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1 Introductory Remarks

In this paperwe proposeto analyzetheinformativenes®f questionsin the context of
‘inquiry games’ wherea player, Inquirer, intendsto establisha certainconclusionby
meansof a combinationof reasoningand interrogation,usinginformation (answers)
from otherplayers,Souces This paperis one steptoward a precisegame-theoretic
foundationfor thesegameswhich wheresuggestedby Hintikka to be a modelof ra-
tional inquiry.! Sourcesmay be partially unavare of Inquirer’s goal, and becoming
awareof hergoalmay make themunwilling to achieve cooperatior(i.e. answertruth-
fully whenever they can). This introducesa discrepang with situationsamenablgo
standardgametheory in which the spaceof stratgjiesis commonknowledgeamong
players.

Section2 introducegheideaof inquiry gamesandpresentanexampleborroved
to Holmesianlore, in orderto shov how questionsntroduceinformationin inquiry
contets. We focuson ‘yes-no’ questionspecausef their semantigpropertieswvhich
in turn guaranteeheir availability in questioningstrategjies. Section3 presentghe
difficultiesstandardyametheoryfaceto representhekind of strat@iesaninquirerhas
to rely on to preventher questionto inform her sourcesvhenthis informationcould
affecttheir answers We concludewith someremarksaboutthe relationsbetweerthe
presentvork andissuesn epistemologyanthe applicationof game-theory

2 Inquiry AsA Game
2.1 A Game-Theoretic Analogy

Hintikka suggestethatempiricalinquiry canbemodeledasa gamein which aplayer,
Inquirer, triesto establisha givenconclusionC from a setof (theoretical)premisesr

(a subsetof her backgroundknowledge),using both reasoningsteps(logical moves)
andinterrogatve steps(interrogatve moves),in a givencontext (anunderlyingmodel

*The authorswish to thank SebastiarEnqvist, Fréderic JouneauGabriel Sandu,and BernardWalliser,
who offeredvaluablecommentson previous versionsof this paper They arealsogreatlyindebtedto three
anorymousrefereeswhoseinsightful remarkded to majormodificationsof theinitial paper andhopefully
someclarificationsandimprovements.

1in Hintikka’s information-seekingames)nquirer playsagainsiNaturetrying to prove a conclusionC
from premisesT, togetherwith answerdrom a uniquesource Oracle (seeessaysn [7] and[8]), whichis
usuallyassumedo betruthful (but see[6]).



M). Hintikka calls Interrogative Model of Inquiry (m1) the epistemologicatheory
stemmingfrom this analogywith gamesandhearguesthatthis modelis ableto bring
underanew light theideathat(deductve)logic is a normof goodreasoning.

Inquiry gamesareindeeda game-theoretiinterpretationof the kind of reasoning
formalizedin tableauxsystemsi.e. building amodelof T whichis alsoacountermodel
of C, oncegeneralizedo applyto casesvhereagivenconclusiordoesnotfollow from
premisesalone.In thesesasessubtableauxvhich remainopen(compatiblewith the
premisesandthe negation of the attemptedconclusion)represenpossibilitiesleft so
far uneliminatedby the premises.Therole of questions- andanswers- is to narrov
down the rangeof alternatvesleft open,i.e. the variousways M might be, giventhe
informationassumedpremisespandobtained(answerspy Inquirer.

The analogyis easyto understandn the caseof semantictrees(asintroducedin
[13]), to which rulesfor interrogatve movesareadded® Onecaninterpretthe suc-
cessie nodesaspositionsin an extensive game. A stratgy in sucha gameis thusa
sequencef logical andinterrogatve movescalculatedto closethe tree— if the nec-
essaryanswersareavailable— or obtaina countermodet-if they arenot— asquickly
aspossible.It canbeshowvn thatthe ‘best’ interrogatve strateyy parallelsthe bestde-
ductive stratgy (Strategy Theoem [9]). Sincefirst-orderlogic is not decidable the
‘best’ interrogatie stratgy cannotbe specifiedrecursvely. Yetthis parallelismhelps
understandherole of logic in reasoningandvindicatesthe ‘Sherlock Holmessense
of logic’, i.e. the conceptiorthatrulesfor deductiveinference play arole in problem-
solvingandinquiry.®

Hintikka and his collaboratorshave beenmostly interestedn makingthis paral-
lelism explicit. Hencemostof the discussiorhasfocusedon casesvherea unique
source- Nature,or Oracle— providesanswersandin which this sourceis assumedo
betruthful. Rulesfor exceptinganswersarenonethelesdiscussedsee[9]), andit has
beenshowvn thatthey areenoughto generateontractionsandrevisionsin the senseof
Belief Revision Theory(see[2]). Yet, in both casesavailable answersare a ‘static’
parameter

Nature,or multiple (andpossiblyconflicting) sourcesgive theanswemwhenever it
is availablein a particularcontext (model). Sourcesare not treatedas stratejic play-
ers,andareinsensitve to someof Inquirer’s stratgic choices! Somesourcesnaybe
unreliable andtherecanbe severalstratgies(from Inquirer's part)to copewith uncer
tainty. But this uncertaintyis not theresultof choicesmadeby sourcesasplayersin a
stratgic game.All of this couldbeviewedastheresultof Natures moves,but Nature
is non-stratgic player, i.e. aplayerwith a‘flat’ preferencerderingover outcome.

Takingthegame-theoretianalogyseriouslymeanghatoneshouldconsiderstrate-
gic’ sourcesj.e. sourcesasagentsandevaluatethe consequencesn inquiry games.

2For propositionalquestionsinterrogatve rulesstatethatary formulato which a branching rule would
be applied(8-type formulas,in [13]) asthe resultof a logical move, cansene asthe presuppositiorof a
question. If ananswer(input from the model)is available, Inquirer is dispensedrom reasoningoy cases,
andno branchingoccurs. With existential or negateduniversalformulas(s-type) an answerintroducesan
individualidentifiablein themodel,andthusdispenseso reasorwith an‘arbitrary’ objector adummyname
(se€[9]). See[2] for suchasystenfor propositionalogic.

3This sensds usedby Holmeshimself,e.g.in “A Studyin Scarlett”: “From a drop of water[a] logician
couldinfer the possibility of an Atlantic or a Niagarawithout having seernor heardof oneor theother” ([1],
p.23).

“Explicit definitionsarecreatve in interrogatve games Hence two questionsvhich are,given T, equiv-
alentby definition, canbe suchthatno answerto thefirst is availablefrom ary source while ananswerto
the seconds. Likewise, somemeasuremennay be exclusive (whenresourcesrelimited, or whenmea-
surementgffectsthe systemto be measure@noughto introduceuncertainty). Hence,even ‘non-stratgic’
sourcesnay exhibit sensitvity to choiceof questionsprder etc.



GamesagainstNature,or with passve (non-stratgic) sourcesshouldbe considered
as ‘degeneratedinquiry games,and one shouldtry to identify the featuresof more
generalnquiry gamesThenext sectionwill proposeo identify someof them,starting
from anexample.

2.2 An Example of Holmesian Inquiry

Holmesianinquiry combinesdeductionand questions,and Holmesregularly keeps
his sourcesof answersn the dark asto the motivesof his questioning. Sometimes,
disguisingthe purposeof his questionis crucial to the usefulnesof the information
obtained asillustratedby the following example(from the shortstory “Silver Blaze”,
in ConanDoyle’s Memois of Sherlo& Holmes.

Example 1. Investigatingthe disappeaanceof a race horse Silver Blaze and the
deathof his trainer John Straker, Holmessuspectshat Straker accidentallydiedwhile
attemptingto woundthe horse in order to rig a forthcomingrace and male a profit
bettingagainstSilverBlaze Holmeshasfoundin Straker’s podcketa bill for an expen-
sivedress,and suspectshat Straker boughtit for his mistress. Theexpensesncurred
by a doublelife would explain Straker’'s scheme Insteadof askingthe widowwhether
sheownsthe dress,Holmesasksher whetherthey formerly met,feigningto remember
herwearinga similar dress.Sheanswes himthatit is unlikely, sinceshedoesnotown
sud a dress.Holmesthenconcludeghat his hypothesiss correct.

Thebasicideasof them canbe illustratedinformally form this example. Before
addressindpis questiorto thewidow, Holmesconsidersquallypossibletwo scenarios
(or rather two classe®f scenarioseverythingelsebeingequal). In oneone, Straler
boughtan expansve dressfor his wife; while in the other, he boughtit for his mis-
tress.In the first case(scenario)Straler would have hadno needfor the extra money
he would have won bettingagainsthis horsein a riggedrace(or at least,it wouldn't
have beena suficientmotive). In the secondcase sincethis expansewould not have
beenthe only oneincurredby living a doublelife, he would have neededhe money.
Obtainingevidencethat Straler boughtthedressor his mistressgivenHolmes’back-
groundassumptionsywould be evidenceenoughto ascribeStraler a powerful motive
for rigging therace®

Holmesis attemptingto eliminate the first scenario,using an answerfrom the
widow. Clearly, his reasondor askingthe question:“Didn’ t we meetlastyear, while
you werewearingsuch-and-sucl dress?” ratherthan: “Did your husbandouy you
such-and-suchdresgqor not)?” areaconsequencef hisexpectatioraboutthewidow’s
willingnessto answer Sheis lesslik ely to guesshis purposethe conclusionhe’s aim-
ing at) in thefirst casethanin the second.Assumingthat shewould not wantto be
known thatherhusbanchada mistresssheslik ely to refuseto answetr(or lie outright)
if thefirst questionis asled.

SherlockHolmespossessetsvo differenttypesof privateinformation,in thesense
thatit is notsharedwith Straler'swidow. Thefirst oneis factual: Straker boughtsuch-
and-suchdress. The secondis abouthis own intention: the reasonwhy he wantsto

SHoweverthetwo scenariosrenotequallylikely, in Holmes’opinion. Thebill wasaddressetb someone
else,andHolmes,at somepoint, statesthat no gentlemanwould carry in his pocket someoneelses bills.
HenceStraler musthave a motive for having the bill addressedo him underan alias, which malkes the
hypothesighatthe secondscenarioss theactualonemorelikely. Thiskind of consideratioris particularly
importantwhen one lacks evidence(or doubtsones evidence)to eliminateall but one scenarios.In the
presentcase,given Holmes’ backgroundassumptionsthe initial ‘educatedguess’is corroboratedby the
answerbtainedrom sources.



know whetherthe widow possessesuch-and-suckress. Were either of theseinfor-
mationrevealedto the widow, shewould belikely to lie. HenceHolmeshasto choose
his questionsn suchaway asnotto give away either

How canthe choiceof a questionto askmake a differenceasto whatHolmesre-
veals?Considerfor simplicity sake, thatHolmeshasasonly optionsthetwo questions
above — or rather only two stratgies,onein which he usesthefirst, andthe otherin
which he usesthe second.Both are ‘yes-no’ questionsj.e. their presuppositions a
tautology henceno prior reasoningstepis neededo askthosequestion$. Their in-
troductiondoesnot, asa consequencejependson prior moves, and both strategies
couldbeidenticalup to the choiceof eitherquestionsThis choiceis madeonthebasis
of whatever informationis likely to be givenaway. The next sectiondiscussefion
epistemidogic canrepresenthis informativenes®f ‘yes-no’questions.

2.3 Informativeness of I nfor mation-Seeking Questions

ConsiderapropositionaljuestionQ of theform: “Is it thecasethat¢ ory?” (assuming
that¢ andy arepairwiseexclusive, but not necessarilyointly exhaustve) asledby an

agentX, andoverheardby anagentY. Assumefurthermorethaty believesthat X has
asled Q asarequesfor information” Fromthis latter assumptiony will likely infer

that: (i) X believesthateither¢ holdsor ¢ holds;(ii) X doesnotknow whetherg holds
ory holds;and(iii) X wantsto know which of ¢ andys holds.

If ¢ andy areexhaustie given X's backgroundassumptionshut not accordingto
Y, andif Y considersX to be a trustworthy source thenY learnssomethingfrom X's
askingthe questionfrom (i). If moreover Y’'s backgroundassumptionénclude some
informationtying X’'signoranceasto whetherg or s holdsto someotherfacts,thenY
is likely to learnevenmorefrom (ii). Whatis learnedrom (iii ) is trickier to represent.
Let's discusdnformationobtainedfrom the two first conclusionsin orderto shav the
contrastwith informationobtainedfrom thethird.

The differencebetweenthe set of scenariogo which Y’s attentionis restricted,
givenY’s backgroundassumptionsheforeandafter hearingX’'s questioncanberep-
resentedaisanupdateof a S5Kripke structure sinceindiscernibilityis anequialence
relation® The‘old’ equivalenceclassof epistemicallyindiscerniblescenario§compat-
ible with Y’s prior information)is updatedafterhearingX's questionj.e. restrictedto
only thosescenariocompatiblewith (i) and(ii). In thenew structure therelatedsce-
nariosarethosewhich weresorelatedbeforethe new informationhasbeenobtained,
and arecompatiblewith thisinformation?

In the specialcaseof ‘yes-no’ questionsno informationcomesfrom (i). The pre-
suppositiorof the questionis a tautology andupdatingthe Kripke structureresultsin
atrivial update Hencethey areinformative,in thesensef eliminationof possibilities,
in the above caseonly insofar asY’'s backgroundassumptiondink X's ignoranceto

6Whatis neededhawever, is arule allowing to introducea ‘yes-no’ questionatary stepof anagument,
whichis equivalentto thecutrule. See[9], and[2] for animplementatiorin semantidrees.

"NoticethatY could mistale the purposeof X’s question sinceQ couldbe an‘exam’ questionaimedat
establishingvhetherY knows the answey while X alreadyknows it. X couldalsouseQ to checkwhether
Y answerstruthfully, if X knows thatY believes that one of the answershold), or whetherY hassome
informationaboutthe answer(andwhetherit correspondso X’s information).

8We assumehatinformationresultingfrom X’s questioris compatiblewith Y’s backgroundknowledge.

9DynamicEpistemid_ogic (bEL, se€[14]) is designedo describetheinformationflow, andaddsso-called
‘dynamic operators'(i.e. operatorsbuild out of formulasof the underlyingepistemidanguage)which can
expresstheresultof updatinganepistemicstructurein theabose mentionedvay.



otherfacts,i.e. asaresultof (ii).°

Notice that, in the example of the last section,the two gquestionsHolmes may
chooseadonotdifferin termsof the conclusionsvarrantedy theignorancehey reveal,
with respecto theinformationHolmesis privy too, andwould lik e thewidow to keep
onignoring—namely thatherhusbandoughtadress. Asking whetherStraler bought
his wife suchand suchdress,or not, is compatiblewith the possibility that Straler
boughtnodressatall, in the senseghattheanswerno’ is compatiblewith the scenario
in which Straler boughtno dress. Asking the questiondoesnot give away Holmes’
(private)informationthathe did. And askingwhetherthethewidow remembersneet-
ing him or not(while wearingsuchandsuchdress)ydoesnotgive away thisinformation,
either Hence thedifferencean questioningstratgiesmustlie in thewhatthey reveal
of Holmes’intendeduseof theinformationobtainedthroughthesequestions.

The kind of information obtainedas a result of type (iii) inferencesis however
ratherdifferent. Oneimportantfeatureof inquiry gamesds the distinctionbetweerthe
principal question-to which the hypothesisainderinvestigatioris oneof the potential
answers- andinstrumentalquestionsj.e. questionghe function of which is to help
eliminatecertainscenariosn which the hypothesisinderinvestigationdoesnot hold.
In inquiry gameswith stratgic sourcessourceslo notalwaysknow which hypothesis
is beinginvestigatedand sometimesooperationcanonly be achiesed provided that
this is ignored. Information of type (i) and (ii) is, from a ‘source’ player’s point of
view, usefulto reduceuncertaintyasto the actual situationthe gameis playedin. By
contrast,jnformationof type (iii) is usefulto reducethe (source)player’s uncertainty
not only asto which strateyy is beingfollowed by the ‘inquirer’ player, but alsoasto
which gameis played

If Straler'swidow wereto realizethat,wheninquiring (indirectly) aboutthedress,
Holmesintendsto use this information to concludethat the dresswas bought for
Straler’'s mistress,shewould be reluctantto answer From Holmes’ point of view,
it seemsmportantthatshedoesnot learnthatherhusbanchasindeedboughta dress,
if shedoesnotknow thatalready Shecouldtheninfer that,sincehedid not buy it for
her, he musthave boughtit for a mistress. Subsequentlyshemight wantto prevent
her husbands adulteryto be revealed,especiallyif sheis shrevd enoughto antici-
pateHolmes’ others'deductions’.HenceHolmeshasto keephis motive asopaqueas
possible He hasto disguisethe purposeof his questionj.e. theaim of thegame.

Modeling situationsof this kind seemsalsoto requirea sophisticate@pparatusgo
representhe distinctionbetweenwhat oneknowns,andwhat oneis awvareof. Antic-
ipating conclusiondgs sometimesonditionalto payingattentionto possibilities(sce-
narios)implicitly known, ratherthanreducingone’s uncertaintythroughlearningand
updating*! Representinguch patternsof reasoningrequiressubtle distinctionsbe-
tween‘'knowledge’and‘awareness’.

10A simple caseis asfollows. X hassubmitteda paperto a conferenceand meetsY, who is in the
ProgramCommittee.X thenasksY whetherhis paperhasbeenacceptedsincethe deadlinefor acceptance
notificationis passed.Prior to X's question,Y hasno specificinformationaboutY’s paper but Y knows
that, presentlyall acceptedontritutorshave beennotified. HenceY's backgroundassumptionincludethe
following conditional:‘if X's paperis acceptedthenX knows it’. After X's question,Y canconcludethat
X's paperhasnot beenacceptedandanswerX’s question thoughY could not have known that X’s paper
hadbeenrejected hadnot X asledthe question.(Thanksto ananorymousrefereefor theexample.)

ndeed Straler’s widow knows thatif herhusbandoughta dress andthis dressis not for her, thenhe
boughtit for his mistressjn the sensethat sheneedsnot ary outsidesourceof informationto answerthe
questionwhetherthe conditionalholds, or not. Learningthat her husbanchasboughta dresswould allow
herto concludethathe hada mistress provided that shebecomesware of the above conditional. Holmes’
precautionsotto revealthefactthatStraler did buy a dresss meantto maintainthis unavareness.



Modeling inquiry gameshasto give anticipationof possibleinferential moves
(availability of someinferentialstrategyy) adecisverole. Thisrequiresadeparturdrom
standardgametheory insofar assuchanticipationsfrom the partof ‘source’ players,
correspondo guessingwhich gameis played. Moving to nonstandardyametheory
providesin turn an elegant solutionto the representatiorf the distinction between
knowledgeandawarenessaswill beestablishedn the next sections.

3 An Implementation in GT

We proposeto modelthe way an inquirer obtainsinformation by questioningasin-
formation-seekinggamesgcloselyrelatedto extensive gameswith unavarenesslevel-
opedin [3]. This modelingprovidesan interestingexplanationof informativenessof
‘yes-no’ questions.n this kind of gamespneor several playersmay not be aware of
otherplayers’possiblemovesat somenodesof thegame.As aconsequencehey may
not be aware of possiblemovesof their own. Playerscanalso updatetheir strategy
whenthey becomeawareof otherplayers’availablestratgies.

In our example this lack of awarenesss not only worthy but maybetakenadvan-
tageof by Holmes,helpinghim to concealsomeof hisintentions.This gameinvolves
only two players Holmes,actingaslinquirer, andStraler'swidow, the Souce Holmes
wantsto reacha conclusiorwithout histhewidow’s knowing it. He thuswantsto con-
cealthe purposeof the questionsnstrumentain establishinghis conclusion.

3.1 Information-Seeking And Standard Game Theory

In this section,we proposeto modela situation,slightly differentto thatfrom Ex. 1,
by a ‘standard’extensie game,shoving which role considerationgboutknowledge
andawarenesgyetin anon-technicasenseplayin the players choices.Thesituation
differs from the examplein that we considerHolmes’ optionsto be: (i) to askthe
widow aboutherhusband beingunfaithful; and(ii) to askaboutherowning a certain
dress. Both questionsare ‘yes-no’ questionshenceneedno prior informationto be
raised.Let ususethefollowing notationalcorvention:

¢ = Stralerboughtadress,y = Straler'swidow possessesuchadress,
x = Stralerhadamistress

Holmes(l) considerpremisesdP; = ¢ andP, = (¢ A —f) — x: heknows both,andis
awareof them.'Knowing’ heremeanssimplythatl hasansweto thequestionwhether
P, holds, or not, andlik ewise to the questionwhetherP, holds. Being aware means
thathe hasconsideredhe questionandknows thathe knowsthe answer

Straler’s widow (S) knows that P,, in the above sense:consideringthe question
whetherP, holds or not, shewould be ableto answerwithout any needfor further
information, that it does. However, shehasnot consideredhe question,and hence
doesnot know thatsheknows. Shehasnot eitherconsideredhe questionwhetherP;
holdsor not,anddoesnotknow thatshedoesnot know.

Finally, Holmeswantsto know whetheror not Stralker hada mistress.Obviously,
askingthebluntquestionwith presuppositiory v —y) couldhurtthewidow’sfeelings,
incurringarisk to make herunwilling to answerthis questionwhethersheknows the
answelor not, or to lie outright,or to refuseto answeifurtherquestionsetc. Moreover,
the widow is not a reliable sourcewith respectto this question: even if shewould
remaincooperatie, shecould perfectlyfail to know thather husbanchada mistress,



or genuinelybelieve thathe hadnone. HenceHolmes,asa rationalinquirer, will not
askthis question.

A more sensiblestratey is the following: askthe questionwith presupposition
(¥ v —); and(ii) if answer-y is obtainedjnfer from P;, P, and—y, thaty holds.The
widow, in this casejs areliablesource:if sheownsthedressshecant fail to know it,
nor could shefail to know thatshedoesnotif shedoesnot'?

Fig. 1 representshe gamecorrespondingo the situationdescribedabove. It re-
quiresthat| playsfirst, followed by S, hencethe gameis sequentialandwill bede-
scribedin extensive form, shaving its differentpossiblecourses.Sinceplayer| and
playerS do not know the samepremisesthe informationin the gameis asymmetric.
However, onceamove hasbeenmade,it is known andrecalledby all players.I’s goal
is to getananswetto his ‘yes-no’ questionin orderto concludewhetheror noty is the
casewhile S’s goalis to give an answerandguesswhat| really wantsto know. I's
bestchanceto getananswerseemshviously to askthe questionwith presupposition
(¥ v —p) —denoted?(y v ).

We assumehat a true answeryields a paydt of +10 for |, whatever the question
is, while otheractionsof S yieldsa null paydt for |I. S getsa paydt of +10whenshe
lies,in all casesbecaussheminimizestherisk givenheruncertaintyaboutl’s private
information(seebelov). Whensherefusesto answey shegetsa lessermpaydt, since
shecanalwaysfearthatl mightaskanotherquestionandsoon.

(10,0)
(0,10)
(0,5)

(10,0)

(0, 10)

(0,5)

Figurel:

As canbe seenin the gametree, | getsa positive paydt only in the caseof S's
sayingthe truth, whatever the questionasked by him. But, as previously noted, S

12\ereansweny to obtained Holmeswould have several options. Becauseof the explanatoryvalue of
conclusiony, hecouldtry to dismisstheansweri.e. notaccepit, andpushfurtherhisinvestigation(e.g. by
finding anothersource).This line would be supportedy thereasondHolmeshasto expecttheanswer-y to
be morelikely thananswery (Straler hasboughtthe dressusinganalias). Or he couldtry to find another
hypothesigo explain Straler’s needfor money.



hasno interestin sayingthe truth when?(y v —y) is asked. Thingsare a bit more
complicatedwhen| asks?@ v —). In this case,S hasno reasonto be suspicious
aboutherhusband unfaithfulnesshut this questiondrans S’s attentionto thedress.

Assumethat asking?@ v —) hasthe following effect: in additionto learning
Holmess knowledgeandignorance(see2.3), the widow alsorealizesthat P, holds!3
Paydfsin Fig. 1 aregivenonthe assumptiorthatthe widow would preferto lie about
herhusbandinfaithfulnessf sheknew it, andthatsheis readyto lie in orderto prevent
anyonefrom learning,or concluding,that he hada mistress. Answering— truthfully
— that— hasa differenteffect, dependingon Holmes’ knowing or not that¢. If the
widow’s preferencanotto lie in generalandaboutthedresdn particular is outweighed
by thereasonshemay have to preferkeepingherhusbands (possible)unfaithfulness
secretthenshewill preferto lie aboutthe dress.Intuitively speakingjt meanghatif
thewidow is reasonablysuspiciousof Holmes’ privateinformation (asa resultof her
attentionbeingdrawn to theimportanceof the dress)erbestinterestwill beto lie.14

If the above representatioiis all thatthereis to sayaboutinquiry gamesthenthe
probleml facesis to find reliablesourceswith particularpreferences,e. preferences
thatwill not interferewith their willingnessto answertruthfully. This conclusionis
however totally uninteresting.For a proficientinquireris morelikely to try to find a
way to ‘bypass’a givensources preferencesasHolmesdoes.And thereis noway in
the above modelingallowing to understandhow he does. Sofar, we have considered
asituationin which: (i) thewidow doesknow which gameis played,but (ii) doesnot
know which is the stateof Nature.Holmes’ stratgyy, in EX. 1, is indeedto preventher
from realizingwhich gamesheis playing. Let usnow shov how to representhis.

3.2 Preventing Strategic | nference

In Ex. 1, Holmesasksa questionseeminglyunrelatedo the purposeof hisinquiry, as
farasthewidow knows — for at the moment,sheonly thinks thathe investigatingher
husbands murder ratherthanhis involvementin a criminal activity. Holmesasksthe
widow whetherthey alreadymet before. Let us denotethis question?©@ v —6). The
intuitive explanationis straightforvard: Holmesmust‘disguise’his questionaboutys
askingwhether insteadwhichwould seemirr elevantto theinquiry. Butthis question
allows Holmesto ask ?@/ v —), in sucha way that the widow's reasoningof the
precedingsectiondoesnot occur Sincethewidow will think the questionunrelatedo
x (andonly incidentallyrelatedto ), shehasno reasorto lie. Thetaskof the present
sectionis to explain how thisis possible andto modelthe correspondingiames.
Holmes’ goalis not to obtainan answerto the question?@ v —6), for he already
knowstheanswer(—6).*® After askinghis questionandgettingthe expectedandtrue)
answer—¢,'% Holmesfollows with a shravd move: he refusesthe widow’s answey

13More preciselywe considerthe conditionalprobability thatthewidow realizesthat P, holds,giventhat
question?( v —y) is asked,to be 1 (or arbitrarily closeto 1).

14Thewidow’s informationdoesnotinclude¢, which canberepresentedstheresultof amove from Na-
ture,occurringprior to thebeginning of thegamerepresenteéh Fig. 1. Hence thereis a‘mirror’ (sub)game
which follows Natures (possible)move ¢, i.e. thewidow doesnotknow whethersheis in onesubgameor
the other(the gameis bothwith imperfectandasymmetrianformation). Holmes’ questionaboutthe dress
raisesher personaprobability thatsheis in the ¢-sideof the gameratherthanthe -¢ side. Thewidow has
nonethelessn theconditionswe assumeda uniform stratey in this game(i.e. lying aboutthedressn both
subgames).

15This would make question?@ v —) an‘exam’ question,to be mistalen for a requestor information
(seen. 7).

18Whatif thewidow answerd insteadHolmescouldfollow with thevery samemove plannedto follow



asserting (asif indeedhis first questionhadbeena ‘exam’ question)following with
the'yes-no’question?( v —). Therationalefor this stratey is asfollows: hedrawvs
the widow’s attentionon a fact of leastimportance,nsistingon it, namely8, andhe
asksthe questionhe s really interestedabout¢)in asa follow-up of thefirst, asif it
were an examquestionmeantto shov herthatshewasmistalenaboutd.'”

We mustthereforeadda third option at the outset,for Fig. 1 to be a morefaithful
representatiomf the ‘game’ of Ex. 1. Besides?(y v —y) and? v —), | hasthe
option?@ v —6), wherel draws S’s attentionon somethingcompletelydifferentfrom
whatshemight expect,givenwhatsheknows aboutl’s interests But this questiorhas
anothervirtue: not only will S’s attentionbe diverted,but S will alsobe unawvare of
otherstratgyies| could have followed, preventingherfrom guessingn whatgameshe
is. How to representhis unavarenesss the subjectof the remainderof this section.
Thenew optiondoesnot simply adda new subgameanda completerepresentationf
thegamewill have to bedelayeduntil the next section.Let usexplainwhy.

In classicalgametheory players’rationalityimpliesthatthey areall awareof the
structureof the game andsuchanawarenesss commonknowledge.Commonknowl-
edgeof all possiblemovesin the gameis not a reasonablessumptiorin gamesof
inquiry, preciselybecausesomepossiblemovesneedto be hiddenuntil they are per
formed(thusremainingunattendedf they arenot), to preventthesourcefrom planning
in advanceheranswersin casdt would impairtheconductof inquiry. Following some
of the developmentgpresentedy Halpernand Régoin [3], we proposeto introduce
thenotionof awareness- andunavareness- ascentralto information-seekinggames,
makingthema specialcaseof extensivegameswith unawaeness

An extensive gamewith unavarenessepresentsvhatplayersareawareof ateach
nodeof the game,resultingin what Halpernand Régo call an augmentedyame An
augmentedjameshavs theway a playerviews the gameat a givenstage thatis what
shebelievesto be the true gamein that situation. An ‘augmentedgame’is thusa
trimmedgametree, comparedo the complete(standardyepresentatiof the corre-
spondingextensive game.Thus,the completedescriptionof agamewith unawaeness
is constitutedby a setof augmentedjamespnefor themodelerandonefor eachgame
otherplayersthink they mightbein at somestageof thegame.

Sincean augmentedjyameis built after a standardextensve game,let us briefly
recallthe definition of sucha game'8: an extensive gameG with perfectinformation
isastructureG = (N, H, Z, P, (Uj)ien) Where:

1. N={1,...,n}isasetof players;

2. H is asetof sequenceéhistories)of the game(whith Z ¢ H the setof terminal
historiesof thegame);

answer—#6, for the widow could be mistalen, ratherthanlying. In the former case,he could obtain (as
expected)-¢ (for shecould not be mistalen aboutthe dress).Would Holmesobtainanswerp to the second
questionhewould take it asanindicationthatthefirst answerg, wasequallylikely to be mistalen,asto be
deliberate.(remembeithat Holmesthinks unlikely thatthe widow ownsthe dress).In this case he would
certainlytry to find anothersource everything elsehaving failed. But this would have lessto do with the
widow’s willingnessto keepherhusbands memoryspotlessthanwith thewidow’s beinganabsent-minded
personor apathologicaliar.

7actually, in the shortstory, Holmesdescribeshis ‘move’ asa questionwhenexposinghis solutionto
theownerof Silver Blaze,andemployer of Straler. But whathehasdonewasto insistony, justasif asking
the questiorandgiving theanswertimself,only to be ‘corrected’by thewidow. This is however equivalent
to askingthe questionabouty andusingthewidow's answerthoughit certainlylowerseven moretherisk
of thewidow’s second-guessingolmes’intent.

18\ follow the definitionof [12].



3. P: H — Nisafunctionwhich assigndo eachnon-terminahistorya member
of N;

4. U; : Z — Risautility functionfor eachplayeri € N which associatea paydt
to eachterminalhistory of thegame.

An augmentedjameG’ is basedbnagameG andaugmentss by “describingeach
agents awarenessevel at eachnode,where[a players] awarenesdevel at a [given
node]is essentiallythe setof runs(completehistories)in G that[the player]is aware
of at[that] node’1° Whatessentiallydistinguishesnaugmentegamefrom astandard
extensve gameis that at eachnode, it is not only specifiedwhich players turnit is,
but alsowhatis thatplayer's awarenessevel. Intuitively, this specifies the game the v
player believes, at that node, to be playing. A

3.3 A Partial Model

If we returnto our first representationf Holmes’ questioningstrateyy, we have seen
thatwe could addto I’s first move a third branch,representindnis optionto askthe
guestion?@© v —6). However, beforeintroducingconsideration®f awarenessit was
not suficientto model Ex. 1. Fig. 2 representshe information-seekinggameswith
unawaenesswhereunavarenessf (possible)movesis representetdy indexing each
moveplayerS is unavareof with xs. We have thusthedescriptiorof thegamefrom the
modelers viewpoint. (For sale of simplicity, we assumehatmodelers representation
of thegameand|’s oneis thesame.)

After I’'s addedmove ?@© Vv —6), S has,asalways,threeoptions,:sayingthetruth,
lying or sayingnothing. But asshown in the gametree Fig. 2, this doesnot affect
I's next move — sinceHolmes’ stratgyy in Ex. 1 canbe carriedevenin caseof other
answersindeed| feignsto takesanswe# for granted andfollowswith anew ‘yes-no’
questior?(y v —), asif it werean‘exam’ question(stressinganswery asexpected)?°

As we saidpreviously, the utility functionassociateavith eachplayer’s preference
orderingis not the same. Concerningthe preferencesrderingof |, we assumehat
he always prefersto get the truth, thento have no answery a lie beingthuswhat he
dislikesmost. Besidesthe costfor a ‘yes-no’ questionis negligible, unlessthe ‘yes-
no’ questionis a disguisedone,sincein this casel needso find the bestway to hide
his intention,possiblyby addinga ‘yes-no’ questionto the first he asked. This costis
however balancedoy the increased/alue of the informationobtained,andwe simply
assumehatthey cancelout.

Representing’s preferenceatrifle morecomplicated Indeed S maybeassumed
to have a preferencefor telling the truth over not answering,andfor the latter over
lying. But shecertainlyprefersto lie, andthennotto answeyif shebelievesthattruth
mightupsether, i.e. if shehasareasorto think thatl hasconcealedis intentionor if
the questiondraws her attentionon an unpleasantact (e.g. the factthat her husband
mighthave hada mistress)aswe alreadysaid. We thereforerepresenin thegame-tree
paydfsvaluesthatreflectthesepreferenceorderings.

Thegamein Fig. 2 representshe descriptionof the gamefrom the point of view
of themodeler(andl), after Natures first move. Adding thebranch?@ v —6) cutsoft

19[3].

20In ConanDoyle’s shortstory, this correspondso Holmes' waiving the widow’s first answer insisting
thathe perfectlyremembershe dress.As we mentionedn n. 17, Holmesdoesnot aska question but his
strat@y is equivalentto puttinga ‘'yes-no’ questionto the widow.
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Figure2: Themodelersgame

S’spossibilityto becomeawareof othermovesavailableto | atfirst stageof thegame.
Asking ?( v —6) seemsrrelevantto theinquiry.?

Informally speakingaskingthis questionmakesS believe sheis in anothersitua-
tion, henceplayinganothemgame unrelatedo I’sinquiry (givenwhatsheknows about
thelatter). Without goinginto the detail of representing’s beliefs,Fig. 3 shovs what
gameshebelievesto be playing, afterI’s first move at 2 v —6).%2

Becauses thinkssheplaysthe gameof Fig. 3, andfollowing her (unaltered)pref-
erenceordering,S hasnoincentiveto lie or to refuseto answer The ‘yes-no’question
?@ v —0) ‘signals’indeed(for S) asituationunrelatedo the currentinquiry (asdeter
minedby thebackgroundnowledgeof S). Thestratayy S thenfollowsis only related
to this local state(local situation)shebelievesto bethe actualsituation. Thereforewe
cansaythat,in theaugmentedjameGS, S follows a local strategy.

In astandardextensive game a strateyy for aplayeri € N is afunctionthatassigns
anactionain A(h) = {a : (h,a) € H} to eachnonterminalhistory H\Z for which
P(h) = i. Theimportantpoint hereis that a strateyy specifiesan actionfor eachnon

2lwe implicitly assumehatthe gamebetween andS is playedin a broadercontet, whereS hassome
expectationsabout!’s demandfor information, just as Straler’s widow has expectationsaboutHolmes’
interestsjn relationto the caseof her husband death. Asking abouta former meeting,or, in the gameof
Fig. 2, choosingoption?@v—#6), givestheimpressiorthatHolmes(l) hasshiftedto anotheisetof (unrelated)
interests.

22Recallthatthe awarenessevel of a playerat a given nodedependsn the informationavailableto this
playeratthatnode includinginformationaboutotherplayers move. Thisis readilyrepresentetly excluding
from S’s awarenesshe possiblehistoriesfollowing otherpossibleinitial movesof I.
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Figure3: Thegamefrom S’s viewpoint

terminalhistory afterwhich it is i’s turn to move, which impliesthati is awareof all
possiblemovesin thegame evenif someterminalhistoriesarenoteffectively reached.
Thisnolongerholdsin agamewith awarenessin this casethe stratgy of a playeris a
collectionof local stratgyies,onefor eachaugmentedamedependingf hisawareness
level 23

As alastremark noticethatin thegameshowvnin Fig. 1, therewasnoNashequilib-
riumwith purestratgies. Onthecontraryin thegameshovnin Fig. 3, thereareseveral
Nashequilibria,oneof whichis Pareto-optimal(?@ v —6), T, 2@ A (' vV —)), T)). In
theendof sec. 3.1, we suggestedhataninquirer’s problemis notto find appropriate
sourcesbhut to adequatelyisetheavailablesourcesThis lastremarksuggestfiow this
translatesn game-theoretiterms.Oneof the mostusefulskills of a proficientinquirer
seemgo betheability to designgamesn which the source’s anticipationsare limited
to local strategies

4 Concluding Remarks

Sofar, logical modelingof epistemicstateshasfocusedon dynamicsof information,
as affecting the accessibilityrelation over a spaceof scenariogworlds, alternatves,
etc.). The effect of demandfor information expresseddy questions,as part of rea-
soningstratgjiesof agentsandthe way it shapesxpectationsandstratgiesof other

23For technicaldetails see[3].
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agentshasnotrecevedproperattention.We have arguedthat,in somecasesgdemands
for informationrelative to stratgic aspectof reasoningare importantenoughto be
integral part of modelsof interaction. This supportsthe relevanceof epistemological
modelsrepresentingxplicitly researchinterests.

Severalformal frameworks have beenproposedn which demandor information
playsarole in representatiomf the epistemicor doxasticstateof an agent. In Hin-
tikka’s nv, this canbe representedby the Inquirer's Range of Attention i.e. the ad-
ditional (‘yes-no) questionssheis preparedo introducein aninterrogatve argument
(se€[5]). In I. Levi’'s model,aninquirer'sdemandor informationis representetly an
ultimatepartition, which specifieghe rangeof relevantexpansionf the current'be-
lief state’of theinquirer(see[10], ch. 2). Levi discussesaseswhereseveralinquirers
canagreeon acommonground(basiccorpus)anda commondemandor information
(basicpartition). A relatedproposals E. J. Olssons introductionof reseach agendas
to therepresentationf doxasticstateqsee[11]). Thetwo latterproposalsarerelated
to Belief revision Theoryandthe agm framework (albeitboth Levi andOlssonadopta
critical stanceowardsit). Relationsbetweerthethreeapproachearebriefly discussed
in[2]

Wheninquiry is suchthatit shouldbe modeledas a non-coopeative game in-
ferencesof agentsaboutother agents demandfor information mattersas much as
inferencefrom their ignoranceto stateof Nature. The latter hasreceved desered
attentionin the literature,while the former hasbeenalmosttotally overlooked. We
have proposedo identifiedthisinformationasstrateyic information,to treatit through
extensve gameswith unavareness.An interestingopenproblemis to represenin
epistemiclanguagedshis type of information, sincethe dynamiclogics for belief and
knowledgeupdatewhich have recentlybeenflourishingarenot designedo accommo-
datethis phenomenon.

Inquiry games,or information-seekinggames,asdevelopedby Hintikka, are de-
scribedasgamesagainsiNature hencearedegeneratggamesgame-theoreticepresen-
tationsof decisionproblems.Thoughthe possibility of studyinggame-relate@spects,
suchasequilibria conceptsjs offeredby sucha modeling,this possibility hashardly
beenexplored. An exceptionis [4]: providing a game-theoreti@accountof interrog-
ative tableausystemsthe paperdiscussedNatures ‘cooperatve’ (‘non-cooperatie’)
stratgies — as maximizing (minimizing) the likelihood of tableauclosure. Though
thisis a first steptoward a more-than-analogicaklation betweeninquiry gamesand
gametheory thescopeof thisapproachs not clear giventhatNatureis anon-stratgic
player

Ourexampleshavsthatinquiry gamescanbegeneralizedo morethanoneplayers
(vs. Nature), but alsothat standardgame-theoryis ill-suited to model suchgames.
Our treatmentyields however an unexpectedvindicationof Hintikka’'s contentionthat
inquiry is a gameagainstNature. Since Natureis a non-stratgic player, Natures
‘stratggy’ doesnot dependon the Inquirer’s goal. Any strateyic playerwho cannot
anticipateanInquirer'sdemandor informationin a way thatwould affectthe player’s
dispositionto answeris in this respecfjust asnon-stratgic asNatureis.

A competeninquirerhasoftento devise clever meango maintaina ‘veil of igno-
rance’. Keepingthe anticipationsof anagent,to whomquestionsareasked, as‘local’
aspossibleis the daily breadof inquirersof all ilks, be they pollsters,sociologists,
or criminal investigatorg* Likely, in proper(non-deyeneratemulti-player) inquiry

24K eepinginvestigatos’ expectationds sometimesrucial also,asillustratedby double-blindprotocols.
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gamesthe aim of Inquireris to play a gameas closeas possibleto a gameagainst
Nature.
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