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Abstract: Description Logics (DLs) are for-
malisims lor taxonomic reasoning about structured
knowledge.  Adding the transitive closure of roles
to DLs also enables them to represent and reason
about actions and plaus. The present paper explores
several essentially different encodings of planning in
Description Logics. We argue that DLs represent an
ideal framework for analysing and comparing these
approaches. Thus we have identified two essentially
different deductive encodings (a “causal” encoding
and a “svinmetric” one). as well as a satisfiability-
based approach.

While the causal encodiug is more appropriate
fur reasoning about precondition-triggered causal
cevents, the symmetric encoding is more amenable
to reasoning about possible outcomes of courses of
actions without actually executing them (while al-
lowing both progression and regression).

In the deductive approaches, the existence of a
plan corresponds to an inconsistency proofl rather
than to a model of some formula. Viewing plan-
ning as satisftability testing addresses this problem
by reducing planning to model construction.

1 Introduction

Description Logies (DLs) [11, 3, 20] are for-
mahsis {or taxonomic reasoning about struc-
tured knowledge.  Like their predecessors (se-
mantic networks and frame languages), DLs
have been used mainly for representing and rea-
soning about the domain knowledge of a given
problem. usually 1 the framework of a hyvbrid
architecture.

In-depth theoretical investigations carried out
in the last decade [20] have uncovered an al-
most complete picture of the expressive power

and computational complexity of a wide range of

Description Logics! and provide a firm starting
pomt for considering various extensions. Such
extensions were mainly motivated by the lini-
tations of existing DLs in representing various
types of knowledge such as modalities and epis-
temic operators [5, 7], higher-order constructs

Ldefined in terms of the constructs used.

[9]. non-monotonic features (4, 19]. Horn rules
[25] and many others.

Description Logics with the transitive closure
of roles [2, 30] have also been proposed as a uni-
fying formalism for various class-based represen-
tation languages [15] as well as for representing
tense [29, 31}, epistemic operators, actions ancd
plans [18, 1. 7].

Somnie of these approaches rely on Schild’s cor-
respondence [30] between expressive description
logics with the transitive closure of roles and
propositional dynamic logic (PDL). Given that
PDL has been conceived as a formal approach to
reasoning about actions and dynamically evolv-
ing systems (such as programs). it may be sur-
prising that so hittle research has been carried
out towards representing planning in deseription
logics.?

However, representing and reasoning about
actions and planning in DLs is very important
for modeling dynamically evolving DL knowl-
edge bases at the conceptual level (as opposed
to using an ordinary DL in a hybrid architec-
ture, where one is not able to reason aboul ac-
tions en the DL, which is therefore incomplete).
Combining such an approach with episteniic op-
erators (8] may enable the design of DL-based
intelligent agents,

The main goal of this paper 1s to make an
im-depth analysis of the various approacles to
encoding actions and planning in Description
Logics. This issue 1s not an entirely straightfor-
ward one, since - contrary to a first impression
— there are several essentially different ways of
encoding actions and planning problems in DLs.
For example, we can encode planning as either
deduction or satisfiability testing. Viewed as a

2We are considering description logics rather than
plain PDL for encoding actions for two important rea-
sons. [First, description logics may provide additional
constructs useful for integrating a theory of action in
a more extensive KR framework. Second, in DLs it is
possible to impose constraints on specific state instances
(using assertional axioms). This is not possible in PDL.
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deduetion problent, we have identified two essen-
tially ditferent encodings of planning: “causal”
and sy teecal ™

Being  asvonnetrical  (non-reversible).  the
causal cncoding is more appropriate for reason-
ing about precondition-triggered causal ovents
(oven non-deterministic ones). However, it does
not allow for a straightforward approach to goal
PeOression.

The svinmetrical approach, on the other
hand ., is more amenable to reasoning about pos-
sihle outcomes of courses of actions without ac-
tially execnting thene The syvimmetrical (re-
versible) for of this representation allows both
progressive (lorward) and regressive {hackward)
FeRSOIENG,.

[he above-mentioned deduetive approaches
to planning conld be used together in a realis-
tie setting inwhich causal external events (even
non-deteriministic ones) as well as actions under
control ol intelligent agents co-exist.

Viewed as deduction. planning has its own
problems i the frnnework of Deseription Log-
tes, hecause the existence of a plan amounts
too proving the calidity of a cortain DI Tor-
il But sinee the validity of a formulais usu-
allv reduced in DLs to the inconsistency of the
necated formula, we redaee planning to proving
ineonsisteney. This may somelow seem counter-

ptaive, sinee we might have expected that
Pl wauld correspaond 1o a DL model of some
fornila eathier than to o prool that no such
todel existss Viewing planning as satisfiability
testing (incthe spivit of [24)) addresses this prob-
e by reducing planuing to model construction.
A sall disadvantage of this approach might be
the requirernent for acompletely speeified initial
state, bt any incompletely specified state can
Lo caxily completed.

A tahlennx=hased algorichm for checking con-
sisteney oo DL owith the transitive closnre ol
roles I8 Tias heen developed and used for test-

g the SAT-based approach.

2 The ALC" Description Logic

Dieseription logies are hybrid systems which
separite the deseribed knowledge motwo dis-
tiet categories: Lermnologeeal and asscitional

“knowledge, The terminological knowledge is

sencrie (intensional) and refers 1o classes of
objeets and therr relationships, while the as-
sertional knowledge is extensional as 1t de-
seribes  particular instances  (individuals)  of
these classes. Unless coneept reification is al-

lowed (9], these two levels are completely disjoint
sinec o given object cannot at the same time he

acconcept and e instance,

Description logics will Turther distinguish he-
tween two kinds of terminological knowledge.
namely concepts and roles.  Concepls are es-
sentially unary predicates interpreted as sets of
individuals, while reles represent binary predi-
cates interpreted as binary relations between -
dividuals.

[ the following. the sinallest descriprion logie
able to express actions and couditional plans,
namely the regular closure ALC™ of Schndt-
SehauB's and Smolka’s ALC language [32] ex-
tended with identities id(C), will be considered.
Compared with other deseription logies. ALC™ is
quite expressive, sinee it allows the internaliza-
tion ol general (possibly evelic) concept defin-
tions by means of the transitive closure of roles,

The following concept and role coustructors

are available i ALC™:
@ = T L et T |

SO RYCH R

£ BN L d(CYy | RT O I v

Hl 2 rllj_: | e

where CN0 RN are concept and role nanmes
respectively, () are existential restrictions
(sometimes written as 32.0°). while [R]C are
value restrictions (also written as VJ0.0). Role
anion (K VR composition (K o ) and
rellexive-transitive closure () allow Tor regu-

lar role expressions. whereas the ideniny role
construct (d{C) s nsetul Tor representing condi-
tional plans. Role inverses (J7) are necessary
for goal regression.

The semantics of the above constructors in
the interpretation I% is given by the following
conditions:

T = p’
L=
(€ ACH) (N,
((yvey)y = oludy
(=" = piy
(W) = {seP 3" €D (a5
eR ny'ec!)
(RN = {seD' ¥ eD (s
e’ —4ec'’)
Wity = (s |s€c’)
(RT)YY = {(s"s) | (s.8')€R"}
(R v Ry RO B
(Riohy) = RloR]
(' = Jwh"
nzo

Pwhieh associates a subset 7 C D7 af the interpre-
tation domain D7 with cach concept € and a binary
velation i C DY x DY with each role 11
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Rememiber that the transitive closure of roles
i ot expressible in first-order logic (it requires
at least fixpoint logies). However this is essen-
tial not only for encoding general terminological
axioms, but also for our encodings of planuing
in ALCT.

[ order to represent the svimmetrical encod-
g, more expressive DL owill be needed namely
the one that provides explicit fixpoint construe-
tors, The ALCH Tanguage [28. 13] 15 definitely
more expressive than ALCT and provides the Tol-

[owing additional concept constructors:

o= pNCleXNO X

where XN s a0 “lixpoint variable™ which may
oceur only in the scope ol the least /greatest fix-
point constractars N .Cand v N.C respectively,
And although ALC" adimits no role constructors
(hesides role inverses), the ALCY role construce-
tors (oceurring nnder existential or value restrie-
tions) ean he expressed by means ol lixpoints,

For instanee,

=
B
>4
I

ANy Waeh
p NN ALR)C)

%
=

=
|

e rerminological knowledge  base (also

called THox) conststs of general concept tmpli-

cittions of the form € — (%7 as well as of

validhiny axionns O (which express the validity of

thie concept terng €70 Their semantic interpreta-

tion is CF € €2 and (7 = DT respectively. (OF

course. the implication ¢y — % can he redneed
to the validity axiom =7V 4y On the other
L. validity axioms € can be internalized in
ALCT using role terms ol the Torm [R7)C where
Rois the disjunetion ol all role names oceurring
mothe knowledge base [2.30]).

The assertional knowledge base (also called

o

ABox) consists ol assertional axioms ol the form

s (coneept instance assertions)
(=.5") 0 10 (role tuple assertions)

whicl are nierpreted semantically as 57 € (7
and (57 5Ty e 1T respectively.

Ancinterpretation satisfving the terminologi-
cal and assertional axioms ol o knowledge base
B s called o modd ol the KB A K1 s called
consestent e adnnts amodel, and inconsistent
ol herwise,

A concept Cis called satisfiable word. o given
INB T it adimits a non-void extension (' in a
wodel 7 ol the KB s ralid in a KB whenever
= DI g all models 7 of the KB. (" is valid
s negation = is unsatisliable.

Twhere €7 and €5 can be arbitrary concept terns,
A vsual coneept delintions. including eyelic and mul-
tiple definitions. are expressible using such general

tnplications.

Testing satisfiability (and therefore also valid-
ity) in ALCT as well as ALCY is decidable, more
precisely EXPTIME-complete [21, 13].

3 Encoding Actions and Planning
in Description Logics

As we have mentioned in lotroduction, Deserip-
tion Logies with the transitive closure of roles,
like ALCT. can he used not only for represent-
ing taxonomic domain knowledge: hut also for
deseribing actions and plans. This can be done
by considering a DL role .1 as an action which
transforms states S from (the extension of) the
role’s domain into states 57 [rom (the extension
of) its range: (5.57) € A%, Thus. the value re-
striction [A1CT cann be interpreted as a necessary
precondition for action A to achieve the effect
(.

Conditions (Huents) inour theory ol action
will be represented inoa DL by concepts. while
ACLIONS \\'i” e (-‘|]r'()(|r‘«:| as role nannes, Of conrse,
{(possibly conditional) plans can be represented
as cotplex role terms. the role constructors v, o
and & being interpreted as control structures
(nondeterministic ehoiee, sequence and nonde-
terministic iteration respeetively). The dentity
role constructor ((C) can bhe interpreted as a
“test”. which can he nsed Tor expressing the

ustual structured control printives ¢f - while il

e peal:
if Cthen Apelse Ao = dd((yo Ay Vid(=CT) e Ly
while ¢ do v = ((d(C) o ) o wl(=(")
epoal A unlil (0 = Vo (id(-CT)y o )T o ad(()

[n the following we will deal with proposi-
tional STRIPS actions A deseribed i terms of
the following three condition scts {containing
ouly non-negated atomie Huents):

o preconditions Pre(A) (the conditions neces-
sary lor exceuting A)

o positive effects Add(A) (the Huents added

by A's exceution)

o negative  effeets Del(A)  (the fluents
deleted ffalsilied by A's execution).

The following relationships hetween the above
condition-sets are assumed: Pre(A)NAdd(A) =
B and Del(A) C Pre(A).

For example, the simple blocks-world action 4
= move-X-Y-Z (which moves block X Trom Y onto
Z) adimits the following STRIPS description:

Pre(A) = {on-X-Y, clear-X, clear-Z}
Add(A) = {on-X-Z, clear-Y}
Del(A) = {on-X%X-Y, clear-Z}.
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As already mentioned, there are several al-
ternative approaches o encoding and reason-
ing about actions and plans in ALC™. The two
main categories ol approaches are the deductive
and the selisfiabelity-based one. We start by dis-
cussing the deductive approaches.

3.1 Deductive Planning in Description
Logics

We have identified two essentially different en-
codings of planning as deduction: a cousal
(asymmetrical) one and a symmetrical one.

3.1.1 The Causal (Asymmetrical) En-
coding
The causal encoding amounts to enforcing the

existence of an action execution .4 whenever the
preconditions Pre(4) of A are verified:

[Effpen-cavs]  Pre(4) — (A)Add(A)

(where the condition sets appearing in logical
formulae are interpreted conjunctively).

The semantical interpretation of the above
axiom”

holds(Pre(A).S) — 35 .do(A, 5.5)

Aholds( Add(A), S

shows that all actions A executable in state S
(whose preconditions are satisfied 1n 5) are ac-

tually executed in S0 leading to (separate) suc-’

cessor states 5'. The causal approach therefore
encodes the entire search space (with all possi-
ble action executions from a given state) in its
models.

Besides the explicit effects of action A, de-
seribed by axiom [Eff ppp— cars], it 1s necessary
that the persistence of conditions (fluents) left
unmodified by A4 s described. This is achieved
by means of frame axioms of the form®

[Fr]),y‘i)] (‘ —_— [4](-v
Jorall '€ Conditions—
(Del(4) U Add(A)).

Note that since we are in a deductive setting it
is not necessary to explicitly mention the deleted
effects in the consequent of the above axiom. In

“We write holds(C',S) instead of S € (T and
do{ 4. 5.5} instead of (S5.57) € AT in order to empha-
size the fact that the interpretations of DL formulae are
essentially situation caleulus formulae.

“Since a given action typically affects only a small
nuniber of conditions, we will have to write O(A - ()
such frame axioms. Their number can be reduced to
O(C) by grouping the actions A, A, A”, ... that leave
unaffected: " — [Av 4" v A" v, ]C.

C'onditions is the (finile) set of atomic conditions oc-
curring in the problem, ¢ = |Conditions| and A the num-
ber of atonue actions.

other words, a stronger version like Pre(A) —
{AV(Add(A) A =Del{A)) is not needed as long as
the frame axioms do not allow the persistence of
deleted effects. Similarly, a stronger version like
Pre(A) — (A)TA[A]Add(A) is also unnecessary
for deductive planning.

A planning problem 1s usually specified by
providing a (possibly incomplete) initial state
described by the concept Initial (a conjunction
of the concept names representing the conditions
mitially true) and a final (goal) state Final. For
example, we can represent the Sussman anomaly
problem in the blocks world as

Initial = on-c-a A on-a-table A
on-b-table

A clear-c A clear-b

Final = on-a-b A on-b-c.

A most straightforward approach to such a
problem would be to reduce it to proving a the-
orem of the form

Initial — (?Plan)Final

involving a meta-variable 7 Plan. Unfortunately,
most of the description logic theorem provers do
not allow for role variables (especially those with
powerful role constructors, like ALC™), so the
simple approach above i1s not directly feasible.

If we knew the role term representing the plan
Plun = A; 0 Aj, o... 0 A; , then the validity of
the formula

[nitial — {Plun) Final (3.1)

would be equivalent to the validity of the plan.

However, since we do not know Plan, we need
to try proving (3.1) for all possible action se-
quences Plan. Unfortunately, this cannot be
done effectively, since there are infinitely more
such action sequences and therefore infinitely
more theorems to try proving of. Therefore, we
will consider to reduce the problem to proving
a sigle Tormula containing a disjunction of all
possible action sequences:

Initial —  Finad VvV {A))Final v
(As)Finalv ...V
(A) 0 Ay) Final v
(Ayo A} Finalv ... (3.2)
Given that a disjunction of the existential re-
strictions can be rewritten as an existential re-
striction (Ry)q vV (Ro)y = (R, V Ru)y. we can

reduce (3.1) to

[Planpgp-cavs]  Initial — (Any*) Final

where Any = A1V AaVv. . VAL is the disjunc-
tion of all atomic actions occurring in the prob-
lem (the “repertory of actions™) [G, 16]. Note
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that the role term Any® plays the role of the
meta-variable 7 Plan.

The relationship between (3.1) and (3.2) 1s
subtle and requires some explanations. In gen-
eral, a proof of (3.2) does not entail the existence
of a proof of (3.1) for some Plan (although the
reverse 1z true) because (3.2) requires that for
each state S verifying Initial we find a sequence
of actions Plan such that (Plan) Final holds -
Lut Plan needs not be the same for all such
states S!

The most straightforward solution to this
problemn (pursued for example in [16]7) would
be to require complete state specifications (that
do not allow for essentially different states S)
and to make sure that the axioms constrain
the successor stales to be also completely speci-
fied. This amounts roughly to combining the ax-
1oms from our deductive (causal and synunetri-
cal) and the SAT-based approaches. The point

with this approach lies in the large number of

axioms cmploved which may significantly slow
down a theorem prover, especially because rea-
soning with complete state specifications may
he at a too fine-grained level, ie. very close
to “blind search™ in the much too big space of
complete state descriptions.

What we would like to achieve is to be able to
reason with incomplete state specifications (for
example by propagating only “weakest precondi-
tions” and/or “strongest effects™ instead of com-
plete state iuformation).

As shown above, incomplete state specifica-
tions give rise 1o situations in which a proof of
(3.2) may construct a different Plan for each
completion (state) S verifying the incomplete
iitial state specification Initial. This ensures
the existence of such a plan Plang for each state
S, but a given Plans may not be applicable in

“De Giacomo and Lenzerini do not explicitly state
that the initial state should be completely specified.
However. their approach to reducing planning to prov-
ing the validity of Initial — (Any®)Final fails in case of
incompletely specified initial states due to their allowing
for actions with negated preconditions.

For example. consider {nitial = p, Final = ¢ and an
action ¢ with Pre(a) = {ﬁq}. Add(a) = {ﬂ[}. Della) =

{2t described by means of the following axioms

-y — ((I)T
(u.)T - g
[2)g.

aitial is incompletely specified since the value of g is not
mentioned. Therefore, two possibilities arise: either ¢ is
true in [nitetal (a case in which the empty plan Plan’ =
il is the only solution), or =4 holds in Initial {a case in
which Plan' = ais the only solution), so there exists no
“global” plan. But the formula Taitial — (Any*)Final
(i.e. p — (a™)y) is nevertheless provable using the above
axioms, showing that the approach in [16] fails in this

Case,

all states S’ verifying the incomplete specifica-
tion Initial. On the other hand. the planning
problem amounts to finding a plan that is guar-
anteed. to work no matter what state we are in.®

Thus it may seem that it is 1mpossible to
reduce planning to proving a DL formula, so
as to take advantage of an existing DL theo-
rem prover. Therefore, it might be necessary to
use a syntactical plan generation approach (like
i [27]) by writing a specialized planning algo-
rithm on top of a Description Logic (or Dynaniic
Logic) theorem prover. However. writing such a
specialized planning algorithm which 15 exter-
nal to the DL is somehow inappropriate in a
KR formalism like Description Logies. in which
we would like to be able to impose various con-
straints on the plan.

Fortunately, we can avoid this by showing
that, although (3.1) and {3.2) are not equivalent
m a general case. we can nevertheless recover a
“global™ plan (i.e. a solution to (3.1)) from a
proof of (3.2). In order to do this, we shall sin-
gle out a state S whose plan Plang. constructed
according to (3.2), is also applicable to all the
other states S'. State S with this property is
the completion of the (incomplete) initial state
specification [nitial (obtamed by conjoining to
Initial a negated literal =C" for each action pre-
condition " which was not specilied in Initial).

Due to our assumption that the precondition
lists of actions contain only positive literals” and
by additionally disallowing constraints (termi-
nological axioms), which involve preconditions
of actions, the negated hiterals in state desecrip-
tions do not mmfluence the executability of ac-
tions. (Note also that in the deductive settings,
negated conditions are not propagated by frame
axioms.) So, the plan Plang for the completed
state S will be applicable in all other states as
well and will be a “global” plan. In our setting,
{3.1) and (3.2) are therefore equivalent and we
can safely reduce the planning problem to find-
ing a proof for (3.2).

The planning problem has thus been reduced
to proving the ALC* theorem [Planpgp_ cars].
But proving the validity of such a formula is usu-
ally reduced in DLs to proving the inconsistency
of 1ts negation:

(=Planpep—cavs] Initial A[Any™]=Final.

Drawing an analogy with the answer-set of a
) 8y
logic programming query, we should be able to

B«Conditional” plans like Plar . may be interesting
in themselves, but we do not go on exploring this issue.

“If an action had a negated literal =(" as a precon-
dition, we could replace it by the precondition ("' and
define ' = =(" as an axiom in the DL.
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modify a DL theorem prover so that it returns
a clalsifyving interpretation”™ Z for each inconsis-
tent query [=Planpgp—cars]. This interpreta-
tion would be constructed while trying to butld a
model of the formula {(=Planpgp_ ca1rs]. When-
ever a plan exists, the latter formula is inconsis-
tent due to a clash involving the goal condition
I inal and the plan can be reconstructed {rom
the (neonsistent ] interpretation 7 built so far.

Note that unlike many planning systems
whicl do not have a sound and complete stop-
ping criterion'", the above approach to planning
provides a decidable. sound and complete plan-
ning algorithin, This is especially important for
proving that no plan exists.

The above reduction of plan construction
to an inconsistency prool may seem somehow
conter-intuitive in DLs. since we might have ex-
pected that a plan would correspond to a medel
of some formula rather than to a prool that
no such madel exists. This viewpoint will be
purstued in the satisfiability-hased encoding pre-
scented below.

The cansal encoding presented above is more
appropriate for reasoning aboui precondition-
triggercd cansal events of the enviromuent (as
opposed 1o actions noder full control of agents
whicl may or may not choose Lo execute then,
even il the preconditions are satisfied). It s
also able to represent non-deterministic causal
events (events with multiple possible outcomes),
as desceribed in more detail in Section 4.1, But
as causal events are not necessarily reversible,
the causal cneoding s asymmetrical in a certain
=ense, and it does not allow a straightforward
representation ol goal regression (i.e.  reason-
g backward from the goals Fanal). Reason-
ing i the cansal encoding is therefore linited
10 progression (forward reasoning from the ini-
tial state), which may be inefficient (but it 1s
the only type of reasoning possible when dealing
with such precondition-triggered causal events),

3.1.2  The Symmetrical Encoding

The svinmetrical encoding deals with represent-
ing the reasoning about possible outcomes of
courses ol action without actually executing the
actions. More precizsely, we shall write axioms
saving that whenever the preconditions Pre(A)
ol action A are verified and A is executed, the
positive effects of 4 must hold in the successor

state:
[Eff;,,jq,)_,y .U] Pre(d) — [ﬂ;ir/rf(%)

This can be secn more easily in the semantic

ey usually set an ad-hoc bound on the length of

the plan.

interpretation:

holds(Pre(A),S) Ado(A, S, 5") —

holds( Add(A). 5").

Similarly with the causal setting, we do not
need to explicitly mention the deleted effeets
= Del{A) in the consequent of the above axiom
(because we are m a deductive setting).

The frame axioms [Frpgps] ave identical to the
ones used 1 the causal setting.

Finally, the validity ol a plan Plan = A;, o
A; 0. 0d;, 1sequivalent to proving the theo-
rein Initial — [Plan]Final. However, since we
do not know Plan, we mmust prove a formnula

containing a disjunction of all possible action

S(’(]Llf’.‘ll(‘ﬁ"-.‘il ] .

Initial —  Final V[ A Final v

(Ao Final v ...V

(A1 0 A Final v

[Ar o Aa]Final v ... (3.3)

But unfortunately. the disjuncuon ol value re-
strictions cannot be rewritten as a single value
restriction’?, so we cannof reduce (3.3) Lo a lor-
mula like [nitial — [Any™ | Final (which would
be the ‘dl]éﬂOg of [Plaﬂ;_)f_‘[)_(:",1@‘_;]). In fact, for-
mula (3.3) cannot be encoded in ALC™ (or PDL)
and not even in repeat-PDL. In order Lo repre-
sent (3.3), we need the full expressive power of
the p-calculus. te. ALCY (which provides gen-
eral fixpoint constructors):

[Plan;);;;;_.qy;\;]

1

Initial — pX.(Final vV AN Vv AN

The validity of [Planpgp—<yar] is equivalent
to the inconsistency of

[=Planprp-syar)
Initicd AN (=final A{AN AL

Using a result of Niwinski’s (mentioned i
[34]) which says that the formula v X.({(A) N A
(A42).X) is not expressible in repcal-PDL, we
conclude that neither [=Planpgp-sya] nor
[Planppp—syas] can be expressed in ALCT (not
even in its w-regular extension).  Strangely
enough, the symmetrical encoding requires more
expressive power than the causal encoding does.
However. reasoning in ACCH is just as hard /easy
as reasoning in ALCTY (both are EXPTIME-
complete).

HGimilar considerations as in the case of the causal
setting apply here.
R Note that [Aa)gv[l]y # [F v Raly = [ Jga[Re]y.
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Regression:  The above encoding of planning
seeins to he more appropriate for progression
ii.e. reasoning forward from the initial state
and looking for a sequence of actions leading
tor the goal state). The following results show
however that the above axioms can be rewritten
i an equivalent form that 1s more appropriate
for regression (backward reasoning from the fi-
ual state by recursively replacing goals by action
subgoals until they are satisfied in the initial
state). This shows the intrinsic precondition-
etfect symmeiry of the approach.

Proposition 1 The followang ATLONS

() y—lde (2@ p—q
and (1) -y — [”7]_‘!’"

arc cquivalent

Proof. Since (2) aud (3) are contra-positives,
we need prove only the equivalence (1) <
(3). ludeed, p — [a]q is interpreted as3:
VI p(S) — VS (a(5.5) — ¢(5"))
WSES mp(S) Vo mals, ST v og(sT)
VSLYS (S} — (a7 (9°.5) — —p(5))
be, g — (a7 ]mp O

The mregressive” forms of the effect and frame
axions are therefore:

(EFF~ pen-syvm)
or cquiralently

(A7) Pre(A) — Add(A)
~Add(A) — [A"]~Pre(A)

“—r' ‘-w;“;zl

[4=YC — ¢

or (r[{h‘('ul’( H/lg S g [‘..;_}ﬂ(_'_

3.2 Planning As Testing Satisfiability in
Acer

Viewing planning as a satisfability  testing
atonnts to regarding a plan as a model of some
fomnla rather than as a prool that no such
model exists {as i the deductive approaches).
Planning s thus reduced 1o model construction,
in the spiric of [24]. But unlike Kautz and Sel-
man, who reduce linear-time planning to propo-
sittonal satishiability, our approach reduces plan-
ning to ALCT satisfiability. Thus a model corre-
sponds 1o a Kripke structure rather than just
a propositional trath assigniment (as in [24]).
Sinee ALCT provides the transitive closure of
roles. there s no need to use (as in [24]) iter-
ative deepening ol fixed-leugth planning prob-
lenis, Moreover we ensure the completeness of
the termination check (our algorithins always
terminate and in case they do so without finding
a plan, then it is sure that no such plan exists).

Frfor brevity, we write p(S) instead of liolds(p. S) and
al.S. \.'F} instead of rfu(:‘., o, .‘;’],
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The effect and frame axioms used in the de-
ductive approaches are correct and complete
w.r.t. deduction, but they are not strong enough
to rule out anomalous models.  For example,
they admit models in which actions are executed
despite the fact that their preconditions are not
satisfied. Suech models can be avoided by using
axioms of the form

[Pre_q,;\j']
or equevalently

(AT — Pre(4)
[A7]Pre(A).

For precondition-triggered causal events. we
impose the executability axioms:

[Execsar] Pre(d) — (4)T.

}
4

The following axiom rules out models in which
actions are executed but their effects do not
hold:

[Effcaz]  [A]EF(A)
where Ff(A) = Add(A) A =Dell4) are the

effects of action A Note that i the deductive
setting. only the positive effects Add{A) had 1o
be enforced i the successor states of A, Even
if these states had been consistent with Del(4).
this would not have been sufficient for execut-
ing some other action whose preconditions are
i Del(A).

those states and not just consistent with them,

Del(A) should have heen valid in

The effect axiom n the svimetric deductive
setting [Effppp_syar] s weaker than s SAT
connterpart [Effs,¢] for two reasous:

o [Effyy] explicitly enforces ~/2el{A) in the

successor states of A

o [Effprp- syl

states of A only if the current states ver-

constrains  the suceessor

iy the preconditions Pre( ).

[Effprep— <yvar] is too weak [or the SAT setting.
However. the following intermediate version

[Eff car] Pre(A) — [AJEI(A)

is equivalent to [Effg47] when combined with
[Presa7]. This can be proved using the following
result.

Proposition 2 The three sets of arioms below
are equevalent:

(1) (a)T —p
» g

(2) {a)T —p
[aly

Yo Del( A) vepresents the conjunction of the negated
conditions in Del(A).



{3) [n"]p

[ag.

The frame axioms need to enforce the persis-
tence not only of the positive literals {as in the
deductive setting)

[Fr-pOS.:AT] (" — [—H('
for '€ Conditions—
(Del(A) U Add(A))

but also of the negative literals

[Froneg<ir] (' — [4]=C
for ("€ Conditions—
(Pire( ) U Add(4)).

The crucial difference wor.t. the deductive ap-
proach consists in reducing the planning prob-
e to the testing of the satisfiability of the for-
Ik

[Planzay]  Indtiad A {Any™) Final

(or. equivalently, of its regressive variant
[Plan™ ca7]  Final A {(Any™)*) Initial.)

Theretore, a plan will be recovered from a
model of the above formula. This requires prac-
tically no modification on an existing ALC™ con-
sistency testing algorithim since such algorithms
work by constructing models. lu our tests, we
have used the Reg AL system described in [8]
for solving propositional STRIPS planning prob-
leins encoded as satisfiability testing.t®

Note that the SAT-based approach requires a
“completely specified™ initial state, i which ei-
ther €7 or =C" holds for each action precondition
YA neither ¢ nor =€ holds in state S, then
there may exist anomalous models in which ac-
tions having (" as a precondition are executed in
S, Fortunately, a “completely specified™ nitial
state entails “completely specified™ intermediate

states

4 Related Work

4.1 The Frame Problem for Nondeter-
ministic Actions

Craig Boutilier and Nir Friedman [10] try to
solve the frame problem for non-deterministic
aclions i a monotonic setting, drawing inspi-

' An awtomated translation tool from STRIPS speci-
fications to ALCY axioms has been implemented for this
purpose. Then. the ACC™ reasoning services ave used for
constructing a plan, i.e. a model of some formula.

AN incomplete initial state can be “completed” by
adding a negated literal =C" for each unspecified action
precondition €0 This works since the condition sets
Pre(A) contain only positive literals,

ration from Reiter’s explanation closure axioms
developed for the deterministic setting [26].

They argue that some of the main intuitions
underlying Reiter’s solution must be abandoned
i a nou-deterministic setting due to the possi-
ble correlations among effects. Therefore they
use a much stronger Process Logic instead of
the weaker Dynamic Logies (Process Logics are
not only more expressive than Dynamic Log-
ics, but they usually have a higher compu-
tational complexity - doubly exponential or
worse, whereas Dynamic Logic is worst-case
EXPTIME-complete). However we show in the
following that the recourse to Process Logic is
unnecessary, Dynamic Logic and ALC™ heing
sufficient for their purposes.

Boutilier and Friedman deal with non-
deterministic action specifications with multiple
action clauses of the form

a causes pfy|| ... ||pfi. when Df

( causes pf;lH o ||p$k;z when D

where the preconditions (discriminants) D¥
are exhaustive \/"_, D¢ and pairwise exclusiv
> exhaustive \/[_, D and pairwise exclusive

~(Dj A D) for i # j. Each possible effect pf; is
a conjunction of literals. An action clause

a causes pf ||| pfee when DY (4.4)

says essentially that if the current state s ver-
ifies the precondition Df. then the action «
1s applicable to s with the possible effects i
for j = 1.k (if £ > 1, the action is
non-deterministic since there are several possi-
ble outcomes).

A different type ol action clauses describing
nccessary effects of actions is also available:

a necessarily causes pff . when D¢ (4.5)

Such an action theory (4.4,4.5) is interpreted

in Dynamic Logic (and therefore also in ALCY)
as:

Df — (a)ph A A {a)plys A falpl,,  (4.6)

However (4.6) deals only with the explicit ef-
fects of @, Frame axioms of the form

{ A =Poss(a,-l) — [a]l (4.7)

have to be added for all literals [, where
Poss(a,l) is the disjunction of all discruninants
of action clauses having [ in one of their possible
effects lsts

Poss(a,l) = \/ Dy

.
le ,aii‘j for some |
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In the case of deterministic action clauses,
there is just oue possible outcome in each ac-
tion clause (k% = 1), so Poss(a.{) unplies that [
must be true after executing ¢ and therefore this
time Retter’s solution is applicable in a straight-
[orward manner.

More precisely, the effect axioms (4.6) reduce,
in the deterministic setting, to

« a
D — (a) p; (4.8)
asswining no necessary effects). Clonsidering
& v (=]

only those axioms for which [ € pf {for a given
literal {), we have that

(a)pi — {a}l. (4.9)
(4.8} and (4.9) entail
Poss{a, ) — {a)l. (4.10)

The condition that a is deterministic amounts

10)

{a} — [a]l (4.11)

which ¢an be combined with the completeness

(exhaustiveness) condition'”
{a)true (4.12)

1o give

{ajl — [all. (1.13)

(A7), (4 10) and (4.13) entail the "—" direc-
tion of the Retter successor state axiom

{ayl — Poss(a 1) V{IA=Poss(a, =) . (4.14)

The “—"direction can be obtained from the

" direction for the negated hteral =/
()=l — Poss(a. —) V(= A~ Poss(a, )
which is equivalent to
[a)l — = Poss(a,~) ALV Poss(al))

k@

[a)l — (Poss(a.l) A=Poss(a, =)V A=Poss(a,—l)).

(4.15)
Stnee the effects of an action cannot he contra-
dictory. we have that

- (Poss(a. ) A Poss{a,=l)) .
which entails

Poss(a ) A =Poss(a. ~l) — Poss(a. l). (4.16)

T his condition imposed by Boutilier and Friedman
is not justified in the general case: not every action u
15 applicable for every state - there may be conditions
under which « is not applicable,
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Finally, (4.13),(4.15) and (4.16) entail the “—7"
direction of {4.14).

As can be easily seen from the above consid-
erations, Reiter's solution (4.14) is not appli-
cable in the case of non-deterministic actions,
mainly beeause the frame axioms (4.7) are too
weak (i.e. in a certain sense incomplete): they
do not say anything about the persistence or
non-persistence of the literal / in states verifying
Poss(a,=[). Such states, however, do not neces-
sarily lead to states verifying -/ they just might
do so (since only some of the possible outconies
of action « lead to —=[). Therefore we have to
describe what happens to the literal { 1 all pos-
sible outcomes of «. For this purpose, Boutilier
and Friedman use a Process Logic. However this
may lead to important complexity blow-ups as
well as to more complex and less understand-
able encodings. We argue that such a recourse
to Process Logle is unnecessary: Dynamic Logic
and ALCT would have done for their purposes.

The main problem with writing frame ax-
ioms for nondeterministic action clauses (4.4
(encoded as (4.6)) resides in that we have to
describe the persistence of some literal | w.r.t,
action a in a way that discriminates hetween
several possible outcomes (a)p® . ... {a}pl. of
the nondeterministic action. Still, this discrim-
ination is not possible in Boutilier’s and Fried-
man's approach because they made use of a {or-
mula like [a]l in order to express the persistence
of | (the formula [a]l leads to the persistence
X (@Pfkf ).

(Boulilier and Friedman will use preconditions

of I in all possible outcomes {a)p,

D¢ for discriminating between the possible sue-
cessor states in case of defermunstic actions.)
In order to be able to discriminate between the
possible outcomes of a nondeterministic action
clause (4.4):

a causes p || pfee when DY

we shall encode each of the &Y different possible
outcomes pf; as the result of a different action
namne a;
a a (43 5 a Ll

DE — (a))ph A ./\((L,r\;:-);'){-l.:. Alalp? per (4.17)
(compare (4.17) with Boutilier's and Friedman’s
encoding (4.6)) and use the disjunction ¢ = a; vV
.o Voage In queries and necessary effect axioms
mvolving a.

The crucial benefit of this encoding comes
from the possibility of writing frame axioms
that discriminate between the possible outcomes
{a;)pf; of action a:

I/\f“Pos.ﬁ(qJ.ﬁl) — [aj] (4.18)

o
-}



given that (4. 17) is equivalent to the conjunction
ol axioms of the form

D — {ag)pi; Alalpi..

corresponding 1o the  deterministic action
clinses:

@j canses g when DY

Note that the frame axioms |

\

1I8) can be

FOWPITTON s
(= —lagllof =€ piyUpl,.,

{— [}l of =L & piyupf

i

Or. 1 onE representation:
IA=Pro{a) — [.HJH Jor 1€ Deliug)

{— a0 Jor I & Del{ay)

G OVQO$
| — ir:ﬂ/ Jor e Dillay)— Pre(u)

{ — [u":}/’ fm' / (f I'Jr‘l.[[rt_])

e )b for b e Condilions—{1cl{a; 0P re(a))

which comerde with our representation ol the
lrame axionms (because Del{a; ) © Pre(a) in our
representation).

Fhe ihove considerations therefore show that

Boutihers and ricdians nondeterministic ac-

Hon elanses can be encoded i onr causal (asvim-
metricaly dedactive approacl in an even shmpler
Castiions than they originally did (in ALC™ rather
than o more sophisticated Process Logie).

4.2 Deductive Planning Using Dynamic

Logic

Dyvninnie Togie was used o the past to encode
reasoning about actions and plans [27. 23], bt
acsvitactical planning algoriching nplemented
on top ol o Dynamie Logie theorem prover was
ustally cmployved. I the present paper we re-
~duee planning to reasoning wellien a Description
Logic, by using exclusively the DL reasoning
serviees (without any additional external algo-
rithims).

L (53] planming was reduced to proving the-
orcis ke fodial —
CPlaw P inal in o tactical theoremn prover
for Fiest Ovder Dynamie Logie (KIV) There.
stradegios like progression and regression were
nnplemented by rieans of tacties of the theorem
prover, which may be a too low level approach

to the problem.

We argue that these approaches are inappro-
priate [or Description Logies for at least two nn-
portant reasons.  First, Description Logics do
not allow for varables i formulac, so the goal
[ormulae above are not expressible in DLs. See-
ondly, reasoning in First-Ovder Dynanne Logie
(I'ODL) is highly undecidable [22]. thereby ren-
dering any FODL theoremn prover incomplere
principle.

4.3  The Robot-Tino Project

The Robot-Tino project at the University of
Rome [17] represents a related approach to plan-
ning using DELs with a non-monotonic epistemic

BT he approach is incomplete wort

operator
the planming problem, but the tneompleteness
seemns to be tnesseatial, ocewrring ouly 1 arti
ficial special cases. On the other hand. due o
the inereased expressivity of the (autojepistemic
operalor. it is applicable n more general cases
than owr approach (the constraints imvolving ac-
tion preconditions are dealt with. albett inconi-
pletely).

The main drawback seets to he the diflicalty
o reasoning in the non-monotanie logie assac
ated with the (auto)epistemic operator. Gliven
that no such theorem prover has been nople-
mented so far. De Giacomo et al use the proce-
es of CLASSIC leading 1o a somewhal
liited mpletnentation.

clural ru
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