1’One is a Lonely Number’: on the logic of communication Logic is not just about notions like reasoning, or like truth, but also about communication between two or more people. tell ask other can be just as ’logical’ as what we infer in Olympic solitude. show how such 1Logic in a social settingQuestions and answers of — busy street, QA.is sort of we do of our is I is happens. By question, I youalso, I you do flows you all. Then, by you do me. know, I know you know I know, etc. up of is common . a our actions. bystanders’ knowing Iwarn — knowingknow I know that.

2we good In we group Everyone’s knowing your is is others. If you student, you would shows I do know answer. I youyour Such of angles. Philosophers of theory, study of questions, studygames. is for logic. show is for analysis. The puzzle of the Muddy Children of flow puzzles, Nobody knows round. upon this,

3is for — so know knows is round that.of serious thrust, as of beyond simple questions and answers. E.g., we knowledge. holds forthat, UN guards of In round of Children, ones know status. of was knowledge. own falsity, round. ways. Logical models of public communicationFirst, we .group , of you, is we agents’ Q ´flive. Colosseum. , facts, sees knows knows knows. AIn

4has of world, holds, no for anyone. now you me. we heading. for S5 follows, we mean by ’knowledge’ only: "according to the agent’s information".Muddy is of for or 8 In of these, has knows faces, / DDDCDDDDCDCDCCDCDCDCCCCC

132222311313*:DDDCDDDDCDCDCCDCDCDCC

132221313*1 2 3DDC *DDC *

5General communication by of worlds is ais knowledge, such as or — truth, such as two of here. is turns affair. of paper. is answers overhear, etc. has for kinds of acts, secrets, so on —our isso open-ended. for Fagin, Halpern, &newof is2000, of "Cluedo". on others, of2The basics of update logicEpistemic logicj j f

6 ( ) j � j f jif ´ Ki fifE.g., in asking a ’normal’ question, conveys he does not know if : & ´Kf> (Kf � she knows , she Qf Q, AfM = (S, {~ | } , V)SV worlds worlds j Next, models, j f jj M, t |= fj t

7 f jGCommon knowledge G f sG j) fi jj)jf fi f fi f fi f is , serves two our as : CG f « f & EG CG f(fG (ffiEG CG fInduction AxiomDynamic logicof by snapshots of a

8 = <S, {R, V>as process graphs , s |= , s, s |= p¥, s |= p, s |= y , s |= y, s f1 & f2, s 1 and , s 2ffor some s’ with , s, s’ |= p: , s’ f¥, s, s |= a, s) a, s, s |= ; 2there exists s with , s, s |= 1 and , s, s |= 2, s, s |= 2, s, s |= 1 or , s, s |= 2, s, s |= *in M connects s1 with s2, s, s |= s12M, s1 fThus, operators, is forIF THEN WHILE e DO p

9 expresses of plus ¥]¥<p1;p2>f « <p1><p2>f f y<p*>f « f � <p><p*>f¥ [ [)) [fextensions of — Dynamic epistemic logicof Abstract DEL One can join the of logic, models. of on games. is of logic.is good for constraints. isfor on of Concrete update In 1, of f

10 from f s f s — of — of true, update. From oflogic, is of process models, logic, of our universe. is « A & p« « y« A & Ki(A fi <A!>f) i« A fi Ki fi [A!]knowledge, (A, f) Aknowledge. « CG (A, <A!>f)

11two systems do ways of with program constructions is of is WHILE ’you don’t know your status’ DO ’say so’.of two is for logic. of 3Basic theory of information modelsSpecial model aX ~ Y - (Y)j1997) for models. of such cubes.

Bisimulation two , is ”between their states m, n such that, whenever m ” n, then (a) m, n satisfy (b1) m R , world n R ” n’

12 f Q Q ´ Q A ´fIn sense, two of state.P2 ´p 1pworlds formulas. Now, P 1pPof formulas. For Invariance and definability Consider general models, or those of multi-S5.

N(b)M, s and N, t satisfy the same modal formulashas ,

13 N, t |= b(b)N, t has a bisimulation ” with M, s such that s” t is (cf. Moss 1997). proof 1997, 1998. of ’zones’

1 iishow this, world , ’difference s, t does formulas, s, t does not. of s, t is i s i zone. #I ai,ibM, s:i(b) (b1)i(b2) (b3)(b4)

142 M, s |= bM, s

3 If N, t |= bM, s, then there is a bisimulation between N, t and M, s3, , for , . i Ziformulas. Now worlds such i . In . remark. also, i holds, successor there. (b) Conversely, ai also holds in , so that there is no ’excess’ successor there either. nhas says by formula. E.g., two-world for our & C{Q, A} ((K � ) & ´K & ´K)us switch, of as , ones of For theory, theories. would good Respectful and safe operations The above also constrains :If , s and , t are bisimilar, so are their values , s) and , t)

, , . |, , , . of ” to is a

15 has ~i| , , of |nproposed (cf. for — 1996). for ,show go for :

Let be a bisimulation between two models , ’, with s s’.if s [[ t, then there exists t’ with s’ [[’ and s’ t’

An operation , ..., R) on programs is safe for is of two for relations , ..., R, then it is also a bisimulation for , ..., R * 11 a b a b2¥ ¥ .of how is for field.(b)

16as we go. we issue we 4What do we learn from a statement?Specifying speech acts Update logic may be theories, philosophy, (cf. 2002). of of of assertions, questions, or commands. of such as of assertions. E.g., follows, wewill assume, know true. so, has answers of answer. a’Learning Principle’. us Persistence under update of p for of assertion. But, aswe 1, of ! p & ´ Kp�p�s of , update. For model, do change, :

17which, when group, , free assertions generally, knowledge assertions Kip, ignorance assertions ´Kip.New kinds of preservation is using literals p, ´p, conjunction, disjunction, and Kilogic, is

In case, we is submodels, ,f

For A non-issue? Many people find this particular issue annoying. of wording. E.g., when , you know it", she should ", shut as this. is noof

18Let’s stop we reword go of worlds .would world has hands games.

we working no components. wworld . , A* , s If is itself, is persistent. Now suppose is D � SFirst we make D. Using the proof of of 3, for by world up links, Next, D � S M|A, because is. worlds . world own of .t in D � S. If of , by of model.M, t satisfies S , of , nfor your is ugly, is model, does work uniformly. that,

19on group size, for latter’s would 5Internal communication in groupsThe best we can The muddy children might of is once. holds forhands. course, is we do ’tell is’. so, is issue of by two , . know, down Q A Q A Q Q Ais First, of reduced. is is i.e., holds world. is more, is , we of model. is

20 For two only. First, of worlds as follows. loss of t as by 1 now t worlds down world plus Now is no property. worlds options. isby Next, 2 her. down worlds knows isNext, suppose no for f fi {1, f, f fi {1, .using formulas, 1, 2 So, subset of core. fact, of is preserved. worlds, as is hissurvives of update,n

In is no for by agents. E.g., 1 say Aupdate, as AAof is sighs:"I don’t know" sighs:"I don’t know either"

21world by of is used for group of 2.1. Thus, turns of group knowledge. slogan, of is. is is left, of knowledge. looks worlds , world model. By contrast, of of 4. logic, for of Planning assertions shows used assertions, used is cards are distributed among A, B, C. gets , gets , C gets .3of cards. of group as hiding, is —or — of we

22 Such ways. assertion, we for is analysis. Or, , we yA. issynthesis. , we 6Public update as relativizationSemantic and syntactic relativization is fact. A.new questions. For start, express of agents, |A, s . In logic, :

fAsays we our model, orversions model. For weis so .(p) AA & p AA & ´ ( A=()) A=A & Ki(A ( A)

23for update.works of depends on its strength. E.g., was less knowledge, as no ’A ’ or on CGdoes job.

(A (R ; S)A (R)A ; (S)A (R S) (R) (S)A =(pA =n [(¨{i | i˛G})] ffor by General logic of relativization Stripped of is this. ask for of

we is

24B) A)In our logic, two corresponds twoanswer is aformula. does for . of as of whose formulas.

witness discussion of 4. , you don’t know when announced, f fi (f)f fissues of Excursion: richer systems of update In logic, — of of another. Likewise, forms of 9). For when group is answered, subgroup answer, we use new

25f?i ? iof new objects, when we using of of suchoperations. Thus, of Finally, suggests of update. state, assertions. Thus, onaround, . for our logic, "what you said, I knew already".7Repeated announcement and limit behaviour’Keep talking’ In scenario, of no truly. In model, is anywhere. course, goodfor us, viz. knowledge. is of self-fulfilling knowledge. 4.

26discussed 2002B, viz. ofby game, do. ’best zone’ is of aLimits and fixed-points Repeated announcement of rationality by two 2 says ’s world is here. shown x1 |= B1 ~2 x2 |= B2 ~1 x3 |= B1 ~2 � ~1 x1 |= B1 worlds, as i depended.loops of as a suggests whose of ones of nf 1999 has onissues (for

27Iterated announcement in dynamic logic In , we , )E.g., self-fulfilling formulas f in M become common knowledge in #(f, M):f fi (G #(f, M)of we , ) byF , (X) = {s X | |X, s |= }X is , of does when passing. In we do model, as of models, of Thus we (cf. 6).

pp when p/X, s |= f Therefore, the above definition of F M,f (X) as {s ˛X | M|X, s |= f} equals {s | , s |= } Xn

28 , ,f.is such extensions, Excursion: comparing update sequences Update logic is subtle, even when we of 2002B (SR, (WR, answer is :y = � ´q)for f stops the world , whereas that for y runs as follows: , , }, {, }, {.123 p,´ q ´p, ´q ´p, qBut sometimes, things work out.

If an f implies y in , then #(f, )˝ #(y, ).

() T ()if , then F , (X) F , (Y)

29For, |X, s , |Y, s — by nOne more type of fixed point! by(cf. 2.2). is *GAfp ,8Inference versus updateDynamic inference Standard epistemic models. has Conclusion f follows dynamically from premises 1, ..., Pk if .Conclusions from A, B need not be the same as from B, A:witness ´Kp , p (consistent) versus p, ´Kp (inconsistent)

30 has different update effects from (´Kp & p) & (´Kp & p) implies — but ´Kp, p does not imply .By contrast, of say Structural rules and 2001C X � implies B, X � A X � and X, Y � imply X, A, Y � BLeft Cut X � and X, A, Y � imply X, Y � B of proof is showing wsuggests is process, arbitrary processes in the form of ’conversation games’.Inference versus update Here is amore general moral. has two is .stays model. process is . so, issue remains. a

319The wider worldhas two ofon Keeping track of past states, you surprise 2002). says knew state, for athere. this, we of stages. In as Privacy and hiding The next stage of complexity isWe have both just drawn a closed envelope. It is common knowledge us envelope invitation to on logic, the to wild night out Amsterdam. We both of the in us! Now I open my envelope,the contents, without showing them to you. Yours I know now which in store for me. But you have also learnt something, viz. that I know — though not what Iknow. Likewise, I not just what is in my envelope. I you, viz. you know I know. The even become L — worlds L N

32Such games, when show others, all. blow up of model.Suppose I you I or L L N1999, Moss &,actions, distinguish. on E.g., A of two models, anew x whose (s, new ,of is , . new (s, a) ~i (t, b) iff iiout". L, read lecture) you"do you cannot. four worlds (L, L). (L, do nothing), (N, N), (N, doupdate. now M of

33General ofthresholds.or by people’s such as orspan. crosses In is of understood. Games and social is analysis, synthesis. we say, for purpose. , is of has ’social software’ of Communication channels vistas, we down on 1998 ’National answers 7, 8, . turns 8. For people,is we viz. network? of presupposed system. gossip assumes two-by-

34ison two-way lines. of made, is as is who is sure world —world, knowledge. , is parties.on sure out. If are, here. has show of Logic and communicationI chair, eyes, think. course, I go out, asksomeone, of Groningen, we Newton’s two works: was when do

35go onsunny day, does on when on prisms or films. isnature, or sources such aspeople, of is as of agenda, is. for Say, would of I on this, as has up of reader’s case, now I know Colosseum, isgo. of guard, I fulfil,H. Andr�ka, J. van Benthem & I. N�meti, 1998, ’Modal Logics and Bounded A. Baltag, 2001, ’Logics for Insecure Communication’, Proceedings TARK , Morgan Kaufmann, Los Altos, 111—121.A. Baltag, L. Moss & S. Solecki, 1998, ’The Logic of Public Announcements, Common Knowledge and Private Suspicions, Proceedings TARK 1998, 43—56, Morgan Kaufmann Publishers, Los Altos.A. Baltag, L. Moss & S. Solecki, 2002, Updated version of the preceding, J. Barwise & L. Moss, 1997, Vicious Circles, CSLI Publications, Stanford.J. van Benthem, 1997, ’Dynamic Bits and Pieces’, Report LP-97-01, Institute for J. van Benthem, 1998, ’Dynamic Odds and Ends’, Report ML-98-08, Institute for

36J. van Benthem, 1999B, ’Update as Relativization’, manuscript, Institute for Logic,

J. van Benthem, 2000, ’Update Delights’, invited lecture, ESSLLI Summer J. van Benthem, 2001A, ’Games in Dynamic Epistemic Logic’, in G. Bonanno & W. van der Hoek, eds., Bulletin of Economic Research 53:4, 219—248.J. van Benthem, 2001B, ’Logics for Information Update’, Proceedings TARK , Morgan Kaufmann, Los Altos, 51—88.J. van Benthem, 2001C, ’Structural Properties of Dynamic Reasoning’, invitedlecture, Dynamics 2001, Prague. To appear in J. Peregrin, ed., Meaning University Press, Cambridge.H. van Ditmarsch, 2000, Knowledge Games, dissertation DS-2000-06, H. van Ditmarsch, 2002, ’Keeping Secrets with Public Communication’, H-D Ebbinghaus & J. Flum, 1995, Finite Model Theory, Springer, Berlin.R. Fagin, J. Halpern, Y. Moses & M. Vardi, 1995, Reasoning about Knowledge, MIT Press, Cambridge (Mass.).J. Gerbrandy, 1999, Bisimulations on Planet Kripke, dissertation DS-1999-01, Institute of Philosophy, vol. XIV, University of Utrecht. D. Kozen, D. Harel & J. Tiuryn, 2000, Dynamic Logic, MIT Press, Cambridge

37J. McCarthy, 2002, ’Two Puzzles about Knowledge’, department of computer

Publishers, Dordrecht.B. Moore, 1985, ’A Formal Theory of Knowledge and Action’, research report, Nationale Wetenschapsquiz 1998, ’Gossip Puzzle’,

R. Parikh, 2002, ’Social Software’, 132, 187—211.M. Pauly, 2001, Logic for Social Software, dissertation DS-2001-10, Institute for thSymposium on Methodologies for Intelligent Systems.Games, M. Wooldridge, 2002, An Introduction to Multi-Agent Systems, John Wiley,