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Abstract. We look at waysto enrichAlternating-timeTemporalLogic (ATL) — alogic for speci -
cationandveri cation of multi-agentsystems- with a notion of knowledge. Startingpoint of our
studyis arecentproposalfor a systemcalled Alternating-timeTemporalEpistemicLogic (ATEL).
We shaw that,assuminghatagentsactunderuncertaintyin somestatesof the systemthe notionof
allowablestratgyy shouldbe de ned with somecaution. Moreover, we demonstrate subtlediffer-
encebetweeran agentknowing thathe hasa suitablestratgyy andknowing the strateyy itself. We
alsopoint out thatthe agentsshouldbe assumedimilar epistemiccapabilitiesin the semanticof
bothstrateic andepistemicoperators.

Trying to implementtheseideas,we proposetwo differentmodi cations of ATEL. The rst one,
dubbedAlternating-timeTemporalObsenationalLogic (ATOL), is alogic for agentsvith bounded
recallof the past.With thesecond ATEL-R*, we presenta frameawork to reasoraboutboth perfect
andimperfectrecall,andin which we alsoincorporateoperatordor reasoningaboutthe past. We
identify somefeasiblesubsystemsf this expressive system.

Keywords: multiagentsystemstemporallogic, epistemiclogic, knowledge,transitionsystems,
gameswith incompleteinformation.

1. Introduction: What Coalitions can Achieve

Two logical systemsbasedon temporallogic have beenproposedecentlyto tackle speci®cationand
veri®cation of multi-agentsystemsproperties. First, Alur, Henzingerand Kupfermanposedtheir

Yfor an introduction to temporal logics see for example [9] or [30]. A survey of logic-based approaches to multi-agent systems
can be found in [20].
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Alternating-timeTemporalLogic (ATL and ATL* [2, 3, 4]), which offered a possibility of express-
ing the capabilitiesof autonomousgentsn a way similar to the branchingtime temporallogics CTL
andCTL* [9, 21]. The secondanguage Alternating-timeTemporalEpistemicLogic (ATEL/ATEL¥)
proposedy vanderHoekandWooldridge[17], enricheghe picturewith anepistemiccomponent.

ATL* is an extensionof CTL* in which a classof cooperation modalities tAii (A , Where

is the setof all agents or players) replacethe simple path quanti®ersE (there is a path) andA (for
all paths).> The common-senseeadingof Aii is: “the groupof agentsA have a collective stratgy
to enforce regardlessof whatall the otheragentsdo”. The original CTL operatorsE andA canbe
expressedn ATL with t ii andMh;ii respectiely, but betweenboth extremeswe can expressmuch
moreaboutthe abilities of particularagentsandgroupsof agents.Thedual operatofA] canbede®ned
in theusualway as[A] hhAii: , meaningthatA cannotavoid ontheirown. ATL* inheritsall
thetemporaloperatorgrom CTL*: h (nexttime), 3 (sometime), 2 (always) and U (until).

ATL extendsCTL in the sameway ATL* extendsCTL*: in ATL, every temporalmodalityis pre-
cededby exactly onetemporaloperator So, typical ATL formulasareAii3"; WAii2' andiAii' U
where' and areATL formulas® Sincemodel-checkindor ATL* require2EXPTIME, but it is linear
for ATL, ATL is moreinterestingfor practicalapplicationg4].

Examplesof interestingpropertiegshatcanbeexpressedvith ATL include:

1. bAii 3"
2. hAii2"

3. :hhaii N ~chmgii N~ A [ Bii
4. WA [ fagi " 1 tnfagi D

The ®rst of theseexpresses kind of cooperative liveness property: coalition A can assurethat
eventuallysomeATL-formula' will hold. Thesecondtemthenexpresses cooperative safety property:
A canensurethat' is aninvariantof the system.Thethird item is an exampleof what coalitionscan
achieve by forming biggerones;althoughcoalitionA andB bothcannotachiere thatin the next state'
will betrue,if they joined their forces, they would have a strat@y to enforce’ in thenext state.Finally,
thelastpropertyexpresseshata doesnotneedary partnerfrom A to achieethat' will holdin thenext
state:readasa schemeijt saysthatwhatever A togethemwith a canachiese next, canbe achieved by a
on hisown.

ATEL* (ATEL) addsto ATL* (ATL, respecirely) operatorgor representinginowledgein theworld
of incompleteinformation. K,' readsas “agenta knows that' ”. Additional operatorsC,"' , E,'
andD," referto the situationsof commonknowledge, “everybodyknows” situation,and distributed
knowledgeamongthe agentsfrom A. Thus,E," meansthatevery agentin A knows that' holds.
C,' impliesmuchmore: the agentsrom A not only know that' , but they alsoknow that they know
this, know thatthey know thatthey know, andsoon. DistributedknowledgeD ,' denotesasituationin
which, if the agentscould combinetheir individual beliefstogetherthey would be ableto infer that'
holds. Thecomplity of modelcheckingfor ATEL is still polynomial[17].

Intuitively, ATEL shouldenablesxpressingrariousepistemigropertiesof agentaunderuncertainty:

24paths’ refer to alternative courses of events; typically, paths are interpreted as sequences of successive states of computations.
3Note that the “sometime” operator 3 can be defi ned in the usual way as: hAii 3 ¢ HAii true Up.
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1. heii3' ! Ka
2. Kp(c=s) ! i (i Po)U: (c= s)
3.d! Hmii3 (Kad® Ay Kpd)

The®rsttwo itemsareexamplesof so-calledknowl edge pre-conditions. The ®rst of themintuitively
saysthatknowing is a necessary requirementor having the ability to bring about' . The second
expresseshatif Bob (b) knows thatthecombinatiornof the safeis s, thenheis ableto openit (0), aslong
asthecombinatiorremainsunchangedin [7], Knowledge Games areinvestigatedasa particularway of
learningin multiagentsystemsEpistemicupdatesareinterpretedn a simplecardgame wheretheaim
of the playeris to ®nd out a particulardeald of cards.Having a winning stratgy theneasilytranslates
into the third item displayedabove: it saysthatif the actualcarddealis d, agenta canestablishthat
eventuallyhewill know it, withoutary of the othersknowing this deal.

Oneof the main challengesn ATEL, notreally addressedh [17] but alreadyhinteduponin [22],
is the questionhow, givenanexplicit way to representhe agents knowledge,this shouldinterferewith
the agents'available stratgies. Whatdoesit meanthatan agenthasa way to enforce' , if he should
thereforemale differentchoicesn epistemicallyindistinguishablestatesfor instancen Section3, we
amguethatin orderto add an epistemiccomponento ATL, oneshouldgive an accountof the tension
betweenincomplete information thatis imposedon the agentson the one hand,and perfect recall that
is assumedboutthemwhenthey areto make their decisions,on the otherhand. We alsoamue that,
whenreasoningaboutwhatan agentcanenforce, it seemamoreappropriatdo requirethe agentknows
his winning stratgy ratherthanhe knows only thatsucha stratgy exists.

Then, in Section4 we will loosenthe assumptiorof perfectrecall to agentshaving no, or only
limited memory The epistemiccomponenin Alternating-timeTemporalObsenationalLogic (ATOL)
is entirely basedon the notion of obsenration: the agentscanrecall no history of the gameexceptof
the information “stored” in their local states. We give several examplesof what agentscan achieve
if they areallowed to make speci®cobserations. Then,in Section5, full Alternating-timeTemporal
EpistemicLogic with Recall(ATEL-R¥*) is consideredhere,agentsareagainallowedto memorizethe
wholegame.We proposea semanticgor ATEL-R*, andwe usepast-timeoperatorgo relatethe several
epistemicmodalities;®nally, expressrity andcompleity of ATEL-R* is brie y investigated But ®rst,
in Section2, we would lik e to re-introducethe basicsystemsATL andATEL.

2. TheAlternating-time Language: ATL and ATEL

Thefull languagef Alternating-timeTemporal.ogic ATL* consist®f stateformulasandpathformulas.
A stateformulais oneof thefollowing:

p, wherep is anatomicproposition;

or , where';,  areATL* stateformulas;
iAii , whereA is asetof agentsand isanATL* pathformula.
A pathformulais oneof thefollowing:

anATL* stateformula;
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or , Where';  areATL* pathformulas;

h* or' U ,where; areATL* pathformulas?

In “vanilla” ATL (i.e. ATL without *) it is requiredthat every occurrenceof a temporaloperatoris
precededy exactly oneoccurrencef a cooperatiormodality In consequenceanly stateformulascan
befoundin ATL: p,: ' ," _ , lAii h* mAii2' , andiAii' U , Wherep is anatomicproposition,
' areATL formulas,andA is asetof agents.

ATEL (ATEL*) addsto ATL (ATL*) formulasfor describingepistemicpropertiesof agentsand
groupsof agents:

Ka' ,whereaisanagentand' isaformulaof ATEL (ATEL* stateformula,respectrely);

C,' ,E,' andD,' ,whereA isasetof agentaand' isaformulaof ATEL (ATEL* stateformula,
respectiely).

2.1. Modelsfor ATL: Concurrent Game Structures

A modelfor ATL is de®nedasa concurrent game structure [4]:
S=1H;Q; ; ;d; i

wherek is a naturalnumberde®ningthe amountof players(sothe playersareidenti®edwith numbers
1;::;;k andthe setof players canbetakento bef1;:::;kg), Q is a ®nite setof (global) statesof the
system; is the setof atomicpropositionsand : Q! 2!!is amappingthatspeci®esvhich proposi-
tionsaretruein which states.The decisionsavailableto playera at stateq arelabeledwith consecutie
naturalnumbersandfunctiond : Q! N speci®esdhown mary optionsareavailablefor a particular
agentat a particularstate. Thus,agenta at stateq canchoosehis decisionfrom setf 1;:::; d5(q)g. Fi-
nally, a completetuple of decisiondj 1; ::;;j«i in stateq implies a deterministictransitionaccordingto
thetransitionfunction (o;j1;::5jk)-

Example2.1. As anillustration, considera systemwith a singlebinaryvariablex. Therearetwo pro-

cessesthe controller(or sener) s canenforcethatthe variableretainsits valuein the next step,or let

the client changethe value. The client ¢ canrequesthe valueof x to be 0 or 1. The playersproceed
with their choicessimultaneously— they do not know the otherplayers decisionuntil the transition
is done. The statesand possibletransitionsof the systemasa whole are shavn in Figure1.®> There
aretwo propositionsavailableto obsere the valueof x: “x=0" and“x=1" (note: thesearejust atomic
propositionsz=is nottheequalitysymbolhere).

It is importantto distinguishbetweenthe computational structure, de®nedexplicitly in the model,
andthe behavioral structure, i.e. the modelof how the systemis supposedo behae in time [30]. In
mosttemporallogics — ATL no exception— the computationaktructureis ®nite, while the implied

4Sometime” and “always’ canbedefined as: 3¢ trueUp, and2¢  : 3: ¢.

SWe should use natural numbers as labels for agents and their actions to make the example correct in the formal sense. For
instance, s can be encoded as “agent 17, ¢ as “agent 2", action reject as 1, accept as 2, set0 as 1 and setl as 2. Obvioudly, such a
trand ation can be easily made for any set of symbolic labels —therefore we will use symbolic namesin our examples to make
them easier to read and interpret.
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Figurel. Transitionsof the variablecontroller/clientsystem,togetherwith the tree of possiblecomputations
(assuminghatq is theinitial state).

behaioral structureis in®nite. In ATL, the ®nite automatorlying at the coreof every concurrengame
structurecanbe seenasaway of imposingthetreeof possible(in®nite) computationghatmayoccurin
the system.Theway the computationabtructure(concurrengamestructure)unravelsinto a behaioral
structure(computatiortree)is shavn in Figurel, too.

It shouldbe notedthat at leastthreedifferent versionsof ATL have beenproposedoy Alur and
colleaguesver the courseof the last 6 years,eachwith a slightly differentde®nition of the semantic
structure. The earliestversion[2] includesonly de®nitionsfor a synchronousurn-basedstructureand
anasynchronoustructurein which every transitionis ownedby a singleagent.[3] offersmoregeneral
structureg(called alternatingtransitionssystems)with no action labelsand a sophisticatedransition
function. In [4], functiond is introducedand simpli®ed;morewer, anarbitrary®nite setof agents is
replacedwith setf 1; :::; kg. All of this mayleadto someconfusion.

Sincethe modelsfor ATEL from [17] arebasedon the secondversionof ATL [3] (andnotthe most
recentone[4]), we will introducethemodelsfrom [3] aswell. An alternating transition system (ATS) is
atuple

S=h;Q; ; ; I:

Thetype of the systemtransitionfunctionis the maindifferencehere— : Q I 229 is meantto
encodeall the choicesavailableto agentsat eachstate.Now (g;a) = fQ1;::;;Qng (Q1;::5:Qn Q)
de®nedhepossibleoutcome®f a'sdecisionsat stateq, andthechoicesareidenti®edwith theoutcomes.
Theresulting(global) transitionof the whole systemis assumedo be the intersectionof choicesfrom
all theagents:Qa, \ i\ Qa, Qa 2 (0 &). Sincethe systemis requiredto be deterministig(given
thestateandtheagents'choices)Qa, \ 1\ Qg mustalwaysbeasingleton.

An alternatingransitionsystentor the variablecontroller/clientproblemis shavn in Figure2. Note
thatthe ATS is somevhat more comple thanthe original concurrentgamestructurefrom Figure 1.
In general both kinds of semanticsareequialent[12, 13, 14], but the concurrenigamestructuresare
smallerandeasierto readin mostcaseq22]. Thereforewe will tendto useconcurrenggamestructures
ratherthanalternatingransitionsystemsasthe basisfor our analysis.
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Figure2. An ATSfor thecontroller/clientproblem

2.2. Agents' Strategiesand Semanticsof Cooperation Modalities

In aconcurrengamestructureastratgy for agentais afunctionf ; : Q™! Nsuchthatf,( ) da(Q)
for g beingthe last statein sequence (i.e. suchthatf4( ) is avalid decisionin g). The function
speci®esa's decisionfor every possible(®nite) history of systemstates. In otherwords, the stratgy
is a conditional plan with perfect recall, sinceeachagentcanbasehis decisionson a completehistory
2 Q.

A collective stratgy is atupleof stratgiesFa : A! (QT ! N), onestratgy for eachagentfrom
A . Thesetof all possiblg(in®nite) computationstartingfrom stateg, consistentvith Fa is denoted
with out(q; Fa).® Now S;q HAii iff thereexistsacollective stratgy Fa suchthat is satis®edor
all computationsrom out(q; Fa). In otherwords,no matterwhatthe restof the agentsdecideso do,
theagentdrom A have away of enforcing . Thesemantic®f temporaloperatorsn ATL* is thesame
asin CTL*.

Semanticof ATL (without the star) mustbe de®nedin more detail £ for every combinationof a
cooperatiormodality anda temporaloperator Let, for any history 2 Q™, andary integeri 2 N, the
i-th positionin  bedenotedby [i]. Let S beaconcurrengamestructure andq a statein it. Then:

S;q E A h'iff thereexists a setof stratgies Fa, onefor eacha 2 A, suchthatfor all
2 out(q; Fa), wehaveS; [1]F ';

S;q F MAIi2" iff thereexists a setof stratgiesFa, onefor eacha 2 A, suchthat for all
2 out(q; Fa), wehaveS; [u]fE ' forallu 2 N;

S;q E WAIii' U iff thereexists a setof stratgliesFa, onefor eacha 2 A, suchthatfor all
2 out(q; Fa), thereexistssomeu 2 N suchthatS; [u] F ,andforall0 v < u, wehae

S, VMIF ",

The type of a choiceis differentin alternatingtransitionsystemsthereforea stratgy for a hasa
differenttypetoo — f, : Q* | 29, The stratgy mustbe consistenwith the choicesavailableto a:

5Computation = gogi ... is consistent with a (collective) strategy Fa if, for every i = 0, 1, ..., there exists atuple of agents
decisionsl ja da(gi) suchthat 6(gi,ja,,..-» ja,) = gi+1 @dja = Fa(a)(qo...qi) foreacha 2 A.
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fa( ) 2 (qg;a) for g beingthelaststatein sequence. Again,S;q HAii  iff thereexistsacollectve
stratgy Fa suchthat is satis®edor all computationgrom out(q; Fa).

Example 2.2. Thefollowing exampleATL formulasaretruein every stateof theconcurrengamestruc-
turefrom Figurel:

(x = 0! Hsii hx = 0)~ (x = 1! tsii Px = 1): thesener canenforcethe valueof x to
remainthe samein thenext step;

x = 0! :hhii3x = 1: ccannotchangeahevaluefrom 0to 1 onhisown, evenin multiple steps;
x = 0! :hhsii3x = 1:scannotchangehevalueonhisown either;

x = 0! Hs;ci3x = 1:sandccancooperatd¢o changethevalueeffectively.

2.3. AETS and Semanticsof Epistemic Formulas

Modelsfor ATEL — alternating epistemic transition systems (AETS) — add epistemicaccessibility
relations 1;::;; k Q Q for expressingagents'beliefs[17]:

S=h;Q ;i 1 ki

Theaccessibilityrelationsareassumedo bere exive, symmetricandtransitive.

Agent a's epistemicrelationis meantto encodea’s inability to distinguishbetweenthe (global)
systenstatesy 5 g meanghat,while thesystemis in stateg, agenta cannotreally determinavhether
it isin qor . Thetruth de®nitionof knowledgeis standardhen.Let S beaconcurrenggamestructure,
andgandd bestates:

S;qF Kg' iff forall g suchthatg . wehaeS;q

Relations &, % and R, usedto model“everybodyknows” property commonknowledgeand
distributed knowledge, are derived from the epistemicaccessibilityrelationsof agentsfrom A. First,
%al;:::;an istheunionof all the 4: q '{Eal;:::;an q iffq 4 d for somea; from groupA. In other
words, if everybodyknows' , thenno agentmay be unsureaboutthe truth of it, andhence' should
betruein all the statesthat cannotbe distinguishedrom the currentstateby even one memberof the
group. Next, ,E canbe de®nedasthere exive andtransitie closureof & relation! Finally, relation
{Dal;::;an} is theintersectiorof all the 4 : if ary agentfrom groupA candistinguishq from ¢, then
thewholegroupcandistinguishthe statesn the senseof distributedknowvledge. Thesemantic®f group
knowledgecanbede®nedasbelaw:

S;qF E,' iff forallq suchthatq 5  wehaeS;q '
S;qF C,' iff foralld suchthatq § o wehaeS;q '
S;qF D,' iff forallq suchthatq 2 o wehaveS;q "

"Relation  § was originally defi ned as only the transitive closure of  § [17]. The reflexivity of the closure changes nothing
here, sinceall , are defi ned to be reflexive themselves —except for A = ;. And that is exactly why we add it: now 0? can
be used to describe having complete information.
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b sh

B sk (qo;s) = ff g fan; gy
@ sG (ai;s) = ff aug; fop; gy
® sk (tp;s) = ff &g; fap; cnog
D c® (@; ) = ff op; 1 ; f s g
B c&h (ah;c) = ff on; g f o gy
0 ¢ (p;c) = ff & g f ;0109
k ck

Figure3. An AETSfor themodi ed controller/clientproblem.Thedottedlinesdisplaythe epistemicaccessibil-
ity relations(modulotransitivity andre”&ivity).

Example 2.3. Let usconsideranothervariationof the variable/controlleexample:the client cantry to
add1 or 2 to the currentvalue of x now (the additionis modulo 3 in this case). Thusthe operations
availabletocare:“x := x + 1 mod 3" and“x := x + 2 mod 3". Thesener canstill acceptr reject
therequesfrom c (Figure3). Thedottedlinesshawv thatc cannotdistinguishbeingin stateqg from being
in stateq , while s is notableto discriminateg, from op.

Goingfrom themodelto thebehaioral structurebehindit, thereareatleasttwo waysof unraveling
the alternatingepistemictransitionsysteminto a computationtree with epistemicrelations. If agents
have no recall of the past,exceptfor the information encapsulateth the currentstate(modulorela-
tion ), thenonly thelaststatein a sequencenattersfor the epistemicaccessibilitylinks; if theagents
canremembetthe history of previous statesthenthe whole sequencenatters:the agentscannotdis-
criminatetwo situationsf they cannotdistinguishary correspondingartsfrom thealternatve histories
(Figure4 A andB). Thesetwo approachese ect in facttwo different“common-senseinterpretations
of the computationaktructurewith anepistemiccomponentIn (A), a state(togethemwith relation 5)
is meantto constitutethe whole descriptionof anagents’position,while in (B) stategand ) aremore
aboutwhatagentscanperceve or obsere atthatpoint. More precisely sinceagentc cannotdistinguish
o from gy in (A), heis not awareof ary transitionbeinghappenedhat staysin gg. In (B) however,
indistinguishablesituationsoccuralwayson the sameevel of tree,denotingthatheretheagentsat least
know how mary transitionshave beenmade.

Somepropertieghathold for this AETS areshavn below:

g Ksx = 1(oralternatvely: g x= 1! Kgx = 1foreveryq),
Q lsii hx = O (or alternatvely: x = 0!  Hsii hx = 0),
® ts;ci "x=o.

NotethatATEL agentsareassumedo have perfectrecallwithin the semantic®f cooperatioomodal-
ities: the knowledgeavailableto agenta whenhe is choosinghis actionis determinedoy the type of
stratgy functionf 5 (which allows a to remembethe whole history of previous states).Thusthe epis-
temic abilities of agentswith respecto their decisionmakingshouldbe the onesshavn in Figure4B.
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Figured4. Unraveling: thecomputatiortreeswith anepistemiaelationfor theclientprocess(A) indistinguisha-
bility relationbasedcompletelyon ~. B theagentdoesnotremembethe history of the game;(B) the clienthas
perfectrecall. The resultingindistinguishabilityrelationshouldbe readasthe re exive andtransitive closureof
thedottedarcs.

On the otherhand,the knowledgemodality K 4 refersto indistinguishabilityof states — thereforeits
characteristicss ratherdisplayedn Figure4A.

Unfortunatelyit canbealsoprovedthat: x = 2! il hx = 2 holdsin thesystemfrom Figure3
(becausey i hy = 2andq; il hy = 2), whichis counterintuitve: ¢ cannotreally choosea
goodstrateyy to enforce "x = 2 sincehe cannever be surewhetherthe systemis in qo or ¢;. Asking
aboutc's knowledgedoesnot make thingsbetter:it canbe provedthatK ¢(: x = 2! i hy = 2),
too! As it turnsout, not every function of typef, : Qt | 22 represents feasiblestratgy under
incompleteinformation.We will studythe problemin moredetailthroughoutthe next section.

3. Knowledge and Action under Incomplete Information

ATEL andATEL* areinterestinganguageso describeandverify propertieof autonomougrocessem
situationsof incompleteinformation. However, their semantics— theway it is de®nedin [17] — is not
entirely consistentvith the assumptiorthatagentshave incompleteinformationaboutthe currentstate.
Somethingseemso belackingin thede®nitionof avalid stratgy for anagentin AETS. Whende®ning
astrat@y, theagentcanmale his choicedor every stateindependentlyThisis notfeasiblein a situation
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Figure5. Epistemictransitionsystemfor the cardgame.For every state the players'handsaredescribed.The
dottedlinesshaw a's epistemicaccessibilityrelation~ . Thethick arrovsindicatea's winning strateyy.

of incompleteinformationif the strategy is supposedo be deterministic:if a cannotrecognizewvhether
heis in situations; or sy, hecannotplanto proceedwith oneactionin s;, andanotheiin s,. Goingback
to Example2.3, sincethe client cannotepistemicallydistinguishqg from q;, andin bothheshouldapply
adifferentstratgy to ensurehatx will have thevalueof 2 in the next state,it is notrealisticto saythat

theclient hasa stratgy to enforce h(x = 2)in . It is very muchlike with theinformationsetsfrom

vonNeumanrandMorgensterrj28]: for every statein aninformationsetthesameactionmustbechosen
within a stratgy. Suchstratgiesaresometimegalleduniformin the®eld of logic andgameq?5, 6].

Example 3.1. Thefollowing examplecanbe consideredagenta playsa very simplecardgameagainst
theernvironmentenv. Thedeckconsistingof Ace, King andQueen(A; K ; Q); it isassumedhatA beats
K, K beat®, but Q beatsA. Firstenv givesacardto a, andassignonecardto itself. Thena cantrade
his cardfor the oneremainingin the deck,or he cankeepthe currentone. The playerwith the better
cardwinsthegame.A turn-basedynchronou®\ETS for the gameis shavn in Figure5. Right afterthe
cardsaregiven, a doesnot know whatis the handof the otherplayer;for the restof the gamehe has
completaenformationaboutthe state. Atomic propositionwin enableso recognizehestatesn whicha
isthewinner Statesyr; :::; ;s arethe®nal statedor thethis gamehowever, thetransitionfunctionmust
specifyat leastoneoutgoingtransitionfor eachstate.A re exive arrov at every ®nal stateshavs that+
oncethegameis over + the systenremainsn thatstateforever.

Notethatq, Hmaii 3 win, althoughit shouldde®nitely be falsefor this game! Of course,a may
happen to win, but he doesnot have the power to bring aboutwinning becauséne hasno way of recog-
nizing theright decisionuntil it is toolate. Evenif we askaboutwhetherthe playercanknow thathehas
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awinning strat@y, it doesnot help: K ;Hmaii 3 win is satis®edn q, too, becausdor all g 2 Q suchthat
G aqwehaveq Hmii 3 win.

This callsfor a constraintike the onefrom [28]: if two situationss; ands, areindistinguishable,
thena stratgy f , mustspecifythe sameactionfor boths; ands,. In orderto accomplishthis, some
relationof “subjective unrecognizability’overtheagents’choicesanbeuseful— to tell whichdecisions
will beconsideredhesamen which states Probablytheeasiestvay to accomplistthisis to provide the
decisionswith explicit labels— the way it hasbeendonein concurrengamestructures— andassume
thatthe choiceswith the sameabelrepresenthe sameactionfrom the agents subjectve point of view.
This kind of solution ®ts alsowell in the tradition of gametheory Note thatit is harderto specify
this requirementf we identify agents'actionswith their outcomesompletely becausehe sameaction
startedin two differentstatesseldomgenerateshe sameresult. If a tradeshis Ace in gy, the system
movesto gs anda losesthe game;if hetradesthecardin g, the systemmovesto ¢;o andhewins. Still
a cannotdiscriminatetradingthe Ace in bothsituations.

3.1. Towards a Solution

The®rstattemptto solve the problemsketchedabore hasbeenpresentedh [22]. Theideawasto de®ne
ATEL modelsastuplesof thefollowing shape:

S=mQ; ; ; i kd i

whereagentshad the samechoicesavailable in indistinguishablestates,i.e. for every g;q’ suchthat
g aq it wasrequiredthatd,(q) = da(q) (otherwisea coulddistinguishq from g’ by thedecisionshe
couldmake)® An incomplete information strategy (we will follow [5, 6] andcall it a uniform stratey
within this paper)is afunctionf, : Q* ! N for which thefollowing constraintsheld:

fa( ) da(g), whereqis thelaststatein sequence;
if two historiesareindistinguishable 5 ’thenf,( ) = fa( /).

Two historiesareindistinguishabldor a if he cannotdistinguishtheir correspondingtates.Recallthat
theith positionof is denotedby [i]. Then a iff [i] a [i] for everyi. Alternatiely,
decisionscanbe speci®edfor sequencesf local statesinsteadof globalonest f, : QF ! N, where
local statesarede®nedasthe equivalenceclasse®f relation 5, i.e. Qa = f[d]l~, ] 2 Qg. Thiskind
of presentatiomasbeenemplgedin [31], for example.

Example 3.2. A new transitionsystenfor thecardgameis shavn in Figure6. Now, usingonly uniform
stratgjies,a is unableto bring aboutwinning on hisown: qy :hhaii3 win. Like in therealgame he
canwin only with some*help” from theervironment:qy  Ha; envii 3 win .

Unfortunately the new constraintprovesinsuf®cient for ruling out stratgies that are not feasible
underincompleteinformation. Considerthe last gamestructureand stateq;. It is easyto shaw that
g HMeii3win. Moreover, gy i N thaii 3 win althoughstill gy 2 Haii 3 win. In otherwords,no

8The authors of ATEL suggested a similar requirement in [19]. They also considered whether some further constraint on the
possible runs of the system should be added, but they dismissed the idea.
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Figure6. New AETSfor thegame.Thetransitionsarelabeledwith decisiondrom the playerwho takesturn.

conditionalplanis possiblefor a at gy, andat the sametime he is boundto have onein the next step!
Theparadoxicatesultsleadin factto onefundamentatjuestion:what does it mean for an agent to have
aplan?

3.2. Having a Strategy: dere vs. dedicto

Theconsecutie attemptgo ATEL semanticseemto referto variouslevels of “strategic” nondetermin-
ism:

1. the®rstsemanticproposedn [17] allows for subjectively non-deterministic strategies in asense:
theagents allowedto guesswvhich choiceis theright one,andif thereis any wayfor him to guess
correctly we aresatis®edwith this. Thereforethe notion of a stratgy from [17] makesformula
Aii  describavhatcoalitionA mayhappen to bringaboutagainsthemostef®cientenemiegi.e.
whentheenemieknow thecurrentstateandevenA's collective stratgy beforehandwhereashe
originalideafrom ATL wasratheraboutA beingableto enforce ;

2. intheupdatedsemanticérom [22], presentedh the previoussectiongvery stratgy is subjectvely
deterministic(i.e. uniform), but the agentcanchoosenon-deterministicallpetweerthem(guess
which oneis right). Thisis becausdiaii  (in the updatedversion)is trueif thereis a consistent
way of enforcing , but theagentmaybeunavareof it, andunableto obtainit in consequence;

3. having restrictedthe setof stratgiesto the uniform ones,we canstrengtherthe notion of a suc-
cessfulstratgy by requiringthata canenforce onlyif K jhmaii ; still, thisis notenoughasthe
examplesshaved. K yliaii  impliesthat, for every q indistinguishabldrom the currentstate,a
musthave a uniform stratgy to achieve from g + but thesecanbe differentstratgiesfor dif-
ferentd's. Thus,K jhaii  (in theupdatedversion)is trueif a knows thereis a consistentwvay of
enforcing * unfortunatelyheis notrequiredto know theway itself;

4. for planningpurposesthe agentshouldbe ratherinterestedn having a stratgyy andknowing it
(i.e. notonly knowing thathe hassome stratey)!
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Theaborve hierarchyremindsthe distinctionbetweerbeliefsde re andbeliefsde dicto. Theissueis
well known in thephilosophyof languagd29], aswell asresearclontheinteractionbetweerknowledge
andaction[26, 27, 32]. Supposeve have dynamiclogic-like modalities,parameterizewvith stratgies:
[FA] meaning‘A canusestratgy F to bringabout " (or: “every executionof F5 guarantees ”).
Supposalsothatstratgiesarerequiredto beuniform. Caseg2), (3) and(4) abore canbethendescribed
asfollows:

9r.[Fal Iis(possiblyunavare)having a uniform strat@y to achiere * seepoint(2) above;
Ka9e,[Fa]l ishaving astratgy dedicto (3);
9r.Ka[Fa] ishaving astratgy dere(4).

Thiswouldbea e xible way to expresssuchsubtleties However + having extendedATEL this way
+ we would enableexplicit quanti®cationover stratgjiesin the objectlanguageandthe resultinglogic
would be propositionaino more. Instead we canchangethe rangeof computationghataretaken into
accountby the playerwhenanalyzinga stratgy — out* mustincludeall the (in®nite) pathsthat are
possiblefrom the agents subjectve perspectie. Sincestratgiesin ATEL areperfectrecall stratgies,
theplayermustbeableto usetheinformationfrom the pastduringhis analysisof possiblefuture courses
of action. Thus, the pasthistory is relevant for determiningthe setof potentialoutcomepathsfor a
stratgy, andit playsanimportantrole in the de®nition of out*. Section3.3 offers a more detailed
discussiorof thisissue.

We needsometerminology Let beavariableover ®nite sequencesf statesandlet denotean
in®nite sequenceMoreover, for ary sequence = qq; ::: (beit either®nite or in®nite):

[i] = g istheith positionin
i = Qoth ::: G denoteghe®rsti + 1 positionsof
= GGy istheith sufdx of .

If i is greatethanthelengthof + 1, thesenotionsareunde®ned.Thelength™( ) of a®nite sequence
is de®nedn astraightforvard way.

De nition 3.1. Let bea®nite non-emptysequencef statesandf, astratgy for agenta. We saythat
is afeasible computatiorrun given®nite history andagenta's strat@y f,, if thefollowing holds:

startswith asequencéndistinguishablédrom ,i.e. |, a ,wheren= "( ) 1,

is consistentwith f 5. In fact, only the future partof mustbe consistenwith f 5 sincethe
past-orientegbartof the stratgy is irrelevant: no agentcanplanthe past.

Then,wede®neout’(; f5) =f | isfeasiblegiven andf,g

If cooperatioomodalitiesareto re ect thepropertyof having astratgy dere, thenout*( ; f4) should
replacetheoriginal setof objectively possiblecomputationsn thesemantic®f tnaii, sothathmaii  holds
for ahistory iff thereis anincompletenformationstratgy f ; suchthat istruefor every computation

2 out*('; fa). Thenthenew semantic®f the cooperatiormodalitycanbegivenas:
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i, iff  ahasauniform stratgy f 5 suchthatfor every 2 out*(; fa)
we have that holdsin
We usenotationfeii, . to emphasizethat thesecooperatiormodalitiesdiffer from the original

ones[4, 17]: agenta musthave a uniform stratgy andbe ableto identify it himself.

Example 3.3. Let us considerthe card gameexamplefrom Figure 6 again. Suppose], hasbeenthe
initial stateandthe systemhasmovedto q; now, sothehistoryis = qy0;. For every stratgy f 4:

out*(gpan;fa) = f | startswith ' 5 g and is consistentvith f 49
= f | startswith qyq;q a o and isconsistentith f ;g
= f | startswith gy or gye and is consistentvith f 40:

Note thatf 5 mustbe a uniform strategy - in particular f 2(qq1) = fa(gp). Therearetwo possible
combinationf decisiondor thesehistories:

(D) f1(wpom) = fi(mpak) = keep
(2) fa2(p) = fa(gpep) = trade

Supposehereexistsf suchthatfor every 2 out*(qyql;f) we have 3 win. We cancheckbothcases:

case(1): out*(qoth; f1) = fQh Ui QoG ::0,
case(2): out*(goth;f2) = FOhOsOs:::; Qo Chth:::0.

Now, 3 win doesnothold for gyt ggQy::: NOr ol OgCk:::, SOy 2 fali 3win.

K (a)

Note alsothatfunction out* hasa differenttype thanthe old function out, andthatwe interpreted
formula taii, ., 3 win over a (®nite) pathandnot a statein the abose example. This shavs another
very importantissue:epistemicpropertiesof alternating-timesystemswith perfectrecallareproperties

of sequences of states ratherthansinglestates.

3.3. KnowledgeasPast-RelatedPhenomenon

Throughouthe precedingsectiongheterm“situation” wasusedin mary placesnsteadof “state”. This
wasdeliberate Theimplicit assumptionhatstatesharacterizepistemigropertieof agentgexpressed
via the semanticof knowledge operatorsK 5, Ca etc. in the original versionof ATEL) is probably
one of the confusionsourcesaboutthe logic. In concurrentgamestructuresa state is not a complete
descriptionof a situation whenthe agentcanremembetthe whole history of the game(asthe type of
agents'stratgiessuggest)Notethatin theclassicaametheorymodeld28] situationsdo correspondo
states— but thesearecomputatiortreesthatareusedthere,soevery statein thetreeuniquelyidenti®es
apathin it aswell. At the sametime a concurrengamestructureor an alternatingtransitionsystemis
basedon a ®nite automatorthatindirectly imposesa tree of possiblecomputationsA nodein thetree
correspond$o a sequence of states in the automator(a history).

Within the original ATEL, agentsare assumedlifferentepistemiccapabilitieswhen making deci-
sions, from what is actually being expressedwith the epistemicoperatorK 5. The interpretationof
knowledgeoperatorsefersto the agents'capabilityto distinguishonestate from anotherthe semantics
of MAii allows the agentgo basetheir decisionsuponsequences of states.This dichotomyre ects the
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way aconcurrenepistemigamestructurecanbeunraveled(Figure4 in section2.3). We believe thatthe
dilemmawhetherto assignragentawith theability to remembethewholehistoryshouldbe madeexplicit
in the meta-languageThereforewe will assumehatrelation 5 expressesvhatagenta can“see” (or
obsere) directly from his currentstate(i.e. having no recall of the pastexceptfor the informationthat
is actually“stored” in the agents local state),andwe will call it an observational accessibility relation
to avoid confusion.The (perfect) recall accessibility relation for agentghatdo notforgetcanbederved
from 5 intheform of relation , overhistories.

As the pastis importantwhenit comesto epistemicstateof agentswith perfectrecall, knowledge
operatorshouldbe given semanticgn which the pastis included. Thus,formulaslike K ;' shouldbe
interpretedover pathsratherthan statesof the system. The nev semanticsve proposefor ATEL* in
section5 (meantasa logic for agentsawith ®nite setof statesandperfectrecall) dravs muchinspiration
from branching-timdogics thatincorporatepastin their scope[25]. The simplercase— agentswith
boundedmemory— is alsointeresting. We will discussit in section4, proposinga logic aimedat
obsenrationalpropertiesof agents.

3.4. FeasibleStrategiesfor Groupsof Agents

The dichotomybetweenhaving a stratgy de re and de dicto wasdiscussedn section3.2. The ®rst
notionis aguably moreimportantif we wantto expresswhatagentswith incompleteinformationcan
really enforce. In orderto restrictthe semantic®f the cooperatiormodalitiesto feasibleplansonly, we
suggesto rule out stratgieswith choicesthat cannotbe deterministicallyexecutedby the players(via
rede®nitionof the setof stratgies availableto agents)andto requirethata playeris ableto identify
a winning stratgy (via rede®nitionof function out: all the computationgnustbe consideredhat are
possiblefrom theagents perspectie — andnot only the objectively possibleones).

This looksrelatiely straightforvard for a singleagent:feii, ,,  shouldmean:“a hasa uniform
stratgy to enforce andhe knows thatif he executesthe stratgy thenhe will bring about ” (cf.
De®nition 3.1 andExample3.3). In sucha case thereis nothingthatcanpreventa from executingit.
Thesituationis notsosimplefor acoalitionof agentsThecoalitionshouldbeableto identify awinning
stratgy — but in whatway? Supposeve requirethatthis is commonknowledgeamongthe agentghat
Fa is awinning stratgy — would thatbe enoughJnfortunately the answeiis no.

Example 3.4. Considethefollowing variantof thematching pennies game.Therearetwo agentst both
with a coin + andeachcanchooseto shav headsor tails. If they choosethe same they win, otherwise
they loose.Therearetwo olvious collective stratgiesthatresultin victory for the coalition,evenwhen

we considercommonknowledgede re; hence9g ., ,, Cyy:0y[F1;01]win. However, both agentshave to

choosehe same winning stratgy, soit is still hardfor themto win this game!ln fact,they cannotplay

it successfullyvith no additionalcommunicatiorbetweerthem.

Thus, even commonknowledgeamongA of a winning stratgly Fa for themdoesnot imply that
theagentdrom A canautomaticallyapply Fa aslong asthereareotherwinning stratgiescommonly
identi®edby A. It meansthat the coalition must have a stratgy selectioncriterion upon which all
agentdrom A agree How have they cometo this agreementThroughsomeadditionalcommunication
“outsidethe model”? But why shouldnot distributedknowledgebe usedinsteadthenz if theagentsare
allowed to communicateoutsidethe modelat all, perhapghey cansharetheir private knovledgetoo?
Othersettingsmale senseaswell: therecanbe a leaderwithin the teamthat canassignthe restof the
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teamwith their stratgjies(thenit is suf®cientthatthe stratgy is identi®edby theleader).Or, theleader
mayevenstayout of thegroup(thenheis nota membetrof the coalitionthatexecutegheplan). In order
to capturethe abore intuitionsin a generalway, we proposeo extendthe simplecooperatiormodality
thAii to a family of operators:iAii ., with the intendedmeaningthat coalition A hasa (uniform)
stratgy to enforce , andthestratgy canbeidenti®edby agents in epistemianodeK (whereK
canbeary of theepistemicoperatorK ; C;E; D):

A iff A have a collectve uniform stratgy Fa suchthat for every
2 outjqp)(; Fa) wehavethat holdsin

TheseoperatorsgeneralizeJonler's cooperatiormodalitieswith indices: iAii ., lAii. and iAii,

introducedn [23].
We will usethegenericnotation ?todenotethe(path)indistinguishabil'ﬂz relationfor agents in
epistemionodekK:

Koriff o i § i) for everyi.

Functionout;*qp)(; Fa) returnsthecomputationshatarepossiblefrom theviewpointof group  (with
respecto knowledgeoperatorK) afterhistory tookplace:

out;*qp)(; Fa)=f | startswith ’suchthat /' J ; andtherestof is consistentith Fag

Examplesnclude:

tAii, ., :theagentsrom A have acollectie stratgyy to enforce andthestratgyy is common
knowledgein A. Thisrequiregheleastamountof additionalcommunicationlt is in factsuf®cient
thattheagentdrom A agreeuponsometotal orderover their groupstratgiesat the beginning of

the game(the lexicographicalorder for instance)andthatthey will alwayschoosethe maximal

winning stratgy with respecto thisorder;

tAii . ,, : coalitionA hasacollectve stratgy to enforce andeverybodyin A knows thatthe
stratgy is winning;
tAii, ., :theagentsrom A have astratgy to enforce andif they sharetheir knovledgeat

thecurrentstate they canidentify the stratgy aswinning;

tAii, ,, : theagentsrom A have a stratgy to enforce , anda canidentify the stratgyy and

give themordershow to achieve thegoal;
tAii, ;1 group actsasakind of “headquartersommittee™ they canfully cooperatewithin

(atthe currentstate)to ®nd a stratgy to achiere . Thestratgy is aimedfor A, soit mustbe
uniformfor agentfrom A.

NotealsothattAii . ., meanghatA have auniformstratgy toachiee  (but they maybeunavareof
it, andof thestrategy itself), because ;3 is theaccessibilityrelationwhencompletaenformationis avail-
able. In consequence& A lhAii ., captureghenotionof having a stratgy de dicto from section3.2.
Sincethe original ATL meaningof Aii  (thereis a complete information stratgy to accomplish )
doesnot seemto be expressiblewith the nev modalities,we suggesto leave the operatorin the lan-
guageaswell.
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Example 3.5. Let us considerthe modi®edvariableclient/serer systemfrom Figure 3 oncemoreto
shav how the new modalitieswork:

x =11 Hsii, hyx = 1, becausesvery time s is in g;, he canchooseto rejectthe client's

reques{andheknowsit, becausée candistinguishg; from the otherstates);

rx =21 chhscii, hx = 2, because: for every history (qqq”:::q1) + ¢ cannotdistinguishit
from (gg'q”:::qy) andvice versa,sohe cannoteffectively identify a uniform stratey;

x = 2! :hisii,  Mx =2~ hhi, Nx= 2 because hasnoactionto requesno change,
ands is unableto identify the currentstate;

however, x = 21 Ihsii, hx = 21 Theclientcan“indicate” theright stratey to thesener;

)

x =01 chhsii,  x= 07 htsii,  Px=0"tsii, .,

piecesof knowledge,they canidentify afeasiblestratgy for s;

hx = 2: only if s andc join their

x =11 Hsci, ., Mx=07:hh;si.,., M x= 0: bothprocessesanidentify a
suitablecollectve stratey, but they arenotsureif the otherparty canidentify it too.

Thenext two sectiondollow with a formalizationof theintuitionsdescribedofar.

4. ATOL: aLogic of Observations

Assigningan agentthe ability to remembeieverythingthathashappenedn the pastseemsaunrealistic
in mary cases.Both humansand software agentshave obviously limited memorycapabilities.On the
otherhand,we usuallycannotknow preciselywhatthe agentan questionwill actuallyremembefrom
their history+ in suchsituationgperfectrecall canbe attractive asthe upperboundapproximatiorof the
agents'potential. Someagentanay alsoenhanceaheir capacity(install nev memorychipswhenmore
storagespaces neededfor instance).In this casethe memoryof the agentss ®nite, but not bounded,
andthey cannotbe appropriatelynodeledwith boundedecallapparatus.

We believe that both settingsare interestingand worth further investigation. In this section,we
startwith introducingthe simpler caseof imperfectrecall in the form of Alternating-time Temporal
ObsenationalLogic (ATOL). As the original ATL andATEL operatordhAii werede®nedto describe
agentswith perfectrecall, it seemsbestto leave themwith this meaning. Instead we will usea new
modality tAii ® to expressthattheagentsrom A canenforcea propertywhile their ability to remember
is bounded Whenuniform stratgiesareto be consideredthe operatowill be usedwith anappropriate
subscripin theway proposedn Sections3.2and3.4.

If agentsareassumedio remembeno morethanp mostrecentpositionsin a®nite automatona new
automatorcanbe proposedn whichthelastp positionsareincludedin the statesandtheepistemidinks
de®newhatthe agentsactuallyremembein every situation. Thus,for every modelin which the agents
canremembem limited numberof pastevents,an equivalentmodelcanbe constructedn which they
canrecallno pastat all (cf. Example4.2). ATOL is alogic for agentswith no recall « it refersto the
featureghatagentscanobserve on the spot. Note, however, thattheseareobsenrationsin the broadest
senseincludingperception®f the externalworld, andtheinternal(local) stateof the agent.
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4.1. Syntax

An ATOL formulais oneof thefollowing:

p, wherep is anatomicproposition;

or , where';  areATOL formulas;
Obs,' , whereaisanagentand' isaformulaof ATOL;
CO,"' ,EO," andDO,"' ,whereA is asetof agentsand’ is aformulaof ATOL;

Hné\ii;b O , Aii ¢ 2' oanAu ()‘ U , where’; are ATOL formulasandA is a set

Obs(
of agentsand an agent(not necessanl;a memberof A).

HnAii'() hr ,HnAii’() 2" ,HnAii’() "'U , where’; are ATOL formulasandA and aresets
ofagentand () 2 fCO() ;DO() ;EO() g.

FormulaObs,' reads:“agenta obseresthat' ”. Operator«CO,, EO, andDO, referto “com-
mon obser\ation”, “everybodysees’and“distributedobsenration” modalities.Theinformal meaningof

HnAii;b( ) is: “group A hasa strat@y to enforce , andagent canseethe stratgy”. Thecommon
sensereadlngof A 2 o0 is thatcoalition A hasa collectve stratgy to enforce , andthe strategy
itselfis acommonobser\atlonfor group . Themeaningof HAii ? andAii S is analogous.

Sincethe agentsareassumedo have no recallin ATOL, the choicesthey make within their stratgies
mustbebasednthecurrentstateonly. As wewantthemto specifydeterministigolansunderincomplete
information,the plansshouldbe uniform stratgiesaswell.

NotethatATOL containsonly formulasfor which the pastis irrelevantandno speci®cfuture branch
is referredto, soit is suf®cientto evaluatethemover singlestatesof the system.

4.2. Semantics

Formulasof Alternating-timeTemporalObsenrationalLogic areinterpretedn concurrent observational
game structures:

S=mK;Q; ; ; i di

in which agentshave the samechoicesin indistinguishablestates:for every g; ' suchthatq 5 ¢ itis
requiredthatd,(g) = da(q). To specifyplans,they canuseuniform stratgieswith norecall.

De nition 4.1. An uniform strategy with no recall is afunctionv, : Q! N for which:
Va(0) da(Q) (thestratgy speci®essalid decisions),

if two statesareindistinguishabley 5 d thenva(q) = va(d).
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As usually a collective stratgy Va assignsevery agenta 2 A with one stratgy v,. The group
obserationalaccessibilityrelationscanalsobe de®nedn the standardvay:

DO _ m .
A - ar

>m
o
I
-
2.

acA
€O is there exiveandtransitive closureof E©:
The setof computationghatarepossiblefrom agent 's point of view, consistentvith stratgy Va
andstartingfrom stateq, canbe de®nedas:

out,,. ,(qVa) = f | isconsistenwith Vo and [0] qg:

De nition 4.2. More generally for ,and beingary of the collective obseration modesCO,

EO,DO:
out, (qVa) =1 j isconsistenwith Vs and [O] 1@ qg;

De nition 4.3. We de®nethesemanticof ATOL with thefollowing rules:

a p iff  p2 (a

q ' iff q2°

q ' _ iff q ' orq

g Obg' iff foreveryd a,qwehaveq '

q HnAii;bS( ) h: iff  thereisastratgy Va suchthatforevery 2 out,,  (g;Va) we
have [1] '

q HnAii;bS( 2 iff  thereis astratgy Va suchthatfor every 2 out,  ,(q; Va) we
hare [ 1] ' foralli= 0;1;:::

q HnAii;bS( ;U iff  thereis a stratgly Va suchthatfor every 2 out,, (g Va)
thereisak Osuchthat [ k] and[i] ' forall0 i Kk

q a' iff foreveryd § qwehaeq

q HnAii'() h: iff  thereis astratgy Va suchthatfor every 2 out, (qg;Va) we
hae [1]

q HnAii'() 2' iff  thereis astratgly Va suchthatfor every 2 out, (q;Va) we
hare [ 1] ' foralli= 0;1;:::

q HnAii'() U iff  thereisastratgly Va suchthatforevery 2 out , (g;Va)there
isak Osuchthat [ K] and[i] ' forall0 i Kk

Remark 4.1. NotethatoperatorObs, andHnAii;bs( ) arein factredundant:
Obs' CO{a}' ;
Ai ® he ipaie he  maiie 2" mAii® 2",

Obs( ) co{ b Obs( ) co{ b
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andHnAu;bS( ) U HnAu;O({ b (U

Remark 4.2. ATOL generalize@TL; from [31]. Theotherpaperintroducesour basicvariantsof the
alternating-timdogic, thatdiffer in their treatmentof informationavailable to agentsandthe type of
agents'recall. Theactualkind of agentsbeingtreatedby a particularvariantis re ectedin theindices
addedo the nameof thelogic aswell asto the cooperatiormodalities:l standdor perfectinformation,
andi for imperfectinformation;similarly, R denotegperfect,andr + imperfectrecall. Thus,ATL R is
aboutagentswith perfectinformationand perfectrecall (hencebeingequvalentto the original ATL),
ATLir treatsagentswith imperfectinformationandperfectrecall,andsoon.

ATL; encodeshesameview to agentsasATOL: theagenthaveimperfectrecall(they usestratgies
basedon statesratherthan histories)andincompleteinformation (modeledvia epistemicaccessibility
relationsover states).ATOL, however, is moreexpressie: notonly it includesthe epistemicoperators,
but the basicmodalitiesof ATL;, canbeseenasspecialcaseof the ATOL modalities:

A i HnAu;o(A)
Thus,it seemghat ATOL allows to distinguishmore subtlecasesof having a (collectve) stratgy, and
doesit in amoreexplicit way.

Proposition4.1. Model checkingATOL is NP-hardand s-easy(i.e., ATOL modelcheckingfalls be-
tweennondeterministigpolynomialtime compleity, andcompleity of polynomialcallsto a nondeter
ministic polynomialoracle).

Proof:
Theproofis analogoudo therespectie proofsfor ATL;. from [31]. t

Remark 4.3. ATOL syntacticallysubsumesnostof CTL. Although noneof In ii '() is equialentto

the CTL'sE, yetstill theuniversalpathquanti®erA canbe expressedvith m;iigo(@). Thusalsomostof
“thereis a path”formulascanalsoberede®@nedE ' :hhiie ~M:*, E2' :hhiie 300,
andE3’ :hh;ii;o(@)z: "

Remark 4.4. Thelanguageof ATOL doesnot cover the expressie power of full CTL. Unlike in ATL
(andevenATL,,),E' U cannobetranslatedoth ii? ' U . Moreover E' U cannotbeexpressed

asacombinatioof A' U ,E3' ,E2' ,A2' ,E N 'andA ' (cf.[24)).

In consequenceahe modalitiesfor completeinformation(i.e. possiblynon-uniform)stratgieswith
norecall:mAii® N mAii*2' andmAii®' U (correspondingp theATL, , logic[31]) canbeavaluable
extensionof thebasicATOL.

Remark 4.5. NotethatATL,, is equivalentto ATL [31], SOATOL beginsto coverthe expressie power
of CTL assoonaswe addthe perfectinformationmodalitiesto ATOL.

Remark 4.6. ATOL semanticallysubsume<TL.: it is enoughto restrictthe alternatingobserational
gamestructurego the caseof oneagent( = fag), with theidentity relationasthe only obserational
accessibilityrelation(q  » ¢ iff g = ). For this classof models:E h* theii 3, h A h
iiie M E2' twii® 2" andsoon.

Obs(a) Obs(a)
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x=2 acc,add1 %=1

Figure7. Thecontroller/clientproblemagain

4.3. Examples

Let usconsideafew examplego seehow propertieof agentsandtheir coalitionscanbeexpressedavith
ATOL. We believe thatespeciallyExample4.3 demonstratethe potentialof ATEL in reasoningabout
limitationsof agentsandthewaysthey canbe overcome.

Example4.1. First,we canhave alook atthevariableclient/serer systemfrom Example2.3again this
timein theform of aconcurrenbbsenrationalgamestructurg(seeFigure7). Notehow theobserational
relationis de®ned:if wethink of x in binaryrepresentatior; X, we have thatc canobsere x ;, whereas
s obserersxs. Thefollowing formulasarevalid in the system:

Obs;x = 1 Obs;: x = 1: thesener canrecognizevhetherthevalueof x is 1 or not;

ts; cuco(sc) h:x = 2: the agentshave a stratgy de re to avoid X = 2 in the next step. For
instancethe client canalwaysexecuteaddl, andthe sener rejectstherequesin g; andaccepts
otherwise;

x =21 chsiis hix = 2)~ thsii e h(x = 2): Theseners mustbehinteda stratgy by
cif hewantsthevariableto retainthevalueof 2. To seewhy thisis true,supposdahatx = 2. We
have to ®nd a stratgly \s suchthatfor every 2 outopsc)(h; vs), we have [1] F h(x = 2).
Let vg bethe stratgy thatpicksreg in all states.Then,obviously, v is anincompleteinformation
stratgy. All thecomputatiorpathsconsistentith thisstratgy areqotp:::, hQi ::: andpe®k ::
Therunsfrom thosethatarein outops(c)(G; Vs) arethosethatstartin q2, sotheonly elememwe
retainis = G :::. Obviously for this , we have [1] F (x = 2). To further seethat
in o we have :htsii’ o) h(x = 2), assumehatthereis somestratgy vs suchthat for every

2 OUtops(c)(tk; Vs) wehave [1] F (X = 2). Theonly stratgy vs thatworksherechoosesej
in . Sincevs hasto be anincompleteinformationstratgy, vs prescribese in g aswell. But
therunsgeneratedy this vs in 0utopsc) (ks Vs) are = thp::: and ' = ¢ptp:::. Obviously,
wedonothave ‘[1]F x = 2

Hnscuco( 3(Obss;x = 0_Obs;x=1_ Obsgx = 2)"Hnscuco( 3 (Obgx = 0_ Obsgx =
1_ Obsgx = 2)* :hhs;cii 2 o 3(EO{s )X = 0_EOgyx = 1_ EO{s aX = 2): theagents
have awayto malethevalueof x obserablefor ary of them,but tha/ have no stratgy to make it

obserableto bothof thematthe samemoment.
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reject,setl reject,setl

Figure8. Agentswith somememoryof the past.Propositiorrej holdsin the statesmmediatelyafterarequest
hasbeenrejected.

Example4.2. Let usgo backto the ®rst variable/controllesystemwith only two statedExample2.1).
Thesystemcanbemodi®edto includeboundednemoryof theplayers:for instanceit seemseasonable
to assumehat eachagentrememberat leastthe last decisionhe made. Resultingconcurrenbbsenra-
tional gamestructures shavn in Figure8. For this structure we mayfor instancedemonstratéhat:

s canalwaysrejecttheclaim: A2 Hnsii;bs(s) hrej  (whereA Hn;ii;o(@) + cf. Remark4.3);

if s rejectsthe claimsthenthe value of x will not changet ands canseeit: Obs[(x = 0!
ANrej! x=0)r"(x=1! ANrej! x=1)r(x=2! ANre! x= 2).
Note thatthis kind of formulascanbe usedin ATOL to specifyresultsof particularstratgiesin
the objectlanguagdin this case:the“alwaysreject” stratgy).

Example 4.3. Let usconsidera train controllerexamplesimilar to theonefrom [1, 17]. Therearetwo

trainstr 1; tr o, anda controllerc thatcanlet theminto the tunnel. The algorithmof traintr ; is sketched
in Figure9. Eachtrain canopt to stay out of the tunnel (actions) for sometime = its local stateis

“away” (aj) then.Whenthetrain wantsto enterthetunnel(e), it mustwait (statew;) until the controller
lightsagreenlight for it (actionlet; from the controller).In thetunnel(t;), thetrain canagaindecideto

stayfor sometime (s) or to exit (€). Thereis enoughvocahulary to talk aboutthe positionof eachtrain

(propositionsal,witl ,a2, w2andt2).

Thesetof possiblesituationgglobalstates)s
Q = fajag; a;we; arta; Wiag; Wiwe; Wits; tiag; tiwe; titag.

The transitionfunction for the whole system,andthe accessibilityrelationsare depictedin Figure 10.

Every train canobsere only its own position. The controlleris not very capableobserationally: it can

seewhich train is away * but nothingmore. Whenone of thetrainsis away andthe otheris not, ¢ has
to light the greenlight for the lattet® The trains crashif they arein the tunnelat the samemoment

9Thisis meant to impose fair access of the trainsto the tunnel: note that when ¢r; wantsto enter the tunnel, it must be eventually
allowed if only the other train does not stay in the tunnel for ever. Adding explicit fairness conditions, like in Fair ATL [4],
would probably be a more elegant solution, but it goes far beyond the scope of the example and the paper.
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Figure9. Traintemplate:ir; for thetrain controllerproblem
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Figure10. Transitionsandobsenationalaccessibilityfor the systemwith two trainsanda controller
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Figurell. Modelsfor two IF games:(A) S[Vx3dy=x x ¥ y]; (B) S[vx3zdy=x x ¥ y]. To helpthereadeythe
nodesin which Falsi er makesa move aremarkedwith grey circles;it is Veri er' sturnatall theothernodes.

(crash  t1~ t2), sothe controllershouldnot let a train into the tunnelif the othertrain is inside.
Unfortunately:

cisnotableto doso: :hhcii?  2: crash, becausét hasto choosethe sameoptionin w;t, and
wot;. Note that the controllerwould be able to keepthe trainsfrom crashingif it had perfect
information: :hhcii ®2 : crash, which shavs exactly thatinsuf®cient epistemiccapability of ¢ is
thesourceof thisfailure;

ontheotherhand,atrain (say tr 1) canhint theright stratgy (passasignal)to the controllerevery

timeit isin thetunnel,sothatthereis nocrashin thenext moment:A2 (t1! Hmii;bs(trl) h. crash);

whentr ; is outof thetunnel,thenc canchoosehestratgy of lettingtr  in if tr 5 is notaway (and

choosindet; else)to succeedn thenext step:A2 (: t1! Hmii;bs(c) h. crash);
two last propertiesmply alsothat A2 ”m”BO(c-tr b h: crash : the controllercanavoid the crash

whenhehasenoughcommunicatiorfrom tr 4;

however, :hicii ;O(w 1)2: crash, soa one-timecommunicatioris notenough;

®nally, ¢ is not a very good controllerfor one morereasont it cannotdetecta crashevenif it
occurs:crash! : Obs crash.

Example4.4. The last examplerefersto IF games,introducedby Hintikka and Sanduin [16], and
investigatedurtherin [6] from a game-theoretiperspectie. The metaphoof mathematicaproof asa
gamebetweenVeri®erV (whowantsto shav thattheformulain questionis true) andFalsi®erF (who
wantsto demonstratéhe opposite)is the startingpoint here. One agenttakesturn at eachquanti®er:
at 9x, Veri®eris freeto assignx with ary domainobjecthe likes, while at 8x the valueis chosenby
Falsi®er IF gamegyeneralizeéheideawith their“slashnotation”: 9x=y meanghatV canchooseavalue
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for x, but atthesameime hemustforgeteverythingheknew aboutthevalueof y (for ever). [6] suggests
thatsuchlogic gamesanbe givena propergame-theoreticdteatmentoo, andusesdynamic-epistemic
logic to reasonmaboutthe players'knowledge,their powversetc. Obviously, ATOL canbe usedfor the
samepurpose.

Let us considertwo IF gamesfrom [6]: onefor 8x9y=x x 6 y, the otherfor 8x9z9y=x x 6 V.
Thegametreesfor bothgamesareshavn in Figurell. Thearcsarelabeledwith j v ;jr wherejy isthe
actionof Veri®erandjg istheFalsi®ers decision;nop standgor “no-operation”or “do-nothing”action.
DottedlinesdisplayV's obserationalaccessibilitylinks. F hasperfectinformationin both games.It
is assumedhatthe domaincontainstwo objects:s andt. Atom win indicatesthe statesn which the
Veri®erwins, i.e. the statesn which he hasbeenableto prove theformulain question.

We will usethetreesasconcurrenbbserationalgamestructurego demonstraténterestingproper
tiesof theplayerswith ATOL formulas.

S[8x9y=xx 6 y];q F :hhVii® 3 win : Veri®erhasno uniform stratey to win this game;

Obs(V)

notethatS[8x9y=xx 6 y];q :hkFii;bS(F)Z: win: Falsi®erhasno power to preventV from
winning aswell in the ®rst gamez in otherwords,the gameis non-determinedThus,thereason
for V'sfailureliesin hisinsuf®cientepistemicabilities+ in thesecondnove, to bemorespeci®c:

S[8x9y=xx & yl; oy  Wviiz ~ Phviie 3win;
the vacuousquanti®erin (B) doesmattera lot: V canuseit to storethe actualvalue of x, so
S[8x9z9y=xx 6 y];qo F WVii?® 3win !

Obs(V)

Veri®erhasa stratgy thatguaranteewin (seeabove), but hewill never beableto obsenre thathe
hasactuallywon: S[8x9z9y=xx 6 y];qo F :hhVii® 3 Obs, win.

Obs(V)

Giving a completeaxiomatizatiorfor ATOL is beyond the scopeof this paper We only mentiona
few tautologiedelow.

Proposition4.2. Thefollowing arevalid ATOL properties:

HnAii;bS( ) I Obs HnAii;bS( , if is ableto identify A's stratgy to bring about , thenhe
canseethatA have sucha strat@y, too;

moregenerally:iAii ’() ! riAii ’() ;

A i ') ! riAii® . if A haveastratgy derein ary sensethenthey have alsoastratgy

O co(0)
dedicto in thesamesense.

having astratgy dedicto implieshaving acompletanformationstratey: HnAii;o(m I HAii®

5. ATEL-R*: Knowledge, Cooperation and Time with no Restraint

Realagenthave ®nite memoryandunlesshey canextendtheir capacitywhennecessarfhencemaking
the memory®nite, but unbounded)modelswith no recall canbe usedfor them. However, evenif we
know thatanagenthaslimited memorycapabilitieswe seldomknow which obserationshewill actually
decideto rememberModelswith no recallexist for mary problems put they areoftenextremelylarge
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andmustbe constructednthe y for every particularsetting. Assigningagentswith perfectrecallcan

beaneatwayto getrid of theseincorveniencesalthoughat the expenseof makingtheagentsemember
(andaccomplishoo much. Our languageo talk aboutagentswith recall£ Alternating-timeTemporal
EpistemicLogic with Recall(ATEL-R*) * includesthefollowing formulas:

p, wherep is anatomicproposition;

or , Where'; areATEL-R* formulas;

h or U , Where'; areATEL-R* formulas.

K, ', whereK is ary of thecollectve knowvledgeoperatorsC, E, D, A is asetof agentsand'

is anATEL-R* formula;

tAii ., ', whereA; aresetsof agentsK = C;E;D, and" isanATEL-R* formula.

We would like to embedthe obserationallogic ATOL, andmodalitiesfor stratgieswith complete
informationinto ATEL-R* in a generalway. Pasttime operatorscanbe alsousefulin the context of
perfectrecall,sothefollowing formulasaremeantto beapartof ATEL-R* aswell( = CO;EO;DO
andK = C;E;D):

A
HnAii'() ' ,HnAii;() ", WA 0 '
A *' , MAIi" ;

h—1: (“previously' M) and' S (*' since 7).

Severalderivedoperatorganbede®ned:

oA (¢t ) ete,

Ka'  C,," andWAii, AT "

Obs'  COgyy' andAiis WAii2
3' trueU and2' 23

3" trueS' and2!" :3-L:':

A m;iic(@)' andE' :hh;iic(@): "

5.1. Semanticsfor ATEL-R*

A few semanticshave beenproposedfor CTL* with pasttime [15, 25. The semanticave use for
ATEL-R* is basedon [25], wherecumulatve linear pastis assumedthe history of the currentsituation
increasevith time andis never forgotten. In a similar way, we do not make the usual(unnecessary)
distinctionbetweerstateandpathformulashere.
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Theknowledgeaccessibilityrelationfor agenta is de®nedasbefore: f Piff il f '[i] for all
i. Again, [i], i, and ' denotetheith position,®rsti + 1 positions,andtheith suf®x of respectiely.
The semanticdor ATEL-R*, proposedoelaw, exploits alsofunction out;*c(r)( ; Fa) which returnsthe
setof computationshatarepossiblefrom theviewpointof group  (with respecto knowledgeoperator
K) in situation (i.e. afterhistory tookplace):

out;*c(r)(; Fa)=f | n ? and " is consistenwith F, wheren is thelengthof g:

De nition 5.1. Thesemantic®f ATEL-R* is de®nedwith thefollowing rules:

;nop iff -~ p2 ([ n])

n iff n2'

n ' iff N ' or ;n

on iff  n+1

n " U iff thereisak nsuchthat ;k and ;i ' foralln i<k

n Kp' iff  for every ’ suchthat Tn f in We have 'n ' (whereK
canbeary of thecollectve knowledgeoperatorsC, E, D)

;n o A iff  thereexistsa collective uniform strat@y Fa suchthatfor every

’Zout;"c(r)( in: Fa) wehave ’;n

We believe thataddingpasttime operatordo ATEL-R* doesnot changedts expressie power * the
sameway as CTL*+Pasthasbeenproven equivalentto CTL* [15, 25. However, explicit pasttense
constructsn thelanguageenableexpressinghistory-orientegoropertiesn a naturalandeasyway.

De nition 5.2. Semantic®f pasttenseoperatorcanbede®nedasfollows:
'n h-1b iff n>0and ;n 1 '
n 'S iff thereisak nsuchthat ;k and ;i ' forallk<i n.

Example5.1. Considethetrainsandcontrollerfrom Example4.3. Thetrainscannever enterthetunnel
atthesamemomentsoA2 (crash ! h_l(tl_tg)), i.e. if thereisacrashthenatrainmusthave already
beenin the tunnelin the previous moment. The formulais equivalentto A2 (: (t; _ to) » hcrash)

whenwe considerboth formulasfrom the perspectie of theinitial point of the computation:it cannot
happerthatnotrainis in thetunnelandin the next statethetrainscrash'®

Example5.2. Anotherusefulpasttime formulais : h=1tr ye, thatspeci®eghestartingpointin compu-
tation. For instancewe maywantto requirethatnotrainis in thetunnelatthebeginning: : h=1tr ye!

: 1171 tg, whichisinitially equvalentto: t; ” : to, but stateghefactexplicitly andholdsfor all points
in all computations Also, tautologyA23 —!: h=1tr ue malesit clearthatwe dealwith ®nite pastin
ATEL-R*.

5.2. Knowledgevs. Obsewations

It canbeinterestingto reasomaboutobserationsin ATEL-R*, too. We canembedATOL in ATEL-R*
in thefollowing way:

19For a precise defi nition and more detailed discussion of initial equivalence, consult for instance [25].
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De nition 5.3. Forall = CO;EOo0rDO:
n A iff ~ forevery ’;n’suchthat ‘[n’] § [ njwehae ’;n’
n HnAii’() ' iff  thereis auniform stratgy with no recall V4 suchthatfor every
’;n’,forwhich ‘[n’] € [ n]and ’isconsistenwith Vs, we
hare ’;n" '
Operatordor memorylesstratgies,identi®edby agentswith recall(rhAii;() , K = C;E;D) andvice
versa(miii , , = CO;EO;DO) canalsobeaddedn astraightforvard way.

The explicit distinctionbetweerknownledgeandobsenrationscanhelpto clarify a few things. The
®rst oneis more philosophical: an agentknows what he can seeplus what he canremembeitto have
seen.Or + morepreciselyt knowvledgeis whatwe candeducerom our presenandpastobserations,
providedwe aregivensuf®cient obserationalabilities (in the ontologicalsensej.e. we cannamewhat
we see).

Proposition5.1. Supposeur languagés rich enoughto identify separatestatesj.e. the setof propo-
sitions  includesa proposition q for every stateq 2 Q, suchthat ¢ is trueonly in g (sincethe set
of statesis always®nite, we canalwaysaddsuchpropositionsto  for eachparticularmodel). Then
for everyformula' thereexistformulas' ;" {;:::;" ;' n, suchthat' {;:::;" |, containno epistemic
operatorswith recall(K ;C;E;D),and' [~ " {1 ' foreveryi, and:

\/ Ka  (Obs' !~ h=lk, hry (¢ P=Ytruen Obs' ):

i=1:n

This implies that, in every situation,K ,' canbe rewritten to someformula Obs,' / ~ =1k, h* 7
unlesswe areatthebeginningof arun + thenit shouldberewrittento Obs;' .

Proof:

Considerformulas’ {| : Obs:: g and'{ :Obs:: ¢! ', onepairfor eachstateg 2 Q. Let
, N beacomputatiorandapositionin it, and [ n] = ¢ currentstateof the computation Supposehat
;n F Kg' ;thenfor every ' suchthat Tn a |n.Wehavethat ';n ' . Notethat: Obs,: ¢ is

trueexactly in the statesbelief-accessibléor a fromgj, so ;n F Obs(: Obs:: ¢ ). Now, "n_l a
n—1and ;nfF : Obs: g imply that Tn a mSo sn 1F h(: Obs: g ! ')andhence
nFE h-1k, h(: Obsy: ¢ ! ').Finally: Obsy: ¢ and: Obs;: g ! ' obviouslyimply ' .

Theproofthat ;n h=1K , h(: Obsy: ¢! ')and ;nf Obs(: Obsy: ) imply ;nf

K4' isanalogous. t

Example5.3. The above propositioncanbe illustratedwith the systemsn Figure 12. Considerpath
s for example. Theagentmusthave known in g, thathewasin q; or g andthereforein thenext step
hecanbein eithergs or gs. Now, in gg he canobsenre thatthe currentstateis gs or g, soit mustbe gs
in which p holds. Note thatthe agents ontologyis too poorin system(A): he cannotexpresswith the
availablelanguagehedifferencedecanactuallysee.Suf®cientvocalularyis providedin Figurel2(B):
for instancewheng is thecurrentstate K ; p canbealwaysrewritten as
Obs,: Obsy: g6~ N-1K, N(: Obs:: 6! p)
andof course Obs;: g6 (: Obsy: g6! p)! p.
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Figurel2. Knowledgevs. obsenations:with andwithoutthe vocalulary

5.3. CompleteInformation vs. Uniform Strategies

Let lAii  denotethatA have a completeinformationstratgy to enforce - likein ATL andoriginal
ATEL*. Relationshipanalogougo Proposition5.1 canbe shavn betweertheincompleteandcomplete
informationcooperatiormodalities.This oneis not past-,but future-orientedhowever.

Proposition5.2. HAii A ¢ () himaii h=1 . In otherwords, having a completeinformation
stratgy is equvalentto having a uniform stratgy that can be hinted at every stepby an omniscient
obserer.

A similar propertycanbe shavn for agentswith norecall:
Proposition5.3. tAii*  thAii&, ) Mteaiis =1
5.4. MoreExamples
Severalfurtherexamplesfor ATEL-R* arepresentedbelaw.

Example5.4. For the variableclient/serer systemfrom Examples2.3 and4.1, recall of the pastadds
nothingto theagents'powers:

tsii, " ! Hsii®

K (s) Obs(s)
.. . e ,
Hncii o ! Hncii obs(e)

Ks' | Obs' etc.

This is becauseachstatecanbe reachedrom all the otheronesin a singlestep. Thus,knowvledgeof
thepreviouspositionsin thegamedoesnotallow for ary eliminationof possiblealternatves. Obviously;
in a realisticsetting,the agentswould remembemot only their local statesfrom the past,but alsothe
decisionghey madet andthatwould improve theclient's epistemiccapacity

Example5.5. Considera modelfor the variableclient andsener, extendedin a similar way asin Ex-
ample4.2 (in which every playerrememberdis lastdecision).For this system the client startsto have
completeknowledgeof the situationassoonasx is assignedhevalueof 2:

A2(x=2! A2(K¢(x=0)_K¢x=1)_Kcx=2));
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Figurel3. GamestructureS[ ;]forgame ;=VYxIy=x(XZyV 1)

notethatstill A2 (: Obs(x = 0) " : Obs(x = 1)).

Ontheotherhand,the sener gainsonly someknowledgeof the past.If he hasbeenrejectingtheclaims
all thetime, for instanceheknows thatat the beginningthevalueof x musthave beenthe sameasnow:

2-lrej ! Kg(x=0! 271 P-ltrue! x= 0))etc.

Example 5.6. Somepropertieof thetrain controllerfrom Example4.3canbe analyzedhroughformu-
lasof ATEL-R*:

ti! Kg h-1. a; : everytimeatrainisin thetunnel,c knows atleastthatin the previous moment
it wasnotaway;

the controlleris still unableto accomplishits mission::hkcii, 2 crash, but...

artap ! i (20 (" ag” h(wl N wy)) I 2: crash). Supposéhetrainsnever enter
“the waiting zone”simultaneouslyandbothareinitially away + thenc can®nally keepthemfrom
crashing.Thestratgy is to immediatelygrantthe greenlight to the®rst train thatentershe zone,
andkeepit until thetrain is away again+ thenswitchit to the otheroneif it hasalreadyentered
thezone,andsoon;

also,if cis allowedto remembehis lastdecision(i.e. themodelis modi®edin the sameway asin
previous examples) thenc knowvs whoiis in thetunnel: A2 (K ¢t; _ K¢: tj) in thenew model. In
consequence, cankeepthe othertrain waiting andavoid crashaswell.

Example5.7. ConsiderlF gamesagain(seeExample4.4). An interestingvariationon the themecan
beto allow thata gameis playedrepeatedlya (possiblyin®nite) numberof times. For instancewe can
have formula ;| de®nedasa®xedpoint: ; 8x9y=x(x 6 y _ 1), which meanghatthe gameof
8x9y=xx 6 y shouldbe playeduntil Veri®erwins. Thestructureof thisgameis presentedh Figurel3.

Veri®erstill cannotbeguaranteethatheeventuallywins: S[ 1], ¢ :::;0 F :thhvii, 3 win;
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thistimearound however, V'ssuccesss muchmorelikely: for eachstratgy of his, hefailsonone
pathout of in®nitely mary possible(andFalsi®erhasto make up his mind before V). Intuitively,
the probability of eventually bringing aboutwin is 1, yet we do not seehow this issuecanbe
expressedn ATEL-R* or ATOL at present;

notethatin ananalogousnodelfor 8x8z9y=x x 6 y we have S[8x8z9y=xx 6 y];qy:::;0 F
tvii, 3 win, yetthis is only becausethe semanticoof ATEL-R* doesnot treat v asthe
epistemicaccessibilityrelation,but ratherasa basisfrom which therelationis generatedHence,
it allows V to remembethevalueof x anyway = which shavs thatS[8x8z9y=x x & y]is nota
suitableATEL-R* modelfor theformula (althoughit is still anappropriateATOL model);

in orderto encodethe new gamein ATEL-R*, we shouldsplit Veri®er into two separatelayers
Vi andV,. V; makesthemove atthe ®rst andsecondstepsandhasa completeinformationabout
the stateof theernvironment;V, doesnot seethe Falsi®er's choicefor x atall. Whatwe shouldask

aboutthenis: Hiviii h h”n\/gii 3 win, which naturallydoesnot hold;

K (V1) K (V2)

the above shavs that ATOL is muchcloserto the spirit of IF gameshanATEL-R*. Why should
we careaboutATEL-R* for modelinglF gamesat all? Well, considergame8x 5, where -

9y=x (X 6 y _ 5); the structureof the gameis shavn in Figure 14. In ATEL-R*, Veri®er
hasa simplewinning stratgy: ®rsttry y := s, andthe next timey := t, andheis boundto
hit the appropriatevalue+ hence,S[ ;¢ :::;0 F HVii, 3 win. At the sametime,V has
no memorylesstratgy: S[ 1], :::;0 F :hhVii :)bs(v) 3 win, becausdie losesthe knowledge
whathedid with' y lasttime every time heusesy again.In asenseltVii, ,, is closerto theway
variablesare treatedin mathematicalogic than i ® : in 9y9y ' both quanti®ersrefer to

. . .. Obs(v)~
different variableghathave the samenameonly mcndentaliy

Proposition5.4. Finally, thefollowing formulasareexamplesof ATEL-R* tautologies:

Aii ., I KpiAii . if areableto identify A's stratgy to bringabout , thenthey also

KO
know thatA have suchastrat@y;

Aii ., ! KpAii ., if A haveastratgy dere, thenthey have a stratgy de dicto;
having auniform stratgy implieshaving acompletenformationstratgy: mAii ., ! WAii ]
A i ;() L WAl memorylesstratgiesarespecialcasef stratgieswith recall.

5.5. Expressvity and Complexity of ATEL-R* and its Subsets

ATEL-R* logic, as de®nedhere, subsumedATL* and the original ATEL*, aswell as Schobbens'
ATL; *, ATLir* andATL,* logics from [31]. OneinterestingissueaboutATL*, ATL; *, ATLr*
andATL,* is thatthey do notseemnto beexpressibleby eachotheronthelanguagdevel.!! Thisis why
we decidedo includeseparat@peratordor eachrelevantperspectie to epistemicandstrateic abilities
of agents.

"Except for ATL and ATL, « — but without the star! — which are equivalent
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nop, x:=s nop, x:=t

Y:=s, nop q ________________________ q y:=t, nop
1 2
Xl, nop Y=, y
winq4 Q5 win

Figurel4. GamestructureS[vx ;]

Thecomplity resultsfor modelcheckingof “vanilla” ATEL-R areratherdiscouragingEvenparts
of it arealreadyintractablethe sameproblemfor ATL;; is NP-hard31], andmodelcheckingof ATL g
(basedbn cooperatiormodalitiesfor incompleteinformationandperfectrecall)is generallybelieved to
beundecidablg31]. We would like to stimulatea systematignvestigationof theissueby extendingthe
notationfrom [10]. LetB (Py;P2;::: | T1;To;::: | M1;My;:::) bethe branchingtime logic with path
quanti®erd?; Po; ;i :, temporaloperatorsl;; To; : : : andothermodalitiesM 1; M,; :::. Everytemporal
operatomusthave a pathquanti®erasits immediatepredecessdiike in CTL). Then:

1.B(E| 92;uU|-)isCTL;
B ((AY | 9;2;uU | -)isATL;

.B((A)| 9;2;u|CO,;EOQ,;DO,) istheoriginal versionof ATEL from [17];

2
3
4. B ((A)eoe, | 92;U[CO,;EOQ,;DO,) isthe ATEL versionfrom [22];
5. B ((A)o | 9;2;u4|CO,;EO,;DO,) isATOL (Sectiord);

6

B ((A)o (A, o (AN (A) | $2;u0 9 12 S | C,E,D,CO,EOQ,;DO,) is
“vanilla” ATEL-R.

The model checkingproblemcan be solved in polynomialtime for (3). On the otherhand,the
sameproblemfor (5) is NP-complete(Proposition4.1). Note that allowing for perfectrecall strate-
gies (but with memorylessstratgy identi®cation)doesnot make things worse: model checkingfor
B ((A)ow, | 92;U[CO,;EOQ,;DO,) is NP-completen thesameway (hint: usethemodelchecking
algorithmfor (3) andguesgheright setof statedrom which A canuniformly getto the current‘good”
statesavery time function pre is invoked). It turnsout thatthe authorsof the original ATEL proposed
the largesttractablememberof the family to date. Whetherarything relevantcanbe addedto it seems
animportantquestion.

6. Conclusions

We have brie y re-introducedAlternating-timeTemporalLogic anddiscussedwo kinds of modelsfor
thelanguagdconcurrengamestructureandalternatingransitionsystems)trying to stresghat+ when
onewantsto reasoraboutknowledgein suchsystemst it is importantto distinguishthe computational
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structurefrom the behaioral structure,andto decidein whatway the ®rst oneunravelsinto the latter
We arguethattheinitial approactto Alternating-timeTemporalEpistemicLogic [17] offeredtoo weak
anotion of a stratgy. In orderto saythatagenta canenforcea property' , it wasrequiredthatthere
existeda sequencef a's actionsat the endof which' held + whetherhe hadknowledgeto recognize
the sequencevasnot takeninto account.Moreover, eventherequirementhatthe agents stratgy must
be uniform provedtoo weak: it would still enableplansin which the agentwasallowedto “guess”the
openingaction. We suggesthatit is not enoughthatthe agentknows thatsomestratgy will help him
out; it is more appropriateto requirethat the agentcan identify the winning stratgy itself. In other
words,theagentshouldberequiredto have a strat@y de reratherthande dicto. Undersucha constraint,
theagent'’knows how to play”.

Thisis still notenoughto give the meaningof a cooperatiormodalityfor coalitionalplanningunder
uncertainty Evenif agroupof agentscancollectiely identify awinning stratgy, they areproneto fail
in casethereareothercompetingstratgiesaswell. Thus,we proposeseveraldifferentoperatorsnstead
of oneto distinguishsubtlecasesere.

Theassumptiorthatagentscanusethe completehistoryto make their subsequendecisionds also
investigatedn this paper Two paradigmsarestudiedherein consequenceérirst, agentcanbeassumed
to have no (or only limited) memory In this casethey male their decisionsonly on the basisof what
they canobserve (albeitin thebroadespossiblesenseof theword); alanguagdor ATL + Obsenrations,
dubbedATOL, is proposedor speci®catiorof suchagentsn this paper The otherparadigmis formal-
izedvia arichersystemgcalledAlternating-timeTemporalEpistemicLogic with Recall(ATEL-R*). We
believe thatbothapproachesanbe equallyinterestinganduseful.

This paperis only a steptowardsclarifying epistemicissuesin ATL, andit leavesmary questions
open.For instancealthoughonly recentlya completeaxiomatizatiorfor ATL hasbeengiven[13], this
is still unexploredareafor ATEL andATOL. Also, morenon-trivial examplesof game-lile scenarics
shouldbe looked for in which a logic of knowledgeandtime may helpto revealinterestingproperties,
andwhich aregoodcasedor automateglanningvia modelchecking.
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