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Abstract. We consider action domain descriptions whose meaning can be repre-
sented by transition diagrams. We introduce several semantic me&suweEs-

pare such action descriptions, based on preferences over podaikle of the
world and preferences over some given conditions (observatisssitans, etc.)
about the domain, as well as the probabilities of possible transitions. Téfis pr
erence information is used to assemble a weight which is assigned to am actio
description. As an application of this approach, we study the problemdatting
action descriptions with respect to some given conditions. With a semantic ap
proach based on preferences, not only, for some problems, tweage plausible
solutions, but also, for some problems without any solutions due to tongstro
conditions, we can identify which conditions to relax to obtain a solution. We
conclude with computational issues, and characterize the complexityrgiute

ing the semantic measures.

1 Introduction

This paper discusses how to compare action descriptionssevimeaning can be rep-
resented by transition diagrams—a directed graph whosesnoateespond to states
and edges correspond to transitions caused by action eco@s and non-occurrences,
with respect to some given conditions. Comparison of aaiescriptions is important
for applications, when an agent has to prefer one desaniptiore than the others. One
such application is the action description update problgmwhen an agent tries to
update an action description with respect to some givenrimdtion, she usually ends
up with several possibilities and has to choose one of thetBmalescriptions. Another
application is related to representing an action domaimirlaboration tolerant way
(for a definition of elaboration tolerance see, e.g., [2,800ong several action descrip-
tions representing the same action domain, which one is et elaboration tolerant
one, with respect to some given conditions describing péssiaborations?

The preference of an agent over action descriptions may sedban a syntactic
measure, such as the number of formulas: the less the nurhb@mnulas contained
in an action description, the more preferred it is. A syntagteasure can be defined
also in terms of set containment with respect to a given ac@scriptionD: an action
description is more preferred if it is a maximal set amongemithat is contained in
D. For instance, according to the syntactic measure used fofflipdating an action
descriptionD with some new knowledg€, an action descriptio®’ is more preferred
if D’ is a maximal set among others containibgnd contained ith U Q is maximum.
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Fig. 1. A transition diagram.

In this paper, we describe the preference of an agent ovienadscriptions, with
respect to some semantic measure. The idea is to descrilveasmtie measure by as-
signing weights (i.e., real numbers) to action descriggjamth respect to their transi-
tion diagrams and some given conditions; then, once thehigeaf action descriptions
are computed, to compare two descriptions by comparing weights.

We consider action descriptions, in a fragment of the addoguage” [4], which
consists of “causal laws.” For instance, the causal law

causedPowerON after PushPBry A = PowerON, (1)

expresses that the actidétush PBry causes the value of the flueRbwerON to change
from f to t; such causal laws describe direct effects of actions. Theatdaw

causedTvON if PowerON, (2)

expresses that if the fluetowerON is caused to be true, then the fluertON is
caused to be true as well; such causal laws describe stag&a@ions. The meaning of
an action descriptiorD can be represented by a transition diagram, like in Fig. 1. In
this transition diagram, the nodes of the graph (shown bggpaenote the states of the
world: (s) one where both the power and the TV is on, asi)ithe other where both the
power and the TV is off. The edges denote action occurreie@snstance, the edge
from s to s’ labeled by the action of pushing the power button on the T\¢udless that
executing this action atleads tos’. The edges labeled by the empty set are due to the
law of inertia.

Suppose that we are given another action descripfibrdescribing the domain
above; and that the transition diagram Bf is almost the same as that &f, ex-
cept that there is no outgoing edge from the sfa@®ewerON, TvON} with the la-
bel { PushPBr¢}. Which action description should be preferred? In answeitiig
question, we also take givenditions(observations, assertions, etc.) on the action do-
main into account. We describe conditions in an action qlertguage, like in [5], by
“queries.” For instance,

ALWAYS \/A€2A executableA, 3

where24 denotes the set of all actions, expresses that, at eves, hate is some
action executable. The query

SOMETIMES evolves PowerON ; { PushPBr¢ }; PowerON 4)

expresses that, at some state when the power is on, pushimpiter button on the
remote control does not turn the power off.
The question we consider in this paper is then the following:



Given a setD of action descriptions and a sét of queries, which action
description inD is a most preferred one with respect@?

Our main contributions are briefly summarized as follows.

e We provide an answer to the above question with respect tolyrfaur semantically-
orientedapproaches, by assigning weights to action descriptior3, ibased on their
transition diagrams. The weights express preferencesecddglent over possible states
of the world and preferences over conditions, as well as thbabilities of possible
transitions.

A simple weight measure is to count the number of querieS iwhich an action de-
scription D entails. In the example abovB, entails according to its transition diagram
(3) and (4), saD has weight 2;D’ entails according to its transition diagram only (3),
so D’ has weight 1. Hencd) is preferred oved’.

e We apply these approaches to the problem of updating annadéscription, and
observe two benefits. First, if a problem has many solutiattstive syntactic approach
of [1], a semantic approach can be used to pick one. Secomadpiibblem does not
have any solution with any of the approaches due to too strtongitions, a semantic
approach can be used to identify which conditions to reldintba solution.

e We characterize the computational cost of computing thgkteissignments, which
lays the foundations for efficient computation.

For space reasons, we omit the definitions of transitionrdiag and action descrip-
tions. They are as in [1] and given in an extended version{6yhich contains further
explanation of the examples, additional examples, andabpetication, and a detailed
discussion of the complexity results and algorithms.

2 Action Queries

To talk about observations of the world, or assertions atfmieffects of the execution
of actions, we use an action query language consisting afegidescribed as follows.
We start withbasic queries(a) static querief the form

holds F, (5)
whereF' is a fluent formula; (bflynamic queriesf the form
necessarilyQ after A;;...; A,, (6)

where( is a basic query and each is an action; and (c) every propositional combi-
nation of basic queries. Aexistential querys an expression of the form

SOMETIMES @, (7
where(Q is a basic query; aniversal querys of the form
ALWAYS (Q, (8)

where(Q) is a basic query. Ajueryq is a propositional combination of existential queries
and universal queries.
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As for the semantics, I€f = (S, V, R) be a transition diagram, with a s8tof
states, a value functiovi mapping, at each state every fluentP to a truth value, and
a setR of transitions. Ahistoryof T of lengthn is a sequence

SO;A17817"'7Sn—17ATL75n (9)

where eachs;, A;11,si+:) (0 < i < n)isin R. We say that a state € S satisfies
a basic queryy’ of form (5) (resp. (6)) relative t@” (denotedT’, s = Q’), if the in-
terpretationP — V (P, s) satisfiesF' (resp. if, for every history = s, A1, s1, ...,
sn—1,An, s, Of T of lengthn, basic query) is satisfied at state,). For other forms
of basic queries), satisfactionis defined by the truth tables of propositional logic. If
T is described by an action descriptidh then the satisfaction relation betweeand
a basic query) can be denoted b, s = Q as well.

Note that, for every state and for every fluent formuld’, D,s = holds F' iff
D, s = —holds—F. For every state, every fluent formuld’, and every action sequence
Ai,..., A, (n > 1), if D,s = necessarily(holds F') after Ay;...; A, thenD s |
—necessarily(—holds F') after Ay;...; A,.

We say thatD entailsa queryq (denotedD = ¢) if one of the following holds:

— ¢ is an existential query (7) anf, s = @ for some state € S;
g is a universal query (8) anB, s |= ( for every states € S,
- g¢=~q¢ andD [~ ¢

—g=q NgandD = ¢ andD [ ¢o; or

—g=qVgandD | q orD  g.

For every basic quer®), D &= SOMETIMES Q iff D = —ALWAYS —Q. For a
setC of queries, we say thdD entailsC (denotedD|=C) if D entailsevery query in
C. Consider, e.g., the action description consisting of (&),and

caused— PowerON after PushPB7y A PowerON

caused—TvON if ~PowerON (20)
inertial PowerON ,—~PowerON, TvON,-TvON
encoding how a TV system operates; hieegtial L1, ..., L; stands for the causal laws

causedL; if L; after L; (1 < ¢ < k). It does not entail any set of queries containing
ALWAYS necessarily(holds = TvON) after { PushPBgrc }

because this query is not satisfied at the sf&feON, PowerON }; but, it entails the
queries:

ALWAYS holds PowerON = TvON,

ALWAYS holds PowerON A TvON D (11)
—necessarily(holds TvON ) after { PushPBrv }.

In the rest of the paper, an expression of the form
possibly@ after Ay;...; A,,

where @) is a basic query and each; is an action, stands for the dynamic query
—necessarily-Q after A;;...; A,; an expression of the form

evolvesFy; Av; Fi; ... F_1; Ay Fy, (12)



where each?; is a fluent formula, and eacH; is an action, stands fdrolds Fy A

possibly (holds F; A possibly (holds F» A ...) after As) after A;; and
executableAy;...; A,,

where eachy; is an action, stands f@ossibly True after Ay;...; A,,. We sometimes

dropholds from static queries appearing in dynamic queries.

Queries allow us to express various pieces of knowledgetaheudomain. For
instance, we can express the existence of states where alfofhholds by means of
the querySOMETIMES holds F. Similarly, we can express the existence of a transition
from some state where a formutaholds to another state where a formilaholds, by
the execution of an actioA:

SOMETIMES holds F' A possibly F’ after A .
In general, the existence of a history (9) such that, for eadi the history, the inter-
pretationP — V (P, s;) satisfies some formulB; is expressed by the query:

SOMETIMES evolves Fy; Ay Fy; ..o By 15 Ap Fy. (13)

For instance, the query
SOMETIMES evolves PowerON; { PushPBry };

—PowerON ; { PushPBrv }; PowerON. (14)
describes the presence of the following history in Fig. 1:
{PowerON, TvON }, { PushPBry }, (15)

{=PowerON,—~TvON }, { PushPBrvy },{ PowerON, TvON }.
That at some state where formufaholds no action is possible is expressed by
SOMETIMES holds F' A /\ necessarilyFualse after A.
Ae2h

Like in [1], executability of an action sequenck,..., A, (n > 1) at every
state can be described BYWAYS executable Ay;...; A,; mandatory effects of a se-
guenceA;,..., A, (n > 1) of actions in a given context bXLWAYS holds G D
necessarilyF’ after Ay;...; A,; and possible effects of a sequence of actions in a con-
text by ALWAYS holds G D possibly F' after Ay;...; A,. In the last two queriest’
describes the effects aidgithe context.

3 Weight Assignments for Action Descriptions

To compare action descriptions with respect to their seitgne can assign weights to
them, based on their transition diagrams and a given senafittons. We present below
four weight assignments, each with a different motivatigpressing some appeal of
the action description, however, without an a priori epistemeaning. They are by
no means exhaustive, i.e., many more are conceivable,lbut &l specify preferences
over the main semantic constituents—states, transitiamesries, and a combination
thereof. Corresponding orders are total and, unlike moreige preferences (partial
orders), beneficial wrt. discrimination of choices or comgat-wise comparability.

3.1 Weighted states

We can specify our preference over states of a transitiagrai(S, V, R) by assigning
a weight to each state ifi, by a functiong. Such a function assigning real numbers to



states of the world can be considered agility function, as in decision theory. If one
state of the world is preferred to another state of the wdrihtit has higher utility
for the agent; here “utility” is understood as “the qualitiyleing useful” as in [7].
Alternatively, the functiory can be viewed as@ward function being at a state will
give a reward ofj(s) to the agent.

Given a utility function for a sef of states, the highly preferred states relative to
a given numbetl are states with a weight greater thiarThen, one way to define the
weight of an action descriptioP relative tog and! is as follows:

weights(D) = |{s: s € S,g(s) > l}].
With respect to this definition, the more the number of stdtasare highly pre-
ferred by the agent, the more preferred the action desanipis.

For instance, consider the transition diagram in Fig. 1 diesd by D. Take, for

eachs € S,
2 if PowerON € s
g(s) =

1 otherwise (16)

Takel = 1. Thenweights (D) = 1.

3.2 Weighted queries

We can assign weights to queries to specify preferencescowvelitions they express:
Let C be a set of queries, along with a weight functipbmapping each query i@
to a real number. Then one way to define the weighbdfelative toC and f) is by

weighty (D) = Z f(e).

Intuitively, the weight of an action description definedatale to the weights of queries
shows how much the sét of given preferable queries are satisfied. (Note thatan
easily express a threshold function as welllith this definition, the more the highly
preferred queries are satisfied, the more preferred theoaddiescription is.

For instance, suppose thatconsists of (14) and

ceC,Di=c

ALWAYS executable { PushPBr¢ }, a7)

with weights 1 and 2 respectively. For the descriptionvith the transition diagram in
Fig. 1, weight, (D) = 3.

3.3 Weighted histories

In a transition diagranT = (S, V, R), we will say that a history (9) of length is
desiredwith respect to a given query (13), if, for ealthe interpretatio® — V (P, s;)
satisfiest;.

Let D be an action description, arld = (S, V, R) be the transition diagram de-
scribed byD. Let C be a set of queries, along with a weight functibmapping each
condition inC to a number. Lef{~ be the set of pairéw, ¢) such thatw is a desired
history inT" with respect to the query of form (13) inC. Let us denote byt(w) the
starting state, of a historyw of form (9). We define a functioh mapping each desired
historyw appearing inf¢ to a real number, in terms of the utilitw) of statest(w)
with respect taw:



h(w) = u(w) X Y ene F(©).

The functionu mapping a historyw of form (9) to a real number can be defined
in terms of a sequence of functions. Given a utility function (or a reward function)
g mapping each state ifi to a real number, and taansition modeln mapping each
transition(s, A, s’) in R to a probability (i.e., the probability of reachisgfrom s after
execution ofA):

un(w) = g(sn)
ui(w) = g(s;) + m((si, Aiy1, i41)) X w1 (w) (0 < i <n)
u(w) = ug(w).

These equations are essentially obtained from the equsatieed for value determina-
tion in the policy-iteration algorithm described in [7, Giter 17]: take{so, ..., s, } as
the set of statess;, 4,11, si+1) as the possible transitions, the mapping- A, as
the fixed policyU asu, U; asu;, R asg, andM asm. Then we can define the weight of
D in terms of the weights of desired histories, . . . , w, appearing i as follows:

weighty, (D) = Z;l h(w;).
The more the utilities of desired histories (or traject@jiesatisfied by the action de-
scription, the more preferred the action description is.

For instance, suppose that consists of query (14), with weight 3. Consider the
transition diagranil’ = (S,V, R) in Fig. 1. Let us denote history (15) by, and
query (14) byc. Then H¢ contains(w, ¢). Takeg(s) as in (16). Také = 1. Suppose
that, for each transitiofs, A, s’) in R,

0.5if s = {PowerON, TvON} A |A| =1
m((s, 4,57) = {1 othen/\fise. i (18)

Thenu(w) is computed as 3.5. aftdw) = w(w) x 3_,, yemr, f(c) = 3.5x3 =10.5.
Henceweighty, (D) = 10.5.

3.4 Weighted queries relative to weighted states

The three approaches above can be united by also considervitat extent each uni-
versal query irC' is entailed by the action description. The idea is while cotimg the
weight of a description relative to weighted queries, teetako account the states at
which these queries are satisfied.

Let D be an action description. L& = (S, V, R) be the transition diagram de-
scribed byD, along with a weight functiog mapping each state ifi to a real number.
Let C be a set of queries such that every queity C'is an existential query, a universal
query, or a disjunction of both.

First, for each state in S, we compute its new weight (s), taking into account
utilities of the desired histories starting with Let H be the set of pairéw, ¢) such
thatw is a desired history ifl" with respect to the query of form (13) inC. Let W
be the set of histories that appearhfy:. Let . be a function mapping a histony to
a real number, describing the utility of statevith respect taw. Then the new weight
functiong’ is defined as follows:



: (s) if Aw(w e W A st(w) = s)
g(s) = {gzwew’st(w)s u(w) otherwise.

Next, for each query in C, we compute its new weight'(c). Let f be a function
mapping each condition i’ to a real number. We will denote by, (B) the set of
statess such thatD, s = B. Then we defing’ as follows:

)+ 1) ifg=q V"

Flg) = B if ¢ = ALWAYS B
g v if ¢ = SOMETIMES B A |Sp(B)| >0
0 if ¢ = SOMETIMES B A |Sp(B)| =0,

wheref = f(q) X Y ies,(m) 9'(5) and v = f(q) x [(Xes,m) 9'(5))/1Sp(B)]]-
Intuitively, /' describes to what extent each preferable qyasysatisfied.
Then the weight oD (relative toC and f) is the sum:;
. _ /
weightys (D) =3 _ 1'(a)-
Intuitively, weight,s (D) describes how much and to what extent the given preferable
queries are satisfied b§. For instance, suppoge consists of three queries:

ALWAYS executable { PushPBrvy }, (29)
SOMETIMES —executable{ PushPBr¢, PushPBrvy }, (20)

and query (14), denoted by, co and c3 respectively. Consider an action descrip-
tion D, with the transition diagram in Fig. 1. Let us denote hist(k$) by w; then
He = {(w, c3)}. Take the utility functiory as in (16), and the transition model as

in (18). Takef (c1) =1, f(c2) =2, f(c3) = 3. Theng' ({ PowerON, TvON }) = 3.5,

9 ({—PowerON,—~TvON}) =1,andf'(c1) = 4, f'(c2) = 4, f'(c3) = 10.5. There-
fore, weightys (D) = 18.5.

Further discussion and additional examples consideriagviiight functions in dif-
ferent action domains are given in the extended version [6].

4  Application: Updating an Action Description

Suppose that an action descriptidhconsists of two partsD,, (unmodifiable causal
laws) andD,,, (modifiable causal laws); and a s€tof conditions is partitioned into
two: Cy, (must) andC), (preferable). We define afsction Description Update (ADU)
problem by an action descriptioR = (D,, D,,,), a setQ of causal laws, a set' =
(Cpm, Cp) of queries, all with the same signature, and a weight functieight map-
ping an action description to a number. The weight functian be defined relative to
a set of queries, a utility function, or a transition model,sgen in the previous sec-
tion. We say that a consistent action descripti®his asolutionto the ADU problem
(D, Q, C, weight) if

() QUD, C D' CDUQ
(i) D' = Cy,



(iii) there is no other consistent action descriptibfi such that) U D,, C D" C
DuQ, D" = C,,, andweight(D") > weight(D").

The definition of an ADU problem in [1] is different from the @rabove mainly
in two ways. First,C,, = 0. Second, instead of (iii) above, the following syntactic
condition is considered: there is no consistent actionriggsm D’ such thatD’ C
D" C DuUQ,andD” = C.

The semantic approach above has mainly two benefits, cothpauthe syntactic
approach of [1]. First, there may be more than one solutiosotoe ADU problems
with the syntactic approach. In such cases, a semantic agproay be applied to pick
one of those solutions. Example 1 illustrates this beneéitofd, for an ADU prob-
lem, if no consistent action descriptid satisfying (i) satisfies the must queri€s,(),
there is no solution to this problem with either syntactisemantic approach. In such
a case, we can use the semantic approach with weighted gjuirieelax some must
queries inC,, (e.g., move them t@’,). The idea is first to solve the ADU problem
((Duy, D), Q, (0, C!.), weight), whereC! . is obtained fromC,,, by complementing
each query, and where the weights of querieS’ipare equal to some very small nega-
tive integer; and then to identify the queries@f, satisfied in a solution and add them
C,, with weights multiplied by -1. This process of relaxing ssgonditions oiC,, to
find a solution is illustrated in Example 2.

Example 1.Consider, for instance, an action description= (D,,,, D.,), whereD,,, =
{(1),(2)} and D,, is (10), that describes a TV system with a remote control pSse
that, later the following information), is obtained:

causedTvON after PushPBrc N\ PowerON N —=TvON
caused—TvON after PushPBrc N TvON.

Suppose that we are given the 6et= (C,,, C,) of queries where”,,, consists of the
queries (3) and

SOMETIMES evolves = TvON; { PushPBry }; - TvON , (22)

andC), consists of the queries (14), (20), (19), (17), (4), dendigd,, . .., c5 respec-
tively. WhenQ is added taD, the meaning oD U @) can be represented by a transition
diagram almost the same as in thatld{Fig. 1), except that there is no outgoing edge
from the state{ PowerON, TvON } with the label{ PushPBg¢ }; thus only (3), (21),
and (14) inC' are entailed byD U @. The question is how to updafe by @ so that
the must conditions(,,,, are satisfied, and the preferable conditiatig, are satisfied
as much as possible.

The consistent action descriptions for which (i) holds B%¢) = D U Q, D® =
D,UQU{(2)}, D® = D,uQU{1)}, DY = D, U Q. With the syntactic ap-
proach of [1], we have to choose betwef?) and D), since they have more causal
laws. Consider the semantic approach based on weightearibsst(i.e., weight =
weight},), with (16) as the utility functiorg, (18) as the transition model, andf(c¢;) =
3, f(c2) = 1, f(cs) = 4, f(ca) = 3, f(cs) = 2. Let us consider the stateg =
{PowerON, TvON}, s; = {PowerON,-~TvON}, s = {—~PowerON,-~TvONY};
and the histories



{} {PuShPBTV7PuShPBRc} }
{P’lLShPBRc}
{PuShPBTv}

PowerON| { PushPBry , PushPBgrc} [ PowerON

TvON {PushPBrv} -TvON

Fig. 2. Transition diagram oD® = D, UQ U {(2)}.

{PushPBRrc}
00 )

{PushPBrvy, PushPBrc}
PowerON {PushPBrvy} —PowerON

TvON —~TvON

PushPBRrc}
{PuShPBTv}
{PushPBrc} {PushPBry}

PowerON|, 1PushPBry, PushPBgrc}
-~TvON

Q{}

Fig. 3. Transition diagram oD® = D, UQ U {(1)}.

wo = 50, { PushPBrc},s1,  wz = so, { PushPBrv }, 52, { PushPBry }, 51,
wy = $1, {PushPBgrc}, so, ws = s1, { PushPBrvy }, sa, { PushPBpy }, s1

with utilities u(wg) = 3, u(w1) = 4, u(wz) = 3.5, u(ws) = 5.

For D@ (Fig. 2), sinceflc, = 0, weight,(D®) = 0. For D®) (Fig. 3), sincef ¢,
contains(wy, cs), (w1, ¢s), (wa, ¢3), and(ws, cs), weight, (D®)) = 48. ThusD®) is
the solution.

Example 2.Let D, Q, C,,, andDY-D™ as in Example 1 and!,, consist of

SOMETIMES —\/ executableA, (22)
Ae24a
ALWAYS —evolves—TvON; { PushPBry }; 7 TvON, (23)

denoted by, andc, respectively. None of the descriptiof¥!) — D) entailsC,,,.
Therefore, there is no solution to the ADU problem above witiher the syntactic
approach of [1] or any of the semantic approaches above.€Fdifg which queries in
C,, we shall move ta”,, first we obtainC},, from C,,, by negating each query iff,,,,
and assigning a very small negative integer, say —100, astbights. SoC/, consists
of the queries (3) and (21), denotedd{yandc, with weights -100. With the semantic
approach based on weighted queries (u@ight = weight ),

weight,(DM) = f(c}) = —100,
weight, (D)) = weight,(D®)) = f(c{) + f(c4) = —200,
weight,(DW) = f(cf) + f(c4) = —200

the descriptionD() is the solution to the ADU problem given byD,, D), Q,
(0,C1,), weight,). This suggests relaxing the must query (22) (i.e., addieggtrery
(22) to C,, with the weight 100) and solving the new ADU problet(D,,, D.,), @,
{(23)}, Cp, U {(22)}, weight,), for which the descriptioD,, U Q is the solution.



Table 1. Complexity of computing weights (completeness).

Input/Weigh*weightS weighty ‘weighth‘ weightys
D,C #P | FPSPACE GapP’ FPSPACE
D, C,S polynomial

Dpor™*, C in FPy™"

* #P for non-negative(s),f(q); ** |S|is polynomially bounded

Other semantic approaches to action description updatesGiven a consistent action
descriptionE, condition (iii) of an ADU problem(D, @, C, weight) can be replaced by

(i)’ there is no other consistet” such thaQ UD,, C D" C DUQ, D" |= Cp,,
and|weight(D") — weight(E)| < |weight(D’) — weight(E)|

to express that, among the consistent action descripfitrisr which (i) and (ii) hold,

an action description that is “closest” to (or most “siniil&r) E is picked. Here, for
instance E may beD U @, to incorporate as much of the new information as possible,
althoughD U @ may not entailC’. What is meant by closeness or similarity is based on
the particular definition of the weight function. For instanbased on the weights of
the states only, witly(s) = 1 if s is a state off, and 0 otherwise, the closeness of an
action description td& is defined in terms of the common world states.

A further application of weight-based comparison of actil@scriptions to assess
the elaboration tolerance of different representatiorencdiction domain is considered
in [6].

5 Computational Aspects

We confine here to discuss the complexity, in order to shdd bg the cost of com-
puting the weight measures. We assume that the basic fosetie), f(q), as well as
m((s, A, s’}) are computable in polynomial time. For a background on cemify, we
refer to the literature (see e.g. [8]).

Apparently, none of the different weights above is polyraliyicomputable from
an input action descriptioP and a sef’ of queries in general. Indeed, deciding whether
S has any states is NP-complete, thus intractable. Furthrernevaluating arbitrary
queriesq on D (D [= q) is a PSPACE-complete problem. Indeed;an be evaluated
by a simple recursive procedure in polynomial space. On therdhand, evaluating
Quantified Boolean Formulas, which is PSPACE-complete beareduced to deciding

DEgq.

Computation given D and C. As it turns out, all four weights are computable in poly-
nomial space. This is because each weight is a sum of (in sases @xponentially
many) terms, each of which can be easily computed in polyabspiace, using exhaus-
tive enumeration. In some cases, the computation is als&®SPRard, but in others
supposedly easier:
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Theorem 1. Given an action descriptio, a setC' of queries, and polynomial-time
computable basic functiongs), f(q), andm((s, A, s’)),

(i) Computingweight (D) relative tog is, #P-complete;

(i) Computingweight (D) relative toC and f is FPSPACE-complete;

(i) Computingweight, (D) relative toC, f, g andm is #P-complete (modulo a nor-
malization, which casts the problem to one on integersheafrange off andg are
nonnegative numbers, and GapP-complete for arbitréand g;

(iv) Computinguweight (D) relative toC, f, g andm is FPSPACE-complete.

These results are also shown in the first row of Table 1. Herfl8FR the class of the
problems where the output is an integer that can be obtaméteanumber of the runs
of an NP Turing machine accepting the input, and GapP [9,4®hé closure of #P
under subtraction (equivalently, the functions exprdesits the number of accepting
computations minus the number of rejecting computatioranoflP Turing machine).
These problems are trivially solvable in polynomial timetwan oracle #P, and no such
problem is believed to be PSPACE-hard.

Computation given D, C, and statesS of D. Informally, a source of complexity is
that D may specify an exponentially large transition diagramf T is given, then all
four weights are polynomially computable. In fact, not dll10is needed, but only a
relevant part denoted - (D), which comprises all states and all transitions that ingolv
actions appearing 6.

Now if the state sef is known (e.g., after computation withcALcC [11]) or com-
putable in polynomial time, thefi (D) is constructible in polynomial time. Indeed, for
each states, s’ € S and each actiod occurring in some query, we can test in polyno-
mial time whether(s, 4, ) is a legal transition with respect @; the total number of
such triples is polynomial ihS|. Then the following result (the second row of Table 1)
holds.

Theorem 2. Given an action descriptiorD, the setS of states described by, a
set C' of queries, and polynomial-time computable basic fun&tigfs), f(¢), and
m((s, A,s')). Thenweight (D) (relative to g), weight (D) (relative to C' and f),
weight, (D) (relative toC, f, g andm), and weight (D) (relative toC, f, g and
m), are all computable in polynomial time.

Intuitively, for weight (D) this holds since we can decide whether a qugfom
C holds with respect td'¢(D) in polynomial time using standard labeling methods
from model checking [12]. We can compuieight, (D) with similar labeling tech-
niques, reshuffling the weight and utility functiohéw) andu(w), respectively, such
that considering exponentially many pathsin(D) explicitly is avoided.

Computation given D and C for polynomial state setS. Finally, if the state space
S is not large, i.e.|S| is polynomially boundedsS is computable with the help of an
NP-oracle in polynomial time; in fact, this is possible witarallel NP oracles queries,
and thus computing is in the respective class ﬂi’ﬁ. From Theorem 2, we thus obtain
the following results (the third row of Table 1):



Theorem 3. Given an action descriptioD such that|S| is polynomially bounded,
a setC of queries, and polynomial-time computable basic funstigf), f(¢), and
m((s, A, s’)), Then computing each of the weight functioms;jght (D) (relative to
g), weight (D) (relative toC' and f), weight, (D) (relative toC, f, g andm), and
weight (D) (relative toC, f, g andm), is in FPWP.

On the other hand, tractability of any of the weight functian the case where
|S| is polynomially bounded is unlikely, since solving SAT undlee assertion that the
given formulaF’ has at most one model (which is still considered to be irdtze) is
reducible to computingeight, (D) for eachp € {s, ¢, h, gs}.

6 Conclusion

We have presented four ways of assigning weights to actisarijgions, based on the
preferences over states, preferences over conditiongrabdbilities of transitions, so
that one can compare the action descriptions by means af\tiegghts. To the best
of our knowledge, this paper is the first attempt in this dicet Moreover, we have
characterized the computational cost of the weight asségrsn providing a basis for
efficient algorithms.

We have illustrated the usefulness of such a semanticakyved approach of com-
paring action descriptions, on the problem of updating diaalescription, in com-
parison with the syntactic approach of [1]. Further examplied applications are con-
sidered in the extended version of this paper [6].

Further work will aim at implementations of the weight measybased on the com-
plexity characterizations and algorithms obtained (cf) éd to investigate restricted
problem classes. Another issue is to explore further measur
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