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ABSTRACT

In this paper, we introduce a lightweight dynamic epistemic
logical framework for automated planning under initial un-
certainty. We reduce plan verification and conformant plan-
ning to model checking problems of this logic. We show that
the model checking problem of the iteration-free fragment is
PSPACE-complete. By using two non-standard (but equiv-
alent) semantics, we give novel model checking algorithms
to the full language and the iteration-free language.

1. INTRODUCTION

Conformant planning is the problem of finding a linear
plan (a sequence of action) to achieve a goal in presence of
uncertainty about the initial state (cf. [30]). For example,
suppose that you are a rookie spy trapped in a foreign hotel
with the following map at hand:!

Sg S7.Safe Sg.Safe

A

§1 —Tr—=F Sg —T—> 83 77— S4.Safe —T—> S5
~

- - — — — =

Now somebody spots you and sets up the alarm. In this
case you need to move fast to one of the safe hiding places
marked in the map (i.e., s7,ss and s4). However, since
you were in panic, you lost your way and you are not sure
whether you are at sz or s3 (denoted by the circle in the
above graph). Now what should you do in order to reach a
safe place quickly? Clearly, merely moving r or moving u
may not guarantee your safety given the uncertainty. A sim-
ple plan is to move r first and then u, since this plan will take
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you to a safe place, no matter where you actually are ini-
tially. This plan is conformant since it does not require any
feedback during the execution and it should work in pres-
ence of uncertainty about the initial state. More generally,
a conformant plan should also work given actions with non-
deterministic effects. Such a conformant plan is crucial when
there is no feedbacks/observations available during the exe-
cution of the plan.? Note that since no information is pro-
vided during the execution, the conformant plan is simply a
finite sequence of actions without any conditional moves.

As discussed in [10, 25], conformant planning can be re-
duced to classical planning, the planning problem without
any initial uncertainty, over the space of belief states. In-
tuitively, a belief state is a subset of the state space, which
records the uncertainty during the execution of a plan, e.g.,
{s2,s3} is an initial belief state in the above example. In
order to make sure a goal is achieved eventually, it is crucial
to track the transitions of belief states during the execution
of the plan, and this may traverse exponentially many belief
states in the size of the original state space. As one may ex-
pect, conformant planning is computationally harder than
classical planning. The complexity of checking the existence
of a conformant plan is EXPSPACE-complete in the size of
the variables generating the state space [19]. In the litera-
ture, people proposed compact and implicit representations
of the belief spaces, such as OBDD [14, 16, 15] and CNF
[32], and different heuristics are used to guide the search for
a plan [12, 7, 13, 32, 26].

Besides the traditional AI approaches, we can also take an
epistemic-logical perspective on planning in presence of ini-
tial uncertainties, based on dynamic epistemic logic (DEL)
(cf. e.g., [33]). The central philosophy of DEL takes the
meaning of an action as the changes it brings to the knowl-
edge of the agents. Intuitively, this is what we need to track
the belief states during the execution of a plan®. Indeed,
in recent years, there has been a growing interest in us-
ing DEL to handle multi-agent planning with knowledge
goals (cf. e.g., [8, 24, 1, 3, 36, 27]), while the traditional
AT planning focuses on the single-agent case. In particular,
the event models of DEL (cf. [6]) are used to handle non-
public actions that may cause different knowledge updates to
different agents. In these DEL-based planning frameworks,

2In many other cases, feedbacks may be just too ‘expensive’
to obtain during a plan aiming for quick actions [9].

3Here the belief states are actually about knowledge in epis-
temic logic.



states are epistemic models, actions are event models and
the state transitions are implicitly encoded by the update
product which computes an new epistemic model based on
an epistemic model and an event model.

One advantage of this approach is its expressiveness in
handling scenarios which require reasoning about agents’
higher-order knowledge about each other in presence of par-
tially observable actions. However, this expressiveness comes
at a price, as shown in [8, 4], that multi-agent epistemic
planning is undecidable in general. Many interesting de-
cidable fragments are found in the literature [8, 24, 36, 2],
which suggest that the single-agent cases and restrictions on
the form of event models are the key to decidability. How-
ever, if we focus on the single-agent case, a natural ques-
tion arises: how do we compare such DEL approaches with
the traditional approaches to single-agent Al planning? It
seems that the DEL-based approaches are more suitable for
planning with actions that change (higher-order) knowledge
rather than planning with fact-changing actions, although
the latter type of actions can also be handled in DEL. More-
over, the standard models of DEL are purely epistemic which
do not encode the temporal information of available actions
directly, which may limit the use of such approaches to plan-
ning problems based on transition systems.

In this paper, we tackle the standard single-agent confor-
mant planning problem over transition systems, by using the
idea, but not the standard formalism of DEL. Our formal
framework is based on the logic proposed by Wang and Li
in [35], where the model is simply a transition system with
initial uncertainty as in the motivating example, and the se-
mantics of an action is a dynamic one, in the sense that it
updates the uncertainty of the agent. Our contributions are
summarized as follows:

e A lightweight dynamic epistemic framework with a
simple language and a complete axiomatization.

e Non-trivial reduction of conformant planning to a model
checking problem using our language extended with
programs.

e Two novel model checking algorithms based on two
alternative semantics for the proposed logic to handle
the context-dependency in the original semantics.

e The complexity of model checking the iteration-free
fragment of our language is PSPACE-complete. The
model checking problem of the full language is in EX-
PTiME. Thes model checking problem of the confor-
mant planning is in PSPACE.

The last result may sound contradictory to the aforemen-
tioned result that the complexity of conformant planning is
EXPspPACE-complete. Actually, the apparent contradiction
is due to the fact that the EXPSPACE complexity result is
based on the number of state variables which require an ex-
ponential blow up to generate an explicit transition system
that we use here. We will come back to this issue at the end
of Section 4.3.

Our approach has the following advantages compared to
the existing planning approaches:

e The planning goals can be specified as arbitrary formu-
las in an epistemic language. Extra plan constraints

(e.g., what simple plans and actions to use) can be ex-
pressed explicitly by programs in the language. There-
fore it may cover a richer class of (conformant) plan-
ning problems compared to the traditional Al approach
where a goal is Boolean.*

e The plans can be specified as regular expressions with
tests in terms of arbitrary EPDL formulas, which gen-
eralizes the knowledge-based programs in [18, 22].

e By reducing conformant planning to a model checking
problem in an explicit logical language, we also see the
subtleties in the logical specification of the planning
problem. In principle, there are various model check-
ing techniques to be applied to conformant planning
based on this reduction.

e Our logical language and models are very simple com-
pared to the standard action-model based DEL ap-
proach, yet we can encode the externally given ex-
ecutability of the actions in the model, inspired by
epistemic temporal logic (ETL) [17, 28].

e Our approach is flexible enough to provide, in the
future, a unified platform to compare different plan-
ning problems under uncertainty. By studying dif-
ferent fragments of the logical language and model
classes, we may categorize planning problems accord-
ing to their complexity.

The rest of the paper is organized as follows: We introduce
our basic logical framework and its axiomatization in Section
2, and extend it in Section 3 with programs to handle the
conformant planning. The complexity analysis of the model
checking problem is in Section 4 and we conclude in Section
5 with future directions.

2. BASIC FRAMEWORK

2.1 Epistemic action language

To talk about the knowledge of the agent during an exe-
cution of a plan, we use the following language proposed in
[35].

DEFINITION 2.1  (EPISTEMIC ACTION LANGUAGE (EAL)).
Given a countable set A of action symbols and a countable set
P of atomic proposition letters , the language EALS is defined
as follows:

pu=TI[p|=¢| (@A) ]ald| K,
where p € P, a € A. The following standard abbreviations
are used: 1 := _'Ti OV Y = (7 AN), o = Y :=¢pV
¥, (a)¢ := —la]—¢, K¢ := 2K~

K ¢ says that the agent knows that ¢, and [a]¢ expresses
that if agent can move forward by action a, then after doing
a, ¢ holds. Through out the paper, we fix some P and A,
and refer to EALs by EAL.

“The goal in the standard conformant planning is simply a
set of different valuations of basic propositional variables.
Our approach can even handle epistemic goals in negative
forms, e.g., we want to make sure the agent knows something
but does not know too much in the end.



The size of EAL-formulas (notation |¢|) is defined induc-
tively: [T| = [p| =1; [=¢] =1+ [8]; [d A¢p| =1+ |9 + |[¥;
|K$| = |[a]é| = 1+ |¢|. The set of subformulas of ¢ € EAL,
denoted as sub(¢), is defined as usual.

DEFINITION 2.2  (UNCERTAINTY MAP). Given P and 4,
a (multimodal) Kripke model N is a tuple (S,{Ro | a €
A},V), where S is a non-empty set of states, R C S X S
is a binary relation labelled by a, V : S — 2° is a valua-
tion function. An uncertainty map M is a Kripke model
(S,{Ra | a € 4},V) with a non-empty set U C S. Given
an uncertainty map M, we refer to its components by Sa,
Ram, Vm, and Upr. A pointed uncertainty map M, s is an
uncertainty map M with a designated state s € Un. We
write s 5 t for (s,t) € Ra.

Intuitively, the Kripke model encodes a map (transition
system) and the uncertainty set U encodes the uncertainty
that the agent has about where he is in the map. The graph
mentioned at the beginning of the introduction is a typical
example of an uncertainty map. Note that there may be
non-deterministic transitions in the model, i.e., there may
be t1 # t2 such that s % ¢1 and s = to for some s, t1,ta.

REMARK 1. [t is crucial to notice that the designated state
in a pointed uncertainty map must be one of the states in the
uncertainty set.

DEFINITION 2.3  (SEMANTICS). Given any uncertainty
map M = (§,{Ra | a € 4},V,U) and any point s € U,
the semantics is defined as follows:

M,sET always

M,sEp <~ s € V(p)

M,sE-¢p < M,sE

M,sEPNY <= M,sE¢ and M,sE ¢
M,skE[alp <= VteES:s>t implies M|*,tE
M,sEK¢p <= Yueld: M,uk ¢

where M|* = (§,{Ra | a € 4}, V,U|*) and U|* = {r' | Ir €
U such that r % 1"}, We say ¢ is valid (notation: = ¢) if it
is true on all the pointed uncertainty maps. For a action se-
quence o = aj . ..an, we write U|° for (... ((U[*)|*2)...)|*".

and write M|° for (... ((M]*1)]*2)...)]|*".

Intuitively, the agent ‘carries’ the uncertainty set with him
when moving forward and obtain a new uncertainty set U|®.
Note that here we differ from [35] where the updated uncer-
tainty set is further refined according to what the agent can
observe at the new state. For conformant planning, we do
not consider the observational power of the agents during
the execution of a plan.

Let us call the model mentioned in the introduction M,
it is not hard to see that M|" and (M]")|" are as follows:

Se S7:Safe Sg:Safe

§1 —r—> So r— S3 r—> S4:Safe A S5
N
******** ~
Se6 ( S7:Safe Sg:Safe

o

§1 —r—> 89 r—>> §3 T—> S4:Safe —r—> S5

Thus we have:

e M, s3 E [r](Safe A ~K Safe)

o M, s3 E K[r][u](Safe A K Safe)

The usual global model checking algorithm for modal log-
ics labels the states by the subformulas which are true on
the states. However, this cannot work here since the truth
value of epistemic formulas on the states outside U/ is simply
undefined. Moreover, the exact truth value of an epistemic
formula on a state depends on ‘how you get there’; as the
following example shows (the underlined states mark the
actual states):

S1 7(7? 83 p
S1 7b9/§ :\p\

7 e LT

S4 52 \ 84,

Let the left-hand-side model be M then it is clear that
M|b s3 E Kp while M|%®, s3 ¥ Kp thus M, s; £ (B)Kp A
(a){a)—=Kp. This shows that the truth value of an epistemic
subformula w.r.t. a state in the model is somehow ‘context-
dependent’, which requires new techniques in model check-
ing. We will make this explicit in Section 4.3 when we dis-
cuss the model checking algorithm.

Here is also an example about planning with both pos-
itive and negative epistemic goals (the agent should know
something but not too much).

EXAMPLE 1. Given uncertainty map M depicted as fol-
lows, let the goal is Kp then both a and b are solutions. If
the goal is Kp A —Kq, only a is a solution.

a—> 83 1 P

2.2 Axiomatization

Following the axioms proposed in [35], we give the follow-
ing axiomatization for EAL w.r.t. our semantics:



System SELA

Axioms Rules

TAUT all axioms of propositional logic ~ MP w
DISTK K(p— q) = (Kp— Kq) NECK %
DIST(a) [a](p — q) — ([alp — [alq) NEC(a) [aqu

T Kp—p SUB %

4 Kp — KKp

5 -~Kp — K-Kp

PR(a) Klalp — [a]Kp

NM(a) (a)Kp — Kla]p

where a ranges over A, p, ¢ range over P. PR(-) and NM(-) de-
note the axioms of perfect recall and no miracles respectively
(cf. [34]).

Note that since we do not assume that the agent can ob-
serve the available actions, the axiom 0BS(a) : K{a)T V
K—{a)T in [35] is abandoned. Due to the same reason, the
axiom of no miracles is also simplified.

Based on a refinement of the completeness proof in [35],
we show the completeness of SEILA.

THEOREM 2.1. SELA is sound and strongly compete w.r.t.
EAL on uncertainty maps.

Proor. To prove that SEILA is sound on uncertainty maps,
we need to show that all the axioms are valid and all the in-
ference rules preserve validity. Since the uncertainty set in
an UM denotes an equivalent class, axioms T, 4 and 5 are
valid; due to the semantics, the validity of axioms PR(-) and
NM(-) can be proved step by step; others can be proved as
usual.

To prove SEILLA is strongly complete on uncertainty maps,
we only need to show that every SELA-consistent set of for-
mulas is satisfiable on some uncertainty map. The proof
idea is that we construct an uncertainty map consisting of
maximal SELA-consistent sets (MCSs) and then with the
Lindenbaum-like lemma that every SELLA-consistent set of
formulas can be extended in to a MCS (we omit the proof
here), we only need to prove that every formula holds on the
MCS to which it belongs.

Firstly, we construct a canonical Kripke model N° =
(8% {R5 | a € A}, V°) as follows:

e S° is the set of all MCSs;

e sRit <= for any ¢ € t then (a)¢ € s <= for any
[a]¢p € s then ¢ € t;

e V(p)={s|pe€s}

Given s € 8¢, we defineUs = {u € §°| K¢ € s iff K¢ € u},
and it is obvious that s € US. Thus we have that for each
s € 8% M = (NC US) is an uncertainty map, and Mg, s is
a pointed uncertainty map.

Secondly, we prove the following claims.

Cram 2.1. If =K¢ € s, then there exists u € US such
that =¢ € u.

Let v~ be {Kv¢ | K¢ € s} U{~¢}. Then u~ is consistent.
For suppose not, there are K1, ..., K1, such that - K1 A

-+ AN K, = ¢. By rule NECK and axiom DISTK, it follows
that HF KKy A --- AN KK, — K¢. It follows by axiom 4
that KK1; € s for each 1 < i < n. Thus we have K¢ € s.
This is contrary with -K¢ € s. We conclude that v~ is
consistent. By Lindenbaum-like Lemma, there exists a MCS
u extending v~ . Now since u~ C w, it is clear that K¢ € s
implies K¢ € u for any . On the other hand, if K1 ¢ s
then K—K1 € s by axiom 5. Therefore K—K1 € u, and
thus K¢ € u by axiom T. It follows that u € US.

CrLamM 2.2. If —[a]l¢ € s, then there exists t € U5 such
that s =t and —¢ € t.

Let t= be {¢ | [a]¢p € s} U {—¢}. Then t~ is consistent.
For suppose not, there are i1, ..., such that - ¢ A--- A
1n — ¢. By rule NEC(a) and axiom DIST(a), it follows that
Eola](r A Adpn) = la]g. By F lajgn A Afaltn —
[a](¥1 A+ Athy), it follows that - [a]1 A-- - Ala]n — [a]d.
Thus we have [a]¢ € s. This is contrary with —[a]¢ € s. We
conclude that ¢t is consistent. By Lindenbaum-like Lemma,
there exists a MCS t extending ¢t~. It follows by ¢t~ C ¢ that
s tand =g € t.

CrLaM 2.3. If s 5 t, then we have US|™ = Uf.

C: Assuming v € U5|*, we need to show v € Uy, namely we
need to show that K¢ € v < K¢ € t. Since v € US|%,
we have that there is v € U such that uRgv. If K¢ € t, it
follows by axiom 4 that K K¢ € t. Thus we have (a) KK¢ €
s. By axiom NM(a), it follows that K[a]K¢ € s. By u € US
and axiom T, we have [a]K¢ € u. It follows by uRgv that
K¢pev If K¢ ¢t, we have K¢ € t. By axiom 5, we have
K—-K¢ € t. Similarly, we have -K¢ € v. Thus we have
Ko & .

D: Assuming v € U, we need to show v € US|*, namely
there is u € US such that uRgv. Let u~ be {K¢ | K¢ €
stU{(a)y | v € v}. Then u~ is consistent. For suppose not,
we have - K¢1 A+ AK¢, — [a]=p1 V- - -V [a] -1y for some
n and k. Since - [a]-¢1 V- --V]a] -k — [a](—Y1 V- Vb)),
we have - K1 A -+ A Kon — [a](—9p1 V-V —)). By rule
NECK and axiom DISTK, we have - KK¢1 A --- N KK¢p, —
Kla](—=1 V- -V —y). Since KK¢; € s for each 1 <1 < n,
we have Kla](—¢1 V -+ V =) € s. By axiom PR(a), it
follows that [a]K (-1 V -+ V =) € s. It follows by sRgt
that K (=1 V -+ V =) € t. Since v € Uf, by axiom T, we
have =1 V - -+ V —p, € v. This is contrary with ¢; € v for
each 1 < ¢ < k. Thus v~ is consistent. By Lindenbaum-like
Lemma, there exists a MCS u extending u~. It follows by
u~ C u that u € US and uR;v. We conclude that v € US|°.

Finally, we will show that M$ s F ¢ iff ¢ € s. we prove
it by induction on ¢. We only restrict our attention to the
cases of [a]¢ and K¢; the other cases are straightforward.
¢ = [aly, if Mg, s E [a]y but [a]p € s. Thus we have
—la]y € s. It follows by Claim 2.2 that there is ¢ such that
sR;t and —¢ € t. By IH, we have M¢,t F —¢. By Claim
2.3, we have M§{ = M|, Thus we have MS|* t E —b.
This is contrary with M¢, s E [a]y and sRgt. On the other
hand, if [a]tp € s but M¢, s ¥ [a]ip. Thus there exists ¢
such that sRgt and M$|*, t F =, namely M{,t F —p. By
IH, we have —p € t. It follows by sRit that —[a]y € s,
contradiction. ¢ = K, if Mg, s F K¢ but K¢ ¢ s. Thus
we have =K1 € s. It follows by Claim 2.1 that there is
u € US such that —ip € u. By IH, we have M, u E —p. Tt
follows by u € U that US = U;. Thus we have M5, u FE ).

| a



This is contrary with Mg, s F K¢ and u € US. On the
other hand, if K € s but Mg, s ¥ K. Thus there exists
u € US such that MS u E —p. It follows by Us = U,; that

M u E ). By IH, we have -7 € u. By axiom T, it
follows that =K% € u. This is contrary with K¢ € s and
uwels. O

3. AN EXTENSION OF EAL FOR CONFOR-
MANT PLANNING

3.1 Epistemic PDL over uncertainty maps

In this section we extend the language of EAL with pro-
grams in propositional dynamic logic and use this extended
language to express the existence of a conformant plan.

DEFINITION 3.1  (EpisSTEMIC PDL). The Epistemic PDL
Language (EPDL) is defined as follows:

6:=TIp|-¢|(6A0)|[rle| Ko
ri=al 9| (mm) | (x+m) |

where p € P, a € A. We use ()¢ to denote [w]p A (7).
Given a B C A, we write B® for (Xqepa)®. The size of EPDL
formulas/programs is given by: |[x]¢| = |x| + |4, |a| = 1,
715 mo| = 14|mi|+[mal, [7¢] = 77| = 140, and [m1+72| =
1+ ‘71'1‘ + |71'2|.

Given any uncertainty map M = (S,{R. | a € A}, V,U),
any point s € U, the semantics is given by a mutual induc-
tion on ¢ and m:

M,sET always
M,sEpsseV(p)
M,sE-p M, sE P
M,sEpANY S M,sE¢and M,skE
M, sE [r]¢ & for all M, s" : (M, s)[x](M’,s")
implies M’ s" E ¢
M, 5|:K¢<:>forallt62/l:./\/l,t):¢
(M, 8)[a](M',s") & M = M|* and 5 > &’
(M, 9)[?Y](M',s") & (M',s') = (M,s) and M, s E
(M, s)[m1; ma] (M, 8) & (M, s)[m1] o [m] (M, ")
(M, s)[m1 + m](M ') & (M, s)[m]u [[TI'Q]](M/ s')
M, 8)[r (M, 8") & (M, s)[x]* (M, ")

where o,U, * at right-hand side express the usual compo-
sition, union and reflexive transitive closure of binary rela-
tions respectively. Clearly this semantics coincides with the
semantics of EAL on EAL formulas.

Note that each program 7 can be viewed as a set of mixed
sequences, which are sequences of actions in A and ¢ € EPDL:

£(a) = {a}

L(?¢) = {o}

L(m;7')={on|o e L(r) and n € L(n")}

L(m+7') = L(m)U (7T’)

L(m*) ={e} U, 50(L(x - - - 7)) where ¢ is empty sequence

n

Here are some valid formulas which are useful in our latter
discussion:
mi 16 [in'lo
[m+7'l¢ < [7lo A [r']d
[*Y)¢ < (¥ — @)

We leave the complete axiomatization of EPDL on uncer-
tainty maps to future work.

3.2 Conformant planning via model checking
EPDL

DEFINITION 3.2 (CONFORMANT PLANNING). Given an
uncertainty map M, a goal formula ¢ € EPDL, and a set
B C A, the conformant planning problem is to find a finite
(possibly empty) sequence o = aiaz - - an € L(B") such that
for each u € Unm we have M,u F (ai)(az) - - - (an)p. The
ezistence problem of conformant planning is to test whether
such a sequence exists.

Recall that (m)¢ is the shorthand of [7w]¢ A (m)¢. Intu-
itively, we want a plan which is both executable and safe
w.r.t. non-deterministic actions and initial uncertainty of

the agent. It is crucial to observe the difference between
(ai)(az) - - - (an)® and (a1;az;--- ;an)¢ by the following ex-
ample:

EXAMPLE 2. Given uncertainty map M depicted as fol-
lows, we have M, s1 E (a; b)p but M, s1 ¥ (a) (b)p.

Sg —b>S4: P

Given M and ¢, to verify whether o € L(r) is a confor-
mant plan can be formulated as the model checking prob-
lem: M,u F K(ai)(az2)--- (an)¢. On the other hand, the
existence problem of a conformant plan is more complicated
to formulate: it asks whether there ezists a o € L(B*) such
that it can be verified as a conformant plan. The simple-
minded attempt would be to check whether M, u F K (B*)¢
holds. However K (B*))¢ may hold on a model where the se-
quences to make sure ¢ on the states in Uy, are different, as
the following example shows:

EXAMPLE 3. Given uncertainty map M depicted as fol-
lows, let the goal formula be p and B = {a,b}. We have
M, s1 E K(B")p, but there is no solution to this conformant
planning problem.

781 Ya—> g3 —b> S5 :p
|
|
|

I
I
I
| So +—b—> $4

N

a> S¢ : P

The right formula to check for the existence of a confor-
mant plan w.r.t. B C A and ¢ € EPDL is:

08,6 = ((Zaes(?K(a)T;a))") K.

For example, if B = {a1,az2} then 05 » = (((?K(a1)T;a1) +
(?K{a2)T;a2))")K¢. Intuitively, the confrmant plan con-
sists of actions that are always executable given the uncer-
tainty of the agent (guaranteed by the guard K(a)T). In the
end the plan should also make sure that ¢ must hold given
the uncertainty of the agent (guaranteed by K¢). In the
following, we will prove that this formula is indeed correct.

First, we need an easy observation (¢(1/¢) is obtained by
replacing any occurrence of ¢ by v, similar for [7(¢/x)]):



PROPOSITION 3.1. IfE 4 < x, then:
(1) F ¢ < o(¥/x);
(2) [x] = [=(4/x)]-
LEMMA 3.1. For any aiaz---an € L(4"):
E K(ai)(az) - - - (an)p <> (?K{(a1)T;a1;...; 7K {an) T;an) K¢

PRrROOF. It is trivial when n = 0 (i.e., the sequence is ¢€),
since the claim then boils down to K¢ < K¢. We prove
the non-trivial cases by induction on n > 1. For the case of
n = 1, we need to show that

FK(ad)p < PK(a)T;a)Ké (o)

that is to show M, s E K{a)p A K[a]¢ iff M,s E K{a)T A
(a)K¢ for any M, s. For the left-to-right direction, due to
the fact that F K(a)¢ — K(a)T, we only need to show that
M, s F {a)K¢. Suppose not, it follows that M|* t E ~K¢
for any ¢ such that s % t. Due to the fact that M, s E K{a)T
there must exist a t such that s % ¢ and M|*,t F ~K¢. By
the semantics, it follows that M|, ¢ E —¢ for some t' € U|*.
By the definition of U|*, we have that there is s’ € U such
that s % ¢’. Thus we have M, s’ F (a)—¢. Tt follows that
M, s E = K][a]¢. This contradicts the assumption of M, s E
Kla]¢. To verify the right-to-left direction, firstly, we will
show that M, s F K[a]¢. Suppose not, then M, s’ F =[a]¢
for some s’ € Unq. Tt follows that M|* ¢’ F —¢ for some ¢’
such that s % t'. Since M, s F (a) K¢, we have M|, t E K¢
for some ¢ such that s = t. Because of M| t' E —¢, it
follows by t' € U|* that M|* ¢t E =K¢. This contradicts
that M|%, ¢t E K¢. Thus we have M, s E Kla]¢. With the
assumption of M, s E K(a)T, it follows that M, s E K{(a)¢.
Now, as the induction hypothesis, we assume that:

E K(ai)(az2) - (ar)o <> (?K{a1)T;a1;...; 7K {ax) T;ar) K.
We need to show:

FK(a1)(az) - - - (ak+1)¢ <
("K(a1)T;a1;...; 7K (ak+1) T; apt1) K¢.

By IH,
FK (a1 (az2) - - - (art1)ed
(?K{a1)T;a1;...; 7K (ar) Ty an) K (ak+1)9. (1)
Due to (o) and Proposition 3.1, we have
F(?K(a1)T;a1;...; 7K (ar) T; ar) K (ak+1) ¢ <>
(?K{a1)T;a1;...; 7K {an) T;ar)(?K{ak+1) T; art1) K. (2)

The conclusion is immediate by combining (1) and (2). [

THEOREM 3.1. Given a pointed uncertainty map M,s,
an EPDL formula ¢ and a set B C A, the following two are
equivalent:

(1) There is a 0 = a1...an € L(B") such that M,s F
K(ar)(az) - - - (an) o

(2) M,sE {(Zacs(?K{a)T;a))")K¢.

PRrROOF. (1) implies (2): Assuming (1) then by Lemma
3.1, it follows that

M,sE (PK{(a1)T;a1;...; 7K {(an)T;an)Ko.

Since 0 € L((Xaes(?K(a)T;a))™), by the semantics, we have
M,s E (Zaes(?K(a)T;a))")K¢. Thus we have M,s E
(Sucs(? (a)T; 0))) K.

(2) implies (1): It follows by the semantics that M, s
((Baep(?K({a)T;a))")K¢ for some n > 0. Thus we have
M,s E((TK(a1)T;a1);...;(?K{an)T;an)K¢ for some a;B
where 1 < i < n. It follows by Lemma 3.1 that M,s F
K(a1)(az) - -- (an)g. O

We end this section with a remark that the K operator
right before ¢ in the definition of 6g ¢ cannot be omitted, as
demonstrated by the following example:

EXAMPLE 4. Given uncertainty map M depicted as fol-
lows, let the goal formula be p. As we can see, there is
no solution to this conformant planning problem. Indeed
M, 51 ¥ ((Bacs(?K({a)T;a))*)Kp with B= a,b, but we could
have M, s1 E ((Zacs(?K{a)T;a))")p.
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4. MODEL CHECKING EPDL: COMPLEX-
ITY AND ALGORITHMS

In this section, we first focus on the model checking prob-
lem of the following star-free fragment of EPDL (call it EPDL™):

¢u=T[pl=¢|(dAQ)|[r]¢| Ko
mu=al|?¢| (mmw) | (7 +7)

We will show that model checking EPDL™ is PSPACE-complete.
In particular, the upper bound is shown by making use of an
alternative context-dependent semantics. Then we give an
EXPTIME algorithm for the model checking problem of the
full EPDL inspired by another alternative semantics based
on 2-dimensional models. Finally we give a PSPACE algo-
rithm for the conformant planning problem in EPDL. Note
that throughout this section, we focus on uncertainty maps
with finitely many states and assume R, = () for co-finitely
many a € A.

4.1 Complexity of model checking EPDL -

4.1.1 Lower Bound

To show the PSPACE lower bound, we provide a polyno-
mial reduction of QBF (quantified Boolean formula) truth
testing to the model checking problem of EPDL™. Note that
to determine whether a given QBF (even in prenex normal
form based on a conjunctive normal form) is true or not is
known to be PsPACE-complete [31]. Our method is inspired
by [29] which discusses the complexity of model checking
temporal logics with past operators. Surprisingly, we can
use the uncertainty sets to encode the ‘past’ and use the
dual of the knowledge operator to ‘go back’ to the past.
This intuitive idea will become more clear in the proof.

QBEF formulas are Q121Q2%2 . . . Qnnd(x1,. .., Tn) where:

e For 1 <n <n,Q;is Jifiis odd, and @Q; is V if 7 is
even.



e ¢ is a propositional formula in CNF based on variables
Lly.e.y3Tn,

For each such QBF « with n variables, we need to find a
pointed model M,,, ¢ and a formula 0, such that « is true
iff My, o E 0,. The model M,, is defined below.

DEFINITION 4.1. Let A= {as,a; | i > 1} and P= {pk,qx |
k > 1}, the uncertainty map M, = (§,{Ra | a € 4},V,U)
is defined as:

o S={zo}U{z; |1 <i<n}U{z;|1<i<n}

o V(zo) =0, and V(z;) = {pi}, V(%) = {qi} for 1 <i <

o B={(s,5) | s € S}U{(wi-1, 1), (Ti-1,2:)}

o H— {(s,8) | s € S} U{(xi-1,Ts), (Ti-1,Ti)}

Z/{ = {CEo}

M., can be depicted as the following graph:
MO ) )

T1 1Pl 9> T I P2a3x> - .- Tn—1:Pn—19n> Tn . Pn

CV/ ANVARN

ajs an

AW, /

T1:Qq1-a> To :Qaaz>--- Tn—1:Pn—-1an>Tp : qn

W) ) )

Given o = Q1z1Q2x2 . .. Qnnd(x1,. ..
0., is defined as

,Zn), the formula

QTl’Qan(Kpl, 7an’kq17 ,kqn)

where QT; is {((a: + @:); 7(ps V ¢;)) if @ is odd and QT; is
[(@i + @);?(pi V qi)] if ¢ is even, and % is obtained from
#(z1,...,xn) by replacing each z; with Kp; and —z; with
in.

To ease the latter proof, we first define the valuation tree
below.

DEFINITION 4.2 (V-TREE). A V-tree T is a rooted tree
such that 1) each node is 0 or 1 (except the root €); 2) each
internal node with even level has only one successor; 3) each
internal node with odd level has two successors and one suc-
cessor is 0 and the other one is 1; 4) each edge to node 0 of
level i is labelled a;; 5) each edge to node 1 of level i is la-
belled a;. Given a V-tree with depth n, a path o is a sequence
of A1 ... A, where A; = a; or A; = a;. A path o can also be
seen as a valuation assignment for x1,...,x, with the con-
vention that o(xz;) = 1 if a; occurs in o and o(x;) = 0 if @;
occurs in o. Let path(T) be the set of all paths of .

A V-tree 7 can be depicted as the following graph:

—=<3—o
o=<{—r

It is not hard to see the following;:

ProposiTION 4.1. For each 1 < ¢ < n, we have a =
Qiz1...QiTiQit1%it1 - . . Qnan is true iff there exists a V-
tree T with depth i such that o(Qit1%it1 ... Quzng) =1 for
each o € path(t) (o is viewed as a valuation).

Now let us see the update result of running a path o €
path(T) on M.

PROPOSITION 4.2. Given My, leto =A;...A; (1<i<
n) be a sequence of actions such that Ay = ar or Ay = ax
for each 1 < k < i, then we have U|° = {x0, X1,...,X:}
where Xy = xi if Ax = ax else Xy, = Ty for each 1 < k < 1.

ProOOF. We prove it by induction on i. It is obvious if i =
1. Next we need to show that 2|74+t = {2, X1,..., Xit1}.
By IH, it follows that U’ = U|” = {xo, X1,...,X;} where
Xi = xp if Ax = ag, else Xy = Ty, for each 1 < k < i. By
the definition of semantics, we have Y|4+t = y/|4i+1. Tt

follows by the definition of M,, that X} Ajl s iff s = Xy,

for each 1 < k < 7 and X; Aglsiﬂ’s:Xiors:a:iH
if A7;+1 = @41 Or § = Tit1 if Ai+1 = Qit+1. Thus we have
L{'|A“rl = {x0,X1,..., Xit1} where X = z if A = ax
else Xy =T foreach 1 <k <i+1. 0O

Given 0 = Ay ... A, where A; isa; or a; foreach 1 <3 <
n, let g(o) = x, if A,, = an and g(o) = &, if A, = a@,. By
Proposition 4.2, we always have g(o) € Unq, |7 with k& > n.
Thus given My and 0 = A;... A, and k > n, My|7,g(0)
is a pointed uncertainty map.

ProprosITION 4.3. For each 1 < i < n, we have My, xo F
QT ...QTiQTi41 ... QIny iff there exists a V-tree T with
depth i such that My|%,g(0) E QTit1 ...QTnt for each o €
path(r), where k > n and g(o) is the state corresponds to
the last edge of o, e.g., g(araz) = Ta.

PrOOF. We prove it by induction on i. If it is the case
i = 1, we begin the proof with the left-to-right direction.

Thus we have that there exists a state ¢ such that xg A—% t and
M|, tE piVg and Mg|*1 tE QT ... QT where Aj is
ai or a. If /\/t;c|A1 ,t E p1, it follows by the definition of My
that A1 is a1 and t is 1. We can construct V-tree 7 as e Y 1,
and we have M|, 21 £ QTa...QTht). If Myt t E qu,
then we have A; = @1 and t = 1. We can construct 7 as
e 30, and we also have M|%,Z; E QTh...QTny. For
the right-to-left direction, it is obvious. Next we need to
show that My, x0 E QT ... QTi+1QTi+2 ... QT iff there
exists a V-tree 7/ with depth i + 1 such that M|, g(c") F
QTit2...QT, for each o’ € path(r'). By IH, we only need



to show that there exists a V-tree 7 with depth ¢ such that
Mi|7,9(0) E QTiy1...QTy1 for each o € path(r) iff there
exists a V-tree 7/ with depth i + 1 such that M| , g(o’) E
QTit2...QTy for each o’ € path(r'). There are two situ-
ations: 7+ 1 is even or odd.

If i + 1 is even, to verify the right-to-left direction, we
get a V-tree 7/ by extending 7 with two successors 0 and 1
to each leaf of 7, and labelling edge to new leaf 0 as @;+1
and labelling edge to 1 as a;+1. Next we need to show that
for each o’ € path(7'), Mk\gl,g(a') FQTit2...QTyw1. By

the definition of g(o) and g(o’), we have g(o) At g(a”)
where A;y1 is a;11 or @;y1 such that ¢/ = 0A4;41. Since
M|, g(0) F [(aiv1 + @G )][?(piv1 V qi41)]QTiy2 ... QTn¢)
and g(o) At g(c”), it follows that M|, g(0") E [?(pis1 V
qi+1)]QTi+2 ... QTyr. Tt is obvious that Mk\"/,g(a’) E
Pi+1 V gi+1. Thus we have Mk|°',g(a') EQTit2...QTh.
To verify the left-to-right direction, we get 7 by cutting the
i+ 1 level of /. Next we need to show that My|?, g(c) F
[(ai+1 + ai+1)][?(pi+1 V QH—I)]QTH—Q N Qan for each o €

path(T). By the semantics, for each ¢ such that g(o) Ay
and M|+ ¢ E p;41Vqit1, we need to show My |[74i+1 ¢ &=
QTiy2 . ..QTntp. By the definition of My and My |74+ ¢ &=
Pi+1Vqit1, it follows that ¢ is x;41 or Z;+1. Thus there exists
o' € path(7") such that ¢’ = 04,11 and t = g(¢’). By as-
sumption, we have Mk|"/,g(a') FQTit2...QTpv. Thus we
have for each o € path(7), My|%,g9(c0) E QTit1 ...QTn.

If 1 + 1 is odd, we firstly verify the right-to-left direction.
By assumption, it follows that for each o € path(r), there

exist ¢ such that g(o) Ail t and M|+t E piya V g
and M|+t E QTiya...QTywt. By the definition of
My and M|74+1 ¢ E pi1 V qip1, we have ¢ is @41 or
Zi41. Then we get 7' by extending each o € path(r). If t is
Zzi+1, we add a successor 1 and label the new edge as aiy1.
If t is Ziy1, we add a successor 0 and label the new edge
as @;+1. Then o' = 0A;y1 and t = g(0’). Thus we have
Mi|” ,g(0") E QTira...QTatb. To verify the left-to-right
direction, we get 7 by cutting the i + 1 level of /. Next
we need to show that for each o € path(r), My|?,g(0) E
((@it1 + @it1); 7(pit1 V ¢i1))QTi42 - .. QTnrp. By the con-
struction of 7, we know that for each o € path(7), there ex-

ists o’ € path(7') such that g(o) At g(a"), Mi|” ,g(c") E
pit1 V qit1 and My|7 ,g(0") F QTit2...QTy1. Thus we
have Mk|d,g(0') E QT1+1Qan O

THEOREM 4.1. The following two are equivalent:

e a=Q1z1Q2%2 ... Qnrnd(z1,. ..

e M. x0 F QT - --QTn¢(Kp1 . ~-Kpn,Kq1 . an) mn
which 1 is obtained from ¢ by replacing each x; with
Kp; and —x; with Kq;.

, Tn) 18 true

ProOOF. By Propositions 4.1 and 4.3, we only need to
show that given V-tree 7 with depth n, o(¢) = 1 if and only
if M|, g(o) E 1 for each o € path(r). Since ¢ is in CNF, ¢
is also in CNF-like form obtained by replacing each z; with
Kpi and each —x; with in forl1 <i< n. Thus we only need
to show that o(z;) = 1iff M,|7, g(0) F Kp; and o(—z;) =1
iff Mn|7,g(0) E Kqi. Since o(z;) = 1 iff o(-a;) = 0, we
only need to show that o (z;) = 1 iff M,,|?, g(c) £ Kp; and
M7, g(0) E Kp; iff M,|,g(c) E ~Kg;. By the definition

of 7, we know that o = A;... A, where A; is a; or a; for
each 1 <i<n.

Firstly, we will show that M,|%, g(c) E Kp; if and only
if Mnl?,9(0) E —-Kgq;. To verify the right-to-left direc-
tion, if Mn,|7,g(0) E Kpi, it follows by the definition of
M, that z; € U|°. Then it must be the case that a;
occurs in o. Suppose not, a; occurs in o. It follows by
Proposition 4.2, U|7 = {xo, A1, ..., Ai—1,Ti, Aig1, ..., An}.
This is contrary with z; € U|°. Thus it must be that
a; occurs in o. It follows by Proposition 4.2 that U|7 =
{.IZQ, Al, ceay Ai—17xi7Ai+17 cee ,An} Thus z; g Z/[‘a. By the
definition of M,, and the semantics, we have M|, g(o) E
-Kgq;. To verify the left-to-right direction, My|?,9(0) E
—\IA{qi implies that Z; ¢ U|”. For the similar reason as above,
it must be the case that a; does not occur in o. Thus we
have that a; occurs in o. It follows by Proposition 4.2 that
x; € U|°. Thus we have M,,|?, g(c) E Kp;.

Next we will show that o (z;) = 1iff M,|7, g(o) E Kp;. To
verify the right-to-left direction, o(x;) = 1 implies that A; =
a;. It follows by Proposition 4.2 that z; € U|. Thus we have
M%7, g(0) E Kp;. To verify the left-to-right direction, we
will show that o(z;) = 0 implies M,|?,g(c) E Kqi. It
follows by the definition of o(xz;) = 0 that A; = a@;. It
follows by Proposition 4.2 that Z; € U|?. Thus we have
My|7,g9(0) F Kg;. O

This gives us the desired lower bound:

THEOREM 4.2. The model checking problem for EPDL™ is
PSPACE-hard.

4.1.2  Upper Bound

In this section we give a non-trivial model checking algo-
rithm for EPDL™ inspired by an equivalent semantics.

As we mentioned earlier, the semantics of EPDL is context-
dependent: reaching the same state through different paths
may affect the truth value of an epistemic subformula. This
means that the usual global model checking algorithm for
modal logics may not work here. In order to establish the
upper bound, we first give the following equivalent semantics
to EPDL™ which makes the context dependency explicit in
order to facilitate a local model checking algorithm. The
idea is to keep the model intact but record the scope of action
modalities in order to compute the right uncertainty set for
epistemic subformulas. Similar idea appeared in [34] to give
an alternative semantics of public announcement logic.

DEFINITION 4.3. Given an uncertainty map M = (S,{Ra
a € A}, V,U) and any point s € S, the satisfaction relation
Ik is defined using the auziliary satisfaction relation I-o and
auziliary relation =3, where o is a finite (possibly empty)
sequence of actions in A:



MsFé S MsF.o
M,slk, T & always
M, sk, p S peV(s)
M,slky m¢p S M, s, ¢

M,slke dA Y S M, sk, ¢ and M, sk,

M,slke K¢ < forallveld]” : Mvlk, ¢

M, sk, (m)p < there exists w € L(7) and t € S
such that s 23 t and M, t For(w) @

s8¢ Ss=1
(aw)o . ’ a / wEUﬂ)
s =t & there exists s such that s — s and s —
(?6w)) o we
s =t S M,slk, ¢ and s 3t

t

where r(w) is the sequence of actions obtained by eliminating
all the tests in w.

Note that w in the above definition is a finite sequence of
actions and EPDL ™ -tests, while o is test-free.

We first prove a simple proposition regarding the decom-
position of 3.

PROPOSITION 4.4. Given an uncertainty map M and se-
quences of actions and tests 1, w, w' such that n = ww', we

have (s,t) €25 iff (s,t) €3 o UT( )
actions o.

for any sequence of

PROOF. We prove it by induction on |n|. If |n| < 2, it is
obvious by the definition. If |n| > 2, there are two cases,
that is, n = an’ or n =7¢n’.

Case n = an’ : We have w = aw” for some initial segment

W’ of 0, and (s,t) € €“197 iff there exists s’ such that s % s’
and (s, t) enii’ By IH, we have ;"—w—%’x o T Thus
we have (s, ) n‘m iff there exists ¢’ such that (s',t') € %
and (t',t) € °~ 2 By definition, we have that s % s’
and (s',t') € é)“ iff (s,t') eai;”/. Thus we have (s,t) 4

Foar w//), namely (s,t) €8 o w:i()w)

Case n =?¢n’ : We have w =?¢w’’ for some mltlal segment
w” of ', and (s,t) € )7 g M, sk, ¢ and s s . By IH,
we have s g tiff (s,t) Gg o wmg”). Thus we have there
exists s’ such that (s,s’) G% and (s',t) Ew”(w”) This
follows that (s, s’) (ww”)“, and (s,t) G(wi;/)g o wfﬂ(ﬁ;w”),
namely (s,t) €22 o 7—(>w> U

In the following we show that I coincides with E.

THEOREM 4.3. Given an uncertainty map M and an ac-
tion sequence o, if U|” # 0, we have that for each s € U|7,

(i) M|?,s[r]M’,s" iff there exists w € L(w) such that
M = MI7T") and s 23 S,
(i) M|?,sE ¢ iff M, sy ¢.

PrOOF. The proof is by simultaneous induction on 7 and
¢ (due to the test actions). For (i), we will only focus on
the cases of 71; w2 and 71 + m2; the other cases are straight-
forward.

Case 71; mo: First, we show the direction from left to right.
It follows by assumption that there is pointed uncertainty
map N, t such that M|, s[mi]JN,t and N, t[m] M’ s’. By
IH, we have that there exists w € L£(m) such that N' =
M7 and s £$ ¢. Since Nt is a pointed uncertainty
map and N = M@ we have t € U|°"). By IH and
M| (] M, s, we have that there exists w’' € L£(m2)

such that M|7 ) — a7 — M and ¢ S

By Proposition 4.4, it follows that ww’ € L(m;m2) and

s (wi>)a s'. Right to left: If there exists w € L(mi;m2)
such that M’ = M|°") and s %S s’, we need to show that

M7, s[r] M, s". Tt follows by w € L(m;m2) that there are
p € L(m1) and p’ € L(mz) such that w = pp’. Thus we have

M = M7 @7 and s (o) . By Prop031t10n 4.4, this
follows that there exists ¢ such that s 23 ¢ and ¢ al(f) Tt

follows by U|°"“) # @ that U|°"?) £ ¢. By IH, it follows
that M|%, s[m1JM|7"®) ¢t and M|7") t[ma]M|77PTP) s
then M|%, s[m1; ma M, 8.

Case w1 + m2: We first show the direction from left to
right. If M|7, s[m + m2]M’,s’, we have M|7, s[mi]M’, s
or M|?, s[m2]M’,s". Suppose M|?,s[mi]JM’,s’, it follows
by IH that there exists w € L(m1) C L(m + m2) such that
M = M|”"“) and s “2 §'. Right to Left: If there exists w €
L(m1 +72), it follows that w € L(m1) or w € L(m2). Suppose
w € L(m), since M = M|7") and s 22 &, it follows by
IH that M|7,s[mi]M’,s’. This follows that M|, s[m1 +
mo] M, .

For (ii), we will focus on the case of (m)¢; the other cases
are straightforward.

Case (m)¢: We have M|?, s F (m)¢ if and only if there is
pointed uncertainty map M’, s’ such that M|?, s[x]M’, s’
and M’,s" E ¢. By (i), it follows that M|7,s[r]M’, s" iff
there exists w € £(r) such that M’ = M|°"“) and s “3 &'
By IH, it follows that M|°"(“) s & ¢ iff M, s’ For(w) @-
Thus we have M, s IF (m)¢. [

Let o be €, we have the equivalence of |- and F.

COROLLARY 4.1. Given pointed uncertainty map M, s, we
have M, s E ¢ iff M, s+ ¢ for each ¢ € EPDL™.

This alternative semantics induces a natural algorithm to
compute the truth value of an EPDL™ formula w.r.t. to a
pointed uncertainty map. The idea is to recursively call a
function MC(M, s, o, ¢) which returns the truth value of a
subformula ¢ on state s given the context of ¢ while keep-
ing M intact. Note that, we do not need to compute all the
MC(M, s, o, ¢) for each o and each subformula ¢. The only
tricky part comes when evaluating ()¢ formulas since it is
too space consuming to compute the whole set of £(7) in
the search of the right w. Instead, we can generate one by
one in some lexicographical order all the possible sequences
up to a bound based on the atomic actions and tests oc-
curring in the formula, and then test whether it belongs to
the program m. Note that in this way, we can use the space
repeatedly, and the membership testing of £(m) is not ex-
pensive (NLOGSPACE-complete according to [20]).

In the appendix we present three algorithms based on ma-
trix representation of the model: Algorithm 1 computes the
uncertainty set /|°; Algorithm 2 computes =3 and Algo-
rithm 3 is the main model checking algorithm. Note that



Algorithms 2 and 3 involve mutual recursion of each other
due to the tests in programs. However, the depth of the
recursion is bounded by the length of the formula and for
each call polynomial space suffices. The detailed algorithms
and complexity analysis can be found in the appendix. It is
not hard to show the following:

THEOREM 4.4 (UPPER BOUND). The model checking prob-
lem of EPDL™ is in PSPACE. Thus it is PSPACE-complete.

4.2 Upper Bounds for model checking EPDL

In this section, we give an EXPTIME model checking method
for the full EPDL via model checking EPDL over two-dimensional
models with both epistemic and action relations. Let us first
define such models.

DEFINITION 4.4  (EPISTEMIC TEMPORAL STRUCTURE).
An Epistemic Temporal Structure (ETS) is a Kripke model
with both epistemic and action relations. Formally, an ETS
model M is a tuple (S,{Ra | a € 4},~,V), where R, is a
binary relation on S, ~ is an equivalence relation on S and
V: S — 28 is a valuation function.

Now we define an alternative semantics of EPDL over ETSs.?

DEFINITION 4.5 (ETS SEMANTICS). Given any ETS model
M= (S,{Ra | a € 4},~,V) and any state s € S, the satis-
faction relation for EPDL formulas is defined as follows:

M,sl-T always

M, sl-p < s e V(p)

M slkF-¢p Msko
MslFdANpsMslkEd and M, sl

M, slF Ko ©VueS:s~uimplies Mul- @

M, sl-[n]¢p <VteS:s St implies Mt
Rt = Ra

?¢

= ={(s,s) | M, s - ¢}

"y _ o

mh o _mym

= = (&)

where o,U, * at right-hand side denote the usual compo-
sition, union and reflerive transitive closure of binary rela-
tions respectively.

We can turn a Kripke model without the epistemic rela-
tion into an ETS model by essentially considering all the
possible uncertainty sets.

DEFINITION 4.6. Given any Kripke model M = (S, {R. |
a € 4},V), we define the ETS model M® as follows:

S* ={sr|seSTe25scT}
Ra ={(sr,ta) | s S t,A=T]"}
~* ={(sn,ta) [T = A}

V*(sr) =V(s)

where T|* = {t € S| Is € T such that s — t}. For any
Kripke model M and any T' € 2°\{0}, let M" be the uncer-
tainty map (M,T).

5Here we abuse the notation IF to denote the new semantics.
Note that it is different from the alternative semantics in the
previous section.

Note that each sr can be viewed as an uncertainty set
with a designated state, and the definition of R, captures
the update in the F semantics of EPDL, and M*® unravels all
the updates in a whole picture. Note that the size of M* is
|S| - 2!5171 where S is the set of states of M.

Now we can show that F and I coincide w.r.t. uncertainty
map M!' and ETS model M°.

PROPOSITION 4.5. Given any map M, we have
(i) MY, s[x] M2t iff sp 5 ta in M®°
(ii) MY s E ¢ iff M®, spIF ¢.

PrOOF. The proof is by simultaneous induction on 7 and
¢ (due to the test actions). For (i), we will only focus on the
non-trivial cases of m1; w2, m1 + w2 and 7*; the other cases
are straightforward.

Case m1;m2: We have M, s[[7r1;7rz]]/\/lA,t if and only if
M s[m M, 8" and M, s/ [ma] M, t for some T” € 25.
By IH, this amounts to sp — sr and sp 3 ta. Thus, we
have sp " 252 ta. The case for m + 2 is similar.

Case 7*: By induction on n, it can be proved that for each

n, MY, s[x"]M?, t if and only if sp ™ ta. This follows that

ME s[x*]MA  t if and only if sp ™ ta.

For (ii), we will only focus on the case of [7]¢; the other
cases are straightforward.

Case [r]¢: If MY, s E [7]¢ but M® sp W [x]$, then
M?® ta ¥ ¢ for some ta € S® such that sp = ta. By IH,
this follows M?,t ¥ ¢ and MF, s[x]M?,t. This is contra-
dictory with the assumption that M", s F [r]é. If M®, sr I
[7]¢ but M" s ¥ [x]¢, it follows that N,t ¥ ¢ for some
pointed uncertainty map N, ¢ such that MT, s[[w]]./\/lA,t for
some A € 25, Thus we have MY s[x] M=, t and M2t ¥ ¢.
By IH, we have st — ta and M®,ta W ¢. This is contra-
dictory with M?®, sr IF [7]¢. O

COROLLARY 4.2. Giwen an uncertainty map M = (N, U)
and s € U, we have M,s = ¢ iff N*, sy |- .

Based on the above corollary we can have a model checking
method via model checking EPDL over ETS models.

PROPOSITION 4.6. The model checking problem of EPDL
on uncertainty maps is in EXPTIME.

ProOOF. Given an uncertainty map M = (N, U), the con-
struction of ETS N'® can be done in exponential time in the
size of N. By modifying the algorithm for PDL in [23], we
can get an algorithm to check EPDL formula ¢ on N'® w.r.t.
I, and its time complexity is O(|¢|* - |N®|*). Thus, the
time complexity of model checking ¢ on M is bounded by
Ol - |Sx[? - 2 1=2). [

We conjecture that the model checking problem of full
EPDL is EXPTIME-complete, and leave the lower bound to
the extended version of this paper.

4.3 Complexity of conformant planning

In the rest of this section, let us look at the complexity
of conformant planning in terms of EPDL model checking.
Although the model checking problem of full EPDL is likely
to be EXPTIME-complete, the complexity of model checking

SCf. the definition of = in Def. 4.5.




the EPDL formula which encodes the conformant planning
problem (cf. Theorem 3.1) is in PSPACE if the goal formula
is program-free. More precisely, we can show the following:

THEOREM 4.5. The problem of model checking EPDL for-
mulas in the shape of ((Zacs(?K{(a)T;a))*)K ¢, where ¢ is
an epistemic formula (i.e. program-free) and B C A4, is in
PSPACE.

PRrROOF. (Sketch) Note that (37, .5(?K(a)T;a))" is a spe-
cial program which has only simple epistemic tests depend-
ing on the structure of the underlying Kripke model. Now
given a Kripke model A/ and a set B C A we can define an
ETS model A° similar to A'* but with a different definition
for the action relations:

RS ={(sr,ta) | s 3 t,A=T|"Vu €T3 st. u > v.}

Note that the extra condition guarantees that the action
a is always executable w.r.t. the whole I'; thus fulfilling
the test K(a)T. Now we can have an analog of Corol-
lary 4.2, and reduce the problem of checking (M,U),s E
(> ees(?K(a)T;a))" K¢ to the reachability problem in N°:
whether there is a path from sy in A° such that it can
reach a state t;» where K¢ holds. Since ¢ is [r]-free, we
can check it easily given U’ using polynomial space, thus
the main task is to find the reachable t;;s. Note that, in the
size of N/, there are exponentially many such #;,» and the
maximal length of the plan is also exponential. However,
we do not need to build the whole A/° and the bisection-like
algorithm behind the proof of Savitch’s Theorem will do the
job.” More precisely, we first pick up a t;;7, and then run the
recursive bisection method to see whether ¢,/ is reachable
from sy within 2MV! steps. The depth of the recursion is
bounded by loga(2"V!) = || and at each recursion we need
to record the choice of the state which can be encoded by
a (0,1)-vector using logz(2™V1) = |N| space (plus one bit to
record the result). Moreover, at the bottom of the recursion
we only need to verify one step reachability, i.e., whether
two states in N° are linked by RS, without building the
whole N°. Thus the whole procedure of model checking can
be done using polynomial space. []

As we mentioned in the introduction, the conformant plan-
ning problems in the AT literature are usually given by using
state variables and actions with precondition and (condi-
tional) effects, rather than explicit transition systems. The
corresponding explicit transition system can be generated
by taking all the possible valuations of the state variables
as the state space (an exponential blow up), and computing
the transitions among the valuations according to the pre-
conditions and the postconditions of the actions. In terms
of the size of explicit transition systems, our above result is
consistent with the EXPSPACE complexity result in the Al
literature for conformant planning with Boolean and modal
goals [21, 9]. Actually, the complexity result of Theorem 4.5
can be strengthened to PSPACEcomplete based on the cor-
responding complexity result in the AT literature.

However, not all the transition systems can be generated
in this way since the preconditions and postconditions are
purely propositional and thus cannot distinguish two states
that share the same valuation. Thus in a transition sys-
tem we may allow multiple states with the same valuation

"A similar algorithm was used to pinpoint complexity of the
conformant planning in Al, cf.[21].

but different available actions and this may handle scenarios
where some external factors about the states are not mod-
elled by basic propositions.

S. CONCLUSIONS AND FUTURE WORK

In this work we first introduce the logical language EAL
over uncertainty maps and axiomatize it completely. EAL is
then extended to EPDL with programs to specify conformant
and conditional plans. We show that the conformant plan-
ning problems can be reduced to model checking problems
of EPDL. Finally we showed that model checking star-free
EPDL over uncertainty maps is PSPACE-complete and model
checking the full fragment is in EXPTIME. On the other
hand, model checking the conformant planning problem is
in PSPACE.

Note that our EPDL is a powerful language which can al-
ready express conditional plans. This suggests that we can
use the very EPDL language to werify plans in contingent
planning w.r.t. a variant of the semantics which can handle
feedbacks during the execution. In fact, observational power
about the availability of the actions have been already incor-
porated in [35], which can be extended to general feedbacks
discussed in the literature of contingent planning (cf. e.g.,
[11]). On the other hand, to check the ezistence of a con-
ditional plan, we are not sure whether EPDL is expressive
enough, as subtleties may arise as in the case of conformant
planning. We leave the contingent planning to future work.

Another natural extension is to go probabilistic, and re-
duce the probabilistic planning over MDP to some model
checking problem of the probabilistic version of our EPDL.
Our ultimate goal is to cast all the standard AI planning
problems into one unified logical framework in order to fa-
cilitate careful comparison and categorization. We will then
see clearly how the form of the goal formula, the constructor
of the plan, and the observational ability matter in the the-
oretical and practical complexity of planning, in line with
the research pioneered in [5].
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APPENDIX
A. ALGORITHMS FOR EPDL~

DEFINITION A.1  (MATRIX REPRESENTATION). Let Byxm
denote a (0,1)-matriz of size n x m. A matriz B,x1, or By,
for short, is called a vector. Given finite uncertainty map
M, its domain S can be linearly ordered as {s1, - ,Sn}.
Thus M can be represented by a set {Bnx, | a € A} of ad-
jacency matrices for accessibility relation, a vector BY for U
and a set {BE | p € P} of vectors for atomic propositions.

DEFINITION A.2. Given (0,1)-matrices B}, ., Bxxm, their
product By, is defined as: Bjym[i,j] = 1 iff there eists
r < n such that B,y [i,7] = Besxm|r,j] =1 for all 1 <1 <
n,1 <j<m.

The following algorithms are to check whether ¢ holds on
pointed uncertainty map M, s by Definition 4.3. The main
algorithm (Algorithm 3) recursively calls itself for each non-
trivial subformula of ¢. The complex cases are for the sub-
formulas in the form of ()¢ and K¢. By Definition 4.3, to
check M, s Ik, (m)¢, we need to make sure that there exists

a sequence w € L£(r) and a state t € S such that s 23 ¢
and M,t ko) ¢. Since 7 is star-free, |w| < |«| for each
w € L(m). It is clear that we cannot compute and store the
whole set of £(7) within polynomial space. Instead, one by
one we generate all the possible sequences that are shorter
than || and are formed from the alphabet of 7 (cf. line 14)
and check whether they are in £(m). We can order the pos-
sible sequences lexicographically according to an ordering of
the basic actions and tests in Sig, and compute the next
sequence merely from the current one using function nezt.
memb_chec(w, w) checks whether it is the case w € L(m). If
w € L(m), we need to check whether there exists s; € Sam
such that s “% s; (Algorithm 2) and M, s; oy () ¢, where
r(w) is the test-free subsequence of w which is easy to com-
pute. For the case of K¢, we need to calculate the state set
U|? (Algorithm 1).

Algorithm 1: Function CNU(U, 0): Calculate the the
new uncertainty set |’

input : U, o
output: B%'U
1 A« BY;
2 for i < 1 to |o| do
3 LA<—A><BZ[;']”;
4

return A;

B. COMPLEXITY ANALYSIS

We suppose |Sa| = n and |¢p| = k. Algorithm 1 uses one
variable A to record the uncertainty set which requires O(n)
space. Note that there is a mutual recursion in Algorithm 2
and 3, but the depth of the overall recursion is bounded by k.
In Algorithm 2, the variable consuming the most of the space
is the matrix Bpxn recording the (intermediate) relation.

Algorithm 2: Function PW (w, 0): Calculate the binary
relation %

input : Mixed sequence w, action sequence o
output: B, xn

1 switch w, do
case ¢, return Matriz({(s,s)|s € S})
/* Matriz(R) is the (0,1)-matrix
representation of the binary relation R */,
case (7¢w’)s
return Matriz({(s,s) | MC(M, s, 0, ¢) = true
Hx PW(w',0);
5 case (aw’), return B%,,x PW(w' oa) ;

N

[

Algorithm 3: Function MC(M, s, 0, ¢): Model checking
algorithm for EPDL™

input : The pointed uncertainty map (M, s), sequence
of actions o, ¢ € EPDL™.
output: true if M, s I, ¢.

1 switch ¢ do

2 case p

3 if p € V(s) then

4 ‘ return true;

5 else

6 L return false;

7 case —p

8 | return not MC(M, s, 0, ¢)

9 case Y1 N\ p2
10 | return MC(M, s, 0, ¢1) and MC(M, s, 0, ¢2);
11 case ()
12 Let Sig be the array consisting of atomic

programs and formulas in 7 ordered according
to their first appearances;

13 w « Sig[l] /* w is the candidate sequence
we want to test */;

14 while |w| < |7| do

15 if memb_chec(w, ) then

16 for i = 1 to Sy do

17 if (s,s;) € PW(w,0) then

18 if MC(M,sj,o0r(w), ) then

19 L L return true;

20 w + next(w, Sig) /* calculate the next
sequence lexicographically according
to the order Sig */;

21 return false;

22 case K¢

23 U = CNU(U,o0) /* calculate the vector
representation of U|7 */

24 for m = 1 to |Snm| do

25 if ( f{”g)mzland MC(M, sm,0,¢) =

false then
26 L return false;
27 return true;




Since o and w are also variables in the main algorithm and
|w| 4+ |o] < k due to the construction in Algorithm 3, the
space usage of Algorithm 2 before the recursive calls of PW
and MC is bounded by O(k+n?). For Algorithm 3, the most
space-demanding part is the (r)¢ case, where we need to
store 7, Sig, and keep track one w and one state s in the loop,
which are bounded by either k or s. Moreover, according to
[20], the complexity of memb_chec is NLOGSPACE-complete
in the size of Sig, i.e., the alphabet of m which is bounded
again by k. Thus before calling MC nor PW again in the
(m) @ case, the space requirement is at most linear in both &
and n, which is less demanding than PW for each recursion.
Recall that the overall recursion depth of MC (and PW) is
bounded by k thus the space usage of the whole algorithm
is bounded by O(k(k 4+ n?)) = O(k* + kn?).



