecti

1.95 2.05 2.15 2.25 2.35
1.7

1.8

1.9

2

Γi

H2(λ)

Figure3.2:NegativecorrelationbetweentheSimpsonandourcomplexityindexes.

Supposethatalltheprojectshavethesameelasticityofsubstitutionbetweenefforts

suchthatσi=0,implyingthatthecomplexityindexofprojecti(Γi)istheexponential

oftheShannon-Wienerindex(H1(λi)).IfwecomputetheSimpsonindex(H
2(λi))for

eachprojecti,weobserveinFigure3.2thatthismeasureisnegativelycorrelatedwiththe

complexityindex.Thiscomesfromthefactthatthelowerβis,themoreunderrepresented

disciplinesinaprojectaretakenintoaccountbythemeasure.Inourexample,projectsare

rankedbyascendingorderofthecontributionofthefirstdiscipline.TheShannon-Wiener

index,moresensitivetolowerweightsthantheSimpsonone,isincreasingwithisince

thereisgreaterevennessinthecontributionsofdisciplines2to4whilethatofdiscipline

1issimilarforprojects2to5.Onthecontrary,theSimpsonindexismoresensitiveto
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thehighestweight.Sinceλi1isincreasingwithi,projectsarerankedbydescendingorder

oftheSimpsonindex.Inthisexample,choosingarandomorderfortheHillindexcan

leadtooppositeresultswhentestingtherelationbetweeninterdisciplinarityandimpact.

3 Literaturereview

Previouspapershavealreadystudiedtherelationbetweeninterdisciplinarityandimpact

withoutfindingclearcutresults. Oneofthefirstcontributionstothisliteraturecomes

fromRiniaetal.(2001).Theyproposeadescriptivestatisticalstudyofinterdisciplinar-

ityconcerning200academicphysicsresearchprogramsintheNetherlands.Theyassign

eachpapertheresearchsubfieldsofthejournalinordertoobtainforagivenresearch

programthedistributionofpublicationsoverresearchsubfields. Theydefinethelevel

ofinterdisciplinarityofeachphysicsresearchprogramasthepercentageofnon-physics

papers,andcalculateSpearmanrank-correlationcoefficientsbetweeninterdisciplinarity

andvariablesofimpact.Theyhighlightanegativeoranabsenceofsignificantcorrelation

betweeninterdisciplinarityandseveralmeasuresofimpact(citations,numberofpublica-

tions).LevittandThelwall(2008)considermultidisciplinarypapersasthosepublished

injournalsreferencedinmorethanonediscipline.Conductingstatisticaltests(correla-

tions,meancomparisons),theyobserveinsocialsciencesnosignificantdifferencesbetween

monodisciplinaryandmultidisciplinaryresearcharticlesconcerningthenumberofcita-

tions.Theyevennotethatinlifesciences,healthsciencesandphysicalsciences,papers

involvingauniqueacademicdisciplinehavetwiceasmanycitationsasmultidisciplinary

ones.

Insteadofusingauniqueindicatortomeasureinterdisciplinarity,Wangetal. (2015)

combinethreevariables(variety,balance,disparity)andestimateaPoissonmodelwith

journalfixedeffectstoanalysetheeffectofmultidisciplinarityontheimpactofacademic

papers(citationandcitationspeed). FollowingPorterandRafols(2009),theyopera-

tionalisevarietyasthenumberofdisciplines,balanceastheevennessofthedistribution

ofdisciplinesanddisparityasthedegreetowhichthedisciplinesaredifferent. Usinga

3-yearcitationwindow,theyobtainthatthenumberofcitationsdecreaseswithvariety

anddisparitywhereasbalancehasnosignificanteffect.Usinga13-yearcitationwindow,

varietyanddisparityhaveapositiveeffectwhilebalanceimpactsnegativelythenumber

ofcitations.Theauthorsarguethatthebeststrategytoincreaseimpactinthelong-term
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istohaveonedisciplinarycoreandsimultaneouslyborrowknowledgefromsomeother

disciplines,ratherthandrawingknowledgeevenlyfrommultipledisciplines.Inavery

similarstudy,Yegros-Yegrosetal.(2015)estimateaTobitregressionmodeltoinvestigate

therelationbetweeninterdisciplinarityandimpact.Usinga5-yearcitationwindow,they

noteapositiveeffectofvarietyonthenumberofcitationswhereasahigherbalanceand

disparitydecreasestheimpactofacademicpapers.TheyemphasizeaU-invertedrelation-

shipbetweentheseindependantvariablesandthenumberofcitations,butsomeofthem

arequestionable.LookingatFigure2b(page14),nopaperhasavalueofbalancebetween

0and0.4,whichdoesnotpreventtheauthorsfromconcludingtoanartificialincreasing

relationinthisintervalbetweenbalanceandimpact.TheauthorsemploytheRao-Stirling

diversityindextotestsimultaneouslytheeffectsofvariety,balanceanddisparity.How-

evertheyfoundnoevidenceofasignificantrelationshipbetweeninterdisciplinarityand

impact.

Leaheyetal.(2017)adoptpathanalytictechniquestostudytheimpactofinter-

disciplinarityonproductivity(numberofpaperspublishedoveroneresearcher’scareer)

andvisibility(numberofcitationsperpaper). Theypointoutthatincreasingby10%

theindicatorofinterdisciplinaritydecreasesthenumberofpublicationsby7.7%overa

researcher’scareerwhileitincreasesthenumberofcitationsofapaperby6.9%.Theau-

thorsconfirmtheseresultsbyestimatingfixed-effectregressionmodelattheperson-year

level(forproductivity)andatthepaperlevel(forvisibility).Amongotherresults,they

mentionthatproducinginterdisciplinaryresearchisassociatedwithahighervariability

(measuredasthestandarddeviation)inthenumberofcitationsthanmonodisciplinary

research,meaningthatscientistswhopublishmoreinterdisciplinaryresearcharemore

likelytoproducebothfrequently-citedandrarely-citedworks.

Thisprofusionofdifferentresultsleadsustoquestiontheexistenceofapossible

omittedvariablethatwouldblurthenegativerelationshipbetweeninterdisciplinarityand

impact.Ourbeliefisthatpreviousestimationsinsufficientlycontrolforthecharacteristics

oftheteamsproducingcross-disciplinaryresearch.Inparticular,theliteratureindicates

thatseniorresearchersaremorelikelytoengageinsuchachallenge(RhotenandParker,

2004;CarayolandThi,2005),astheyaremoreexperiencedandbenefitfromagreater

professionalfreedom.Anoverrepresentationofthiscategoryofscientistsinthesampleof

cross-disciplinaryresearcherscouldexplainwhysomestudiesobserveapositiveeffectof

interdisciplinarityonthenumberofcitations.Indeedseniorresearchersoftenbenefitfrom



4. DATAANDMETHODS 95

agreatvisibility,ahighnumberofpastpublicationsandadensenetworkofco-authors.

Thepresumednegativeeffectofcross-disciplinaryresearchcouldbecounterbalancedby

thepositiveeffectoftheseindividualcharacteristics,introducingnoiseintheestimation

oftherelation.Inthispaper,weproposetopartiallycontrolforthecharacteristicsofthe

teammembers(Frenchauthors)toavoidsuchanambiguity.

AsecondpossibleexplanationisthechoiceoftheorderoftheHillindex.Inthe

previoussection,wehaveshownthatthismayleadtooppositeresultsintheregressions.

Inthispaperwesystematicallytestourrelationbetweeninterdisciplinarityandimpact

withfourindexes:theBerger-Parker,theSimpson,theexponentialoftheShannon-

Wienerindexes,andthenumberofdisciplines. Manypreviousstudiesonlytestthis

relationwithauniqueindex,whichcouldexplaintheprofusionofdifferentresults.

Inthenextsection,wepresentourdatabase.

4 Dataand Methods

4.1 Dataset

DatacollectionstartssimilarlythanCarayolandLanoë(2017)withalistofallresearchers

andprofessorsassociatedwithonelaboratoryaccreditedbytheFrenchMinistryofHigher

EducationandResearcharoundtheyear2010.Thislistcontainsinformationsonnearly

fiftythousandtenuredpersonswhoarefullorassistantprofessors,assistantresearchers

orresearchdirectors. Tenuredresearchersandprofessorswhoarenotassociatedtoa

laboratoryorresearchunitlabelizedbytheministryareexcludedfromthedataset2.

Howeverweestimatethattheresultingsamplerepresentsatleasttwothirdsofthenation’s

activeacademicresearchtenuredworkforce.

ThecollectionofpublicationdataofthispaperactualizesCarayolandLanoë(2017).

Wehavecollectedthescientificarticles,lettersandreviewspublishedbyatleastaFrench

researcherinjournalslistedintheWebofScience(WoS),butforalargerfifteenyearspe-

riod(1999-2013).ThesamedisambiguationtechniqueisalsoappliedbasedonaâĂĲseed

+expandâĂİmethodology(Reijnhoudtetal.,2014).Someresearcherscouldnotbeprop-

erlydisambigutatedsincetheyhavetoocommonsurnames.Someothershavenopubli-

cationrecordthatcanbeenattachedtothem,particularlyinSocialandHumanSciences.

2TheFrenchresearchsystemisorganizedinresearchlaboratories,seeCarayolandMatt(2004)
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Inbothcasesweexcludethemfromthedatabase.Attheendofthisprocess,oursample

contains27,515researchersandtheir777,278participationsin401,563distinctarticles

publishedfrom1999to2013. Wedrop5,795paperswhichbelongstoatotecategory,532

papersforwhichthedisciplinaryprofileisnotcorrectlyspecified( mi
s=1λis=1),and43

articleshavingnocollectedreference.Ourfinaldatasetcomprises395,193papers.

4.2 Variables

4.2.1 Dependentvariables

Numberofcitations. Ourmaindependentvariableisthenumberofcitationsobtained

byapaperinafixedwindowofthreeyearsafteritsdateofpublication.Thismeasure

iswidelyusedinscientometricstoassessresearchimpactofjournalarticles.Tojustify

theirclaims,researcherscitepreviousworksonwhichtheircurrentpaperbuilds.Givena

paper,thereceivednumberofcitationsisaformofrecognitionbythescientificcommunity

ofteninterpretedasthe“quality”ofanidea. Neverthelessthisapproximationmustbe

donewithcaution. Thenumberofcitationsdependsonthedisciplinesinvolvedinthe

paper. Furthermoreresearcherscannegativelyciteajournalarticletorefuteanidea.

Thedistinctionbetweencitationstoacknowledgeandthosecriticizingpreviouswork

isnotmade;bothbeingpositivelyconsideredinthemeasureexceptinsomepapers

(Catalinietal.,2015). Thepracticeofself-citationiswidespreadandinfluencesthe

numberofcitations:ifreferingtoauthor’spreviousworkcanberelevant,researchers

canself-citetheirownpapersforstrategicreasons,likeincreasingtheirh-index(Bartneck

andKokkelmans,2010).Thecitationcoveragediffersfromonedatabasetoanother(Web

ofScience,Scopus,GoogleScholar)accordingtothenumberofindexedjournals,the

researchareasandthebeginningdateofdatacollection.Journalslimitthelengthof

submissionswhichpreventsauthorstocitetheirsources(Seglen,1997).Thenumberof

citationsisnotonlyaffectedbymeasurementproblems,butalsobythebehaviorofthe

scientificcommunity.Wangetal. (2017)arguethat“bibliometricmeasuresarebiased

againstnovelresearch”.Pasterkampetal.(2007)showthatthenumberofcitationsis

influencedbythegeographicoriginoftheresearchpublication.

Table3.3presentssomedescriptivestatisticsonoursampleofpapersaccordingto

theirmaindiscipline.Articlespublishedinjournalsofhardsciencesconstitutethebulk

ofourdatabasecontrarytothoseinSocialandHumanSciences. Theaveragenumber
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ofcitationsperpaperthreeyearsafterthedateofpublicationvariesalotacrossfields:

morethan9inBasicBiologyversus2inMathematicsforinstance.Besidesthenumber

ofcitationsperpaperisoverdispersedwhateverthediscipline,withameanof6.74anda

standarddeviationof16.8.InTable3.4,weprovidethecumulativefrequencydistribution

ofthenumberofcitations. Aremarkablefactistheproportionofpapersobtaining0

citation,whichiscloseto18.4%inthefulldatabasebutthedoubleinsomeresearch

areasasinSocialSciencesforinstance.

Top10%andTop5%.Wealsoconsideradummyequalto1ifthepaperbelongs

tothetop10%(respectivelytop5%)mostcitedarticlesinitsmaindisciplineina3-year

window,0otherwise.



98 DOCOMPLEXPROJECTSLEADTOHIGHERCITATIONIMPACT?

O
bs
er
va
ti
o
ns

Mi
n
Me
di
a
n
Ma
x
Me
a
n
S.
D.

A
p
pl
ie
d
Bi
ol
og
y
-
Ec
ol
og
y 

16
29
0 

0 
4 

25
9 

6.
45
 
9.
18

Ba
si
c
Bi
ol
og
y

65
04
2 

0 
5 

64
7 

9.
09
 
14
.1

C
he
mi
st
r
y

64
29
2 

0 
4 

85
5 

6.
38
 
11
.1

E
ng
i
ne
er
i
ng
Sc
ie
nc
es
 

32
91
4 

0 
1 

18
2 

2.
48
 
4.
37

H
u
ma
n
Sc
ie
nc
es

35
20
 

0 
1 

72
 
3.
02
 
4.
69

Ma
t
he
ma
ti
cs

15
18
2 

0 
1 

10
8 

2.
00
 
3.
01

Me
di
ca
l
Re
se
ar
c
h

93
92
3 

0 
4 

11
08
 
7.
90
 
19
.1

P
hy
si
ca
l
Sc
ie
nc
es

61
19
6 

0 
3 

32
64
 
6.
26
 
27
.1

Sc
ie
nc
es
of
t
he
U
ni
ve
rs
e 

40
27
4 

0 
4 

91
7 

7.
52
 
14
.0

So
ci
al
Sc
ie
nc
es

25
60
 

0 
1 

44
 
1.
96
 
3.
11

To
ta
l

39
51
93
 

0 
3 

32
64
 
6.
74
 
16
.8

Ta
bl
e
3.
3:
N
u
m
be
r
of
ci
ta
ti
o
ns
pe
r
pa
pe
r
ac
co
r
di
ng
to
t
he
ma
i
n
di
sc
i
pl
i
ne
(a
ll
t
he
da
ta
ba
se
)

N
u
m
be
r

of
ci
ta
ti
o
ns

A
p
pl
ie
d

Bi
ol
og
y

Ec
ol
og
y

Ba
si
c

Bi
ol
og
y

C
he
mi
st
r
y
E
ng
i
ne
er
i
ng

Sc
ie
nc
es

H
u
ma
n

Sc
ie
nc
es

Ma
t
he
ma
ti
cs
Me
di
ca
l

Re
se
ar
c
h

P
hy
si
ca
l

Sc
ie
nc
es

Sc
ie
nc
es

of
t
he

U
ni
ve
rs
e

So
ci
al

Sc
ie
nc
es

To
ta
l

0 
11
.7
4 

8.
83
0

13
.8
5 

37
.5
1 

33
.1
2 

35
.0
3 

18
.6
3 

20
.8
9 

14
.7
0 

38
.2
0 

18
.3
6

1 
23
.8
8 

17
.5
6 

26
.2
7 

55
.9
5 

51
.4
2 

58
.1
5 

31
.1
9 

34
.4
4 

25
.8
1 

60
.3
5 

31
.2
7

2 
35
.6
0 

26
.5
3 

37
.9
5 

68
.2
1 

62
.5
0 

72
.6
6 

41
.1
7 

45
.5
6 

35
.9
9 

74
.4
1 

42
.0
3

3 
45
.8
6 

35
.1
5 

47
.7
3 

76
.8
5 

72
.2
7 

81
.9
6 

49
.4
3 

54
.8
5 

44
.9
2 

82
.4
6 

50
.9
9

4 
54
.7
1 

42
.9
8 

56
.1
3 

82
.7
4 

78
.4
4 

87
.6
0 

56
.3
3 

62
.0
9 

52
.6
6 

87
.8
9 

58
.3
6

5 
62
.0
1 

50
.0
1 

63
.2
7 

87
.0
6 

82
.8
4 

91
.4
0 

62
.1
2 

68
.0
8 

59
.3
1 

91
.9
9 

64
.5
3

6 
67
.8
8 

56
.1
9 

68
.9
0 

90
.1
3 

86
.1
9 

94
.0
3 

66
.8
6 

73
.1
8 

64
.9
1 

94
.2
2 

69
.5
9

7 
72
.6
4 

61
.5
9 

73
.7
5 

92
.3
6 

88
.9
8 

95
.5
7 

70
.8
4 

77
.0
5 

69
.5
3 

95
.6
2 

73
.7
6

8 
76
.6
7 

66
.2
4 

77
.5
8 

93
.9
4 

91
.2
5 

96
.6
2 

74
.1
3 

80
.3
2 

73
.5
1 

96
.4
8 

77
.2
0

9 
80
.0
3 

70
.2
1 

80
.8
6 

95
.2
6 

92
.9
0 

97
.4
2 

77
.0
7 

83
.0
2 

76
.8
5 

97
.3
0 

80
.1
5

10
 

82
.8
1 

73
.6
3 

83
.4
8 

96
.1
0 

94
.0
9 

98
.0
9 

79
.6
1 

85
.1
2 

79
.6
8 

97
.5
8 

82
.5
8

Ta
bl
e
3.
4:
C
u
m
ul
at
i
ve
fr
e
q
ue
nc
y
di
st
ri
b
ut
io
n
(
%)
of
t
he
n
u
m
be
r
of
ci
ta
ti
o
ns
pe
r
pa
pe
r
ac
co
r
di
ng
to
t
he
ma
i
n
di
sc
i
pl
i
ne
(a
ll
t
he
da
ta
ba
se
)



4. DATAANDMETHODS 99

Numberofdisciplines Observations Frequency CumulativeFrequency
1 149403 37.81 37.81
2 143748 36.37 74.18
3 72633 18.38 92.56
4 22189 5.61 98.17
5 5619 1.42 99.60
6 1320 0.33 99.93
7 230 0.06 99.99
8 42 0.01 100.00
9 7 0.00 100.00
10 1 0.00 100.00
Total 395192 100.00 100.00

Table3.5:Numberofdisciplinesperpaper(OSTnomenclature)

4.2.2 Independentvariables

Followingtheliterature,wecomputeinterdisciplinaryindexesofagivenpaperaccording

tothedisciplinaryprofileofitsreferencelist.Suchanoperationfirstrequirestoidentify

thedisciplines. Tothisend,wemainlyconsiderthedisciplinaryclassificationfromthe

OST3whichischaracterizedbyahighlevelofaggregation(10disciplines).Thisnomen-

clatureissuitabletotestthepredictionsofourmodelsince74%ofthepapersfromthe

databasespanoveratmosttworesearchareas(Table3.5). Besidesthe10disciplines

ofthisclassificationremainunchangedovertimeallowingfortemporalcomparisonsof

interdisciplinaryindexes.Intherobustnesschecks,wealsotestourmodelwithtwoother

nomenclaturesdifferingbytheirgranularity:theNOWT4classificationwith35research

areasandthe WoSsubjectcategorieswith252disciplines. WegiveinTable3.98the

correspondancebetweenthesenomenclatures.

Toestimatethedisciplinaryprofileofapaper,weattributetoeachcitedreference

thedisciplinesofthejournalinwhichithasbeenpublished.Thusforthereferencelist

ofagivenpaper,weobtainthedistributionofdisciplineswiththeirassociatedweight

(Example8). Tocorrectlydeterminethisdisciplinarybackground,weneedtohavea

sufficientlylongreferencelist.Manyfactorscanaffectthisvariable:citationspracticesare

differentbetweenthedisciplinesandthetypeofdocument(article,conferenceproceeding,

review). Workingpapersandbookchaptersarenottakenintoaccountinthereference

listsincetheyarenotpublicationsinjournals.Thereferencecoverageinthedatabaseis

notperfect,particularlyinSocialandHumanSciences.

3ObservatoiredesSciencesetTechniques(Paris)
4NederlandsObservatoriumvoor WetenschapenTechnologie(Leiden)
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Table3.6presentssomesummarystatisticsconcerningthesizeofthereferencelist

ofpapersaccordingtotheirmaindiscipline.Inourdatabaseweareabletoidentify

7.23citedreferencesperpaperonaverage,andatleast50%ofthepapershavemore

than5references. Howeverinsomeacademicdisciplines(SocialSciencesforinstance),

themeannumberofreferencesistoolowtoestimateproperlythedisciplinaryprofileof

eachpaper.Sincethetypeofdocumentmaybepartlythecause,wegivedescriptive

statisticsinTable3.7todealwiththisquestion.Inparticular,conferenceproceedings

havelessreferencesthanothertypesofdocuments.FollowingYegros-Yegrosetal.(2015),

weconsiderpaperswithatleast4referenceslinkedtoaWoSsubjectcategory.Thisleads

toasubsampleof251,479articles. WepresentinTables3.8and3.9thesamedescriptive

statisticsasinTables3.6and3.7afterdroppingpaperswithlessthan4references.As

expected,thisreducestheweightofconferenceproceedingsinourdatabase.Inour

subsample,weareabletoidentify10.3citedreferencesperarticleonaverage,witha

medianat8whichseemstobesufficienttocorrectlydeterminethedisciplinaryprofileof

eachpaper.ThenwecomputefourindicatorsofinterdisciplinaritybelongingtotheHill

indexfamily:theBerger-Parker(β→+∞),theSimpson(β=2)andtheexponentialof

theShannon-Wiener(β=1)indexes,andthenumberofdisciplines(β=0).Naturally

itisnotpossibletotestalltheHillindexessincetheirnumberisinfinite.Howeverthe

chosenvaluesofβmakessenseeconomically(seechapter2)andaredistributedonthe

wholeinterval[0;+∞[. Weneedtotakecarewhenwetestthenumberofdisciplines

sincethisvariablecanonlytake10values(everyintegerbetween1and10).Inour

regressions,wesuccessivelyintegratethenumberofdisciplinesasacontinuousthena

categoricalvariable.Inthelatter,wechoosemonodisciplinarypapers(with1discipline)

asthereferencegroup.

Forbetterreadability,wewillsometimesshorten“exponentialoftheShannon-Wiener

index”to“Shannonindex”.InFigure3.3,wepresentthedistributionofinterdisciplinarity

accordingtotheBerger-Parker,theSimpsonandtheShannonindexes.Forthenumberof

disciplines,theinformationisavailableinTable3.5. Whatevertheindex,thedistribution

ispositivelyskewed.
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Observations Min Median Max Mean S.D.
AppliedBiology-Ecology 16290 1 7 133 8.68 7.94
BasicBiology 65042 1 7 249 9.13 8.48
Chemistry 64292 1 5 335 7.31 7.79
EngineeringSciences 32914 1 3 76 3.76 3.63
HumanSciences 3520 1 3 52 4.83 4.65
Mathematics 15182 1 3 55 3.60 3.05
MedicalResearch 93923 1 6 311 7.67 8.05
PhysicalSciences 61196 1 4 847 5.82 7.59
SciencesoftheUniverse 40274 1 7 246 9.21 9.18
SocialSciences 2560 1 2 75 2.91 2.89
Total 395193 1 5 847 7.23 7.88

Table3.6:Numberofreferencesperpaper(allthedatabase)

ConferenceProceeding JournalArticle Letter Total
AppliedBiology-Ecology 0.60 93.3 6.10 100
BasicBiology 1.12 91.2 7.71 100
Chemistry 0.22 96.4 3.40 100
EngineeringSciences 0.10 99.0 0.94 100
HumanSciences 0.57 94.8 4.60 100
Mathematics 0.020 99.7 0.25 100
MedicalResearch 5.76 84.7 9.49 100
PhysicalSciences 0.19 98.3 1.55 100
SciencesoftheUniverse 0.17 95.9 3.91 100
SocialSciences 0.078 98.5 1.41 100
Total 1.68 93.2 5.10 100

Table3.7:Typeofresearchdocument(allthedatabase)

Observations Min Median Max Mean S.D.
AppliedBiology-Ecology 11819 4 9 133 11.2 7.94
BasicBiology 49027 4 9 249 11.5 8.53
Chemistry 42403 4 8 335 10.1 8.31
EngineeringSciences 12439 4 6 76 7.00 4.13
HumanSciences 1709 4 7 52 8.05 4.86
Mathematics 5828 4 5 55 6.47 3.15
MedicalResearch 62717 4 8 311 10.5 8.49
PhysicalSciences 35671 4 7 847 8.59 8.95
SciencesoftheUniverse 29182 4 9 246 12.0 9.40
SocialSciences 684 4 5 75 6.07 3.98
Total 251479 4 8 847 10.3 8.47

Table3.8:Numberofreferencesperpaper(paperswithatleast4references)
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ConferenceProceeding JournalArticle Letter Total
AppliedBiology-Ecology 0.47 91.9 7.67 100
BasicBiology 0.46 90.2 9.38 100
Chemistry 0.12 95.2 4.68 100
EngineeringSciences 0.032 98.1 1.85 100
HumanSciences 0.18 93.9 5.97 100
Mathematics 0 99.6 0.45 100
MedicalResearch 1.84 85.7 12.5 100
PhysicalSciences 0.10 97.6 2.33 100
SciencesoftheUniverse 0.072 95.1 4.80 100
SocialSciences 0.15 96.6 3.22 100
Total 0.62 92.2 7.13 100

Table3.9:Typeofresearchdocument(paperswithatleast4references)
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Example8Considerapaperwithareferencelistoffivearticles,allofthempublishedin

academicreviews. Weassigntoeachreferencethedisciplinesofthecorrespondingjournal

likeinFigure3.4.Inthisexample,thefirstreferenceispublishedinajournaldealing

bothwithEconomicsandMathematics,thesecondonlyinEconomicsandsoforth. We

sumtheseweightsforeachdiscipline(2.5inEconomics,1.5in Mathematicsand1in

Sociology)beforedividingbythetotalsum(5)toobtainthecontributionofeachdiscipline

tothepaper:λi1=0.5inEconomics,λi2=0.3inMathematicsandλi3=0.2inSociology.

References
1.
2.
3.
4.
5.

References
1.Eco(0.5),Maths(0.5)
2.Eco(1)
3.Eco(1)
4.Maths(1)
5.Sociology(1)

Figure3.4:Disciplinaryprofileofapaper

4.2.3 Controlvariables

Weincludeinourregressionsalistofcontrolsthatpreviousstudiesconsideredasinflu-

encingthenumberofcitations.

H-index. Wepartiallycontrolforindividualcharacteristicslikethepastacademic

performanceofFrenchresearchersatthetimeofpublication. Weconsidertheh-index

tomeasureboththeproductivityandtheimpactofeachscholar. ProposedbyHirsch

(2005),aresearcherhasanh-indexequaltohifhofhisorherNpapershaveatleasth

citations.Thismeasureimprovesthepreviousones,especiallythenumberofpublications

andthetotalnumberofcitations.Indeedtheh-indexislesssensitivetoextremevalues:

researcherswithhugenumberofuncitedpublicationsorhighnumberofcitationscaused

byasinglecoauthoredpaperhavebothalowh-index.Thismeasureisalsocalculatedfrom

thepaperswiththegreatestimpact,i.e.themostprominentpublicationsofanauthor.

HoweverthisindexpresentsdisadvantagessummarizedinthepaperofBornmannand

Daniel(2007). Amongothers,comparingtheh-indexofauthorsbelongingtodifferent

disciplinesmakeslittlesense. Thismeasurecanalsobeinflatedbyself-citations. The

h-indexdependsonthescientificageofresearcherssincetheirnumberofpublications

andcitationsincreasesduringtheircareer.Furthermoretheh-indexdoesn’tpermitto

differentiatebetweenaninactiveresearcherwithhighpastpublicationperformancebut

outdatedandayoungscholarworkinginfashionablefields.Overthe395,193papers,we
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areunabletoobtaintheh-indexatthedateofpublicationforatleastaFrenchresearcher

in5,183papers. Wecreateavariableequaltothemaximumoftheh-indexofFrench

researchersineachprojecttopartiallydealwiththecharacteristicsofteammembers.

Internationalcollaboration.Wealsocontrolforthenatureofthecollaboration

withadummyequalto1ifthepaperisinternationallyco-authored,0otherwise.Accord-

ingtoAdams(2013),thescientificcommunityisenteringinthefourthageofresearch,

drivenbyinternationalcollaborationsbetweeneliteresearchgroups.Internationallyco-

authoredpapersaremorelikelytobecitedbecauseteamsarecomposedofhigh-impactre-

searchers.Evenifwedon’thaveinformationsconcerningforeignauthorsinourdatabase,

ourinternationalcollaborationdummycapturessimilarinformationsthantheh-indexof

foreignscholars.

Academicinstitutions. Inourregressions,wepartiallytakeintoaccountinstitu-

tionaleffectswithdummiesequalto1ifanacademicinstitutionispartofagivenproject,

0otherwise.Researchteamscanbelongtomanyacademicinstitutionsatthesametime.

Inourdatabase,wehave113Frenchacademicinstitutions. Wehadtoharmonizetheir

namessincesomeofthemmergedbetween1999and2013:forinstanceAix-Marseillein

2007,Strasbourgin2009andBordeauxin2013. Wealsoincludethenumberofacademic

institutionsasacontrolofourregressions.

Numberofauthors. Previousstudieshaveshownthatthenumberofauthorsin-

creasesimpact.FoxandFaver(1984)surveyedtheliteratureontheadvantagesand

disadvantagesofacademiccollaboration. Amongothers,theseparationoftasksresult-

ingfromthedivisionoflaborcoupledwiththegreaterspecializationofresearcherscan

enhanceproductivity.Goldfinchetal.(2003)arguethatco-authoredpapersmaybenefit

fromalargerdiffusionbecauseofthegreatersocialnetworkofteammembers.Herbertz

(1995)underlinesthefactthatco-authoredpapersmayleadtoahighernumberofself-

citations. Wepresentsomedescriptivestatisticsconcerningthenumberofauthorsper

paperandperyearinTable3.10. Weobservethatthenumberofauthorsisincreasing

overtime. Weremarkthattheaveragenumberofauthorsexplodesbetween2011and

2013.Howeverthisisduetoextremevaluesgiventhatthemedian,the3rdquartileand

the9thdecileincreaseataregularweightbetween1999and2013.

JournalImpactFactor. Wealsocontrolforthejournalimpactfactor. Foran
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Year Mean Median 3rdQuartile 9thDecile Max S.D.
1999 9.55 5 7 9 525 38.3
2000 9.91 5 7 10 630 40.4
2001 8.39 5 7 9 743 32.6
2002 8.13 5 7 10 823 30.3
2003 7.98 5 7 10 817 30.5
2004 9.33 5 7 10 939 39.1
2005 9.86 5 7 10 859 44.4
2006 9.93 5 7 10 2512 47.2
2007 9.74 5 7 10 2010 43.7
2008 9.70 5 7 11 3099 47.5
2009 9.86 5 8 11 624 40.0
2010 11.99 5 8 12 3220 87.8
2011 18.47 5 8 12 3178 158.9
2012 27.49 6 8 13 3130 215.9
2013 23.94 6 9 13 3066 186.7
Total 13.12 5 8 11 3220 104.1

Table3.10:Numberofauthorsperpaper

academicreviewr,its3-yearsimpactfactoratdatetis:

IFr,t=

Nrt
i=1

t+3
j=tCitationsi,j

Nrt
,

withNrtthenumberofpaperspublishedintinjournalr.

Thisformulaslightlydiffersfromthatavailableinthe WebofScience,calculatedas

follows:

IFWoSr,t =
N
i=1

t−1
j=t−2Citationsi,j

Nrt−1+N
r
t−2

.

Ourmeasureisclosetothetruedefinitionofimpactfactor:theexpectednumberof

citationsapaperpublishedintcanobtainbetweentandt+3.Howeverthelastvalue

ofimpactfactorthatwecancalculateis3yearsbeforethecurrentyear,contrarytothe

WebofScience(currentyear).

Whateverthemeasure,thejournalimpactfactorisapoorpredictorofthenumberof

citationsapapercanobtain.Thecitationsdistributionwithinajournalisveryskewed:

ahighpercentageofarticlesarenevercitedwhileaverysmallfractionofthemgethuge

impact.Howeverpublicationsinjournalswithhigherimpactfactoraremoreprestigious

andhavebettervisibilityforthescientificcommunity,whichmayinfluencethenumber

ofcitations.

Disciplinarydistance. Weincludeameasureofdistancebetweenthedisciplines.
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RafolsandMeyer(2009)firstconstructedamatrixofcitationflowsbetweenthe252WoS

subjectcategories. DenotebyDthenumberofdisciplinesinthisclassification.Letcij

bethenumberofcitationsobtainedbydisciplinejfromdisciplinei,meaningthatiis

citingandjiscited. Denoteci=(ci1,...,ciD)thevectorofcitationsfromdisciplinei.

Fortwodisciplinesi=a,b:

ca=










ca1
...

caD









cb=










cb1
...

cbD









.

ThematrixofcitationflowsbetweendisciplinesisdenotedbyC:

C= c1...cD .

Wecancalculatethemeasureofdistancebetweendisciplinesfromthecitingorthecited

dimension.Theformerisrelatedtoknowledgeintegrationwhilethelatterisassociated

toknowledgediffusion.Thusmeasuringthedistancesbetweendisciplinesfromtheciting

dimensionseemstobemorerelevantforourapplication.

RafolsandMeyer(2009)calculatesthesimilaritysabbetweendisciplinesaandbin

thecitingpatternusingtheSalton’scosine:

sab=
D
l=1calcbl

D
l=1c

2
al

D
l=1c

2
bl

sabiscomprisedbetween0(perfectdissimilarity)and1(perfectsimilarity).Thedistance

dabbetweendisciplinesaandbisobtainedaccordingto:

dab=1−sab

Example9illustratesthecalculationofthedistancesbetweendisciplines.

Example9ConsiderthematrixofcitationsbetweendisciplinesgiveninTable3.11.For

instance114paperspublishedindiscipline4haveatleast1referenceinajournalclassified

indiscipline3.Thesimilaritybetweendisciplines2and3iscomputedasfollows:

s23=
136×0+734×12+65×542+12×28

√
1362+7342+652+122×

√
02+122+5422+282

≈0.109
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Wededucethedistancebetweendisciplines 2and3:

d23=1−s23=0.891.

Computingthedistancesforallthedisciplines,weobtainthematrixinTable3.12.

Cited
Citing

1 2 3 4

1 225 136 0 208
2 36 734 12 32
3 98 65 542 114
4 289 12 28 305

Table3.11:Exampleofamatrixofcitationflowsbetweendisciplines

sij 1 2 3 4
1 0 0.766 0.702 0.003
2 0.766 0 0.891 0.784
3 0.702 0.891 0 0.664
4 0.003 0.784 0.664 0

Table3.12:Exampleofamatrixofdistancebetweendisciplines

Rafolsetal.(2010)proposesthematrixofcitationflowsbetweenapproximatively225

WoScategories(224in2010and227in2015).Sincewemainlyconsidertheclassification

fromtheOSTwith10disciplines,weneedtoaggregatecitationflows. Somesubject

categoriesareassociatedwithtwodisciplinesintheOSTnomenclature.Inthissituation,

wedividebytwothecitationflowsbothinthecitingandtheciteddimensions. Rafols

etal.(2010)makethematricesofcitationflowsavailabletousers(2007,2008,2009,

2010and2015). Wecomparethedistancesbetweendisciplineswiththe2010and2015

matrices.Sincetheresultsareverysimilar,wewillconsiderthe2015matrixforthewhole

period(1999-2013). Weprobablyunderestimatethedistancebetweenthedisciplinesatthe

beginningofthestudyperiod,butthe2015matrixhasmore WoSsubjectcategories.

Foreachpaper,wecalculatethemean,theminimumandthemaximumdistance

betweendisciplines.
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Table3.137and3.14providethecorrelationmatrixforthevariablesemployedin

ouranalysis. Forbetterreadability,wehavedroppedthestarsinthetables. Allthe

coefficientsaresignificantat1%,exceptinTable3.14wherethecorrelationsbetween

thenumberofdisciplinesandthenumberofcitations,andthecorrelationbetweenthe

numberofdisciplinesandthedummy“Papersinthetop5%”arenotsignificant.

Thenumberofauthorsandthenumberofdifferentorganisationsparticipatingtoa

paperarehighlycorrelated(morethan0.9).Evenifthesetwovariablesareofinterest

forourstudy,puttingthemsimultaneouslyintheregressionsgivesoppositesignsforthe

coefficients.Insertingthemseparatelyleadstoconsistentlypositivecoefficients.Toavoid

possibleproblemsofcollinearity,weonlyincludethenumberofauthorsinourregressions.

EvenifweareinterestedintheSpearmanrank-ordercorrelationsforourindexesofin-

terdisciplinarity,wefirstcommentthePearsoncorrelationsgiveninTables3.13and3.14.

Threeofourfourinterdisciplinarymeasures(Berger-Parker,SimpsonandShannonin-

dexes)arestronglyandpositivelycorrelatedwitheachother(between0.88and0.97)and

negativelycorrelatedwiththevariablesofimpact(numberofcitations,impactfactor,pa-

persinthetop5%and10%).Theremainingmeasure(numberofdisciplines)ispositively

correlatedwiththeotherindicatorsofinterdisciplinarity(0.52withtheBerger-Parkerin-

dexforinstance),buttoalesserextent. Mostimportantly,thenumberofdisciplinesis

notcorrelatedwithsomemeasuresofimpact.

Howeveraround40%ofthepapersinthedatabasehaveauniquedisciplinesothey

aremonodisciplinary(indexequalto1). WecalculatethePearsoncorrelationsbetween

ourindexesofinterdisciplinaritythenwiththemeasuresofimpactforpapershavingmore

thanonediscipline. WereporttheresultsinTable3.15. Weobtainsimilarcorrelations

fortheBerger-Parker,theSimpsonandtheShannon-Wienerindexes.Butremarknow

thatthenumberofdisciplinesissignificallyandpositivelycorrelatedwithmostofthe

measuresofimpact.Thishighlightsthepotentialimportanceofcontrolvariablesinour

econometricestimations.

WecalculatetheSpearmanrank-ordercorrelationforthepapersinvolvingmorethan

onediscipline. WereporttheresultsinTable3.16. Weobtainsimilarresults:theBerger-

Parker,theSimpsonandtheShannonindexesarehighlycorrelated(around0.9)whilethe

numberofdisciplinesispositivelybutsometimesweaklycorrelatedwithothermeasures

7Wedonotreporttheminimumandthemeandistancegiventhattheyarenecessarilyequaltothe
maximumdistance(subsampleofpaperswith2disciplinesorless).
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1 2 3 4 5 6 7 8
1 Numberofcitations 1
2 Papersinthetop10% 0.43 1
3 Papersinthetop5% 0.47 0.70 1
4 ImpactFactor 0.36 0.29 0.28 1
5 Berger-Parker -0.058 -0.049 -0.047 -0.085 1
6 Simpson -0.062 -0.051 -0.049 -0.097 0.95 1
7 Shannon -0.059 -0.048 -0.046 -0.099 0.87 0.97 1
8 Numberofdisciplines 0.0073 0.0060 0.0063 -0.038 0.46 0.60 0.74 1

Table3.15:Pearsoncorrelations(paperswithatleast2disciplines)

1 2 3 4
1 Berger-Parker 1
2 Simpson 0.97 1
3 Shannon 0.90 0.96 1
4 Numberofdisciplines 0.34 0.49 0.66 1

Table3.16:Spearman’srank-orderedcorrelationsforpaperswithatmost2disciplines,
OSTnomenclature

ofinterdisciplinarity(0.34withtheBerger-Parkerindexforinstance).

5 Results

Inthissection,wereporttheresultsofourestimationsdealingwiththeeffectofinter-

disciplinarityonimpact. Wefirstchoosetorunnegativebinomialregressionsgiventhat

ourdependantvariable,thenumberofcitationsperarticle,onlytakespositiveinteger

valuesandisoverdispersed,sothatitsvarianceisgreaterthanitsmean. Wefirstex-

aminethisrelationshipforpaperswithlessthantwodisciplines,beforeconsideringthe

wholedatabase. Whenweconsidertheprobabilitythatapaperbelongstothe5%or10%

mostcitedpapers,werunlogitregressionssincethedependentvariablecanonlytaketwo

values(0and1).

5.1 1-2disciplines

Inthissubsection,weconsiderthesampleofpaperswithatmost2disciplinesandatleast

fourreferences(161,033observations).Tables3.17and3.18displaytheresultsofthese

estimationsinfourblocks,eachofonetestingadistinctmeasureofinterdisciplinarity

(differentordersoftheHillindex):theBerger-Parker(regression1),theSimpson(re-

gression2),theShannon-Wiener(regression3)indicatorsandthenumberofdisciplines
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(regression4).Ineachblock,regression“b”integratestheimpactfactor,regression“c”

includesthemaximaldistancebetweenthedisciplinesinvolvedinthepaperasacontrol,

andregression“d”considersboththeimpactfactorandthemaximumdistancebetween

disciplines.

Inalltheregressions,thecoefficientassociatedwithinterdisciplinarity(Berger-Parker,

SimpsonandShannon-Wienerindexes)isstronglysignificantandnegative.Thecoefficient

associatedtothenumberofdisciplinesisnotsignificantinregressions(4a)to(4c),and

stronglysignificantandnegativewhenweincludeboththeimpactfactorandthemaximal

distanceinourregression. ThesefirstresultspartiallyvalidateProposition3ofour

model,thereforethatceterisparibus,increasinginterdisciplinaritydecreasestheimpact

ofresearchprojects.

Giventhatoursubsampleonlycontainspaperswithlessthantwodisciplines,wecan

interprettheresultsasfollowing.Herealltheinterdisciplinaryindexesvaryfrom1to2.

Avalueof1impliesthatthepaperismonodisciplinarywhileavalueof2indicatesthat

thepaperinvolvestwodisciplines,bothcontributingequally.Ifweconsiderregressions1

to3,monodisciplinarypapershaveonaverage7-13%citationsmorethanthosewithtwo

disciplinescontributingequally.

Rememberthatwehavetruncatedthedistributionofinterdisciplinaritysincewecon-

siderpaperswithatmost2disciplines.Ifithasallowedustopartiallyconcludeonthe

effectofcomplexityonscientificoutput,wehaveintroducedaselectionbias. Thuswe

refrainfromgivingmoreinterpretationswiththissubsample.Inthenextsubsection,we

reintegratepapersinvolvingmorethantwodisciplines.
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5.2 1-10disciplines

Hereweconsiderallthepapersforwhichweareabletoidentifyatleast4references,

whateverthenumberofdisciplines. Weremarkthatthecoefficientsassociatedtothe

Berger-Parker,theSimpsonandtheShannon-Wienerindexesarestronglysignificantand

negative,whichgoesinthesamedirectionthanourtheoreticalresults. Anincrease

byastandarddeviationoftheseindexesofinterdisciplinarity8decreasesthenumberof

citationsby1.6%to6.7%(Berger-Parker),1.2%to7.4%(Simpson)and0.5%to7.6%

(Shannon-Wiener).

Howeverthenumberofdisciplineshasasignificantandpositiveeffectonthenumber

ofcitationswhateverthelistofcontrols.Indeedwehaveconsideredthatthenumber

ofdisciplinesisacontinuousvariablewhileitcantakeonlytenvalues(alltheintegers

between1and10). Wehavealreadyreportedthedistributionofthenumberofdisciplines

perpaperinTable3.5.Tohaveclasseswithasimilarnumberofobservations,weregroup

paperswithmorethan3disciplinesinacategory“3andmoredisciplines”. Weconsider

thenumberofdisciplinesasacategoricalvariableandchoosemonodisciplinarypapers

(1discipline)asthereferencecategory. Werunregressionswiththesamelistofcontrols

andpresenttheresultsinTable3.22.Allthecoefficientsassociatedtothemodality“2

disciplines”arenon-significantorsignificantandnegative,meaningthatpaperswithtwo

disciplineshaveingenerallesscitationsthanthemonodisciplinaryones. Howeverthe

coefficientassociatedtothecategory“3disciplinesandmore”issignificantandpositive

whichislessexpected,exceptinregression(4d).

Toappreciatethemagnitudeoftheeffectofinterdisciplinarity,wecalculatetheloga-

rithmoftheHillindexandintegrateitasanexplicativevariableinourregressions. We

presenttheresultsinTable3.23and3.24.Thelogarithmictransformationallowsusto

interpretthecoefficientsintermsofelasticities. Weobtainthat,whateverthechoiceof

theHillindex,anincreaseof10%ofinterdisciplinarityleadstoadecreasebetween0.2%

and2.7%ofthenumberofcitations.

Totestthenon-linearityoftherelationshipbetweeninterdisciplinarityandthenum-

berofcitations,weintroduceinourregressionsasquaretermforeachindex,except

forthenumberofdisciplines(notcontinuousvariable). WereporttheresultsinTa-

ble3.25and3.26.Sincethecoefficientassociatedtothesquaretermispositivewhile

8ThestandarddeviationsfortheBerger-Parker,theSimpsonandtheShannon-Wiennerindexesare
respectively0.41,0.57and0.66.
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(a) (b) (c) (d) p90 p95 p99
Berger-Parker 3.52 2.51 2.85 2.37 2 2 2.67
Simpson 4.54 2.63 3.64 2.91 2.25 2.65 3.31
Shannon 5.29 2.45 3.93 3.17 2.55 2.86 3.69

Table3.19:Turningpointcalculationsforregressions(a)to(d)and90th,95thand99th

percentiles

thisrelatedtothelineartermisnegative,bothbeingsignificant,wededucethatwehave

aU-relationshipbetweeninterdisciplinarityandthenumberofcitations.Thisseemsto

confirmthesecondpartofProposition3concerningtheconvexityofscientificoutputwith

ourcomplexityindex.Nevertheless,toensurethatthenumberofcitationsisdecreasing

withourindexesofinterdisciplinarity,weneedtocomputetheturningpointandcheck

thatitisnotsignificant. Wereportthesevaluesandthe90th,95thand99thpercentiles

ofthedistributionoftheBerger-Parker,SimpsonandShannonindexesinTable3.19.

WeobtainthatthevalueoftheBerger-Parkerindexwhichminimizesthenumberof

citationsisbetween2.37(regression(1d))and3.52(regression(1a)).Giventhatthe95th

percentileis2,morethan95%ofthepapersinourdatabasehaveaninterdisciplinary

indexlowerthanthisthreshold.FortheSimpsonindex,theminimalthresholdobtained

inourregressionsis2.63. Around95%ofthepapershaveaSimpsonindexbelowthis

value.FortheShannon-Wiener,thethresholdisbetween2.45and5.29.Around90%of

thepapershaveaShannonindexbelowthisthresholdinregression(b),andmorethan

95%intheotherregressions.Globally,theturningpointinonlyengenderedbyextreme

valuesandthereforecan’tbeinterpreted.Interdisciplinaritydecreasesscientificimpact,

butlessandlessrapidly,sothatthehighestpenaltyonimpactappearswhentheproject

beginstobecomplex,i.e.whentheinterdisciplinarityindexesarejustabove1. We

illustratethepredictionsonthenumberofcitationsinFigure3.5accordingtoregressions

(1d),(2d)and(3d)fromTables3.25and3.26.

Sofar,wehavetestedtherelationshipbetweeninterdisciplinarityandthenumberof

citations.Inthefollowing,weconsidertheeffectofinterdisciplinarityontheprobability

thatapaperbelongstothetop10%ortop5%mostcitedpapersoftheircategory.

Sincethedependantvariableisadummy,werunLogitregressions. Weusethesame

listofcontrolsaspreviouslyexcepttheimpactfactor,otherwiselogisticregressionsdo

notconverge. WereporttheresultsinTable3.27forthetop10%andinTable3.28for

thetop5%.AllthecoefficientsassociatedwiththeBerger-Parker,theSimpsonandthe

Shannon-Wienerindexesaresignificantandnegative.Toappreciatethestrenghtofthe
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effect,let’stakeanexample.Amonodisciplinarypaperpublishedin2013inPhysics(all

othervariablesatmeans)has11.07%chancestobelongtothetop10%mostcitedpapers.

Apaperpublishedin2013inthesamejournalbutwithtwodisciplinescontributingequally

has9.43%chancestobelongtothetop10%mostcitedpapers.Remarkagainthatthe

coefficientassociatedtothenumberofdisciplinesispositiveandsignificant.Forthesame

reasonsthanpreviously,werunregressionsconsideringthatthenumberofdisciplinesisa

categoricalvariable. WepresenttheresultsinTable3.29.Thefirsttwocolumnsdealwith

thedummy“Papersinthetop10%”,thelasttwooneswiththedummy“Papersinthe

top5%”. Weconsider“1discipline”asthereferencecategory.Inalltheregressions,the

coefficientsassociatedto“2disciplines”aresignificantandnegativewhilethisrelatedto

“3disciplinesandmore”isnonsignificantand/ornegative,exceptinthefirstregression.

Theresultsgointhesamedirectionthanwiththenumberofcitations.Themorea

paperisinterdisciplinary,thelesschanceshehastobelongtothe10%or5%mostcited

papers.
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6 Robustnesschecks

Totesttherobustnessofourfindings,weconductanumberofalternativeanalyses. We

haveconsideredpapersforwhichweareabletoidentifyatleast4references.Increasing

thisthresholdcouldreducetheproportionofpapershavingalltheirreferencesinaunique

discipline. Weselectpapersforwhichweareabletoidentifyatleast6referencesand

runexactlythesameregressions. WereporttheresultsfromTables3.35to3.50. We

obtainverysimilarresultscomparedtopreviously.InTable3.36,wepresenttheresults

oftheregressionsrunwithoursubsampleofpapersinvolvinglessthantwodisciplines.

Allthecoefficientsassociatedtothenumberofdisciplinesarenegativeandsignificant,

whilesomeofthemwerenonsignificantwithfourreferences.Nowconsideringthewhole

sampleofpaperswithmorethan6references,wecanseeinTable3.39thatallthe

coefficientsassociatedto“2disciplines”and“3disciplinesormore”arenegative,except

oneinregression(4b). Howeverforthelastcategory,thevaluesofthecoefficientsare

similarorhigherthanforthecategorytwodisciplines,whereasweexpectedtofindlower

ones.

InsteadofcomputingtheindexesofinterdisciplinaritywiththeOSTnomenclature,

weusetheCWTSclassificationwhichismoregranularwith35disciplines. Wecalculate

theSpearmanrank-ordercorrelationsthatwereportinTable3.30.Againtherankingof

projectsaccordingtotheBerger-Parker,theSimpsonandtheShannon-Wienerindexes

areclosegiventhatthecorrelationcoefficientsaregreaterthan0.9,whilethiswillbeless

thecasefortherankingaccordingtothenumberofdisciplines.

1 2 3 4

1 Berger-Parker 1

2 Simpson 0.98 1

3 Shannon 0.91 0.97 1

4 Numberofdisciplines 0.53 0.64 0.78 1

Table3.30:Spearman’srank-orderedcorrelationsforpaperswithatleast2disciplines,
CWTSnomenclature

WecalculatetheinterdisciplinaryindexeswiththeCWTSclassificationandwerun

exactlythesameregressionsasbefore. WereporttheresultsfromTables3.51to3.66.Re-

sultsareunchangedconcerningtheBerger-Parker,theSimpsonandtheShannon-Wiener
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indexes. Weobserveagainstronglysignificantandnegativecoefficientsassociatedtothese

variables.Forthenumberofdisciplines,westillhavemixedresults.InTable3.56,we

considerthesubsampleofpaperswithatmost2disciplines. Weobservethatthecoeffi-

cientassociatedtothenumberofdisciplinesisnotsignificantwhatevertheregression(4a

to4d),meaningthatpaperswithtwodisciplinesdon’thavenecessarilylesscitationsthan

themonodisciplinaryones.Consideringthewholedatabase,wecanseeinTable3.57that

thesamecoefficientsarenegativeandsignificant.Howeverforpaperswith3disciplines,

wecan’trejecttheassumptionthattheyhaveasmanycitationsasthemonodisciplinary

ones. With4disciplinesormore,weobtainpositiveandsignificantcoefficients,meaning

thatthosearticleshaveonaverage0.06%morecitationsthanthosewith1discipline.

Theeffectisverysmall,butprobablyreflectstheexistenceofaU-shapedrelationship

betweenthenumberofdisciplinesandthenumberofcitations.

Wealsousethe WebofSciencedisciplinaryclassification(subjectcategories),which

isverygranularwith252disciplines. Wedon’tconsiderthesubsampleofpaperswith

atmost2disciplinesandatleast4references,giventhatweonlyobtainaround10,000

observations. Werunthesameregressionsasbeforewithallthepapershavingatleast4

references.Inmostoftheregressions,weobtainnon-significantcoefficients.Giventhat

wehave252disciplines,perhapsthethresholdofthenumberofreferencesisunsufficient

toproperlydeterminethedisciplinaryprofileofthepaper.Toaddressthissituation,we

considerpaperswithatleast6referencesandreporttheresultsfromTables3.68to3.76.

Weobtainverysimilarresultscomparedtothepreviousdisciplinaryclassifications. We

alsotryotherthresholds(7,8,9,10references).Resultsareunchanged.

Wangetal. (2015)hasfoundthatthetimecitationwindowcanchangetheresults.

Wehaveuseda3-yearcitationwindow. Maybethedelayofrecognitionismoreimportant

forinterdisciplinarypapers.Todealwiththisissue,weconsidera5-yearcitationwindow.

Naturallythisreducesthenumberofobservations:ourdatabasenowcoverstheperiod

1999to2011.Sincethe5-yearnumberofcitationsiscorrelatedatmorethan0.95with

the3-yearnumberofcitations,resultsareverysimilar. Weonlyreporttheresultsofour

regressionswiththeOSTdisciplinaryclassificationinTable3.48.

Wealsoincludeauthors’fixedeffectsinourregressions. Wehavemorethan770,000

participationsof27,000Frenchauthorsbetween1999and2013. Wewanttocapture

authors-specificunobservedandtime-invariantfactorsthatcouldinfluencethenumberof

citations.Eachauthorcanpublishmorethanonepaperovertheperiod.Ifanauthoris
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involvedinmorethanoneproject,thentheobservationsarenotnecessarilyindependant.

Wedecidetoclusterbothbyauthorandresearchproject. Weusethecommand reghdfe

inStatawhichallowstoincorporateahugenumberoffixedeffectsinanOLSmodel.

Ourdependentvariableisthelogarithmofthenumberofcitations9.Thetotalnumberof

participationsofauthorsinourdatabaseisgreaterthan5,000,000sowecontrolapprox-

imativelyfor15%oftheindividualcharacteristicsofauthors. WefirstconsidertheOST

andCWTSdisciplinarynomenclature(Tables3.92and3.94).FortheBerger-Parker,the

SimpsonandtheShannonindex,theresultsstillgointhesamedirectionasbefore.For

thenumberofdisciplines,weobserveapositiveeffectonimpact. However,werunthe

sameregressionswithoutfixedeffects(Tables3.93and3.95).Thenumberofdisciplines

hasstillapositiveeffect.Infact,thetypeofeconometricmodelseemstobethecause

ofthedifferentresults. Withoutfixedeffects,weobtainanegativecoefficientwiththe

negativebinomialmodelwhileweobtainapositiveonewiththeOLSmodel. Anyway,

thefixedeffectsdon’tseemtobethecauseofthesignchange. Wefinallyconsiderthe

WoSdisciplinaryclassificationandreporttheresultsinTable 3.96. Weremarkthatwe

obtainpositivesignsfortheSimpsonandtheShannonindexcoefficients,andalsoforthe

numberofdisciplines. Werunthesameregressionswithoutfixedeffectsandwepresent

theresultsinTable3.97. WeobtainpositivesignsfortheShannon-Wienerandthenum-

berofdisciplines.Again,theeconometricmodelseemstobethecausesinceweobtain

negativesignsfortheShannoncoefficientwithanegativebinomialmodelforinstance.

NotethattheSimpsonindexcoefficientispositiveinthemodelwithfixedeffectswhile

negativeinthemodelwithoutfixedeffects.

Finally,weconsidertheimpactfactorasthedependentvariable. WeestimateOLSre-

gressionsandreporttheresultsinTables3.49and3.50(OSTnomenclature),Tables3.65

and3.66(CWTSnomenclature),andTables3.78and3.79(WoSnomenclature).Some-

timesweobtainoppositeresultswhenweincludethemaximumdistancebetweenthe

disciplines.Inthecorrelationmatrix(Table3.67),themaximaldistanceandtheindexes

ofinterdisciplinarityarecorrelatedatmorethan0.5. Withoutthemaximaldistance,the

resultsaresimilartotheseobtainedwiththenumberofcitations.

9ln(1+numberofcitations)
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7 Isinterdisciplinarityincreasingovertime?

Inthegeneralintroduction,wehavepresentedtwographsindicatingthatinterdisciplinar-

ity,aformofcomplexityofresearchprojects,isincreasingovertime. Wedealwithtwo

databasestosupportthisassertion. Thefirstonecontainsaround400,000researchar-

ticlesinacademicjournalspublishedbyatleastaFrenchresearcherbetween1999and

2013.Thesecondoneisthefull WebofSciencebetween2013and2017withapproxima-

tively8,000,000publications.Eachdatabasehasitsownadvantagesanddisadvantages:

theFrenchoneconsidersasufficientlylongperiodtoobservetrendsbutisgeographically

limitedtoonecountry.Theseconddatabasehasahugenumberofobservationsallover

theworld,butonashorterperiod.

Thissection10aimsatshowingthatinterdisciplinarityisreallyincreasingovertime.

Weconductdifferentrobustnesscheckstothispurpose.

First,thisobservationdoesnotdependonthechoiceofthedisciplinaryclassification.

WepresentinFigures3.6to3.11theevolutionofinterdisciplinarityaccordingtofourHill

indexes(Berger-Parker,Simpson,Shannonandnumberofdisciplines)computedwiththe

OST,CWTSandWebofSciencedisciplinarynomenclatures.They-axisisinlogarithmic

scale. Whateverthedatabase,thechosenindexandthedisciplinaryclassification,inter-

disciplinarityisincreasingovertimeataconstantrate. Wecalculatetheannualaverage

growthrateswiththefull WebofSciencedatabaseandreporttheresultsinTable3.31.

Weobservethatinterdisciplinarityincreasesbetween1%and3.5%peryearonaverage.

OST(11disc) CWTS(35disc) WoS(252disc)

Berger-Parker 0.88% 1.22% 1.71%

Simpson 1.42% 1.87% 2.54%

Shannon 1.81% 2.3% 2.90%

Numberofdisciplines 2.62% 3.14% 3.34%

Table3.31:Annualaveragegrowthrateofinterdisciplinarity, WebofSciencedatabase
(8,000,000observations,2013-2017)

10Thissectioninvestigateswhetherinterdisciplinarityreallyincreasesovertime.
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Figure3.6:Evolutionoftheinterdisciplinarityofresearcharticlespublishedbyatleast
aFrenchresearcherbetween1999and2013(400,000observations),OSTdisciplinary

nomenclature.

Figure3.7:Evolutionoftheinterdisciplinarityofresearcharticlespublishedbyatleast
aFrenchresearcherbetween1999and2013(400,000observations),CWTSdisciplinary

nomenclature.
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Figure3.8:Evolutionoftheinterdisciplinarityofresearcharticlespublishedbyatleast
aFrenchresearcherbetween1999and2013(400,000observations), WoSdisciplinary

nomenclature.

Figure3.9:Evolutionoftheinterdisciplinarityofresearcharticlesbetween2013and
2017, WebofSciencedatabase(8,000,000observations),OSTdisciplinarynomenclature.
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Figure3.10:Evolutionoftheinterdisciplinarityofresearcharticlesbetween2013and
2017, WebofSciencedatabase(8,000,000observations),CWTSdisciplinary

nomenclature.

Figure3.11:Evolutionoftheinterdisciplinarityofresearchpapersbetween2013and
2017, WebofSciencedatabase(8,000,000observations), WoSdisciplinarynomenclature.
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Weneedtoverifyifthegrowthofinterdisciplinaritythatweobserveisnotanartefact.

Tocalculateourcomplexityindexes,weassociatetoeachreferencethedisciplinesofthe

journalinwhichthepaperhasbeenpublished. Afirstsourceofbiasfortheincrease

ofourinterdisciplinaryindexescouldbethatjournalsareattachedtomoreandmore

disciplinesovertime. However,thisdoesnotholdheresinceourcorrespondancetable

betweenjournalsanddisciplinesistimeinvariant.

Asecondsourceofbiascouldbethatthescientificproductionisbecomingmore

andmoreegalitarianbetweenthedisciplinesovertime.Researchersmaybemoreinflu-

encedbyworkscomingfromotherfieldsandconsequentlycitemorethesepapers.This

couldleadtoanincreaseoftheinterdisciplinaryindexes,whilethecomplexityofprob-

lemsresearchershavetofaceremainsunchanged. Todealwiththisissue,wecompute

disciplinarydiversityindexesofthescientificproduction(Berger-Parker,Simpsonand

Shannon-Wienerindexes)andtheirannualgrowthrates(gBP,gSIandgSW). Wepresent

theresultsinTable3.32a(OSTnomenclature),Table3.32b(CWTSnomenclature)and

Table3.32c(WoSnomenclature).Sinceourdatabaseonlycoversfiveyears,weneedto

becautiousabouttheconclusions. Neverthelesstheresultsbasedonthedifferentdis-

ciplinaryclassificationsdon’tseemtovalidatethisassumption. AccordingtotheOST

nomenclature(Table3.32a),weobtainanannualaveragegrowthratebetween0.58%and

1.37%forthedisciplinarydiversityofthescientificproductionovertheperiod2013-2017.

Howeverthisobservationismainlyduetothejumpofthedifferentindexesbetween2016

and2017,notaregulartrend.Ifweconsidertheperiod2013-2016,thisisstableoreven

declining. WiththeCWTSnomenclature,theBerger-ParkerandtheSimpsonindexes

fluctuatewhiletheShannonindexraises.Again,theincreaseofthedisciplinarydiversity

ofscientificproductionismainlydrivenbythestrongjumpbetween2016and2017,except

fortheShannonindex.Accordingtothelatter,evenifscientificproductionisbecoming

moreandmoreegalitarianbetweenthedisciplinesovertime,itisunsufficienttoexplain

thegrowthofthisinterdisciplinaryindex.Indeed,Table3.32bindicatesanannualgrowth

rateof1.18%whileourcomplexityindexgrowsat2.3%peryearonaverage.Finally,ac-

cordingtothe WebofSciencedisciplinaryclassification(Table3.32c),theBerger-Parker

andtheSimpsonindexesfluctuatealotbutdecreaseonaveragewhiletheShannonindex

isstableovertime. OrwehaveshowninTable3.31thattheinterdisciplinaryindexes

atthepaperlevelincreaseatanannualratebetween1.71%and3.34%.Thuswereally

can’tconcludethatthegrowthofinterdisciplinaryindexesisdrivenbytheincreaseofthe
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disciplinarydiversityofthescientificproduction.

Athirdsourceofbiasisthatinourdatabase,theaveragenumberofreferencesperpa-

perisraisingovertime(Table3.33),whichcouldleadtoagrowthofourinterdisciplinary

indexes.Toaddressthissituation,weestimatetobitmodelswherethedependantvari-

ablesarethedifferentinterdisciplinaryindexesexpressedinlogarithm,soastheybelong

to[0;ln(m)].Inalltheregressions,observationswiththelogarithmofinterdisciplinarity

equalto0(monodisciplinarypapers)areleft-censored.Fortheexplanatoryvariables,we

aremainlyinterestedintheyeardummiescoefficients. Weuse1999asthereferencecat-

egory.Ifinterdisciplinarityisreallyincreasing,thentheyeardummiescoefficientsmust

besignificant,positiveandincreasinginourregressions,evenwhenwecontrolforthe

numberofreferences.Ifthisisanartefactfromthedata,theywillbenon-significant. We

successivelyruntobitregressionswiththeOST,CWTSand WoSdisciplinaryclassifica-

tionsandreporttheresultsfromTables3.80to3.91.Inanoverwhelmingmajorityofthe

regressions,theyeardummiescoefficientsarepositive,significantandgrowingovertime.

Withthe WoSdisciplinaryclassification,andonlywheninterdisciplinarityismeasured

withthenumberofdisciplines(Table3.91),weobservethatthecoefficientsarenegative

anddecreasingbetween2000and2003beforeincreasingandbecomingpositiveinthe

remainingperiod. Neverthelessthenumberofobservationsconsiderablyraisesbetween

1999(3,705)and2003(24,414)inourdatabaseasshowninTable3.33,potentiallyindi-

catingaselectionbiasatthebeginningoftheperiod. Giventhattheresultsgointhe

expecteddirectionfortheotheryears,wecanconcludethatthegrowthofinterdisciplinar-

itythatweobservecan’tjustbeexplainedbytheincreaseofthenumberofreferences

thatweareabletoidentify.
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year BergerParker gBP Simpson gSI Shannon gSW

2013 3.002 5.972 7.777

2014 3.019 +0.57% 5.995 +0.39% 7.783 +0.07%

2015 3.031 +0.40% 6.023 +0.47% 7.801 +0.23%

2016 2.992 -1.29% 5.957 -1.1% 7.764 -0.47%

2017 3.171 +5.98% 6.283 +5.47% 7.959 +2.51%

avg +1.37% +1.28% +0.58%

(a)OSTnomenclature

year BergerParker gBP Simpson gSI Shannon gSW

2013 3.757 9.484 17.03

2014 3.805 +1.28% 9.586 +1.08% 17.08 +0.29%

2015 3.829 +0.63% 9.719 +1.39% 17.27 +1.11%

2016 3.795 -0.89% 9.707 -0.12% 17.35 +0.46%

2017 4.046 +6.61% 10.36 +6.73% 17.85 +2.88%

avg +1.87% +2.23% +1.18%

(b)CWTSnomenclature

year BergerParker gBP Simpson gSI Shannon gSW

2013 33.54 100.5 145.1

2014 30.61 -8.74% 97.70 -2.79% 143.5 -1.10%

2015 32.63 +6.57% 99.54 +1.89% 145.0 +1.05%

2016 30.78 -5.67% 99.29 -0.25% 144.4 -0.41%

2017 28.54 -7.28% 100.0 +0.72% 145.2 +0.55%

avg -3.96% -0.12% +0.02%

(c) WoSnomenclature

Table3.32:Disciplinarydiversityofscientificproduction, WebofSciencedatabase
(8,000,000observations,2013-2017)

8 Discussion

Inchapter2,wehavetheoreticallyshownthattheproductivityofresearcheffortforeach

projecti=1,...,gis

α∗i=
Ωi
Γi
.
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Observations Min Median Max Mean S.D.
1999 3705 1 1 21 1.48 1.07
2000 12195 1 2 41 2.18 1.89
2001 18070 1 2 60 3.01 2.73
2002 22011 1 3 77 3.87 3.64
2003 24414 1 3 75 4.58 4.15
2004 26569 1 4 104 5.22 4.86
2005 28468 1 4 129 5.88 5.53
2006 29009 1 5 115 6.40 5.96
2007 30244 1 5 200 6.99 6.66
2008 32538 1 6 700 7.62 8.43
2009 33215 1 6 275 8.37 8.20
2010 34133 1 7 847 8.95 9.59
2011 34493 1 7 259 9.52 9.12
2012 33464 1 8 227 10.3 9.47
2013 32663 1 9 335 11.1 10.6
Total 395191 1 5 847 7.23 7.88

Table3.33:Numberofidentifiedreferencesperpaperperyear

Nowlet’ssupposethatresearchprojectshavesimilarcharacteristics(Ωi=ΩandΓi=Γ

∀i)whichevolveovertime.Letdefineαttheproductivity,ΩttheteamefficiencyandΓt

theprojectcomplexityattimet.Then

αt=
Ωt
Γt
,

sothattheresearchproductivitygrowthevolvesovertimeaccordingto

gα=gΩ−gΓ, (3.5)

withgα=
α̇
α
,gΩ=

Ω̇
Ω
andgΓ=

Γ̇
Γ
.

IftheteamefficiencygrowthrategΩ islowerthanthecomplexitygrowthrategΓ,

estimatedbetween1%and3.5%peryear,thenresearchproductivityisdecreasingover

time.IfwereasonablyassumegΩ ≥0,ourmodelcanexplainthedeclineofresearch

productivityuntilanupperboundof3.5%peryear. Naturallyresearchproductivity

maybeaffectedbymanyeffects,andinterdisciplinarityisnottheonlyexistingformof

complexity. Neverthelessourresultsdon’tseemunrealisticcomparedtotheestimates

ofBloometal.(2017)reportedinTable3.34.
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Scope Averageannualgrowthrate

Agregateeconomy -5.3%

Moore’slaw -6.8%

Agriculture(seeds) -5.5%

Newmolecularentities -3.5%

Diseasemortality -5.6%

Compustatfirms -11.1%

Table3.34:Averageannualgrowthrateofresearchproductivity

Ourstudymayoverestimatethegrowthrateofcomplexityovertime.Indeedwemea-

sureinterdisciplinaritywithHillindexesoforderβ.FromProposition16,thecomplexity

indicatoristheHillindexoforder1−σ. Orσisnotnecessarilyconstantovertime.

Sinceourmeasuresofinterdisciplinarityareincreasingandgiventhatβisconstant,this

impliesthatthecontributionsofthedifferentdisciplinestotheoutputbecomemoreand

moreegalitarianovertime. Giventhattheydependonthevectorωandthevalueofσ

(equation(3.3)),ifonlythevectorωchangesovertime(σconstant),thentheorderofour

indicatorofcomplexityremainsthesameforthewholeperiod.Sincewehaverepresented

theHillindexforsomevaluesofβfromFigures3.6to3.11,andthatwesystematically

obtainaconstantgrowthratewhateverβ,thenthecomplexityindicator(Hillindexof

order1−σ)increasesataconstantrate.Onthecontrary,ifσchangesovertime,then

theorderofthecomplexityindexalsochanges.SimilarlytotheproofgiveninAppendix

8.1part(3)ofchapter2,wecanshowthatgivenavectorλ,theHillindexoforder1−σ

isincreasingwithσ.Ifweassumethatσisconstantovertimewhileitisdecreasing

(morecomplementaritybetweeninputs),thenweoverestimatethecomplexityindicator

andpotentiallyitsgrowthrate.

Onthecontrary,ourstudymayunderestimatethegrowthrateofcomplexityover

time.Inourdatabase,weonlyobservepublicationsinscientificjournals.Howevermany

papersarerejectedandnotpublished.Accordingtoourtheory,thosewithahigherΓ/Ω

aremorelikelynottobelongtoourdatabases. Weprobablyhaveaselectionbias,and

wemayunderestimatetheaveragecomplexityanditsgrowthrate.

Inthischapter,wehaveshownthatinterdisciplinarityisincreasingattheworldlevel

whichcouldsignalanincreaseofthecomplexityoftheknowledgeproductionfunction,

leadingtoadecreaseoftheresearchproductivity.Naturallycomesthequestionofwhy
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researchersdealwithmorecomplexproblemsiftheyexperiencelowerproductioneffi-

ciencydoingso. Herewediscusssomehypotheses. Afirstexplanationcouldbethat

knowledgeisfinite,sothatresearchershavefirsttreatedthemostobviousideas. The

remainingonesaremorecomplex,leadingtomorelaborconsumptionandfinallytoa

lowerresearchproductivity. Globalizationcanbeasecondexplanation:thecompeti-

tionbetweenresearchershasconsiderablyrisensothatinterestingproblemsinexisting

fieldsbecomerapidlyscarce.Consequentlyscientistssearchfornewareasanddealwith

moreandmorecomplexproblems. Newcommunicationtechnologies(internet,search

engines)canalsoexplaintheincreaseofcomplexity.Theyeasethediffusionandthecon-

tributionofknowledgefromotherfields.Researchpoliciesinfavorofinterdisciplinarity

helptoimproveteamefficiencyandallowresearcherstotreatmorecomplexproblems

thanbefore.Theincreaseofcomplexityisperhapsatemporaryphenomenon:academic

disciplineshaveevolvedindependentlyforseveraldecadesandthenewcommunication

technologieshaveallowedresearcherstoimportconcepts,skillsandmethodsfromother

fields. Whentheywillbeintegratedbythediscipline,thisphenomenoncouldstabilize.

Forfurtherresearch,wewanttoverifytheevolutionofinterdisciplinarityonalonger

period,inparticularbefore1999.Neverthelessdataareoftenincompletebeforethisdate

whichcomplicatesthestudy.

9 Conclusion

Inthischapter,wehavetestedtherelationbetweeninterdisciplinarityandimpact.Our

estimatesshowthatpaperswithahigherindexofinterdisciplinarityhavelesscitations

andlesschancestobelongtothe10%or5%mostcitedpapers.TheBerger-Parker,the

SimpsonandtheShannonindexesgivesimilarresultswhilethenumberofdisciplines

issometimesnon-significantorhasaU-relationshipwiththemeasuresofimpact. We

haveconductedanimportantnumberofrobustnesscheckscomparedtotheliterature.

Wehaveconsideredthreedisciplinaryclassifications,differentmeasuresofimpact(3-year

and5-yearnumberofcitations,dummiesifthepaperbelongstothe10%or5%most

citedarticles,journalimpactfactor). Wehavealsointegratedauthors’fixedeffectsin

someofourregressions.Globally,theresultsstillprevail.

Wehavealsoshownthatinterdisciplinarityisincreasingovertimeataconstantrate

(between1%and3.5%peryear),whichsuggeststhatthecomplexityofresearchprojects
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isgrowing.Thisempiricalobservationhasnotbeenestablishedyet. Wehavediscussed

theeffectontheresearchproductivityandcomparedourresultswithBloometal.(2017).

Forfurtherresearch,wewanttoestimatethevalueofσinordertobeabletoselect

the“right”orderoftheHillindex. Wewouldliketotesttheeffectofthecompetition

giventhatwehavetheoreticallyshowninChapter2thatitcanexertapositiveora

negativeeffectonimpact. Empiricallywewouldliketoseeiftheinterdisciplinarityof

Frenchauthorsisincreasingovertime,oriftheyarestillspecializedandparticipatemore

andmoretointerdisciplinaryprojects. Wewouldliketotestiftheproductivityandthe

outputattheauthorlevelaredecreasingwiththecomplexityoftheprojectsinwhicha

researcherisinvolved.Thisopensnewquestionsbutalsonewchallenges,sinceitrequires

dataattheauthorlevel.
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10 Appendix

10.1 ProofofProposition16

Thecontributionoffieldofexpertisejtotheoutputofresearchprojectiatequilibrium

isgivenin(3.3).Asareminder,

λ∗ij=
ω

1
1−σi
ij

mi
s=1ω

1
1−σi
is

.

Wededucethat
mi

s=1

ω
1

1−σi
is =

ω
1

1−σi
i1

λ∗i1
=...=

ω
1

1−σi
imi

λ∗imi
.

Foreachfieldofexpertises,weobtainthefollowingrelationwithanyfieldofexpertisej

ωis=
λ∗is
λ∗ij

1−σi

ωij. (3.6)

Summing(3.6)∀s=1,...,mi,andsincewehave
mi
s=1ωis=1,wehave

1=
mi

s=1

λ∗is
λ∗ij

1−σi

ωij

=
mi
s=1λ

∗1−σi
is

λ∗1−σiij

ωij.

Wededucethat

ωij=
λ∗1−σiij
mi
s=1λ

∗1−σi
is

.

ReplacingωijintheexpressionofΓiwefinallyobtain:

Γi=
mi

s=1

λ∗1−σiis

1
σi

.
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10.2 ProofofProposition17

Consideravectorλi=(λi1,λi2)withλi1≥λi2.TheHillindexoforderβofvectorλiis

Hβi(λi)=λ
β
i1+λ

β
i2

1
1−β.

Giventhatλi1+λi2=1,wecanwritethelastexpressionasfollows

Hβi(λi)=λ
β
i1+(1−λi1)

β
1
1−β.

Tocomparetwovectorsλ1andλ2,itisenoughtostudythesignofthederivativeofH
β
i

withrespecttoλi1andtoshowthatitisthesamewhateverthevalueofβ≥0. We

obtain
∂Hβi
∂λi1

=
β

1−β
λβi1+(1−λi1)

β
1
1−β
−1
λβ−1i1 −(1−λi1)

β−1 .

Ifβ∈[0;1[then β
1−β
≥0and λβ−1i1 −(1−λi1)

β−1 ≤0so
∂Hβi
∂λi1
≤0.

Ifβ∈]1;+∞]then β
1−β
≤0and λβ−1i1 −(1−λi1)

β−1 ≥0so
∂Hβi
∂λi1
≤0.

Thesignof
∂Hβi
∂λi1
doesn’tdependonβ.Thustheorderingoftwovectorsλi(i=1,2)is

thesamewhateverβ.
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10.3 Morethan6references
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Table3.50:OLSestimatesfortheeffectofthenumberofdisciplines(categorical
variable)onthejournalimpactfactor(paperswithatleast4references,1-10disciplines,

OSTnomenclature)

(1) (2)
1discipline 0 0

(.) (.)

2disciplines 0.296∗∗∗ 0.893∗∗∗

(9.92) (18.47)

3andmoredisciplines -0.0208 1.058∗∗∗

(-0.66) (15.49)

Numberofauthors 0.00239∗∗∗ 0.00246∗∗∗

(24.65) (24.94)

InternationalCollaboration 1.560∗∗∗ 1.553∗∗∗

(64.86) (64.64)

Maximumh-index 0.127∗∗∗ 0.125∗∗∗

(55.24) (54.43)

Maximaldistance -1.358∗∗∗

(-17.86)
Observations 250163 250163
Log-Likelihood -789852.4 -789708.7
AIC 1579768.8 1579483.5
BIC 1580102.5 1579827.6

tstatisticsinparentheses
∗p<0.05,∗∗p<0.01,∗∗∗p<0.001

10.4 CWTSnomenclature
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Table3.66:OLSestimatesfortheeffectofthenumberofdisciplines(categorical
variable)onthejournalimpactfactor(paperswithatleast4references,1-35disciplines,

CWTSnomenclature)

(1) (2)
1discipline 0 0

2disciplines -0.0765 1.537∗∗∗

3disciplines -0.0104 2.125∗∗∗

4disciplines 0.0349 2.490∗∗∗

5disciplines 0.270∗∗ 2.931∗∗∗

6disciplines 0.318∗∗∗ 3.105∗∗∗

7disciplines 0.385∗∗∗ 3.264∗∗∗

8-9disciplines 0.464∗∗∗ 3.444∗∗∗

9andmoredisciplines 0.736∗∗∗ 3.861∗∗∗

Numberofauthors 0.00238∗∗∗ 0.00260∗∗∗

InternationalCollaboration 1.641∗∗∗ 1.621∗∗∗

Maximumh-index 0.119∗∗∗ 0.115∗∗∗

Maximaldistance -3.123∗∗∗

Observations 255203 255203
Log-Likelihood -842458.6 -841851.2
AIC 1685043.1 1683830.4
BIC 1685701.5 1684499.1

tstatisticsinparentheses
∗p<0.05,∗∗p<0.01,∗∗∗p<0.001

10.5 WoSsubjectcategories
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Table3.70:Negativebinomialestimatesfortheeffectofthenumberofdisciplines
(categoricalvariable)onthenumberofcitations(paperswithatleast6references,1-252

disciplines, WoSnomenclature)

(4a) (4b) (4c) (4d)
1discipline 0 0 0 0

(.) (.) (.) (.)

2disciplines -0.0371 -0.0240 0.138∗∗∗ -0.0394
(-1.15) (-1.00) (3.86) (-1.45)

3disciplines -0.0338 -0.0248 0.190∗∗∗ -0.0445
(-1.05) (-1.02) (5.09) (-1.52)

4disciplines -0.0371 -0.0265 0.218∗∗∗ -0.0491
(-1.16) (-1.09) (5.59) (-1.61)

5disciplines -0.0481 -0.0369 0.229∗∗∗ -0.0615∗

(-1.52) (-1.54) (5.75) (-1.97)

6disciplines -0.0480 -0.0303 0.244∗∗∗ -0.0561
(-1.51) (-1.27) (6.01) (-1.76)

7disciplines -0.0438 -0.0278 0.257∗∗∗ -0.0544
(-1.36) (-1.14) (6.27) (-1.67)

8-9disciplines -0.0280 -0.00600 0.284∗∗∗ -0.0336
(-0.87) (-0.25) (6.93) (-1.04)

9andmoredisciplines 0.101∗∗ 0.113∗∗∗ 0.429∗∗∗ 0.0842∗

(3.06) (4.44) (9.98) (2.46)

Numberofauthors 0.00135∗∗∗ 0.000822∗∗∗ 0.00139∗∗∗ 0.000819∗∗∗

(10.69) (10.61) (10.76) (10.61)

InternationalCollaboration 0.404∗∗∗ 0.274∗∗∗ 0.404∗∗∗ 0.274∗∗∗

(54.98) (45.07) (54.82) (45.13)

Maximumh-index 0.0280∗∗∗ 0.0187∗∗∗ 0.0278∗∗∗ 0.0188∗∗∗

(49.60) (38.87) (48.97) (39.06)

Maximaldistance -0.317∗∗∗ 0.0280
(-12.93) (1.29)

ImpactFactor 0.0813∗∗∗ 0.0814∗∗∗

(89.40) (88.34)
Observations 188792 188792 188792 188792
Log-Likelihood -609297.4 -588133.3 -609147.6 -588131.9
AIC 1218720.8 1176396.5 1218423.2 1176395.7
BIC 1219360.1 1177056.2 1219072.7 1177065.5

tstatisticsinparentheses
∗p<0.05,∗∗p<0.01,∗∗∗p<0.001
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Table3.77:Logitestimatesfortheeffectofthenumberofdisciplines(categorical
variable)ontheprobabilitythatthepaperbelongstothetop10%andtop5%most
citedpapers(paperswithatleast6references,1-252disciplines, WoSnomenclature)

Top90 Top90 Top95 Top95
1discipline 0 0 0 0

(.) (.) (.) (.)

2disciplines -0.179∗∗∗ -0.0349 -0.102 -0.00667
(-4.22) (-0.70) (-1.90) (-0.11)

3disciplines -0.161∗∗∗ 0.0151 -0.0533 0.0546
(-3.94) (0.29) (-1.03) (0.82)

4disciplines -0.174∗∗∗ 0.0235 -0.0804 0.0361
(-4.32) (0.43) (-1.58) (0.52)

5disciplines -0.193∗∗∗ 0.0158 -0.101∗ 0.0206
(-4.83) (0.28) (-2.00) (0.28)

6disciplines -0.168∗∗∗ 0.0485 -0.0679 0.0540
(-4.16) (0.83) (-1.33) (0.72)

7disciplines -0.181∗∗∗ 0.0304 -0.109∗ 0.000228
(-4.38) (0.50) (-2.08) (0.00)

8-9disciplines -0.124∗∗ 0.0717 -0.0778 0.00372
(-3.07) (1.18) (-1.52) (0.05)

9andmoredisciplines 0.147∗∗∗ 0.255∗∗∗ 0.286∗∗∗ 0.243∗∗

(3.61) (4.06) (5.56) (3.03)

Numberofauthors 0.000678∗∗∗ 0.000707∗∗∗ 0.000711∗∗∗ 0.000731∗∗∗

(13.13) (13.57) (13.68) (13.98)

InternationalCollaboration 0.598∗∗∗ 0.625∗∗∗ 0.665∗∗∗ 0.703∗∗∗

(46.99) (48.62) (40.10) (41.89)

Maximumh-index 0.0412∗∗∗ 0.0410∗∗∗ 0.0463∗∗∗ 0.0464∗∗∗

(48.86) (48.25) (45.43) (45.02)

Maximaldistance -0.275∗∗∗ -0.185∗∗

(-6.03) (-3.14)
Observations 188791 188791 188791 188791
Log-Likelihood -85365.8 -84340.0 -57748.1 -56727.9
AIC 170851.7 168806.1 115616.3 113581.7
BIC 171460.6 169445.4 116225.2 114221.1

tstatisticsinparentheses
∗p<0.05,∗∗p<0.01,∗∗∗p<0.001
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Table3.79:OLSestimatesfortheeffectofthenumberofdisciplines(categorical
variable)onthejournalimpactfactor(paperswithatleast4references,1-252

disciplines, WoSnomenclature)

(1) (2)
1discipline 0 0

2disciplines -0.0765 1.537∗∗∗

3disciplines -0.0104 2.125∗∗∗

4disciplines 0.0349 2.490∗∗∗

5disciplines 0.270∗∗ 2.931∗∗∗

6disciplines 0.318∗∗∗ 3.105∗∗∗

7disciplines 0.385∗∗∗ 3.264∗∗∗

8-9disciplines 0.464∗∗∗ 3.444∗∗∗

9andmoredisciplines 0.736∗∗∗ 3.861∗∗∗

Numberofauthors 0.00238∗∗∗ 0.00260∗∗∗

InternationalCollaboration 1.641∗∗∗ 1.621∗∗∗

Maximumh-index 0.119∗∗∗ 0.115∗∗∗

Maximaldistance -3.123∗∗∗

Observations 255203 255203
Log-Likelihood -842458.6 -841851.2
AIC 1685043.1 1683830.4
BIC 1685701.5 1684499.1

tstatisticsinparentheses
∗p<0.05,∗∗p<0.01,∗∗∗p<0.001

10.6 Tobitestimates
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Table3.96:OLSestimatesfortheeffectofinterdisciplinarityonthelogarithmofthe
numberofcitations(paperswithatleast6references,Individualeffects,1-252

disciplines, WoSnomenclature)

(1) (2) (3) (4)
Berger-Parker -0.00154
Simpson 0.00457∗∗

Shannon 0.0119∗∗∗

1discipline 0
2disciplines 0.0520∗∗

3disciplines 0.0521∗∗

4disciplines 0.0733∗∗∗

5disciplines 0.0780∗∗∗

6disciplines 0.0952∗∗∗

7disciplines 0.112∗∗∗

8-9disciplines 0.141∗∗∗

9andmoredisciplines 0.233∗∗∗

Numberofauthors 0.000586∗∗∗ 0.000586∗∗∗ 0.000585∗∗∗ 0.000581∗∗∗

InternationalCollaboration 0.247∗∗∗ 0.247∗∗∗ 0.248∗∗∗ 0.248∗∗∗

ImpactFactor 0.0513∗∗∗ 0.0513∗∗∗ 0.0513∗∗∗ 0.0512∗∗∗

Observations 364863 364863 364863 364876
Log-Likelihood -432898.5 -432888.4 -432796.0 -432307.5
AIC 865907.0 865886.8 865701.9 864739.0
BIC 866501.4 866481.2 866296.3 865409.1
∗p<0.05,∗∗p<0.01,∗∗∗p<0.001
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Catcode SubjectCategory Discipline(s)

AA Acoustics PhysicalSciences Mechanical Engineering and

Aerospace

AC Automation & Control Sys-

tems

EngineeringSciences Electrical Engineering and

Telecommunication

AD Agriculture, Dairy & Animal

Science

AppliedBiology-Ecology AgricultureandFoodScience

AE AgriculturalEngineering AppliedBiology-Ecology AgricultureandFoodScience

AF AgriculturalEconomics&Pol-

icy

AppliedBiology-Ecology EconomicsandBusiness

AH Agriculture, Multidisciplinary AppliedBiology-Ecology AgricultureandFoodScience

AI Engineering,Aerospace EngineeringSciences Mechanical Engineering and

Aerospace

AM Agronomy AppliedBiology-Ecology AgricultureandFoodScience

AQ Allergy MedicalResearch Clinical Medicine

AY Anatomy& Morphology BasicBiology BiomedicalSciences

AZ Andrology MedicalResearch Clinical Medicine

BA Anesthesiology MedicalResearch Clinical Medicine

BD BiodiversityConservation AppliedBiology-Ecology Environmental Sciences and

Technology

BF Anthropology HumanSciences SociologyandAnthropology

BI Archaeology HumanSciences History,PhilosophyandReli-

gion

BK Architecture HumanSciences Creative Arts, Culture and

Music

BM AreaStudies HumanSciences ManagementandPlanning

BP Art HumanSciences Creative Arts, Culture and

Music

BQ Humanities, Multidisciplinary HumanSciences Creative Arts, Culture and

Music

BU Astronomy&Astrophysics SciencesoftheUniverse AstronomyandAstrophysics

BV Psychology,Biological HumanSciences Psychology

CL Audiology&Speech-Language

Pathology

MedicalResearch Clinical Medicine

CN BehavioralSciences BasicBiology BasicLifeSciences

CO BiochemicalResearchMethods BasicBiology BasicLifeSciences

CQ Biochemistry& MolecularBi-

ology

BasicBiology BasicLifeSciences

CT Cell&TissueEngineering BasicBiology BasicLifeSciences

CU Biology AppliedBiology-Ecology BasicLifeSciences

CX Biology, Miscellaneous AppliedBiology-Ecology BiologicalSciences

DA Biophysics BasicBiology BasicLifeSciences

DB Biotechnology & Applied Mi-

crobiology

BasicBiology BasicLifeSciences

DE PlantSciences AppliedBiology-Ecology BasicLifeSciences

DI Business SocialSciences EconomicsandBusiness

DK Business,Finance SocialSciences EconomicsandBusiness

DM Oncology MedicalResearch Clinical Medicine

DQ Cardiac&CardiovascularSys-

tems

MedicalResearch Clinical Medicine
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Table3.98continuedfrompreviouspage

Catcode SubjectCategory Discipline OST Discipline NOWT

DR CellBiology BasicBiology BasicLifeSciences

DS CriticalCare Medicine MedicalResearch Clinical Medicine

DT Thermodynamics EngineeringSciences Mechanical Engineering and

Aerospace

DW Chemistry,Applied Chemistry ChemistryandChemicalEngi-

neering

DX Chemistry, Medicinal MedicalResearch Basic MedicalSciences

DY Chemistry, Multidisciplinary Chemistry ChemistryandChemicalEngi-

neering

EA Chemistry,Analytical Chemistry ChemistryandChemicalEngi-

neering

EC Chemistry, Inorganic & Nu-

clear

Chemistry ChemistryandChemicalEngi-

neering

EE Chemistry,Organic Chemistry ChemistryandChemicalEngi-

neering

EI Chemistry,Physical Chemistry ChemistryandChemicalEngi-

neering

EN CulturalStudies SocialSciences SociologyandAnthropology

EO Classics HumanSciences Creative Arts, Culture and

Music

EP Computer Science, Artificial

Intelligence

EngineeringSciences ComputerSciences

EQ Psychology,Clinical HumanSciences Psychology

ER ComputerScience, Cybernet-

ics

EngineeringSciences ComputerSciences

ES ComputerScience, Hardware

&Architecture

EngineeringSciences ComputerSciences

ET Computer Science, Informa-

tionSystems

EngineeringSciences ComputerSciences

EU Communication HumanSciences Informationand Communica-

tionSciences

EV ComputerScience,Interdisci-

plinaryApplications

EngineeringSciences ComputerSciences

EW Computer Science, Software

Engineering

EngineeringSciences ComputerSciences

EX ComputerScience, Theory &

Methods

EngineeringSciences ComputerSciences

FA Construction&BuildingTech-

nology

EngineeringSciences Civil Engineering and Con-

struction

FE Criminology&Penology SocialSciences LawandCriminology

FF Emergency Medicine MedicalResearch Clinical Medicine

FI Crystallography Chemistry Physicsand MaterialsScience

FS Dance HumanSciences Creative Arts, Culture and

Music

FU Demography HumanSciences SocialandBehavioralSciences,

Interdisciplinary

FY Dentistry, Oral Surgery &

Medicine

MedicalResearch Clinical Medicine
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Table3.98continuedfrompreviouspage

Catcode SubjectCategory Discipline OST Discipline NOWT

GA Dermatology MedicalResearch Clinical Medicine

GC Geochemistry&Geophysics SciencesoftheUniverse EarthSciencesandTechnology

GM SubstanceAbuse
MedicalResearch

HealthSciences
SocialSciences

GU Ecology AppliedBiology-Ecology Environmental Sciences and

Technology

GY Economics SocialSciences EconomicsandBusiness

HA Education &EducationalRe-

search

SocialSciences EducationalSciences

HB Education, Scientific Disci-

plines

MultidisciplinaryCategory EducationalSciences

HE Education,Special SocialSciences EducationalSciences

HF Ethics HumanSciences History,PhilosophyandReli-

gion

HI Psychology,Educational HumanSciences EducationalSciences

HL Health CareSciences &Ser-

vices

MedicalResearch HealthSciences

HQ Electrochemistry Chemistry ChemistryandChemicalEngi-

neering

HT EvolutionaryBiology BasicBiology BasicLifeSciences

HY DevelopmentalBiology BasicBiology BasicLifeSciences

IA Endocrinology& Metabolism MedicalResearch Clinical Medicine

ID Energy&Fuels EngineeringSciences EnergyandScience Technol-

ogy

IF Engineering, Multidisciplinary EngineeringSciences GeneralandIndustrial Engi-

neering

IG Engineering,Biomedical BasicBiology Basic MedicalSciences

IH Engineering,Environmental SciencesoftheUniverse Environmental Sciences and

Technology

II Engineering,Chemical EngineeringSciences ChemistryandChemicalEngi-

neering

IJ Engineering,Industrial EngineeringSciences GeneralandIndustrial Engi-

neering

IK Engineering, Manufacturing EngineeringSciences GeneralandIndustrial Engi-

neering

IL Engineering, Marine EngineeringSciences EarthSciencesandTechnology

IM Engineering,Civil EngineeringSciences Civil Engineering and Con-

struction

IO Engineering,Ocean EngineeringSciences EarthSciencesandTechnology

IP Engineering,Petroleum EngineeringSciences EnergyandScience Technol-

ogy

IQ Engineering,Electrical&Elec-

tronic

EngineeringSciences Electrical Engineering and

Telecommunication

IU Engineering, Mechanical EngineeringSciences Mechanical Engineering and

Aerospace

IX Engineering,Geological SciencesoftheUniverse EarthSciencesandTechnology

IY Entomology AppliedBiology-Ecology BasicLifeSciences
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Table3.98continuedfrompreviouspage

Catcode SubjectCategory Discipline OST Discipline NOWT

JA EnvironmentalSciences SciencesoftheUniverse Environmental Sciences and

Technology

JB EnvironmentalStudies SocialSciences Environmental Sciences and

Technology

JI Ergonomics SocialSciences GeneralandIndustrial Engi-

neering

JM EthnicStudies HumanSciences SociologyandAnthropology

JO FamilyStudies SocialSciences SociologyandAnthropology

JS Film,Radio,Television HumanSciences Creative Arts, Culture and

Music

JU Fisheries AppliedBiology-Ecology BasicLifeSciences

JW Folklore HumanSciences Creative Arts, Culture and

Music

JY FoodScience&Technology AppliedBiology-Ecology AgricultureandFoodScience

KA Forestry AppliedBiology-Ecology Environmental Sciences and

Technology

KI Gastroenterology & Hepatol-

ogy

MedicalResearch Clinical Medicine

KM Genetics&Heredity BasicBiology BasicLifeSciences

KU Geography HumanSciences Environmental Sciences and

Technology

KV Geography,Physical SciencesoftheUniverse EarthSciencesandTechnology

KY Geology SciencesoftheUniverse EarthSciencesandTechnology

LE Geosciences, Multidisciplinary SciencesoftheUniverse EarthSciencesandTechnology

LI Geriatrics&Gerontology MedicalResearch HealthSciences

LJ Gerontology SocialSciences HealthSciences

LQ HealthPolicy&Services SocialSciences HealthSciences

MA Hematology MedicalResearch Clinical Medicine

MC Mathematical & Computa-

tionalBiology

BasicBiology BasicLifeSciences

ML PrimaryHealthCare MedicalResearch Clinical Medicine

MM History HumanSciences History,PhilosophyandReli-

gion

MQ History &PhilosophyofSci-

ence

HumanSciences History,PhilosophyandReli-

gion

MR HistoryofSocialSciences HumanSciences History,PhilosophyandReli-

gion

MU Horticulture AppliedBiology-Ecology BasicLifeSciences

MW Hospitality, Leisure,Sport &

Tourism

SocialSciences SociologyandAnthropology

MY Psychology,Developmental HumanSciences Psychology

NE Public,Environmental&OccupationalHealth
MedicalResearch

Clinicalmedicine
SocialSciences

NI Immunology MedicalResearch BiomedicalSciences

NM IndustrialRelations&Labor SocialSciences EconomicsandBusiness

NN InfectiousDiseases MedicalResearch Clinical Medicine

NQ Psychology,Applied HumanSciences Psychology
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Table3.98continuedfrompreviouspage

Catcode SubjectCategory Discipline OST Discipline NOWT

NS Nanoscience & Nanotechnol-

ogy

Chemistry Physicsand MaterialsScience

NU InformationScience&Library

Science

SocialSciences Informationand Communica-

tionSciences

OA Instruments & Instrumenta-

tion

PhysicalSciences InstrumentsandInstrumenta-

tion

OE InternationalRelations SocialSciences Political Science and Public

Administration

OI Integrative &Complementary

Medicine

MedicalResearch BiomedicalSciences

OM Law SocialSciences LawandCriminology

OO MedicalEthics MedicalResearch History,PhilosophyandReli-

gion

OP Medicine,Legal MedicalResearch LawandCriminology

OR AsianStudies HumanSciences Creative Arts, Culture and

Music

OT Linguistics HumanSciences LanguageandLinguistics

OU Limnology SciencesoftheUniverse Environmental Sciences and

Technology

OX LiteraryTheory&Criticism HumanSciences Literature

OY Language&Linguistics HumanSciences LanguageandLinguistics

OZ LiteraryReviews HumanSciences Literature

PA Literature HumanSciences Literature

PC Management SocialSciences ManagementandPlanning

PD Literature, African, Aus-

tralian,Canadian

HumanSciences Literature

PE Operations Research & Man-

agementScience

EngineeringSciences StatisticalSciences

PF Literature,American HumanSciences Literature

PG Literature,BritishIsles HumanSciences Literature

PH Literature, German, Dutch,

Scandinavian

HumanSciences Literature

PI Marine&FreshwaterBiology SciencesoftheUniverse BasicLifeSciences

PJ Materials Science, Paper &

Wood

Chemistry ChemistryandChemicalEngi-

neering

PK MaterialsScience,Ceramics Chemistry Physicsand MaterialsScience

PM MaterialsScience, Multidisci-

plinary

Chemistry Physicsand MaterialsScience

PN Mathematics,Applied Mathematics Mathematics

PO Mathematics,Interdisciplinary

Applications

Mathematics Mathematics

PQ Mathematics Mathematics Mathematics

PS SocialSciences, Mathematical

Methods

SocialSciences StatisticalSciences

PT MedicalInformatics BasicBiology Basic MedicalSciences

PU Mechanics EngineeringSciences Mechanical Engineering and

Aerospace
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Table3.98continuedfrompreviouspage

Catcode SubjectCategory Discipline OST Discipline NOWT

PW Medical Laboratory Technol-

ogy

BasicBiology BiomedicalSciences

PY Medicine,General&Internal MedicalResearch Clinical Medicine

PZ Metallurgy & Metallurgical

Engineering

EngineeringSciences Physicsand MaterialsScience

QA Medicine,Research&Experi-

mental

MedicalResearch BiomedicalSciences

QC Literature,Romance HumanSciences Literature

QD Literature,Slavic HumanSciences Literature

QE MaterialsScience, Biomateri-

als

BasicBiology Basic MedicalSciences

QF MaterialsScience,Characteri-

zation&Testing

Chemistry Physicsand MaterialsScience

QG MaterialsScience,Coatings&

Films

Chemistry Physicsand MaterialsScience

QH MaterialsScience,Composites Chemistry Physicsand MaterialsScience

QJ MaterialsScience,Textiles AppliedBiology-Ecology ChemistryandChemicalEngi-

neering

QK Medieval&RenaissanceStud-

ies

HumanSciences History,PhilosophyandReli-

gion

QL Logic EngineeringSciences Mathematics

QQ Meteorology & Atmospheric

Sciences

SciencesoftheUniverse EarthSciencesandTechnology

QU Microbiology BasicBiology BasicLifeSciences

RA Microscopy BasicBiology InstrumentsandInstrumenta-

tion

RB Robotics EngineeringSciences Electrical Engineering and

Telecommunication

RE Mineralogy SciencesoftheUniverse EarthSciencesandTechnology

RO MultidisciplinarySciences MultidisciplinaryCategory MultidisciplinaryJournals

RP Music HumanSciences Creative Arts, Culture and

Music

RQ Mycology AppliedBiology-Ecology BasicLifeSciences

RT ClinicalNeurology MedicalResearch Clinical Medicine

RU Neurosciences BasicBiology BiomedicalSciences

RX Neuroimaging BasicBiology BiomedicalSciences

RY NuclearScience&Technology EngineeringSciences EnergyandScience Technol-

ogy

RZ Nursing
MedicalResearch

HealthSciences
SocialSciences

SA Nutrition&Dietetics BasicBiology AgricultureandFoodScience

SD Obstetrics&Gynecology MedicalResearch Clinical Medicine

SI Oceanography SciencesoftheUniverse EarthSciencesandTechnology

SR RemoteSensing EngineeringSciences EarthSciencesandTechnology

SU Ophthalmology MedicalResearch Clinical Medicine

SY Optics PhysicalSciences Physicsand MaterialsScience

TA Ornithology AppliedBiology-Ecology BasicLifeSciences

TC Orthopedics MedicalResearch Clinical Medicine
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Table3.98continuedfrompreviouspage

Catcode SubjectCategory Discipline OST Discipline NOWT

TD Otorhinolaryngology MedicalResearch Clinical Medicine

TE Paleontology SciencesoftheUniverse EarthSciencesandTechnology

TI Parasitology BasicBiology Clinical Medicine

TM Pathology MedicalResearch Clinical Medicine

TQ Pediatrics MedicalResearch Clinical Medicine

TU Pharmacology&Pharmacy MedicalResearch BiomedicalSciences

UA Philosophy HumanSciences History,PhilosophyandReli-

gion

UB Physics,Applied PhysicalSciences Physicsand MaterialsScience

UE Imaging Science & Photo-

graphicTechnology

EngineeringSciences EarthSciencesandTechnology

UF Physics,Fluids&Plasmas PhysicalSciences Physicsand MaterialsScience

UH Physics,Atomic, Molecular&

Chemical

PhysicalSciences Physicsand MaterialsScience

UI Physics, Multidisciplinary PhysicalSciences Physicsand MaterialsScience

UK Physics,Condensed Matter PhysicalSciences Physicsand MaterialsScience

UM Physiology BasicBiology BiomedicalSciences

UN Physics,Nuclear PhysicalSciences Physicsand MaterialsScience

UP Physics,Particles&Fields PhysicalSciences Physicsand MaterialsScience

UQ Planning&Development SocialSciences ManagementandPlanning

UR Physics, Mathematical PhysicalSciences Physicsand MaterialsScience

UT Poetry HumanSciences Literature

UU PoliticalScience SocialSciences Political Science and Public

Administration

UY PolymerScience Chemistry ChemistryandChemicalEngi-

neering

VE Psychiatry
MedicalResearch

Clinicalmedicine
HumanSciences

VI Psychology BasicBiology Psychology

VJ Psychology, Multidisciplinary HumanSciences Psychology

VM PublicAdministration SocialSciences Political Science and Public

Administration

VP Psychology,Psychoanalysis HumanSciences Psychology

VS Psychology, Mathematical HumanSciences Psychology

VX Psychology,Experimental HumanSciences Psychology

VY Radiology,NuclearMedicine&

MedicalImaging

MedicalResearch BiomedicalSciences

WC Rehabilitation
MedicalResearch

HealthSciences
SocialSciences

WE RespiratorySystem MedicalResearch Clinical Medicine

WF ReproductiveBiology BasicBiology BasicLifeSciences

WH Rheumatology MedicalResearch Clinical Medicine

WM SocialIssues SocialSciences SocialandBehavioralSciences,

Interdisciplinary

WQ Psychology,Social HumanSciences Psychology

WU Social Sciences, Interdisci-

plinary

SocialSciences SocialandBehavioralSciences,

Interdisciplinary
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Table3.98continuedfrompreviouspage

Catcode SubjectCategory Discipline OST Discipline NOWT

WV SocialSciences,Biomedical SocialSciences SocialandBehavioralSciences,

Interdisciplinary

WY Social Work SocialSciences HealthSciences

XA Sociology SocialSciences SociologyandAnthropology

XE SoilScience AppliedBiology-Ecology AgricultureandFoodScience

XQ Spectroscopy PhysicalSciences ChemistryandChemicalEngi-

neering

XW SportSciences MedicalResearch HealthSciences

XY Statistics&Probability Mathematics StatisticalSciences

YA Surgery MedicalResearch Clinical Medicine

YE Telecommunications EngineeringSciences Electrical Engineering and

Telecommunication

YG Theater HumanSciences Creative Arts, Culture and

Music

YI Religion HumanSciences History,PhilosophyandReli-

gion

YO Toxicology MedicalResearch BiomedicalSciences

YP Transplantation MedicalResearch Clinical Medicine

YQ Transportation SocialSciences Electrical Engineering and

Telecommunication

YR Transportation Science &

Technology

EngineeringSciences Electrical Engineering and

Telecommunication

YU Tropical Medicine MedicalResearch Clinical Medicine

YY UrbanStudies SocialSciences Environmental Sciences and

Technology

ZA Urology&Nephrology MedicalResearch Clinical Medicine

ZC VeterinarySciences MedicalResearch Clinical Medicine

ZD PeripheralVascularDisease MedicalResearch Clinical Medicine

ZE Virology BasicBiology BiomedicalSciences

ZK Women’sStudies SocialSciences SociologyandAnthropology

ZM Zoology AppliedBiology-Ecology BasicLifeSciences

ZQ Mining& MineralProcessing EngineeringSciences EnergyandScience Technol-

ogy

ZR WaterResources SciencesoftheUniverse Environmental Sciences and

Technology

Table3.98:Tableofcorrespondancebetweendisciplinesfromthe WoS(252),OST(11)
andNOWT(35)classifications



GeneralConclusion

Thisthesisaimsatunderstandingtheincreasingcomplexityofresearchprojectsasoneof

thepossibleexplanationsforthefallinresearchers’productivityobservedoverdecades.

Wetheoreticallydefineanindicatorofcomplexityofresearchprojectsandshowamong

resultsthatthisindexnegativelyaffectsresearchproductivity. Toempiricallytestour

model,weconsideroneformofcomplexityofresearchprojects,calledinterdisciplinarity,

whichrequirestocombineskillsandeffortsfromdifferentacademicdisciplines. Given

thatourtheoreticalindexofcomplexitycontainsparameterswhichareunobservable,we

rewriteitwiththecontributionsofeachfieldofexpertisetotheproduction. Weshow

thatthisindicatorbelongstothefamilyofHilldiversityindexes,astandardmeasure

ofinterdisciplinarity. WetestourmodelonadatasetofpublicationsofFrenchauthors

andfindthatincreasinginterdisciplinaritydecreasestheimpactofpublications. Given

ourtheoreticalresults,thisprobablymeansthatinterdisciplinaritydepressestheresearch

productivity.Thenweconsideraworldwidedatabasetoobservethatinterdisciplinarity

isincreasingovertimeatanannualgrowthratecomprisedbetween1%and3.5%. We

linkthisobservationtotheestimatesofthedeclineofresearchproductivityfromBloom

etal.(2017)andprovidesomeexplanationsfortheincreaseofinterdisciplinarity.

Thisthesisalsoexploreshowcompetitionaffectstheresearchers’incentivestoexert

effort,andhowthistranslatestoscientificproduction.Increasingthenumberortheeffi-

ciencyofcompetitorsencouragesthemoreefficientteamstoexerteffortandraisestheir

production. Onthecontrary,thelessefficientonesdecreasetheireffortandoutputor

evennolongerparticipatetothecompetition.Sinceselectiveprocedureshavebeencon-

siderablydevelopedinScience,andthatresearchershavetofaceuncertaintyconcerning

theprizestructure,weproposeatheoreticalmodeltoaddressthisquestion. Weconsider

amultipleprizecontestwherethenumberofprizestobeawardedisuncertain. Wefind

thatwhateverthemechanismofselection,completeinformationmaximizestheeffortat

equilibrium.

Thisthesisopensnewperspectivesontherelationbetweencomplexityandresearch

productivity.Inthegeneralintroduction,wepresentsomeexampleswhereweobserve

219
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astrongdeclineinresearchproductivity. Wesuggesttocarryoutcasestudiestoseeif

forinstanceinventionstoincreasethenumberoftransistorsinmicroprocessorsrequire

spendingmoreandmoreeffortsindifferentdisciplines.Inarecentpaperdealingwith

theMoore’sLaw,Theisand Wong(2017)indicatethattheNationalScienceFoundation

(NSF)andtheSemiconductorResearchCorporationhaveannouncedanewmultidisci-

plinaryresearchprogram,called“EnergyEfficientComputing:fromDevicestoArchitec-

tures”(page48).Thesynopsysofthisprogramisthefollowing:

Thereisaconsensusacrossthemanyindustriestouchedbyourubiquitous

computinginfrastructurethatfutureperformanceimprovementsacrossthe

boardarenowseverelylimitedbytheamountofenergyittakestomanipulate,

store,andcritically,transportdata. Whilethelimitsandtradeoffsforthis

performance-energycrisisvaryacrossthefullrangeofapplicationplatforms,

theyhaveallreachedapointatwhichevolutionaryapproachestoaddressing

thischallengearenolongeradequate.

Trulydisruptivebreakthroughsarenowrequired,andnotjustfromanyone

segmentofthetechnologystack.Rather,duetothecomplexityofthechal-

lenges,revolutionarynewapproachesareneededateachlevelinthehierarchy.

Furthermore,simultaneousco-optimizationacrossalllevelsisessentialforthe

creationofnew,sustainablecomputingplatforms.

Thesesimultaneoustechnicalandorganizationalchallengeshaveneverbeen

ascomplexorascriticallyimportantastheyarenow.Theurgencyofsolving

themulti-disciplinarytechnicalchallengeswillrequirenewmethodsofcollab-

orationandorganizationamongresearchers.

Therefore,acomprehensiveandcollaborativeapproachmustbeundertaken

tomaximizethepotentialforsuccessfullyidentifyingandimplementingrev-

olutionarysolutionstobreakthroughthebottleneckofenergy-constrained

computationalperformance.Programmers,systemarchitects,circuitdesign-

ers,chipprocessingengineers,materialscientists,andcomputationalchemists

mustallexplorethesenewpathstogethertoco-designanoptimalsolution

path.

Clearly,researchprojectstoimprovethecomputers’performancesseemtobecome

moreandmorecomplexovertime. Wewouldliketoverifyifourindexofcomplexityis
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raisingandtowhichextentthiscouldexplainthedeclineofresearchproductivityinthis

sector.

Anotherextensionofthisthesisistoseeifthesamerelationholdsforotherformsof

researchoutput,likepatentsforinstance.Intheaffirmative,wewouldliketocalculatethe

differentindexesandtheirgrowthrateovertime,andtoseeiftheresultsarecomparable

totheoneswiththescientificpublications.

Inthisthesiswehavededucedanindexofcomplexityfromaparticularclassof

productionfunctions(constantelasticityofsubstitution). Wewouldliketoconsiderother

productionfunctionsinordertofindpotentiallyothercomplexityindexes. Moreoverwe

havefocusedononeparticularformofcomplexitycalledinterdisciplinarity,butthere

probablyexistsmanyothertypesofcomplexity.

Finally,iftheincreaseofcomplexityseemsinevitable,weneedtostudyhowtocon-

terbalancethenegativeeffectonresearchproductivity.Thisprobablyimpliestoimprove

theinteractionsbetweenresearcherscomingfromdifferentacademicdisciplines,andto

improvemanagementmethodstoavoidfree-ridingandcoordinationcostsinteams.
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Titre: Compétition,InterdisciplinaritéetÉquipesdanslaScience

Résumé:Cettethèseapourobjectifdecomprendrelacomplexitécroissantedespro-
jetsderecherchecommeunedesexplicationspossiblesdelabaissedeproductivitédes
chercheursobservéeaufildesdécennies. Nousconceptualisonsunprojetderecherche
commeuneidéeetuneéquipedechercheurs.Chaqueidéeestassociéeàunefonctionde
productiondeconnaissancesdonnéequenoussupposonsdelaformeCES.Lesfacteursde
productionsontleseffortsdessous-équipes,chacunedansundomained’expertisedistinct.
Nousmontronsthéoriquementqu’àl’équilibredujeu,laproductiond’uneéquipedépend
négativementd’unindicateursynthétiquequicaractérisesafonctiondeproductionde
connaissancesquenousappelons"complexité"(disciplinaire)duprojetderecherche.Bien
quecetindicateuretsescomposantsnesoientpasdirectementobservablesdanslesdon-
nées,nousmontronsqu’ilestliéàl’indicateurdeHilldescontributionsdesfacteursà
laproduction,unemesurestandarddel’interdisciplinarité.Celanousoffrel’occasionde
testerempiriquementlacomplexitécroissantedelarechercheaucoursdutempscomme
explicationdelabaissedeproductivitédeschercheurs. Nousconfirmonscesprévisions
surunjeudedonnéesoriginaldeprèsdequatrecentmilleprojetsderecherchesurla
période1999-2013.
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Title: Competition,InterdisciplinarityandTeamsinScience

Abstract: Thisthesisaimsatunderstandingtheincreasingcomplexityofresearch
projectsasoneofthepossibleexplanationsforthefallinresearchers’productivityob-
servedoverdecades. Weconceptualizearesearchprojectasanideaandateamofre-
searchers. Eachideaisassociatedtoagivenknowledgeproductionfunctionthatwe
supposeoftheCES-form.Productionfactorsaresub-teamefforts,eachoneinadistinct
fieldofexpertise. Wetheoreticallyshowthat,atequilibrium,teamoutcomedepends
negativelyonasyntheticindexwhichcharacterizesitsknowledgeproductionfunction
thatwecalldisciplinarycomplexityoftheresearchproject. Thoughthisindexandits
componentsaretypicallynotobservableinthedata,weshowthatitistiedtotheHill
indexoffactorcontributionstotheoutput,astandardinterdisciplinarymeasurementin
ourapplication.Thisoffersanopportunitytotestempiricallytheincreasingdisciplinary
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confirmthosepredictionsonanoriginaldatasetofnearlyfourhundredthousandresearch
projectsovertheperiod1999-2013.
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