Semantics for knowledge and change of
awareness

Hans van Ditmarsch and Tim French

Abstract We examine various logics that combine knowledge, awarereasd
change of awareness. An agent can become aware of propasjtimpositions but
also of other agents or of herself. The dual operation to inéugpaware, forgetting,
can also be modelled. Our proposals are based on a novehrdtatructural sim-
ilarity that we callawareness bisimulatigrthe obvious notion of modal similarity
for structures encoding knowledge and awareness.

1 Introduction

Modal logic has long been used to reason about knowledgeaisd im multi-agent
systems. While modal logics allow us to model uncertaintyéying the value of
propositions between states (the so-called possible gjoribey still require that
the agents are aware of all propositions and agents in thelmblous reasoning in
these models is undertaken under the closed world assumpti@very proposition
in every state, every agent assigns some kind of value (fais®, unknown, or a
value on some scale). In this paper we consider semantictstas and logics that
differentiate between agents being uncertain (of the vamlnpof a proposition, and
agents being unaware (of the relevance) of a proposition.

Agents may be uncertain about the valuations of propostitirey may be un-
aware of these propositions, but they may decome awaref propositions, and
be aware or become aware of other agents. We find that theraarg subtleties
and intricacies involved in defining the semantics for sughasics. In this paper
we will discuss these intricacies and in doing so make tHevahg contributions:
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1. We will introduce a new form of model equivalence module #yents’ aware-
ness and uncertainty, callesivareness bisimulation

2. We will define a new type of knowledge, tentatively refdrte asspeculative
knowledge Speculative knowledge is essential to express the dynateiac-
tions between awareness and knowledge.

3. As well as considering awareness of atomic propositiores,also consider

awareness of agent3his allows us to model such concepts as self-awareness

and speculation about an unknown adversary.

4. We will present operators for awareness change—bettoming awareand
forgetting—and give semantics for these operators that are consistdnbur
intuitions of awareness and knowledge.

Ourwork is rooted in: the tradition of epistemic logic [18]cain particular multi-
agent epistemic logic [21, 11]; in various research sineel®B0s on the interaction
of awareness and knowledge [10, 22, 23, 16] — including diogldo recent works
like [17, 14, 15]; and in modal logical research in propasitil quantification, start-
ing in the 1970s with [12] and followed up by work on bisimudex quantifiers
[27, 19, 13].

Works treating awareness either follow a meeenanticallyflavoured approach,
where awareness concerns propositional variables in thatian [10, 23, 16], or a
moresyntacticallyflavoured approach. In the latter, awareness concerngaillas
of the language in a given set, in order to model ‘limitedamatility’ of agents. It
is (also) pursued in [10] and in recent work like [14, 26]. We atraight into the
semantic corner: within the limits of their awareness, agare fully rational. For
the static part of our logic we follow the semantics of [10].

Our proposal extends the work in [7, 6, 8]; [7] presents theadyics of aware-
ness as a side issue, and shows that it combines well withhdgaaf knowledge,
as in a truthful informative announcements where a noveleiss addressed; [6]
focusses on a special case of awareness, naodlljc global awareneswhen all
agents are aware of the same propositions in all statesj8} @n axiomatization
and decidability for the logic where an agent may only becamare of a propo-
sitions in all states, another special case. The notion af@mess bisimulation is
already presented in [8], but in a version for propositioveiables only. In our
current proposal we present the widest range of modellirgredtives.

2 Motivating example

Hans is going to a conference. He wakes up in the morning. kfid im empty. He
is utterly unaware of his surroundings and even of himsdiis Bituation is best
characterized as:
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In words: a singleton domain Kripke model for an empty setgafres and an empty
set of propositional variables, and therefore with an eraptessibility relation, and
no valuation of atoms. Still, some formulas are true in thédes T, - L, T VL,
and so on.

A sprinkling of self-awareness starts to invade Hans’ mitel.is able to reflect
on his judgements again, yet another day! At this stage, tifyething he is able
to avoid is contradictions, but there are no issues to reaBont yet. This situation
can be visualized as:

i (]
N

Hans is the agent who has full access to the singleton domain. Already, there
is lots more to reason about. The following formulas are fruthis stateK; T,
Ki—=Ki L, T VK;iKi—L, and so on. Hans knows that he can avoid contradictions, and
that he does not know falsehoods, etc. With self-awareth@giser-order cognition
has arrived!

Being aware of himself, and still rubbing stardust from Heepy eyes, Hans
realizes what is lacking: coffee. He starts to wonder if eefivould already be
served in the restaurant below. It is still fairly early. l4dras reached the stage that
he can reason about something, namely an actual propositiooffee is served)
that he is uncertain about. This situation can be visual=ed
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The things that are now true are beginning to look more ancilee modal logic:
Ki(—Kip A =Ki—p) (Hans knows that he does not know whether coffee is served),
=Kip (Hans does not know that coffee is served), etc. In fact, rifeedas served.
The actual state in the figure, whepés false, is therefore underlined.

Now, while on his way to the lower floor, where the restauranbcated, some-
one in the elevator mentions that you can't have both coffeb@ange juice for
breakfast. This makes Hans aware that orange juice is aa.igdter this, Hans
does not know whether coffee is served and also does not krnwther orange
juice is served. But he knows that coffee and orange juicear®oth served. We
now get to the following situation. Unfortunately, Hans Istift not found out that
the breakfast area is closed. So actually (underlinedjetiseno coffee and no or-
ange juice.
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It has now become true thKt—(p A q), and so on.

Starting with mere uncertainty about coffee, and forggttire orange complica-
tions right above: there is yet another possible scenan@wherein Tim also enters
the picture. Hans recalls (i.e., hecomes awaje¢hat Tim arrived a day earlier at the
conference. Tim would certainly know if the restaurant isiopr closed. And Hans
assumes he and Tim would have been informed if the restaoaarieen open, and
that Tim may have thought Hans had already found out in anethgif it had been
closed. The resulting picture then becomes:
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From now on, the full range of multi-agent epistemic logiai®ur (and Hans’, and
Tim’s) disposition. In the underlined state it is true thahToes not know whether
Hans knowsn: =K (KipV Ki—p), that Hans does not consider it possible that Tim
knows thatp: -—K;—Kjp, and so on.

Going in the opposite direction, we can model forgettingrathermaking an
abstractionfrom a given information state. Let us not bother the read#ér more
examples but get down to logical business. Consider thsitran from the situation
whereini (only) is uncertain aboyp to the situation whereis also uncertain about
g but knows thatp andq (coffee and orange juice are served) cannot both be true.
Figure 1 shows three distinct ways in which we can view ttassition. Let us call
the modeld. e, Mi, Ri, andBofor the one on the left, middle (top), right, and bottom,
respectively.

The transition fronLe to Bois how we would really like to view it: no mention
of g whatsoever in the initial uncertainty. From a structurahpof view, that may
still seem more or less fine, but from a logical point of vielere certainly is a
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Fig. 1 Three different ways to view agenbecoming aware of propositian The depicted models
are named.e, Mi, Ri, andBo for the one on the left, middle (top), right, and bottom, exdjvely.

problem. Parameter sets of propositional variables andtagee typically given at
the outset, and a logical language, and a class of strudtuneterpret the language
in, are then given using such parameters. So, varigisieould have some initial
presence. Epistemic models are defined with a valuatioroaiiatpropositions over
states — we therefore have to choose a valuatiom fiorboth states of the model
on the left. The middle and right modeél§ andRi are two incompatible solutions
for this. InMi we have givery the valueT in both states, but we wish to treat that
as a don't care value. Itis put in parentheses to indicata teainaware op. In Ri
we copied the resulting structuB®, but with the difference thatis still unaware of
g. Again, it is put in parentheses in all three states.

The transition fronRito Bocan be seen as the agent becoming aware of structure
that is already present in the model. It is common to see thisiplicit knowledge
becoming explicit, e.g., implicit knowledge thatandq are not both true.

The transition fronMi to Bo can be seen as a minimal way to expand the model
Mi such that the agent to become awaredfi a specific way, while retaining all
her explicit knowledge itMi, namely ignorance g. It is then essential to point out
that there are many other ways in which agerdan become aware gf e.g.:

e She can become awarea$uch that she considers all four valuationpaidq
possible;

e She can become aware @fsuch that she knowg (achieved by removing the
parentheses froifg) in both states iMi);

e She can become aware@$uch that she knowsg;

e Andsoon...
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Agents speculating about all the different ways in which om@d become aware
of a fresh variable is exactly what our proposed notiospéculative knowledge
allows for, see Section 6. This view of becoming aware asdmgla model also
allows for specific instructions on how the agent becomegawhsomething, to
select one of various possible ways to become aware; a niaétiewe will address
in Section 9.

What the four structures in Figure 1 have in common is thadif gbstract from
g, they are are¢he samein the technical sense that they are @bisimilar. (And
also, they aré-bisimilar.) Once you take away the valuegfthe left two states in
Ri andBo are indistinguishable: the same fgris true there, and from either we
can access p-state as well as ap-state and nothing else. The notion of restricted
bisimilarity is the foundation of our approach to study theractions of awareness
and knowledge. We propose a notioregfareness bisimilarityn Section 4 and our
main contribution is on the various logical uses of this sefiegrimitive.

3 Language

Given are a countably infinite set of propositional variak{leropositionsP and a
countably infinite set of agents. The setd andN are disjoint. Propositional vari-
ables are nameq, q,r, possibly indexed or quoted, and agent variables are named
i,],k, possibly indexed or quoted. For all se¢sandY and allx, write X + x for
X U{x}, write X —x for X\ {x}, write Y for X \ Y, and similarlyx for X —x.

We augment multi-agent epistemic logic several new opesaigp, to mean that
agenti is aware of al the propositions and agent®inA" p¢ for agenti becoming
awareof proposition (variablep, after which¢ is true (and similarly, for becoming
aware of agents); and p¢ for agenti forgetting propositionp, after which¢
is true (and similarlyA;” j¢ stand for agent forgetting agent, after which¢ is
true). The construdt! ¢ stands for “agent implicitly knows ¢”. We also have a
primitive Vp¢ in the language. This is a technical device that stands Veau@ness)
bisimulation quantification oveg, after which¢ is true (and a similar quantification
operatowi¢ over agent variables). Its meaning is very much linked tcsttraantic
primitives that we still have to introduce, and it will latke combined with other
primitive operators to define more familiar notions.

Definition 1 (Language).Given are a countably infinite set of propositional vari-
ables (propositiond}, and a (disjoint) countably infinite set of agehtsThe lan-
guage? of knowledge and awareness is defined as

gu=TIPIOAD| - |Ki|VPd|Vid |Ad|A PH|ATid|A PY|A

wherei € N andp € P. Implication—, disjunctionv, and equivalences are defined
by abbreviation. ForK/—¢ we writeL! ¢, and for-¥p-¢ we write 3p¢. Explicit
knowledgés defined a&F¢ := K!'¢p A Aid. Given a finite seK = Xy, ..., X, of vari-
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ables (propositional or agent variables, or both), we wifKe for vVx; ...Vxn¢, and
whereV0¢ = ¢.

We explicitly include the formuld in the language, as the usual abbreviaton
—p complicates cases where not all agents are awgpeasf agent unaware @f(as
in the introductory example, at the moment of creation) wahken not explicitly
know truth. Unlike usual in multi-agent epistemic logic, wesume an infinite set
of agents. This is obligatory, because in any given systematients can always
become aware of yet another agent. No finite number, howexge | will therefore
do. The un(upper)labelel operator in the introductory section denotes explicit
knowledgeKE.

The semantics of the awareness operatavill be purely syntax-based, namely
using thefree variableof a formula. These are defined as follows. Note tgt) C
PUN.

Definition 2 (Free variables).The free variables of a formula are defined by induc-
tion on formula structure:(T) =0, v(p) = {p}, V(§ AY) =Vv(P) UV(Y), v(—¢) =
V(@) V(Kig) = V(@) +1,v(Vpp) = V(d) — p, v(Vi$) = V() —i, V(Ai}) = V() +1,
V(A"P9) = V(§) +i+p VATjd) = Vv(§) +i+ ], V(A p) = V(¢) +i+ pand
V(AT jo) =Vv(9) +i+].

Example 1 Consider Hans again, who is uncertain about coffee and isnbieg
aware of his uncertainty about orange juice. Hans is unawhmranges—Aq;
Hans does not (explicitly) know whether there is coffe¢KFp v KE-p); after
becoming aware of oranges, Hans explicitly knows that eoéfied oranges are not
both servedA"gKE—(pAq); and this entails that he is aware of orang&sqAQ;
Hans considers it (explicitly!) possible that after becoghnaware of oranges, he
knows that orange juice and coffee are both avaiIattﬁéiqu+ KE(pAq). Note that

V(LF39A/ K (pAQ)) = {p,i}, but thatv(ATKE (pA @) = {p.a,i}.

4 Structures

We augment standard epistemic (Kripke) models with a patemfier awareness,
and subsequently introduce a proper notion of bisimildatythese structures.

Definition 3 (Epistemic awareness model)An epistemic awareness model N
andP is a tupleM = (S R,«7,V) that consists of @omain Sof (propositionual)
stateq(or ‘worlds’), anaccessibility function RN — £ (Sx S), anawareness func-
tion &7 : N - S— Z(PUN) and avaluation function V: P — 2(S). ForR(i) we
write R and for.7 (i) we write o#; accessibility functiorR can be seen as a set of
accessibility relations RandV as a set ofvaluations \(p). A pointed epistemic
awareness modéM, s) is anepistemic awareness state

The awareness functias’ may be varied to reflect different logics. The logic of
public global awarenesgesults if the value of7 is the same for all agents and for
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all states. The logic ahdividual global awarenes®sults if the awareness function
is the same in all states, but may vary among agents. The®s lag discussed in
[6]. If there are no constraints placed on the awarenessime’, we call the logic
that ofindividual local awarenes8]. For the sake of generality we will also assume
no restrictions on the accessibility functiBnHowever, for practical reasoning pur-
poses we will often require that the relation satisfies sample properties (such as
reflexivity, transitivity etc.), where the typical modebskes ar&D45 (transitive,
euclidean, and serial) arg (transitive, euclidean, and reflexive). Further, given an
arbitrary modeM we will refer to the elements of the tuple é81, RM .o7M vM),

The property ofawareness introspectiof16] holds if all agents know when
they are aware of a proposition or of another agent:(4t),(s,u) € R, then
o (t) = 44 (u).” We make no commitment to awareness introspection. Thgéma
of the awareness function is a set of propositiand agents. Awareness of agents
is not commonly considered. The propertyseif-awarenesholds if for all agents
and stated, € < (s).

We now introduce the notion of awareness bisimulation. @@mghe following
scenario (also depicted in Figure 3).

Example 2In states agenti is aware of agenj and of propositiorp, stateu is
accessible for agemtfrom states, and in stateu agentj is aware of propositiom
and also of propositiog. That agent is also aware o€ in u should leave agernt
indifferent, as she is not aware @in g

This sort of similarity is captured in the following notiomamedawareness bisim-
ulation. Informally, given a model and a set (of propositions anchég)d C PUN,
another model is aA awareness simulation if it cannot be distinguished from the
first by formulas built only from proposition and agent vatis inA, and only in

the scope of agents who are aware of those propositions @miisag

Definition 4 (Awareness bisimulation) Let epistemic awareness modbls= (SR «7,V)
andM’ = (S,R, &7’,V') be given. For alA C PUN we define the relatiofk[A] by
(s,9) € R[A] iff:

e [atoms] forallpe A, seV(p)iff S e V/'(p);

e [aware] foralli €A A(s)NA= ' (S)NA;

e [forth] forallie A, if t € SandRi(s,t) then thereis & € S such thaR (s,t)
and(t,t’) e RIANH(S)];

e [back] forallie A ift’' € S andR(s,t’) then there is & € Ssuch thaRi(s,t)
and(t,t’) € RIAN </ (9)].

Epistemic awareness stat®l’,s') is an A-awareness-bisimulationf epistemic
awareness statd,s) iff (s,s) € R[A]. We write(M’,8)<a(M,s).

The ‘aware’ clause can be considered as an additional ‘at@msirement, due
to the nature of our models where states have more strudtarererely propo-
sitionual truth. If we were to replac®[AN 44(s)] in the back andforth clauses
with 2R[A], we would have the definition of a standard (restrictednigation over
labelled transition structures [25]. (Restricted®oandN’, for P UN’ = A)) Thus
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every bisimulation is an awareness bisimulation. Vice agifsall agents are aware
of all propositional variables and agents, the awarenessblation is a standard
bisimulation (for the relation&). This is what we desire: we then revert to the
standard multi-agent epistemic situation, where awasepkays no role.

Proposition 1. The relationsz 4 is an equivalence relation.

Proof. This can be seen by examining Definition 4(dfs') € RR[A], then the ‘level
of awareness’ isands' is the same, as required byare: foralli € A, o4 (s)NA=
' (s) NA. Reflexivity, symmetry, and transitivity follow directly.

Definition 4 is more complex than the definition of standarhulation, how-
ever its motivation is very simple. Two states &@awareness-bisimilar if, for any
observer aware only of the propositions and agen#s the states appear identical.
It gives us the A-perspective” of a an epistemic awareness model. We alsdt cal
observational equivalencéet that observer be ageinin states, then her perspec-
tive is that of.«# (s)-awareness-bisimilarity. We might also say that her vieuwhef
model is that of it$R[«#(s)] equivalence class. Clearly, if this holds for all agents,
noone can make an explicit distinction.

Definition 5 (Observational equivalence)Two epistemic awareness statds, s)
and(M’,s) areobservationally equivaletiff they are.o (s)-awareness bisimilar for
alli e N, i.e., iff

(M,9) € at(9(M',S) .

The crucial part of the definition of awareness bisimulat®that in ‘forth’, in
the requirement(t,t’) € R[AN <4(s)]", the bisimulation forstatet is (further) re-
stricted to the propositions and agents visible for aganstates, thei-predecessor
of t. (And similarly for ‘back’.) An honoured principle (also Economics, and in
artificial intelligence) is that incompleteness precedeseutainty. The awareness
function of an agent in a given state (incompleteness) oeters what the agent
can ‘see’ in all accessible states (uncertairayy so onThis chaining of awareness
is expressed with awareness bisimulation. This chainiggirement was presentin
epistemic awareness structures since its inception in J¥®have merely employed
it to the full and in the one and only way, for structural siznity.

Example 3In Figure 2 agent is aware ofp but unaware ofy in states. In the
figure, names of states are followed, between parenthesealues of propositions
(as int) or by the propositions the agent is aware of (ag ifiThese conventions for
visualization are different from those in Figure 1, but tlymneralize better to the
multi-agent situation. We will keep the conventions thrbogt the contribution.)
The three depicted epistemic states, wheréfrom left to right) implicitly knows
g, knows—q, or does not know whethay, are observationally indistinguishable
for the agent: they arép,i}-awareness bisimilar. Ap,i}-awareness bisimulation
between (e.g.) the left and the right picturéds= {(s, "), (t,t"), (t,t"")}.
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t(pa) t'(p—q) t"(pq) t”(p-q)

Y

s(i'?) S(i'P) (i)

Fig. 2 Agenti is aware ofp but unaware ofj in states.

Example 4In Figure 3, agents, j are aware of themselves and of each other in
all state. Also, in state agenti is aware of propositiop, and agenj is aware of
propositionsp andg. In stateu agentj is also aware of). In s, agenti explicitly
knows p and agent explicitly knowsp andg. That agent is not aware ofjin u
leaves ageritindifferent, as she is not aware @fn s. The model rooted in statds
observationally equivalen{ p,q,i, j }-awareness bisimilar) to (e.g.) the model with
roots, where agenf is (obligatory) aware ofj in s’ but notaware ofq in u’, and
whereq is still false inu’. But it is also observationally equivalent to the model with
roots’ where the awareness for both agents remains the same bultigeofq is
true inu”. This freedom does not exist for valuesopih stated,t’,t”: asj is aware

of gin s(ands,s’), he knows explicitly that| and therefore, making false in one
of the states,t’,t” would make an observational difference. The crucial aspkct
awareness bisimulation is that in stafg is aware thag is true in state, but not
from the perspective df whose access to statés limited by what she considers
possible forj within the limits of her awareness: e.g., we say that ageomsiders it
‘speculatively’ possible that, counterfactualjygonsiders it possible thatis false

in t. (It is counterfactual becaugedoes not really consider that possible.) Algo,
considers it speculatively possible thpis false inu, and thatj is aware ofg in u,
and thatj is unaware ofjin u.

t(pq) <— u(p-q, j'IP9) t'(pg) <— U(pq,j'P) t"(pa) <— u’(pq, jP9)
J J j
. I . l
J J
S(iiJPJiJPQ) g(itip, jiira) g'(ilip, jiira)

Fig. 3 Agent j's awareness df in statet is inconsequential to agentn states, asi is not aware
of q.

Examples with &D45 or S setting as in Section 2 are given in Section 7.
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5 Semantics

Having defined the language and the structures, we now déingemantics.
Definition 6 (Semantics)LetM = (SR, «7,V) be given.

M.,s) =T
Ms)=p  iff seV(p)
(M) =@ Aw iff (M.S) = ¢ and(M,s) = y
(M,s)=—p  iff (M.9) £ ¢
(M,s) =Kl¢ iff vtesR,(M,t) = ¢
(M,S) ):v ¢ iff V(M/asl)t)_p (I\/I7S)7(M/7s’)|:¢
(M,s) =Vig  iff V(M. §)e (M,s),(M',S) = ¢
(M) = Ag iff V() C ()
(M) = A7 pg iff (MP,) |= ¢
(M,s) = AT i@ iff (M*71),s) = ¢
(M) = A pg iff (MP,s) |= ¢
(M,5) = A i@ iff (M*1).5) = ¢
where
MS71P = (SR, U{(i,(s,p))},V)
MS?) = (S,R,JZ{U{(i,(S,j))},V)
MSiP = (SR« \{(i,(s,p))},V)
Ml = (SR./\{(i,(s.]))},V)

The set of validities (and the logic) is call®LILA (Dynamic Logic of Individual
Local Awareness).

The semantics foA"p (and similarly, for becoming aware of agents, and for
forgetting) is only one of several options, to be discusse8dction 9.2. Using the
semantics for the knowledge operator and the bisimulatiantifier, we can also
define a novel notion called speculative knowledge, to whiehdevote Section 6.
This notion will justify the use of bisimulation quantifielSven for the semantics
of the quantifier, we have various options, depending on theéeaiclass over which
guantification is considered. This is discussed in Sectio&orin fact, we do not
just have a logidLILA here, but a range of logics for knowledge and awareness,
depending on setting various parameters.

Before the examples, some results. First, a negative reBudt semantics of
DLILA are not invariant to bisimulationConsider a singleton mod# with state
s, accessible for a single agentwherep is true and where the agent is unaware
of p. This is clearly bisimilar to the two-state modelconsisting of statesandt’
such thatR = {(t,t), (t,t')} and wherep is still true in both states and wheirés
unaware op in both. Clearly(N,t) < 51 (M,s), but(N*Pt) ¢, (M37P,s): the
stateg andt’ can now be distinguished becalise aware ofp in the former but not
in the latter. In Section 9.1 we present some bisimulatioariant alternatives.

Proposition 2. Awareness bisimilar states satisfy the same explicit kedgd: If
(M,9) £ AGAK!§ and(M, )£ 5 (M), then(M',8) = Ad AK/ §.
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Proof. Note thatA;¢ meansv(¢) C 4(s). In the language restricted 1@ (s) the
epistemic awareness stafds, s) and(M’, ') are therefore bisimilar in the standard
sense, from which follows logical equivalence, thus edenee ofAig AK! @ in
both states.

Proposition 3. Duality of becoming aware and forgetting: Aip — (¢ <> A" pA"po)
andi= —Ap— (¢ + A"pA p¢). (And similarly for agent variables.)

Proof. Proposition 3 immediately follows from the semantics.

Example 5Consider again Figure 2, and the roots of the models. In edkticases
agenti explicitly knows thatp. But she does not explicitly know in stasahatq,
because accessible states p-awareness bisimilar to (e.g) whereinq is false.
After becoming aware df in states, she explicitly knows: then, any statép,q}-
awareness bisimilar tomustsatisfyq. SoA qKEq is true.

Example 6In Figure 3, in states, it is true that both agents know thpt and that
agentj knows thatg but agent is unaware ofy. Therefore considers it possible
that agentj is not aware ofy: (s,u) € R, (u,u’) € R[p|, andq ¢ < (U). Still, if

i becomes aware af, she knows thaj is aware ofg, and then she (mistakenly)
believes that he incorrectly believes tlggs false.

One way to pursue this logic further is to investigate itotie¢ical properties. In
[8] decidability is shown for the logiDLILAk where all epistemic awareness states
are trees, (and where only awareness of propositions islieddeot of agents,) via
an embedding into poly-modal logic. Poly-modal logic egjoyiform interpolation
with respect to both propositional atoms and actions [5504h [8], a complete
axiomatization is given for that logic, for a version of batiog aware where the
agent becomes aware in all states, not merely in the achtal Jthe axioms in that
logic that do not involve dynamics are comparable to thosmdioin [10]. But in
the underlying paper we keep focussing on the semanticsytaguing concepts
that we can express in the semantics with the available fivgroperators, and on
a number of semantic variations.

6 Implicit, speculative, and explicit knowledge

The presence of bisimulation quantifiers in the logic allavgsto define a novel
epistemic operator, called speculative knowleddéis treatment of knowledge is
a main innovation in these semantics.

Definition 7 (Speculative knowledge)Let an epistemic awareness mod®l, s)
be given.

(M,s) = K39 iff vt € SR, V(M )£ 5(M,1), (M) = ¢

1in[8], KS was called introspective knowledge and writterkas



Semantics for knowledge and change of awareness 13

If the set of proposional and agent variables were finitedkfinition is equivalent
to
(M,s) =KS iff (M,s) =K/ VA(s)$

But we did not require the sets of propositional and ageniabés to be finite.
There still is a more convenient direct way to define spem@dnowledge with a
quantifier, that always works. L&t = < (s) Nv(¢). Then

(M.8) KB iff (M,9) = K/VX¢

We note that the value @f in any model only depends on the (finite set of) variables
occurring ing. (Any further bisimulation variation that we take into aocot, does
not matter.)

An agent speculatively knowgs only if in all accessible state remains true for
everypossible interpretation of all propositions and agents sha is unaware of.
We achieve this by extending the agent’s accessibilitytisdy composing it with
bisimulation modulo those propositions and agents of witiehagent is unaware.
This speculative knowledge is neither explicit nor imglianiowledge.

In the definition of speculative knowledge, the order of &gisc access and
speculation is important. Given a stagn the semantics fokS¢ first we access
a possible world andonly thenwe compare observably indistinguishable states,
but from the agent’s perspective in the source statet in that target state This
mirrors the corresponding crucial aspect of awarenessblation. The meaning of
the quantifier only makes sense in the context of modal aitiktys

Example 7The semantics of becoming aware is simple, but should réallgeen
in the context of speculative knowledge, where the quaatiic comes into play.
Suppose that the agent is unawarepadnd thatp is true in all accessible states.
We then have tha"pKEp is true: after the agent becomes awareppp is true.
But although the agent considers that as a possibility, slkes dot know that, and
she also considers it possible that after becoming awayg siie knows thap is
false, or that she is uncertain abqutall true areLiSAﬁ pKEp, LiSAfr pKE-p, and
LPA p=(KF pVKE=p).

Example 8 Proposition 3 states that if an agerfirst forgets a propositiop and
then recalls the propositiop, then nothing changes: Aip — (¢ < A pA'po).
However, if an agent forgets a propositiop, she does ndtnowthat recalling the
propositionp will return the world to its original state. Neixplicitly, which is obvi-
ous, but also natpeculativelyshe can speculate over many different ways in which
this were not to come to pasp— A pKl-SAI-Jr p¢ is invalid! Although ostensibly the
dynamic operators a§" p andA; p, to grasp the dynamic expressivity we need the
context of the agent’s knowledge in combination with quaretion.

Let us list once more the three notions of knowledge. GiverodetiM with a
states € M.
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implicit knowledge Ko ¢ is true in alli-accessible states,
speculative knowledge 3¢  K!V(#(s)nv(¢))¢
explicit knowledge Ro KloArAQ

Past literature on knowledge and awareness has focusee daliffsrence between
implicit knowledge (“knowing” something without being fulaware of that thing)
and explicit knowledge (“knowing” something as well as lmefally aware of that
thing). Speculative knowledge is strictly weaker than eidtnowledge and strictly
stronger than implicit knowledge. It allows us to reasontalbloe process of becom-
ing aware, and that is our reason to complicate the exisiictgne. For explicit and
implicit knowledge we have retained the usual definitiongedaction between the
three kinds of knowledge includes:

Proposition 4. = KE¢ — KS¢ andf= KS9 — K/ ¢.

On the other hand Kl ¢ — KS¢ (you can implicitly know thaip but, as you are
unaware ofp, you do not speculatively know tha), andj= K'K!¢ — KSK! ¢ (as
you may be unaware of yourself).

Explicit knowledge is the truest form of knowledge. It is #reowledge an agent
is totally aware of. Implicit knowledge is the idealizedrfoof knowledge. If propo-
sition ¢ is true in every state an agent considers possible, thergérg anplicitly
knows¢ even though she may be unaware of some of the propositionagerds
in ¢. As ¢ is not in the agent’s language of discourse, the agent camoesss this
information. If we were to speculate about the agent’s priation ofg, we must
assume that any states observationally indistinguishalitee agent for the propo-
sitions and agents of which that agent is aware, are just ssitge in the agent’s
perspective. This allows us to model how agents can pero#ies agents becoming
aware in the most general way.

There is another reason to consider this novel notion ofidpiee knowledge:
Maybe K is the notion that should really be called implicit knowledghat should
delegatek' to the level of a mere technical primitive, or somethingeslliatent’
knowledge, say. Works predating [10] such as [20] suppdsttiew. In Levesque’s
presentation, variables in the unaware set can be spedege and that is exactly
what in his writings is called implicit knowledge. We have mado say about this,
but in this contribution we focus on awareness dynamics.

If the agent is aware of every proposition and agent in theméda ¢, then the
agent speculatively knowg, if and only if the agent explicitly knowg, if and
only if the agent implicitly knowsp. The agent speculatively knowgs if for ev-
ery world indistinguishable from the current world, for eyepistemic awareness
model bisimilar to that world with respect to all proposit®and agents igp, we
have thatp is true. If two worlds are bisimilar with respect to all pragitions and
agents inp, then the interpretation gf in those two worlds is identical (see Propo-
sition 2). So in the presence of complete awareness theetation of all three
forms of knowledge is as for epistemic logic.

Example 9John knows the firewall is working. He is not aware of any newmo
that may attack the system. However, he speculatively krthatsin any possible
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world where such a worm existed, the firewall would be workiflgis is captured
by the validity
KShnf A= AjonaW — KW — )

wheref is the firewall is workingandw is the worm is attacking the system

Example 10. The animal knows, of course. But it certainly does not knoat thknows.
(Teilhard de Chardin)

Suppose that we have a simple animal or agent that is notseife. That is
while the agent may have the capacity to reason about a nushipeopositions it
knows, it is not able to reason about its oimowingof those propositions. This is
precisely captured by the semantics of speculative knayeet this animalga, is
aware of a nocturnal threat,and aware of the proposition that it is night,then
the agent may know that in every possible world that it is tagte is no threat. In
terms of the semantics, in every woddhat the agent considers possible, in every
world {n,t}-awareness-bisimilar t(for the propositions and agentsndt are the
only aspects of this possible world that the animal may nete)have — n being
true. However, the agent does not know that it knows. Spéeelg it considers
it feasible that some ageatmay know such a proposition, but without any self-
awareness it makes no connection between such an agenselfid it

7 KD45 and S5

Apart from the logidDLILA we also consider the logi®&_ILA| , where every modal
operatoiK! satisfies the axioms of the logic L. In [8] we investigitel LAx where
all epistemic awareness states are trees. Other typicalehof L are S5 and KD45.
One should be careful to note that theseraotsimple cases of restriction. Restrict-
ing the underlying logic to L (for example KD45) means thatnterpreting the
formulaVpé¢ (or Vig), we may only consider pointed mod€ls!’,t’) that satisfy
the constraints of L (so transitive, serial and euclidearkid45). The validities of
DLILA, therefore do not necessarily extend thosBbfLA. Indeed, each axiomati-
zation poses new problems. Specific logics will also requiéréo vary the semantic
interpretation of the operatofs” p andA p. If awareness introspection holds (in-
distinguishable states have the same level of awarenefisatspou know of what
you are aware), then apart from becoming aware of some Varmin the actual
state, you should also become aware of that variable in edlssible states; or else,
awareness introspection is not preserved. In this sectemasgume that this is in-
deed the case. (In Section 9.1 we will more systematicallgstigate such versions
of becoming aware.)

Example 11Consider the case &fLILAkp4s, Where every agent’s accessibility re-
lation is transitive, serial and euclidean. CruciallyKib45, strong beliefs may be

mistaken, but you do not consider that possible: to yourgelfir beliefs appear

knowledge. Sd_iE(ﬂp/\ KiEp) is inconsistent. However, iDLILAkpss it is valid
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that an agentconsiders it possible that she becomes aware of a propuitiari-
able p that is false and that she believes to be true. That is nothubgpeculating
about becoming aware of false information that you had retsaccept! A validity
of the language is

—Aip— LPA"p(-pAKp)

The interpretation of this formula is shown in Figure 4. Theaoial aspect is that
the pair(s,t) € R[0] (the dashed line): agentannot a priori distinguish the reality
of p being true in the believed state from the speculative ogtianp is false there
but believed true. However, after becoming awar ¢ih both s andt) this option
is out of reach, ass,t) ¢ R[p].

i i
Spiit) — t(p,ii:D = S(p.iP) — t<p,i‘pD
\ / \ 7/

Fig. 4 You can become aware of a false belief.

More than any other example, we find speculation over falfiefbe very strong
vindication for our novel notion of speculative knowledge.

Example 12Now consider the case @fLILAs, where every agent’s accessibility
relation is an equivalence. This is the case for the coffelsoaange juice examples
in Section 2. Consider Figure 1 again on page 5, reprintegl&®Figure 5, and the
logical descriptions in Example 1 on page 7. kbt the actual state iRi, wherep
andq are both false.

e After becoming aware of oranges, Hans explicitly knows tiudtee and oranges
are not both servedi,s = A"qKE—=(pAq)

e Hans considers it speculatively possible that after bengraivare of oranges, he
knows that orange juice and coffee are both availdRigs = LiSAJ-*inE(p/\ Q).

Another formalization of the second iSKE(p A q), i.e., LI3gKE(p A q). This is
becausquAj*qu implies 3g3g¢ and therefore, triviallydq¢ for any ¢ (but not
the other way round): the bisimulation quantification ogelso allows to vary the
awareness level af, not just the valuation. In other words, the epistemic awass
state wherein you have become aware of a varigldeg-bisimilar to the epistemic
awareness state wherein you were not yet aware of that \@riab

8 Building models while becoming aware

There is a completely different way to model becoming awaog,for which we
already have all the necessary tools. Figure 5 depicts tiierelint ways to become
aware ofg in a model whereim already has a value.
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Fig. 5 Same as Figure 1 on page 5. The models are ndmddi, Ri, andBo.

So far, we have modelled becoming aware as in the transitam Ri to Bo.

In all the states oRi, we moveq to the set of propositions of whichis aware.
Technically, this is thé?*q operation in thesb-version where the agent becomes
aware of the variable in all accessible states.

From the modeMi we can also arrive &0, namely by increasing the epistemic
complexity, by changing the value gf and by movingj to the set of aware propo-
sitions. Technically, this is a combination §f, p}-restricted bisimulation, i.e., a
quantificatiordq, followed by the sam@&:"g. Having atont change its value during
the3q operation is a price we pay: the price is that no longer meaning implicit
knowledge in the usual sense of ‘knowledge that the agenbeaome aware of’.
Before the transitiork/' q is true. But in the transition this gets lost: afterwardg sh
is explicitly ignorant ofg. Therefore, the process of becoming aware can now not
be seen as explicitizing implicit knowledge.

This alternative formalization of ‘becoming awaredpf(also presented in [6]),
in the sense of ‘there is a way in which the agent can becomeeayiig, after which
¢’, comes with the following definition.

Definition 8 (Becoming aware while building the world).

(M,s) =Apg iff (M,s) =3pATpp  if p& Ujen “4(9)
(M,s) = A" p¢ otherwise

Becoming aware of agents, and forgetting, is defined sityilar

The case distinction in the definition is necessary.ills unaware and become
aware ofp, and consider an agejpt£ i who is already aware gf. If p changes value
in the3p-operations, thaf would observehat change and be puzzled. It would be
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like Tim already sipping coffee in the dining room while Hahecomes aware of
coffee. Hans speculates over coffee maybe not being alatlaére. As a result of
that Tim sees to his consternation both the cup and the salapdy fade, until they
have disappeared from his hands. This, we do not want.

With this view of becoming aware, we can think of agents gedighlbecoming
aware of themselves, of other agents, and of propositienkirethis way gradually
expanding a structure representing their uncertaintieis. iiew is not incompatible
with the other modelling of becoming aware—wherein the egal always present
structure of the world is gradually revealed, so to speakttHen we have to think
of the smaller structures as equivalence classes insteagxBmple, the modéle
in Figure 1 is thecz ; 5, -equivalence class.

It seems a bit strange that forgetting is also model build8tguld it not instead
be some deconstruction, and make models simpler again ifoyget variablep,
you mayhave this variable keep the same value in the resulting mnodgl states.
But, as the value is now don't care, there is nothing againgigthat variable the
same value on the whole model. And that melass of structure. Another way of
seeing this: view the resulting model ap-&quivalence cladsutkeep a value fop:
give p the same value in all states of that equivalence class. Peefarm a bisimu-
lation contraction. Doing that, the model resulting fromgfetting will typically be
smaller.

We tend to view the novel becoming aware operator as a denatinst of the
flexibility our structures allow in defining logics and in ¢amizing operators. With
the new operator come new questions too: given &g models a new way of
becoming aware, and using the modelling principle that @amawariables in struc-
tures may have no-care values, can we also be precise whalktway to become
aware we want in some descriptive operator? Yes, we can. Tiigneset one needs
for an elegant solution is to view change of awareness andgehaf information
simultaneously, and then to regard change of awarenesgasialcase. This is the
focus of the next section.

9 Dynamics of awareness and dynamics of knowledge

In this section we elaborate on different ways in which we ftather develop the
framework for knowledge and change of awareness, towardi®etidn that com-
bines change of knowledge with change of awareness. A nuofb&rands also
developed in other works meet here, mainly [7], [14], [26]]$9]. Concerning Sec-
tion 9.2: [7] and [14] also address the matter of public am@ments and aware-
ness, although quite differently. Chapter 3 of VelazqudmD Rhesis [26] presents
action models in a version involving awareness, a expliativation for and pre-
cursor of our proposal in Section 9.3. In [9] van Eijek al. combine structures
for disjoint or overlapping vocabularies. Although awass is not the subject of
their investigations, the modal product construction eggpin epistemic awareness
actions in Section 9.3 is clearly reminiscent of and insplvg their work.
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9.1 Different ways of becoming aware

We recall once more the semantics of becoming aware—weliekeatse of becom-
ing aware of a proposition, but the entire story unwindingehequally applies to
becoming aware of an agent; and equally, it applies to ftirgeof proposition or

agents.

(M.S) |= A" pg iff (M>1P.5) |= ¢
where

MS™iP = (SR, U{(i,(s,p))},V)

This is only one way to model becoming aware. First, we reqattbservation from
Section 5: if the model is not a bisimulation contractioninpavise becoming aware
does not preserve bisimilarity. A logically inelegant waycbrrect this is to require
it to be performed on bisimulation contractions only. Buh#s other drawbacks
too, that we already encountered in Section 7: point-wiseiméng aware does not
preserve awareness introspection (same level of awarengsistemically indistin-
guishable states). KD45 andS5 structures awareness introspection guarantees that
agents know that they are aware of propositions. Considenaige case d¥5 struc-
tures, and an agent with a non-singleton equivalence clds=ein she is unaware
of p throughout the class. After becoming of awaregpadf the actual state only, she
has lost awareness introspection. This is undesirable &myrapplications. In Sec-
tion 7 we proposed an alternative semantics for becomingegwdnerein the agent
becomes aware in all accessible states. Now, let us looksatire systematically.

Consider the following three alternative semantics for ragividual agent be-
coming aware—including the point-based one we already kAdithree consist
of making an unaware variable into an aware variable, itanging the set/ in a
model but leaving all other parameters the same. Given statee can make agent
i aware of the propositional variabje

e in the actual state (only):

MS?P = (Sa R .U {(Ia (Sa p))},V);
e in the actual state and all states accessible for agent

MSR=1P = (SR« U{(i,(s,p))} U{(i, (t,p)) |t € SandRi(s,1)},V);
e in all states of the model:

MS=iP = (SR .7 U{(i,(t,p)) |t € S},V).

To distinguish them in the language we name ti§tp, AR* p, andA>" p. To this
triple we add another one, and for which we also introducewelnaperator in the
logical language:
(M.,S) = At pg iff (MS7P.5) = ¢
where
MS?P = (SR.«ZU{(i,(t,p)) |t € S;i € N},V)

In other words: all agents become awarepofit is not definable in terms of the
previous three (or any other single-agent based versioactfibing aware), because
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there is an infinite number of agents. Except for the firstnpbased becoming
aware, the three variations of becoming aware are all bisition invariant.

One road down the stamp-collecting track is to expand this further variations
and epicycles. But there is a way to unify these alternaiivessingle definition,
at negligable cost. Instead of specifying directly wherehia structure the agent
has to become aware, we can also require this more propealyurely linguistic
way, namely by way of a precondition for becoming aware inltiggcal language.
Consider the following definition foconditionally becoming awarewe write the
becoming aware operator between square bracketsd ‘|’ in order to distinguish
it clearly from thebeingaware operatoh;¢ and the becoming aware operators like
A" considered so far.

Definition 9 (Conditionally becoming aware).

(M,9) = (AP plg iff (M',S) = ¢

whereM’ is asM except that
pe o (s)iff (M,s) = ¢

For one thing, this immediately solves our worries aboubfigation preservation.
The language with this operator as in inductive construsteiad of all theA,” and
A operators is clearly bisimulation invariant. But, subjecsome restrictions, we
also have that all of the former are now definable. (M1s) be a finite model and a
bisimulation contraction. Then:

(M,s) = AF"pg iff (M,9) = [AYPY*p¢
(M,s) = AS pg iff (M,9) |= [P "%plg
(M,s) = A% pg iff (M,9) |= [A pl¢

whereds is adistinguishing formuld4, 2] for sin M (these always exist for finite
models). A similar take can be used for all agents becomirgr@wOn finiteSH
models, we also have
. |

(M,s) |= AR pg iff (M. 5) |= (AP “plg
If M is not a bisimulation restriction, the actual statmay be similar to another
state inM, and then the distinguishing formula cannot capture thegsdhstate alone.
So then A" pis not definable in this way. That is the price we pay. The redisat
we consider this neglibable cost is that it is rather a prieecarry, why on earth
would onewantto separate the actual state from a bisimilar one?

Finally, note that

A pl¢ — Tpg

is valid, and therefore also, e.@\" p¢ — Ip¢, as already noted in Example 12.
This is becauséM, s)&5(M’,s), whereM' is the model with the changed awareness
function in Definition 9. We also have th@¥l, s) < 5(MS7iP,s), etc.
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9.2 Public announcements and awareness

Consider an extension of the languagéwith operatorg! ¢y for ‘after truthful
public announcement af, ¢ holds’ [24]. We now can model the notion of ‘ad-
dressing the issue’, i.e., of announcing something of wihieHisteners were as yet
unaware. Let us write

Definition 10 (Becoming aware in a public announcement).

[ad]y = [1$]A" V()Y

whereA*v(¢), defined in the previous Section 9.1, means that in all swites
the model all agents become aware of all the unaware (agenprpositional)
variables in the announced formupa It is imperative thalA™v(¢) is after the an-
nouncement and not before. After all, a truthful announcerteeall could be

“You are not aware of the (fact that there is a) revolution gyjg!”

This is true at the moment of the announcement, but aftemtbddnger: all have
now become aware. We have just discoverediiiccessful awareness update
announcement toof the archetypical forma(p A —A p).

Another way to model addressing an issue is along the linfg ahd the model
building treatment in Section 8:

Definition 11 (Becoming aware in a public announcement—vasition).

ladl :=3X[1$]AT V()Y

where, as beforeX is the set of variables (agents or propositions) iof which no
agentis aware, i.eX = {xe v(¢) | X & Uien Z(9) }-

Now, we increase the complexity of the model to the extenesgary to incorpo-
rate the new information, while all the time ensuring cotesisy with prior explicit
knowledge.

9.3 Epistemic awareness actions

We now combine the conditionally becoming aware operatadstlae obvious gen-
eralization of the announcements that address an issugjén t be able to model
any combination of awareness change and information chargjeding private ac-
tions that are more complex than public information chanperein some but not
all become aware, and so on. We propepistemic awareness actions

Definition 12 (Epistemic awareness action)An epistemic awareness action model
for N andPis a tupleM = (S, R, 7, pre, post) that consists of domainS of actions
anaccessibility function RN — £(S x S), anawareness functiog/ : N — S —
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Z(PUN) (which determines the new awareness level of each ageneaieution

of s), aprecondition functiomre : S — .# that to each action assigns a precondition
for its execution, and gostcondition functiompost : S — P — £ assigns in each
action to each propositional variable a formula (which detees the new value of
that variable after that action). A pointed epistemic aweass action modéM, s)

is anepistemic awareness action

The execution of an epistemic awareness action in an efs@mareness state
is the usual suspect, the restricted modal prodit® M) [1] of both, wherein
only pairs(s,s) survive such thas = pre(s), where the value of a propositignin
a pair(s,s) is determined by the postcondition function, namely suett ths) €
V(p) iff M,s = post(s)(p), and with the novelty that the awareness function of
the epistemic awareness action overwrites the previoesddawareness: ageinis
aware of propositiop in pair (s,s) of the modal product, i.e(M ® M), (s,s) = Ap,
iff pe (s). (And similarly for awareness of agent variables.) In otherds, prior
to executionp € #(s); but post-executiorp € #(s): in (s,s), awareness in state
is replaced by awarenesssn(There are more efficient ways to handle this, but they
are less general.)

We can now define various of the previously defined operatsrepastemic
awareness action: those for becoming aware, for combmatb becoming aware
and becoming informed (addressing an issue), or, most potfynthose involving
bisimulation quantifiers in the ‘model building’ versionloécoming aware.

Example 13 (Becoming aware)., M= [Af’J pl¢ iff M@ M (ss') = ¢, whereM’
consists of two actions andt’, indistinguishable from one another for all agents,
with pre(s’) = ¢ andpre(t’) = —¢, with post’ the trivial assignment for both actions
(post’(s)(q) = g for all g € P, i.e., includingp; for s = ¢, t), and the awareness
function inM’ addsp to the awareness set for ageim the ¢-states oM, i.e.: for
all (s,s) in the domain of the product (for adlands such thaitM,s |= pre(s)), </’
should be defined such that for agent € <7 (s) iff q € #(s) or q= p; and for all
other agent§, 7] = /.

With the additional proviso that models are finite bisimigdatcontractions, the
operator#\" p andA~ p are special cases of the above (see Section 9.1).

Example 14 (Addressing a novel issue in an announcemerg}=Ml Ay iff M ®
M” (s,s") = ¢, whereM” consists of the single actiafi, accessible to all agents
in N, with preconditiong, with trivial postcondition, and such thate 7" (s) iff
pe (s)orpev(p).

Example 15Consider the transition of mod®li to Boin Figure 5. This is only one
way fori to become aware af. Now, we can be precise abomhichexact way. In
the modeMi, let the left state wherp is false andjis true be called and the right
state, wherg andq are both true, be called

Consider the epistemic awareness action mddedonsisting of two actions
andt, with universal access faéron this two-action domain, and such that

e pre(s) =T, post(s)(q) = L, post(s)(p) = pand(s) = {p,q};
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e pre(t) = —p, post(t)(q) = T, post(t)(p) = pand.(s) = {p,q}.
An execution of epistemic awareness actibhs) in (Mi, s) is depicted in Figure 6.

/‘ “~
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Fig. 6 Agenti becoming aware af as a modal product construction. Compare to Figure 1.

This is not the end of the story, but the beginning of anottaysFor one thing,
the epistemic awareness actions are unsuitable as pesitivthe language in this
form, because infinitely many variables may be assigned avaave according to
the postcondition function and also because there aretiglfinmnany agents. There
are standard ways to deal with this, e.g., [3] allows only&ffinite number of propo-
sitional variables to be assigned a new value (such thanfiréte remainder does
not change value). This makes it possible to apply an indeidéinguage defini-
tion again, with[M,s]¢ as an additional inductive construct (for ‘after executidn
epistemic awareness actii,s), ¢’). But the infinity of agents causes additional
(inductive definition) language trouble: we cannot enuretze action models any-
more, we will never arrive at the ones for an infinite numbeagénts... We think to
have tricks around this, for example, we are only interestedodels withinitially
only a finite number of agents that are aware of a finite numbeather agents and a
finite number variables (so, e.g., public announcement spahlic announcement
to thoseagents only); and instead of an awareness function in aoractodel over-
writing the old awareness function, we can envisage an agasefunction merely
changinga finite part of the awareness. We are confidently expectimggolve
these issues in future research, and also to find an axicatiatiz

In epistemic awareness actions, information change andeawsas change are
combined.

To model pure awareness change, we need additional cantstréhat is easy:
each agent should not be allowed to learn any non-triviahfda in every equiva-
lence class, i.e., for alle N, and for alls € S (of some given awareness epistemic
action)

\/ pre(t) <> T

tesR
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If the disjuntion of all preconditions in any equivalencasd is true, then the agent
will not gain hard information, but will only (possibly) chge his level of awareness
and his view on the change of others’ levels of awareness.

To model pure information change, the requirement is thatatvareness does
not change anywhere, i.e., the awareness fungtioim an action modeM should
be such that for all agent@ind pairgs,s) such thas = pre(s):

Thinking a bit ahead in the more remote future, we expect(tivafinite models)
each execution of an epistemic awareness action model irea gpistemic aware-
ness state results in awareness simulatioof that epistemic awareness state, and
that, vice versa, each awareness simulation can be moasalldee execution of an
epistemic awareness action; whereamareness simulatiois like an awareness
bisimulation but without thdorth requirement. This would prove that epistemic
awareness actions are a suitable and adequate formatiZati@any conceivable
change of awareness or informatiasimilar to the result for epistemic actions and
simulations in [7].

10 Comparison

Our structures for knowledge and awarenessémostlike those in [10]. We con-
sider multiK structures, i.e., any accessibility relation, wherea$ §88umeK D45
epistemic relations and, to mention another similar apgrpfL 6] assume (implic-
itly) multi- S5. Our multiK choice facilitates some theoretical results, such as the
proof of decidability in [8]. For propositional variablesioawareness function is
the most general (semantic) choice, as in [10]. As far as wevkawareness of
agents is not considered in the literature on knowledge ardeness, prior to our
own work [6].

Our approach is in some respects simpler and more condriina [16]. From
the epistemic awareness structure we are able to implidélyve a complete lat-
tice of spaces via awareness bisimulation, whereas in Hi§]structure is given
explicitly. In other words, we have a succinct, technicall o derive that result.
For example, consider Figure 2 in [16, p.86], reprinted teerd-igure 7. The two
possibilities in rowjp,uq and columnsp,q and p,—q in S, 4 are both linked to
the single possibility in rowp and columnp in S;,,. We would say that the latter
represents th&i[p|-equivalence class that contains the two former: if the agen
unaware ofg, it is compatible with this level of awareness thpis true but also
thatq is false. Similarly, in this figure, the single possibillyrépresents thgt[0]-
equivalence class of the four possibilities in the bottom of S, 3, and, if there
were only one atom in the language, tRfd]-equivalence class of the two possibil-
ities in the bottom row o§;,,, etc.
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Fig. 7 An agent being aware and not being aware of propositipasdg. Reprinted from [16,
p.86].

Now compare Figure 7 to Figure 1. Instead of arrows conngdates, draw
ovals around indistinguishable states. What results? @heglmost the same! This
is not accidental. On purpose we have taken the same vagjalild a single agent,
exactly as in [16]. The statiee is found in Figure 7 as the lowermost left oval. The
transition ‘agent becomes aware of propositighin Figure 1 is found in Figure 7
as a relation between the lower left square and the uppereq(@u, if you wish,
as a relation between the lower left oval and the isolatedtpadn the upper square
that four curved lines are connected to.)

There is a difference, though. Our figuBe represents uncertainty over three of
four valuations. Figure 7 from [16] (intentionally) onlystializes part of all possible
uncertainty and unawareness about two variables: an omakabing three states is
missing there.

Propositional quantification is integrated with awarereess knowledge in [15]
(and in various precursors). This concerns quantificaticer the set of formulas
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of which an agent is aware. They interestingly mention thigifig semantic valu-
ations [for quantification] does not work in the presencevedi@ness” [15, p.506];
although of course correct, we are wondering if our work makenthe authors
reconsider the suggested scope of that remark.

Dynamics of (propositional) awareness is also present¢tzinand in [14]. In
the former, becoming aware means (initially) becoming rgnbabout that propo-
sition. It uses an algebraic approach. In the latter, theagmh in Section 3 is sim-
ilarly dynamic modal as ours, and it provides an interesjimgtegrated combina-
tion of syntactic and semantic awareness. This approaakéntmuch further in
Velazquez' recent PhD thesis [26].

11 Conclusions

We presented various logics that combine knowledge, awasgrand change of
awareness. An agent can become aware of propositional gitigms but also of

other agents or of herself, and the dual operation of fargets also incorporated
in the framework. Crucial to our results is the novel notidrawvareness bisimula-
tion, the obvious notion of modal similarity for structures edicg knowledge and

awareness. Some tentative results link our quantificaltiogécs with knowledge

and awareness to extensions of dynamic epistemic logic avidreness. Axioma-
tizations for some of our proposals are future researchatsudfurther elaboration
of the notion epistemic awareness action.
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