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1 Introduction

Theextentto whichfirmsareableto capture,or appropriate,theprofitscreatedby their innova-
tionsis thoughtto bea key determinantof theamountof ResearchandDevelopment(R&D) they
do. Firmslosethe incentive to innovateif they areunableto capturethereturnson their innova-
tions,andmayperformR&D ata lessthansociallyoptimallevel. For this reason,for example,the
NationalInstituteof StandardsandTechnology’s (NIST) AdvancedTechnologyProgram(ATP)
investsin suchinnovations,andby cost-sharingresearchto fosternew, innovative technologies,
benefitstheU.S.economy(NIST 1998).

Uncompensatedor undercompensatedinformationflowing from innovatorsto rivals, called
spillovers,are a primary reasonfor the inability of a firm to appropriatethe returnsdue to its
own innovation. Informationspills over from onecompany to anotherthroughseveralchannels,
includingword-of-mouth,publications,commonsuppliers,joint ventures,customers,andpatents.
Theprofitscapturedby theinnovatingfirm maybereducedwhenagreateramountof information
spillsover from thatfirm to acompetingfirm.

Economistscall themechanismsthatfirmsusetoprotecttheprofitscreatedby theirinnovations
appropriabilitymechanisms(Cohen,1996).Themoststudiedappropriabilitymechanism,patents,
areintendedto lessentheeffectsof spilloversby giving thepatentingfirm monopolyrightsto their
innovation.However, patentsseemto beeffectiveonly in asmallnumberof industries(Mansfield
1986;Levin, Klovorick, Nelson,andWinter, 1987). Otherappropriabilitymechanismsinclude:
lead time (being first to the market with the new productor process),other legal mechanisms
suchasdesignregistrationandcopyrights, complementarysalesandservice,or manufacturing
facilities, andsecrecy. Thesemechanismsarealsonot expectedto have homogeneoussuccess
acrossindustries.

In this paperwe usetheresultsof the1994Carnegie Mellon Survey of IndustrialR&D in the
U.S. ManufacturingSector(CMS; Cohen,1996)to modelandexaminethe effectivenessof six
appropriabilitymechanismon productandprocessinnovationsin 72 U.S. industries.Thesurvey
questions,describedfurther in Section2, addresssubjectssuchasinformationflows, time until
competitorsimitate innovations,the amountof R&D focusedon productversusprocessinnova-
tions,andtheeffectivenessof variousappropriabilitymechanisms.R&D unit directorsfrom 1489
unitsrespondedto thesurvey, andself-reportedtheindustriesthey do work in. Our goal is to de-
terminehow well thevariousappropriabilitymechanismswork in protectingfirms’ profits;andto
determinehow theeffectivenessof theseappropriabilitymechanismsvariesacrossindustries,and
variesaccordingto thefocusof theR&D unit: productor processinnovations.

In Section3 we developa mixedeffectsgeneralizedlinearmodel(Stiratelli, Laird, andWare
1984)to help characterizethe responsesto the CMS survey questionson appropriabilitymech-
anisms.This classof statisticalmodelscontainsitem responsetheory(IRT; vander Lindenand
Hambleton,1996)modelswhich arecommonlyusedin educationaltesting.We adapta fixedef-
fectsgeneralizedlinearmodelto modelwithin respondentcrossquestiondependence.Thismodel
is similar to the Partial Credit Model (PCM; Masters1982) from IRT. Our modelallows us to
accommodateboththehierarchicalstructureof thedata(respondentscontainedin industries),and
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thepolytomousnatureof theresponses.

Knowledgeof betweenindustrydifferencesin theability to appropriateR&D profitsis impor-
tantto governmentalagenciessuchastheATP in decidingwhich companiesto helpwith thecost
of innovation.Theexistenceof industryeffectsin our modelestimationallows theATP to search
for industriesunableto capturethe profitsdueto their innovations,andhelp themsoR&D does
notfall below sociallyoptimallevels.In Section4,usingourstatisticalmodel,weinvestigatethree
hypotheses.We investigatewhetherindustriesdiffer in their ability to appropriatereturnscreated
by innovations.We investigatetheeffectivenessof eachmechanismrelative to theothers.Wealso
examinewhetherresponsebehavior is a functionof thefocus,productversusprocessinnovations,
of theR&D.

2 The 1994 Carnegie Mellon Survey of Industrial R&D in the
U.S. Manufacturing Sector

2.1 Overview

Our analysisof appropriabilitymechanismsusedin themanufacturingsectorrelieson a subsetof
questionsfrom The1994Carnegie Mellon Survey of IndustrialR&D in the U.S.Manufacturing
Sector(CMS; Cohen,1996).TheCMS builds on anearliersurvey of appropriabilityandtechno-
logical opportunityconditionsin theAmericanmanufacturingsectorby Levin, et al. (1987),and
contains63multi-partquestions.

The CMS wassentto 3240R&D unit directorsin the manufacturingsector. The sampling
framewasbuilt mostlyfrom theDirectoryof AmericanResearch& Technology. Thesamplewas
thenstratifiedinto 74 industrygroupssuchaspharmaceuticals,semiconductor, computer, steel,
or automobileindustries.Eachstratumwassampledsystematicallywith randomstartingpoints.
Thesamplingprocedureusedsamplingweightsto oversamplefrom smallerindustriesandFortune
500 companies,andundersamplefrom the larger industries.Thesamplingweightsrangedfrom
1.0, for industrieswith fewer than31 casesandFortune500companies,and0.24for the largest
industry, MeasuringandControllingDevices.

Therehasbeena long debateon therelevanceof samplingweightson statisticalmodelingin
surveys suchasthe CMS wheresamplingweightshave beenemployed. Whenlikelihood-based
approachesto inferenceareused,thereis evidencesuggestingthatusingthesamplingweightsis
“at bestirrelevant” (Fienberg, 1989). Our analysisconsistsof likelihood-basedmethods,andwe
thereforedid not incorporatethesamplingweightsinto themodel.

Survey responsesfrom 1489units,or 46%of thosesentout, werereturned.Eachrespondent
wasclassifiedinto oneof 77 industriesaccordingto what they identifiedastheir focusindustry
from theCMS.

A followupsurvey of thosethatdidnotrespondto theCMSwasalsoconducted.Analysisof the
non-responsesurvey foundthatmany of thenon-respondentswerein factnot in themanufacturing
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sector, andshouldnot have beenin thesamplingframe.Removing R&D unitsthatarenot in the
manufacturingsectorfrom thesampleincreasestheresponserateto 54%. Furtheranalysisof the
followupsurvey is ongoing.

Our analysisis basedon four questionsfrom the CMS, questions1, 32, 33, and46. For the
convenienceof thereaderwe list thefour questionsanddescribethescoringof theresponses.

Question 1: Pleaselist the main industryor industriesto which your R&D unit’s
activities apply. If you list morethanone,circle theonethat is theprincipalfocusof
yourR&D effort. Wewill referto this industryasyour focus industry.

If the respondentlisted morethanone,the circled industrywasthe industrythe respondentwas
classifiedin. Questions32 and33 assessthe effectivenessof six appropriabilitymechanismsin
protectingproductandprocessinnovations.

Questions 32 and 33: Duringthelastthreeyearsfor whatpercentof your innovations
wereeachof the following effective in protectingyour firm’s competitive advantage
for thoseinnovations?

0-10% 10-40% 41-60% 61-90% 91-100%

a. Secrecy 1 2 3 4 5
b. PatentProtection 1 2 3 4 5
c. OtherLegalMechanisms 1 2 3 4 5
d. BeingFirst to Market 1 2 3 4 5
e. Complementarysales/service 1 2 3 4 5
f. Complementarymanufacturing 1 2 3 4 5

Table1: Appropriability mechanismeffectivenessitem responsechoices.The itemswereasked
oncefor productinnovations(Question32),andoncefor processinnovations(Question33),pro-
ducing12survey responses.

Thequestionswereaskedoncefor product innovations (Question32),andoncefor process innova-
tions (Question33). Thepercentagestiedto eachscorelevelwereintendedto helprespondentsuse
thefull five-level Likertscalefor eachmechanism.Sinceit wasnot clearwhethertherespondents
would interpretthe percentagesas intended(percentof innovationsfor which eachmechanism
protectedthe firm’s competitive advantage),asopposedfor exampleto a subjective level of ef-
fectivenessfor thatfirm’s productor processinnovationsgenerally, theresponseswerecodedand
analyzedusingthefive ordinal levels1, 2, 3, 4, 5, insteadof thepercentages.In Section2.2 we
alsoexploretheextentto whichrespondentsdid usethepercentagecategory labelsasintended.

In theremainderof thepapertheresponsesto eachof thesequestionswill bereferredto asthe
effectivenessof thecorrespondingappropriabilitymechanismonproductsor processes.
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Figure1: Histogramof the distribution of responsesto question46(b), the percentageof R&D
focusingonnew or improvedproducts.

Question 46: Approximatelywhatpercentageof yourR&D effort focuseson:

a. New or improvedprocesses %
b. New or improvedproducts %
c. Other(specify) %

The responseto question46(b) wasusedasa covariateto help explain differencesin effec-
tivenessof appropriabilitymechanismsfor productsversusprocessesin our formal analyses.The
distributionof responsesto question46(b)appearsin Figure1.

Theresponsesto thesefour questionswereusedfor this analysis.After removing therespon-
dentswholeft any oneof thefour questionsblank,andthosewhocomefrom industrieswith fewer
thanthreeobservationsthereremain1026responses,classifiedinto 72 industries.

2.2 Exploratory Analysis

2.2.1 Exploration of the percentage category weights

Recallfrom Section2.1 thatrespondentswereaskedin CMS questions32 and33 to respond“for
what percentof your innovationswereeachof the following effective in protectingyour firm’s
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Figure2: Thecomparisonof percentof innovationspatentedto thepercentof innovationsonwhich
patentswereeffective.
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competitive advantagefor thoseinnovations?” for eachof thesix mechanisms,oncefor product
innovations,and againfor processinnovations. It turns out that for one of thesemechanisms,
patents,respondentswerealsoaskedin CMSquestion36 to write in the“approximatepercent”of
processandproductinnovationsthefirm appliedpatentsfor. Comparingthewordingof questions
32 and33 with thewordingof question36 on theCMS questionnaire,we seethat if respondents
are(a)calibratingtheirresponsesto agreewith thepercentagerangecategorylabelsin Table1,and
(b) respondingto thesepatenteffectivenessquestionsasif they cover all possibleusesof patents,
thentheresponsesto questions32and33 (for whatpercentof process[resp.product]innovations
werepatentseffective)shouldneverbegreaterthanthecorrespondingresponseto question36(for
whatpercentof process[resp.product]innovationswerepatentsappliedfor).

In Figure2 we have plottedfor eachrespondingR&D unit their responseto question36 (per-
centappliedfor) onthehorizontalaxisandtheirresponsestoquestion32(33)(percenteffective)on
theverticalaxis.Thesquaresalongthe45

�
-line representthepercentageintervalsusedin question

32 and33, within which it is impossibleto tell whetherthe reportedpercenteffective (questions
32and33) is higheror lower thanthereportedpercentappliedfor (question36). Outsideof these
squares,if respondentsarecalibratingtheiranswersto agreewith thepercentageintervalsin Table
1, andassumingthequestioncoversall possibleusesof patents,wewouldexpectto seenopoints
above the45

�
line. Clearly, this expectationfails. Either therespondentsarenot calibratingtheir

answersto thegivenpercentageintervals,or they areusingpatentsfor purposesotherthanprotect-
ing thecompetitiveadvantagefor thepatentedinnovationsandonly considerpatentsusedfor this
purposewhenrespondingto thepatenteffectivenessquestions.

A plausible,lessliteral readingof question32 (33) is alongthe linesof “for whatpercentof
the innovationson which [eg. patents]wereusedto protectcompetitive advantagewerethey ef-
fective in protectingyour firm’s competitive advantagefor thoseinnovations?”,i.e. effectiveness
conditionalonuse,ratherthaneffectivenessasanoutcomesubordinateto total use.Theresponse
behavior in Figure 2 would be consistentwith this “conditional” readingof question32 (33).
Compoundingthedifficulty of interpretingtheresultof Figure2 is the fact that,unlike theother
appropriabilitymechanisms,patentsareoftenusedfor reasonsotherthanfor protectingcompeti-
tive advantage—forexample,firms maypatentinnovationsto rewardor measureR&D personnel
performance,or for usein broadcross-licensingnegotiations(i.e. patentswapping).If respondents
tacitly excludedtheseotherusesof patentsbeforeansweringquestion32 (33), they couldbecal-
ibratingtheir answersto thepercentageintervals labelingeachresponsecategory in Table1, and
yetpercentagesfor question32 (33)couldexceedthoseof question36.

Thus, the resultsof Figure2 castsomedoubt on the assumptionthat respondentsare both
calibratingtheir responsesto the percentageintervals labelingeachresponsecategory aswell as
consideringall usesof patents.However thesetwo sourcesof error cannotbe separatedin this
study, andthepreviousparagraphgivesseveralreasonsthattheseconderroris at leastasplausible
asthefirst. As a matterof caution,andto simplify thestatisticalmodelingproblem,we proceed
in the restof the paperto ignorethe percentageinterval labelsandmodelthe responsesto each
questionasdiscreteordinalLikertscaleresponses.In futurework it wouldbeinterestingto further
testandcomparethe purelyordinal approachwe take, versusthe partially censoredcontinuous-
responseapproachthatis suggestedby thepercentageinterval categoryweights.
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2.2.2 Graphical Analysis

Graphicaland exploratory analysesreveal apparentheterogeneityin the responsebehaviors in
differentindustries.For examplein Figures3, 4, and5, histogramsof the countsof R&D units
respondingin eachresponsecategorytoeachof theappropriabilitymechanismquestionshavebeen
plotted,for eachof the72 industries.Hereboththenumberof respondentsfrom eachindustryand
theresponsebehavior of therespondentsin thatindustrycanbeexamined.

In Figure3 we noticethat thenumberof respondentsfrom eachindustrierangefrom threein
panels7, 10, 29, 34, 40, to 62 in MedicalInstruments(panel70). Also in thesefigureswe notice
thatsecrecy appearsto work equallywell for processandproductinnovations,in contrastto what
we seein patents,whererespondentsscoretheeffectivenessof patentshigheron productinnova-
tions thanthey do for processinnovations. Theoppositeappearsto be the casefor leadtime, in
Figure5, whereleadtime appearsmuchmoreeffective for processinnovationsthanfor product
innovations. Finally, we canexaminethe varyingeffectivenessof the mechanismsacrossindus-
tries,andwithin industries.For examplein theplotsfor theproductpatentsquestions,in Figure4,
it appearsthatMedical Instrumentcompanieshave a tendency to scorein highercategoriesthan
theaverageindustry. If we compareto CommunicationsEquipment(panel60), it appearsthata
respondenttakenfrom themedicalinstrumentindustryis likely to scorehigherthana respondent
from thecommunicationsindustry.

2.2.3 Factor Analyses

To examinethe within-subjectbetween-questiondependence,anexploratoryfactoranalysiswas
doneonthe12appropriabilitymechanismitems.Thefactoranalysiswasdoneusingtwo methods.
Thefirst methodassumesthattheitemresponsesarecontinuouswith valuesin therange(1,.. . ,5),
while thesecondmethodusesthefactthattheresponsesareordinal.

Assumingthe12 responsesfrom theappropriabilityquestionswerecontinuous,a factoranal-
ysis (Mardia, Kent, andBibby, 1979)wasdoneusingthe Splus(StatisticalScienceInc., 1993)
function factanal . Letting

���	� 

be the item responseto question� by respondent� , 
�� be the

unobservablefactor, ��� be the loadingmatrix, � be themeanvector, and � be the residualeffect
wehave: ���	� 
�� ���� 
������ 
 ��� (1)


���� MVN  "!�#%$'&
Thepercentof variancein

�
explainedby 
 increasesonly from 49%to 52%whenthenum-

ber of factorsincreasesfrom threeto four; while increasingfrom two to threefactorsincreases
theamountof varianceexplainedby 11%;seeFigure6. For this reason,we will assumethepres-
enceof threelatentfactors.Thevarimaxrotatedloadingsappearin Table3. The italic entriesin
Table3 correspondto loadingswhich aregreaterthan0.4. Notice that thesamemechanismsfor
processandproductinnovationsload highly on the samefactor, andthatpatentsandotherlegal
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Figure4: Legalmechanismseffectivenessonproductsandprocesses.
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Figure5: ComplementaryandLeadTimemechanismsonproductsandprocesses.
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mechanismsloadhighonthesamefactor, andthatcomplementaryandleadtimemechanismsload
high on thefirst factor. This standardfactoranalysissuggeststhreefactors,onecorrespondingto
complementarymechanisms,onecorrespondingto legal mechanisms,anda third corresponding
to secrecy.
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Figure6: Cumulative varianceexplainedby 2, 3, 4, and5 factorfactoranalysesof the12 appro-
priability mechanismitems.

Factor1 Factor2 Factor3
SSloadings 2.7447197 1.9103095 1.2514021

ProportionVar 0.2287266 0.1591925 0.1042835
CumulativeVar 0.2287266 0.3879191 0.4922026

Table2: Varianceexplainedby threefactorfactoranalysisof questions32and33.

Standardfactoranalysisignoresthediscretenatureof thedata. Full-informationfactoranal-
ysis (Muraki andCarlson1995)fits a factoranalyticmodelto discreteordinal data. Estimation
of the full-information factor analysismodelwas carriedout using Muraki’s software package
POLYFACT. Usingthis softwarewe find similar loadingsto thosefoundusingtheSplusfunction
factanal . Thevarimaxrotatedloadingsarein Table4, with loadingsgreaterthan0.2italicized.

Thegoalof thesepreliminaryfactoranalysesof the12questionsontheeffectivenessof appro-
priability mechanismswasto examinethedependencestructureof thequestions,asaguidein our
moredetailedmodelingin Section3 below. Both the continuous-dataanddiscrete/ordinal-data
factoranalysesindicatethat thereare threefairly well-definedgroupsof appropriabilitymech-
anisms:secrecy mechanisms;legal mechanisms;andcomplementarycapabilitiesandleadtime
mechanisms.
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QuestionDescription Factor1 Factor2 Factor3
32a–ProductSecrecy 0.128 0.047 0.777
32b–ProductPatents -0.047 0.656 0.079
32c–ProductOtherLegal 0.223 0.608 0.116
32d–ProductLeadTime 0.423 0.167 0.264
32e–ProductComplementarySales 0.704 0.026 0.032
32f–ProductComplementaryManf. 0.752 0.033 0.072
33a–ProcessSecrecy 0.119 0.172 0.690
33b–ProcessPatents 0.051 0.729 0.077
33c–ProcessOtherLegal 0.275 0.648 0.073
33d–ProcessLeadTime 0.514 0.258 0.225
33e–ProcessComplementarySales 0.759 0.142 0.066
33f–ProcessComplementaryManf. 0.710 0.101 0.103

Table3: VarimaxrotatedloadingsusingtheS-plusfunctionfactanal .

Two aspectsof thefactorloadingsin Table3, from thecontinuous-datafactoranalysis,andTa-
ble4, from thediscrete-datafactoranaylsis,deservespecialmention.First, leadtimemechanisms
(questions32d and33d) do not load well on any factorin eitherthree-factormodel. To explore
whetherleadtime mechanismsshouldbe consideredon a separatedimension,we reviewed the
four-factormodels.However, the fourth factorin bothmodelsis essentiallya bipolar factorcon-
trastingproductandprocessquestions,unrealtedto leadtime. Re-examiningFigure5, it seems
that the reasonfor the weak leadtime loadingsis that thereis little variability in the responses
to thesetwo survey items. However, becauseof its conceptualrelationto othercomplementary
capabilitiesweretainedthelead-timeitemsin ourdetailedanalysesin Sections3 and4 below.

Second,nearly all of the discrete-datafactor loadingsin Table 4 are smaller in magnitude
than the correspondingcontinuous-dataloadingsin Table 3. Differencesin discrete-dataand
continuous-datafactor modelsare not unusual—indeedthe effect of estimatinga continuous-
datafactormodelon datathat shouldbe analyzedwith a discrete-datafactormodel is that the
continuous-datamodelusuallycontainsanextra factor(HambletonandRovinelli 1986).Thefact
that,despitetheattenuatedloadings,bothmodelsin thiscaseindicatethreefactorssuggestsafairly
strongthree-factorstructurethatis notparticularlysensitivetowhetherwemodeltheobserveddata
ascontinuousor discrete.

Nevertheless,thefirst factorseemslesswell-definedin thediscrete-datafactormodel. In par-
ticular, other legal mechanismsto protectprocessinnovations(question33c) looks asthoughit
hasa marginally strongloadingon Factor1 (complementarycapabilitiesandleadtimes)aswell
asa clearloadingon Factor2 (patentsandotherlegal mechanisms).With weaker loadingsover-
all in thediscrete-datamodel,it is not surprisingthatoneor morefactorswould bemorepoorly
defined.Giventheoverall strengthof thethree-factormodelwe have identified,andour a-priori
beliefthatlegalmechanismsshouldbemorecloselyrelatedto patentsthanto complementarysales
andmanufacturingcapabilities,we have kept the legal mechanismswith patentsin Factor2, and

12



kept complementarycapabilitiesandleadtime mechanismstogetherin Factor1, in our detailed
analysesbelow.

In Table 5 we summarizethe resultsfrom thesetwo exploratory factor analyses.We also
indicatesomeindexing notationthat will be useful in developingour generalmodel in the next
section:� indexestheR&D unit, � indexestheitem,or appropriabilitymechanism,and ; indexes
thefactor, or mechanismgroup.

Question Factor1 Factor2 Factor3
32a–ProductSecrecy 0.112 0.044 0.678
32b–ProductPatents -0.048 0.565 0.070
32c–ProductOtherLegal 0.177 0.428 0.109
32d–ProductLeadTime 0.234 0.100 0.151
32e–ProductComplementarySales 0.564 0.006 0.042
32f–ProductComplementaryManf. 0.668 0.028 0.066
33a–ProcessSecrecy 0.092 0.162 0.534
33b-ProcessPatents 0.049 0.709 0.084
33c–ProcessOtherLegal 0.290 0.567 0.072
33d–ProcessLeadTime 0.314 0.161 0.127
33e-ProcessComplementarySales 0.679 0.116 0.060
33f-ProcessComplementaryManf. 0.569 0.102 0.071

Table4: Varimaxrotatedloadingsof the appropriabilitymechanismsitems,usingPOLYFACT
(Maraki,1997).

3 Hierarchical model for ranking industries

In this sectionwe describethe model,fitting, andhypothesistestingprocedurewe usedfor the
mainpartof this study. Thereaderuninterestedin theoreticaldetailsmayskip to Section4 after
browsingthroughSection3.1.

3.1 Model Description

R&D units’ responseson theeffectivenessof thetwelveappropriabilitymechanismsareexpected
to be affectedby the industry in which the respondentdoesresearch;seeFigures3, 4, and 5.
Patentsfor examplearebelievedto havegreatersuccessin chemicalindustries.Also noticeablein
Figures3,4,and5 is thatresponsesvaryaccordingto themechanismof interest.Theresponsesare
alsobelievedto beafunctionof theproportionof R&D effort focusedondevelopingnew products
versusnew processes.Onewould not expecta company that performsonly limited researchin
processinnovationsto ratetheeffectivenessof themechanismson processesin thesameway as
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ComplementaryCapabilities
Secrecy Legal &

LeadTime

Product Secrecy � �=<
Patents � �?>

Comp.Man. � �A@
OtherLegal � �CB

Comp.Sales/Service � �CD
LeadTime � �FE

Process Secrecy � �?G
Patents � �CH

Comp.Man � �=< !
OtherLegal � �CI

Comp.Sales/Service � �=<J<
LeadTime � �=<K>; 
 1 2 3

MechanismGroupLNM
2 4 6

Total

Table5: Summaryof factoranalysesof theappropriabilitymechanismeffectivenessitems.

it would the mechanismson productinnovations. Theseconsiderationsmotivateour statistical
model.

Let
���	� 


betheresponseof respondent� to the �JOQP survey question( � �=< #SRSRTRU#WVYXZ� �[< #SRSRSRU# L ),
andlet \ � betheproportionof R&D effort company � focusesonproductinnovations.Also define] 
_^ =Pr̀ Responsein category a on �JOQP questionb , a �=< #SRSRTRU#Wc . Wewill modeltheeffectsof these
variableson thesurvey responsesby regressingthelog oddsratio of adjacentresponsecategories
on thesevariables:

log

d ] 
%ef^Wgihkj] 
_^ l � mon_p ��q 
  r\ ��s \o& s�ti
uswvx
y� ^ (2)

for a � < #TRSRSRz#Wc s{< X|� � < #SRSRTRU# L , where } �~� < #SRSRTRU# Gx> is the focus industryR&D unit �
performsR&D in, and \ is theaverageproportionof R&D effort onproductinnovationsacrossall
industriesandR&D units. In thedataconsideredhere,N=1026,Q=12,andK=5.

Becausewe have settheconstraint���u� h^W�ih v�
_� ^~� ! for all � , t�
 representsthe point at which
a respondentwho satisfies

min�p �Fq 
  �\ ��s \o&��� � #T��& ti
 hasa greater(equal,lesser)chanceof
respondingin category c versuscategory 1; seeFigure 7. Similarly, a respondentsatisfyingmon_p �Aq 
  r\ ��s \i&��� � #S��& t�
 � vx
y� ^

will have a greater(equal,lesser)chanceof respondingin
category a�� <

versusa .
While bothstandardfactoranalysisandfull-informationfactoranalysisdonewith POLYFACT

capturethewithin respondentacrossmechanismdependence,neitherallows us to usethehierar-
chical or clusteredstructureof the dataaswe have doneEquation(2). Also, Equation(2) may
not explain enoughof thewithin respondentacrossmechanismdependencethroughthe variable\ ��s \ .

To capturethewithin respondentacrossquestiondependencestructure,andhierarchicalstruc-
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Figure7: An exampleof itemresponseprobabilities(verticalaxis)asthey areaffectedby industry
meanandproportionof R&D effort focusedon productinnovations(horizontalaxis).

t � v�^
is

thepoint at which responsea�� <
becomesmorelikely thenresponsea . For eachsurvey item thev�^

sumto zero.
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ture,we now adaptthemodelin Equation(2) to a modelthatis similar to anitem responsetheory
modelusedin educationaltesting,known asthePartial CreditModel (PCM; Masters,1982):We
addarandomintercept,� � , for eachrespondentin Equation(2). Usingtheinformationlearnedfrom
theearlierfactoranalysesandto simplify analysis,thequestionswill besplit into threemechanism
groups(secrecy, legal,andcomplementarycapabilitiesandleadtime),andanalyzedseparately.

Ourexpandedmodelis:

� For secrecy mechanisms(� �=< # G ),
log

d�� 
_� ^Wgih  "� �	��h &� 
_� ^  k� �	��h & l � � �	��h�s�ti
us v�
_� ^ �¡q 
  r\ �is \i&
� For legalmechanisms(� �C> # B # H # I ),

log

d�� 
_� ^Wgih  "� �	� � &� 
_� ^  k� �	� � & l � � �	� � s�ti
us v�
_� ^ �¡q 
  r\ �is \i&
� For complementaryandleadtimemechanisms(� �F@ # D # E # < !¢# <J< # <£> ),

log

d�� 
_� ^Wgih  "� �	� � &� 
_� ^  k� �	� � & l � � �	� � s�ti
us v�
_� ^ �¡q 
  r\ �is \i&

¤ ¥¥¥¥¥¥¥¥¥¥¥¥¥¥¥¥¥¥¥¥¥¥¥¥¥¥¥¥¥¥¥¥¦¥¥¥¥¥¥¥¥¥¥¥¥¥¥¥¥¥¥¥¥¥¥¥¥¥¥¥¥¥¥¥¥§

(3)

Here � �¨� Mª© is therandomeffect for R&D unit � , andmechanismgroup ; . If c =2, this is a linear
logistic reparameterizationof theRaschModel (vanderLindenandHambleton,1996).To model
industryeffects(respondent� is in industry } � ) wewill allow themeanof thelatentdistribution to
dependon industry( � �	� Mª© �«Vw min�p¬� Mo© #®­ �Mª© & ). Analogousto our discussionof model2 theR&D
unit satisfying� �	� Mo© � q 
  r\ �¯s \o&°�[ � #S��& t�
 hasagreater(equal,lesser)chanceof respondingin
category c versuscategory 1 on mechanism� , andsimilarly for theothercategory relationships;
seeagainFigure7.

Let usalsodefine

log

d � 
_� ^±gih  k� �¨� Mª© &� 
_� ^  k� �¨� Mª© & l � ²³
_� ^  k� �¨� Mª© &
� �´< # > #SRSRSRz#WVYXZ� �´< # > #SRSRTRU# L Xµa �¶< #TRSRSRz#Wc s?<

For themodelin Equation(3) we have the
following likelihood(to simplify notationwewill let · denotethevectorof all modelparameters).

L( ¸ ; · )
� ¹º�Q�ih�»º
®�ih exp  k��¼ p¾½ ©^W�ih ²³
_� ^  k� �	� Mo© &�&

exp  � �¿ �ih � ¿^W�ih ²³
_� ^  k� �	� Mo© &�& (4)

For the CMS we have V =1026responsesfrom R&D unit directorson
L

=12 questionsfrom
the CMS. Eachunit is classifiedinto oneof 72 industries.Referringbackto Section2.1 we see
thatfor eachquestioneachR&D unit respondsto oneof c =5 categories.
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3.2 Model Fitting

To estimateparametersin variousversionsof the model in Equation(3) we usedtwo different
approaches.

The marginal maximumlikelihoodmethodimplementedin CONQUEST (Wu, Adams,and
Wilson, 1997)usesanE-M algorithmthat treatsthe � �	� Mo© ascensoredor missingdata,andallows
relatively fastfits evenfor the full 3-dimensionalmodelspecifiedin 3, but theconstraintq 
ÁÀ !
is necessary. We usedCONQUESTto confirmthefactorstructurediscoveredin our exploratory
analysesin Section2.2andto checkthatcorrelationsbetween� �¨��h #�� �	� � #�� �	� � werenot large.

It wasdifficult to fit the full latent regressionof innovation effort, estimatingq 
 asfree pa-
rameters,in CONQUEST. Also, certainmodelcomparisonsdetailedbelow werenoteasyto make
usingtheasymptoticlikelihoodratio chi-squaredframework. Thereforea final modelfitting was
donein a fully Bayesianformulationof the model in Equation(3), usingMarkov chainMonte
Carlomethodswith theprogramBUGS(BayesianInferenceUsingGibbsSampling;Spiegelhal-
ter, Thomas,Best,andGilks, 1996). Separateone-dimensionalmodelsof the form 3 werefitted
for eachappropriabilityindex � �	��h #u� �	� � #u� �	� � becauseBUGSslows considerablywhenthenumber
of parametersgrowswithin amodel.

AppendixA containstheCONQUESTandBUGSmodelfiles for fitting Equation(3).

3.3 Model Checks

In orderto checkthevalidity of model(3), wechooseateststatisticÂÁ "Ã�& andcalculatethep-value
for somefixed valueof the modelparameter· . If the p-valuefalls below somepredetermined
thresholdwedeterminethemodeldoesnotfit theobserveddatasufficiently well.

For the PCM we have usedhere,two statisticsoften usedare the unweighted,“outfit” and
weighted,“infit” meansquarestatistics(Masters,1997)becausethey focusattentionondiagnosing
misfit of particularitems.Wewill usetheoutfit statisticfor checkingourmodel.

Outfit for Question� : Â 
  "Ã³ÄÅ·°& � ¹Æ�Q�ih  "Ã �	� 
us�Ç'�	� 
 & �VÉÈ �¨� 
 # (5)

whereÃ �	� 
 is respondent� ’s responseto question� , Ç'�	� 
 is theexpectedvalueof
���¨� 


conditionalon
theparametervector· �  "� h|��h #SRSRSRU#W� ¹ ��h #±� h|� � #SRSRSRU#W� ¹ � � #W� h|� � #TRSRSRz#W� ¹ � � # tÊh #SRSRTRT# t » #±q h #TRSRSRT#®q » # v�h|h #SRSRSRz# v » � &%#
and È �	� 
 is thevarianceof of

���	� 

alsoconditionalon · .

Theoutfit statisticÂ �  "Ã³ÄÅ·Ë& will alsobeconditionalonthenuisanceparametervector · through
the expectedvalueandthe variance. If we cancalculatethe posteriordistribution of our model
parametervector · , thenwe mayfind theposterior predictive p-value (Gelman,Meng,andStern
1996): theposteriorpredictive p-valueis theexpectedvalueof theclassicalp-valueover thepos-
teriordistributionof theparametervectorgiventhemodel Ì andtheobserveddataÃ .
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Mechanism on Products Processes

Secrecy 0.200 0.076
Patents 0.000 0.838
Otherlegal 0.289 0.993
Leadtime 0.000 0.018
Comp.sales 0.371 0.998
Comp.manf. 0.974 0.745

Table6: Posteriorpredictivep-valuesfoundusingtheoutfit statisticfor eachsurvey question.Full
model3 wasfit separatelywithin eachlatentappropriabilityindex asindicatedby thegroupings.
SeealsoTables1, and5 for additionaldetails.

We canapproximatethe posteriorpredictive p-valuewill be approximatedby comparingthe
observedvaluesof the teststatistic Â �  "Ã³ÄÅ·°& to valuesof the teststatisticfor datasimulatedfrom
themodelat all valuesof theMCMC sampleproducedby BUGS.Let Í�ÎÏÐ#SRSRSRU#®Í�ÎÑ bedatasimu-
latedfrom themodelwith correspondingparameters· ÏÐÒÔÓÕÓÔÓÔÒ ·°Ö takenfrom theMarkov Chain
generatedby BUGS.Thenwe may estimatethe posteriorpredictive p-valuefor the fit of the � OQP
itemas ] × Ø `�Ù�ÚÛÂ �  rÍÜÄÝ·°ÞU&°�ßÂ �  �Í Îà ÄÅ·°ÞU&zXÊÙ �á< #TRSRSRT#Wâábâ R
If thisvalueis small(lessthan0.05,say),thenthereis reasonfor concernaboutthefit of ourmodel
to thatparticularquestion.

In Figures8 and 9 we have plottedthesimulatedversusobservedvaluesof theoutfit statistic
for thetwelve mechanismquestionssothemodelscanbevisually checked. Plottedpointsbelow
the diagonalline contribute to the posteriorpredictive p-value. For numericalexaminationof
the modelwe look to Table 6 wheretherearethe computedp-valuesfound usingthe posterior
predictiveprocedure.

Examiningthe plots andthe calculatedp-values,the responsesto the survey questionscon-
cerningproductpatentsareproblematic.It is not clearwhy themodeldoesnot fit thismechanism
very well. Theothertwo problematicsurvey questionsarethetwo concerningleadtime for both
processandproductinnovations. The fact that the modeldoesnot work well with thesesurvey
questionsis not a completesurprise.Examiningagaintherotatedfactorloadingsin Section2.2.3
producedusingPOLYFACT, we find that the leadtime mechanismsdo not load nearlyashigh
asthe otherfour mechanismsin this group,andhenceit is possiblethat leadtime shouldnot be
includedin thismechanismgroup.

3.4 Hypothesis Testing

To testfor industryeffects,mechanismeffects,andtheeffect of theamountof R&D focusedon
productversusprocessinnovations,wehaveanestedhypothesistestingproblem.Eachof thethree
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Figure8: Posteriorpredictive plotsusingtheoutfit statisticfor eachsurvey question(p-valuesis
proportionof scatterplot below the

@ÔD �
line. Full modelin Equation(3) wasfit separatelywithin

eachmechanismgroup.Theseplotsarefor Secrecy andLegalmechanismsurvey questions.
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Figure9: Posteriorpredictive plots usingthe outfit statisticfor eachsurvey question(p-valueis
proportionof scatterplot below the

@ÔD �
line. Full modelin Equation(3) wasfit separatelywithin

eachmechanismgroup.Theseplotsarefor ComplementaryandLeadTimemechanisms.
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effectswill betestedfor eachof thethreemechanismgroups(secrecy, legal, andcomplementary
capabilitiesandleadtime). Recallfrom Equation(3) that

monW� M
is themeanof therandomeffectof

afirm performingprimarily in industry } for mechanismgroup ; ;
t�


is themechanismparameter
for mechanism� , wherethereare

LNM
mechanismsin group ; ; and q 
 is thelatentslopeparameter

for mechanism� . Our threehypothesesfor eachmechanismgrouparethen(seeEquation(2) and
Equation(3) for definitionsof parameters):

1. Mechanismeffects:H
h Ú tÊhµ�áæ£æ£æÔ�Ft »�ç � ! v. A � Ú t³�uè�Ct�


for some� è� �
2. Producteffort effects:H � ÚÕq h��=æ£æ£æJ� q » ç � ! v. A � ÚÕq �°è� ! for some� .
3. Industryeffects:H � Ú m�h��=æ£æ£æÕ�Fmªé � � ! v. A

h Ú mo�uè�êm�

for some� è� �

A commonprocedurefor testingnestedhypotheseslike theseis to uselikelihoodratio tests
(LRT). For the PCM, it hasbeenfound that theLRT follows anasymptoticë � distribution (Wu,
Adams,andWilson 1997). However, we cannotbesurethat our samplesizeis large enoughto
compareour LRT to a ë � distribution for our hypothesistests. If we insteaduseestimatesof
theposteriordistributionsgeneratedby BUGS, we canuseBayesfactors(BF; KassandRaftery,
1995),a Bayesiananalogueof LRT whosedistribution we may estimatedirectly. If we assume,
for each ì , that the prior probabilitiesfor models Ì O and í O are equal,we have a formula for
the BF similar to that of the commonLRT. The differenceis that we now integrateL( ¸ ; · ) over
theposteriordistribution of theparametervector · insteadof takingthesupremumover thenull
hypothesisspace,or thesupremumoverunionof thenull hypothesisandalternative.

UsingtheMarkov chainsimulationsfromBUGS,weapproximatePr̀ÐîÔïÕì_ïªÄ í O b andPr̀ÐîÔïÕì_ïªÄ Ì O b
with theharmonicmean(KassandRaftery, 1995)of thelikelihoodfor modelsí O and Ì O . To test
thehypotheseswethencompareourestimatedBF to theguidelinesfor evidenceagainstmodel Ì O
describedby KassandRaftery(1995).Theresultsof thesetestswill bedescribedin Sections4.1
and4.2below.

BF 2ln ` BF b Evidenceagainstthenull hypothesis
1-3 0-2 Not worthmorethanabaremention
3-20 2-6 Positive
20-150 6-10 Strong� 150 � 10 VeryStrong

Table7: Cutoffs for interpretingBayesFactors,(KassandRaftery, 1995).
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4 Results

4.1 Comparing the effectiveness of the mechanisms

Recallfrom Section3.1thatthequestionparameter
ti


is thethresholdfor therandomeffect � �	� Mª© ,
above which respondent� is more likely to answerin the highestcategory than they are in the
lowestcategory. It canalsobeinterpretedastheaverageof therandomeffect thresholdsat which
scoringin category a is morelikely thanscoringin a s?<

. Thus
t�


is a measureof mechanism
ineffectiveness:thehigher

ti

, the lesslikely a R&D unit will respondin a high category on item� .

Using the BayesFactorprocedurediscussedin 3.4 we testfor the presenceof differencesin
the effectivenessof the mechanisms.The null hypothesis,Ì h , is that the twelve appropriability
mechanismsareequally ineffective. We test this hypothesisagainstthe alternative that at least
oneof themechanismsis eithermoreor lesseffective. Thesehypothesesweretestedseparately
within eachmechanismgroup. Questionsconcerningtheeffectivenessof legal mechanisms,and
complementary/leadtimemechanismsexhibit strongevidencethatthereexistsdifferencesin these
mechanisms(2ln ` BF b =516(legal),484(comp./leadtime)). However thereis only slightevidence
of this in secrecy mechanisms(2ln ` BFb =3.8).

Table8 summarizesthe posteriormediansand95% equal-tailedintervals for mechanismin-
effectiveness.It appearsthat R&D units usesecrecy asan appropriabilitymechanismmoreef-
fectively thantheothertwo groups(legal, complementaryandleadtime), andlegal mechanisms
are the leasteffective. It is also noteworthy that the effectivenessof secrecy on productinno-
vationsdoesnot greatly differ from the effectivenessof secrecy on processinnovations. This
washighlightedabove usingBayesfactorswherewe found only slight evidenceof differences,
2ln ` BF b =3.8,in theeffectivenessof secrecy on productv. processinnovations.Thefact that the
secrecy estimatesarecloseto zeroindicatesthatanaveragerespondentfrom anaverageindustry
is equallylikely to respondin thehighestor the lowesteffectivenesscategory; for the othertwo
mechanismgroupstheaverageR&D unit is morelikely to scorein the lowestresponsecategory
thanit is to scorein thehighestresponsecategory. In all casesbut leadtime, theseappropriabil-
ity mechanismsappearto bemoreeffective with productinnovationsthanthey arewith process
innovations. This resultmay have arisenbecausethe majority of innovationsdoneareproduct
innovations.

Thepointestimatesin Table8 canalsobeusedto rankthesix differentmechanismsontheiref-
fectivenessto captureprofitscreatedby innovativeefforts: secrecy is consideredby theresponding
R&D units to be themosteffective of theappropriabilitymechanisms,followedby complemen-
tary manufacturing,leadtime,complementarysales,andpatents;andotherlegal mechanismsare
foundto betheleasteffective.

To graphicallyunderstandtheestimatesin Table8, aswell astheitem-stepparameters,
v�
�^

in
Equation(2) and(3) (numericalsummariesnot given),we turn to Figures10, 11, and12 which
displayindustrymeansandcategory thresholdsfor eachof the threemechanismgroupsrespec-
tively. By fixing a valueon theverticalaxiswe mayexamineboththeineffectivenessparameters
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Mechanism Product Process

Secrecy -0.05 0.01
(-.21,.09) (-.14,.15)

Patents 1.01 1.68
(.86,1.16) (1.52,1.86)

OtherLegal 1.87 2.29
(1.65,2.06) (2.06,2.51)

BeingFirst 0.21 0.30
to theMarket (.01,.44) (.10,.66)
Complementary 0.56 0.76
Sales/Service (.22,.73) (.57,.98)
Complementary 0.18 0.01
Manufacturing (-.01,.36) (-.20,.21)

Table8: Posteriormediansof mechanismineffectivenessmeasures,
t�


(95%equal-tailedintervals
in parentheses).

andtheitem-stepparametersatafixedlevel of productinnovationeffort. Thelinesin thegraphare
thethresholdsatwhichit becomesmostlikely to scoreabovethecategoryindicated.All thepoints
discussedearlierin thissectionarealsonoticeablein theseplots. In particularthereis anoticeable
shift of thethresholdsin thelegalmechanisms,indicatingthis mechanismgroupis consideredthe
leasteffectiveby therespondents.

Figures10,11,and12alsohelpusto understandhow thesurvey respondentsof thesurvey are
usingthefive categories. In particularit appearsthat thedifferencebetweenthresholdthreeand
thresholdtwo is considerablysmallerthanthedifferencesbetweentheotheradjacentthresholds.
This indicatesthatrespondentsarenotusingcategory two asmuchastheothercategories.

4.2 The effect of the proportion of R&D focused on product innovations

Themodelin Equation(3) alsoallowsusto examinetheeffectof theproportionof R&D focused
on productinnovationson R&D units’ responsebehavior throughthe term q 
  r\ �Zs \ª& . All other
thingsbeingequal,a positive valueof q 
 meansthat mechanism� is consideredto be moreef-
fective by R&D units focusinganabove averageproportionof R&D on productinnovations,and
themechanismis consideredlesseffective by firms focusinglessthanaverageof innovationson
products.

AgainusingtheBayesFactorprocedurediscussedin 3.4we testfor thepresenceof thiseffect
in ourdata.Wetestthenull hypothesis,Ì � , thatresponsebehavior isnotaffectedby theproportion
of R&D onefocusesonproductinnovationsversusthealternative, í � thattheresponsebehavior is
affectedby this. Recallthatthethreemechanismgroupsarebeingfit separatelyandwe therefore
testfor thiseffect separatelyfor eachof thethreegroups.In all threemechanismgroupsthepoint
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Figure10: Contourplotsof theitemresponsesurfaces,andindustrymeansfor secrecy mechanism
survey questions.Top15 industries(seeTable10) indicatedon theplots.
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Figure11: Contourplotsof the item responsesurfaces,andindustrymeansfor legal mechanism
survey questions.Top15 industries(seeTable10) indicatedon theplots.
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Figure12: Contourplotsof theitemresponsesurfaces,andindustrymeansfor complementary/lead
timemechanismsurvey questions.Top15 industries(seeTable10) indicatedon theplots.
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Mechanism Product Process

Secrecy -.04 -1.21
(-.64,.46) (-1.75,-.62)

Patents 0.08 -1.38
(-.44,.57) (-1.88,-.86)

OtherLegal 0.05 -0.66
(-.40,.71) (-1.21,-.08)

BeingFirst 0.32 -0.53
to theMarket (-.12,.66) (-.90,-.17)
Complementary 0.05 -.43
Sales/Service (-.35,.52) (-.81,.06)
Complementary -0.47 -0.77
Manufacturing (-.84,-.01) (-1.20,-.40)

Table9: Posteriormedianof theeffectof focusonproductinnovationsversusprocessinnovations,q 
 (95%equal-tailedintervalsin parentheses).

estimatesfor 2ln ` BF b indicatevery strongevidenceagainstthehypothesisthat thereis no effect
of R&D focus: 2ln ` BF b = 21 (secrecy), 91 (legal mechanisms),97 (complementary/leadtime).
However if we calculateestimate95% intervals for theseMonte Carlo estimatesof the Bayes
Factorswe have little evidencethat 2ln ` BFb is above zero: [-93,96] secrecy, [13,159] legal, [-
13,111](complementary/leadtime). Thesehighly volatileestimatesaredueto theinstabilityof the
harmonicmeanusedin approximationof theBayesfactor(this is adrawbackof thecomputational
method,notnecessarilya weaknessin thesignalprovidedby thedata).

Thevolatility of theMonteCarloestimatesof theBayesfactorsalsooccursin thecalculation
of Bayesfactorsfor testingmechanismineffectivenessbut doesnotaffectourconclusionsfor legal
andcomplementary/leadtime mechanismsbecausewe have suchstrongevidenceagainstthenull
hypothesis.

Table9 summarizesthe posteriormedianand95%equal-tailedintervals for q 
 , the effect of
R&D focusfor eachof thetwelve survey mechanismquestions.Theproportionof R&D focused
on productinnovationsdoesnot appearto have any effect on how R&D unitsarerespondingto
questionsconcerningproductinnovations,with theexceptionof thenegativeeffect thisproportion
hason theeffectivenessof complementarymanufacturing.

This is in contrastto thesurvey questionsconcerningprocessinnovations.For processinnova-
tions,respondentsreportinganaboveaverageproportionof R&D focusedon productinnovations
scorethemechanismslesseffective. This is truefor all processmechanismswith theexceptionof
theeffectivenessof leadtimewhich is notaffectedby theproportion.

To understandthe differencesof the effect of focuson productinnovationswe againturn to
Figures10,11,and12. Now we will fix a point on thehorizontalaxisandexaminewhathappens
asthe proportionof R&D focusedon productinnovationsvary. For example,if we examinethe
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effecton responsesto theeffectivenessof secrecy onprocessinnovationswefind a largeeffect. If
we examinea firm with anaverageappropriabilityrandomeffect ( � �	� Mo© =0), we seethat this firm
may be most likely to respondabove the third category if it performs20% to 30% moreof its
innovationsonprocessesthantheaverage.However, if anindividualwith thesamerandomeffect
performsan averageproportionof R&D on processinnovations,the firm will most likely score
above thesecondcategory, not thethird.

If wecontrasttheplotsfor processinnovationsto thosefor productinnovationsweseethatthe
contourlines for processinnovationsaresteeper. Also notingthat in mostcasesthat thecontour
line for productinnovationmechanismsarenearlyvertical.Thisis consistentwith ourobservations
in Table9 thatthereis little or noeffectof theamountof R&D focusedonproductinnovationson
thereportedeffectivenessof themechanismsonproductinnovations.

4.3 The effect of industries and ranking the industries

Let usturn now to theeffect of thefocusindustrytherespondingR&D unit performsits research
anddevelopmentin. To test for the existenceof this effect we usethe estimatedBayesfactors
discussedin 3.4. We testthe null hypothesis,Ì � , that thereis no differenceacrossindustriesin
the ability to appropriateprofitscreatedby R&D to the alternative í � , that at leastoneindustry
respondseitherin higheror lower categorieson theappropriabilitymechanismssurvey questions
with respectto the others.Again, the threemechanismgroupsareanalyzedseparately. We find
thattheestimatedBayesfactorsfor all threemechanismgroupsindicatesignificantdifferencesin
theability of industriesto appropriateusingthesemechanisms(2ln ` BFb =125for secrecy, 70 for
legal mechanisms,30 for complementary/leadtime mechanisms).However, similarly to whatwe
encounteredwhentestingfor the effect of differencesin R&D focus,we find our Monte Carlo
estimatesof theBayesFactorsto behighly volatile,with thefollowing intervalsfor secrecy, legal,
comp./leadtime respectively: [25,111], [-22,161], and [-30,70]. This suggestswe canonly be
confidentthatindustriesdiffer in theiruseof secrecy to capturereturnscreatedby their innovations
(again,our uncertaintyhereis dueto weaknessof thecomputationalmethod,not necessarilylack
of signalin thedata).

Finally, we rank the industriesaccordingto their ability to usethe threemechanismgroups.
In doing so we will be able to find industriesin which thereis an increasedchanceof market
failure,becauseR&D unitsfocusinginnovationsin low-rankingindustriesmayfind it unprofitable
to performR&D, increasingthechancesof suchmarket failures.Wedefinetherank ú n of industry} onmechanismgroup ; by:

ú e M jn � é �Æ �¾�ih I ûküUý ½ ç�þ ü p¾½ ç³ÿ (6)

where
monW� M

is the latentmeanof industry } ’s appropriabilityin mechanismgroup ; , I ûkü ý ½ ç þ ü p¾½ ç�ÿ� <
if
monW� M � mo�¨� M

and0 else.Theposteriordistributionsof the industryrankingsof the15 “top
industries”asdefinedin Cohen1996(seeTable10) aresummarizedin Figure13. The industry
abbreviation is placedat thedistribution median,andthe line for eachindustryextendsfrom the
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Figure13: Posteriordistributionsof rankfor thetop15 industries.
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Abbreviation Industry
MisCh MiscellaneousChemicals
PnS PlasticsandSynthetics
Rx Pharmaceuticals
SemiC Semi-Conductors
Med MedicalInstruments
Ofc OfficeEquipmentandComputers
Veh Motor VehiclesandSupplies
OrgCh OrganicChemicals
Photo PhotographyEquipmentandSupplies
SpMch SpecialMachinery
Comm Communications
Meas MeasuringDevices
EC ElectronicComponents
Const ConstructionEquipment
AgCh AgriculturalChemicals

Table10: Top15R&D industries.

2.5%quantileto the97.5%quantile.Thenumberof respondingR&D units in eachin industryis
listedto theleft of thatindustry’s “ranking interval.”

Examiningthe threeplots in Figure13 we seethat the datado not suggesta greatdeal of
separationbetweenthe industries.We canhowever comparethe industriesto medianrankof all
industries,36.5. Doing this we noticethatfor secrecy mechanismsPlasticsandSynthetics(PnS),
and Pharmaceutical(Rx) companiesfall above the medianrank, and MiscellaneousChemicals
(MisCh) 95%interval lies entirelyabove the75%quantileof rank. This shows thatcompaniesin
theseindustriesrankbetterthanat leasthalf of theotherindustriesin theability to capturetheir
profitscreatedby innovationusingthesecrecy mechanisms.Similarly wefind thatOfficeSupplies
andComputers(Ofc), andSpecialMachinery(SpMch)uselegal mechanismseffectively; Motor
Vehicle(Veh)companiesusecomplementarycapabilitiesto their advantage;andMedical Instru-
ment(Med)companiesusebothlegalmechanismsandcomplementarycapabilitieseffectively.

5 Conclusions

We have developeda statisticalmodelsimilar to the Partial Credit Model popularizedin educa-
tional testingto model the responsesof individual firms to questionsfrom the Carnegie Mellon
Survey of IndustrialResearchandDevelopmentin theManufacturingSectoron theeffectiveness
of six differentmechanismsusedto protecttheprofitscreatedby their innovations.We modeled
responsesto thesesurvey questionsusing(a) theindustrythattherespondingR&D unit is primar-
ily interestedin performingR&D in, (b) the effectivenessof the mechanismsbeingquestioned,
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and(c) theproportionof innovationsthattherespondingfirm hasfocusedonproductinnovations.
In additionto variationcharacterizedby thesecovariates,we incorporateda randomeffect in the
modelto characterizethewithin-unit across-mechanismresponsedependences.

With thismodel,weexamineddifferencesin theability of thesix mechanismsto aid in captur-
ing profitscreatedby anR&D unit’s innovations;differencesin how theamountof R&D focused
onproductinnovationsaffectsresponses;anddifferencesin responsesacrossfocusindustries.

Using Markov chainMonte Carlo estimatesof the Bayesfactorsto test for theseeffectswe
found strongevidencefor all effectsdiscussedwith the possibleexceptionof differencesin the
effectivenessof secrecy for productversusprocessinnovations.Theseestimatesarehoweververy
unstableasindicatedby very wide MonteCarlo95%intervals. By examiningtheseintervalswe
only find strongevidencefor theexistenceof industryeffectsin secrecy mechanisms,differences
in theeffectivenessof the legal mechanisms,andcomplementary/leadtime mechanisms,andfor
aneffectof thefocusof afirmsR&D ontheeffectivenessof legalmechanisms.

We exploredtheseeffectsin moredetailby examiningtheposteriordistributionsof themodel
parametersandby examiningtheseestimatesgraphically. Differencesof theeffectivenessof each
mechanism,and the effect of innovation focus were examinedusing graphssimilar to thresh-
old plotsusedin educationaltesting. Industryeffectsweremorecloselyexaminedby looking at
graphicalsummariesof the posteriordistributionsof the threeappropriabilityrankingsof the15
top R&D industries.The industriesMiscellaneousChemicals,PlasticsandSynthetics,andPhar-
maceuticalareall ranked above the medianin their ability to usesecrecy effectively. Medical,
OfficeandComputers,SpecialMachineryandPharmaceuticalareindustriesrankedabovetheme-
dianin theirability to uselegalmechanisms.Medical,andMotor Vehicleswerefoundrankabove
themedianin theirability to usecomplimentaryandleadtimemechanisms.

From our analysisit appearsthat if governmentalagenciesare to aid R&D units, that they
must take into accountmultiple factors. Our analysishasshown that thereexist at leastthree
factorscorrelatedto anR&D unitsresponses:themechanism,theproportionof R&D focusedon
productinnovationsandtheR&D unit’sprimaryindustry. Theability to understandhow responses
differ accordingto theindustrytherespondentfocusinnovationsin, whetherthequestionis about
processor productinnovations,andhow theresponsesdiffer accordingto thefocuson productv.
processinnovationsmayallow governmentalagenciessuchastheATPto decidewhichcompanies
or industriesarein needof morehelp.
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A Fitting in CONQUEST

To fit thesimplifiedmodel

log

������� 	�

������������ 	���������� ���������! "���$#���� 	
in CONQUESTwehavecreatedthefollowing commandfile rnd.cmd .

datafile rnd.dat;
set update=yes,warnings=no;
format indust 2-4 response 11-34 (a2);
model item+indust+item*step;
score (1,2,3,4,5) (0,1,2,3,4) ( ) ( ) !items(1,7);
score (1,2,3,4,5) ( ) (0,1,2,3,4) ( ) !items(2,3,8,9);
score (1,2,3,4,5) ( ) ( ) (0,1,2,3,4) !items(4,5,6,10,11,12);
import init_par << par.init;
import init_cov << cov.init;
export par >> par.exp;
export cov >> cov.exp;
estimate !converge=.0001;
show >> rnd.shw;
quit;

Responsesfrom R&D unitsto theCMSarecodedfrom oneto five,howeverwewish to model
thesein CONQUEST as thoughthey were from zero to four. Using Conquestit is possibleto
separatethe questionsinto threedifferentgroupsandfit responsesto a three-dimensionallatent
vector. This is achievedby the threescorestatements.We thenrun this usingthecommandline
interfacesyntaxsubmit rnd.cmd;

B Fitting in BUGS

Recallthatwe wereunableto fit theentirethree-dimensionalmodelusingbugs. For this reason
wemodeleachsetof responsesseparatelyusingbugs.Herewedemonstratehow to modelthefour
legalmechanismquestions.

model LEGAL;

const N=1026, #define the constant for number of responses
Q=4, #define the number of questions for this group
K=5, #define the number of categories for the quests
I=72; #define the number of industries
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var
mu[I], #means for each industry
tau, #precision
gamma[Q,K-2], #item*step parameters
alpha[Q], #item effect
z[N,Q,K], #working array
theta[N], #latent variables
p[N,Q,K], #probabilities
beta[Q], #slope parameter
x[N], #proportion of effort on products
y[N,Q], #responses to survey questions
rho[N], #industry numbers for each respondent
d[N,Q]; #working array

data y in "pat.resp", #responses in datafile pat.resp
rho in "ind.data", #industry numbers in ind.data
x in "prd.data"; #proportions of patent R&D on products

#in prd.data

inits in "pat.in"; #initial values in pat.in

############################# #####
# Specifying the Likelihood #
############################# #####

for(i in 1:N){
theta[i]˜dnorm(mu[rho[i]],t au);
for(j in 1:Q){

y[i,j]˜dcat(p[i,j,]);
z[i,j,1]<-1;

p[i,j,1]<-1/sum(z[i,j,]);
d[i,j]<-theta[i]-alpha[j]+beta [j]*x [i];
for(k in 2:4){

log(z[i,j,k])<-(k-1)*d[i,j]- sum(g amma[j,1: (k-1 )]);
p[i,j,k]<-z[i,j,k]/sum(z[i,j ,]);

}
log(z[i,j,K])<-(K-1)*d[i,j];
p[i,j,K]<-z[i,j,K]/sum(z[i,j,] );

}
}
############################# ####
# Specifying Priors #
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############################# ####

for(j in 1:Q){
for(k in 1:(K-2)){

gamma[j,k]˜dnorm(0,.5);
}

}
for(j in 1:Q){

alpha[j]˜dnorm(0,.5);
}
for(i in 1:(I-1)){

mu[i] ˜ dnorm(0,.5);
}
mu[I]<- -sum(mu[1:(I-1)]); #industry means constrained to zero
for(i in 1:Q){

beta[i]˜dnorm(0,.5);
}
tau ˜ dgamma(1.45,.45);
}

The datain the file pat.resp, ind.data, andprd.data aremodeledaccordingto the
likelihooddescribedbelow the Specifying Likelihood header. All parametersaregiven
N
�&%('�)*�

priors (BUGSsyntaxis dnorm(mean,precision) ), with theexceptionof the latent
variable,N

���
�,+-'/.10324�
, andthelatentprecision,5 �6.�798;:<'=7>8":�� .
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