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hitz and Wanwan RenDepartment of Computer S
ien
es, University of Texas at AustinAustin, TX 78712, USAfvl,rww6g�
s.utexas.eduAbstra
t. In a planning problem, some of the available a
tions maybe irrelevant for a
hieving the given goal. We make this idea pre
ise byde�ning, for an a
tion des
ription in language C+, when a subset of itssignature is \isolated." If all 
uent 
onstants mentioned in the goal of aplanning problem belong to an isolated set � then any valid solution tothe problem will remain valid if we drop from it all a
tions that do notbelong to �. Furthermore, this more e
onomi
al plan will remain valid ifwe drop all assumptions about the initial values of the 
uent 
onstantsthat do not belong to �. Identifying isolated sets 
an be used to simplifythe statement of a planning problem.1 Introdu
tionIn a planning problem, some a
tions 
an be of no use for a
hieving the given goal.John M
Carthy [1998℄ introdu
ed, for instan
e, an elaboration of the familiarMissionaries and Cannibals puzzle in whi
h the missionaries and the 
annibalshave hats, and the hats 
an be ex
hanged among them. He observed that ex-
hanging hats is of no use if the goal is to 
ross the river. There exist validsolutions, of 
ourse, in whi
h the missionaries and the 
annibals exe
ute the a
-tion of ex
hanging hats at various points in time, but these a
tions 
an be alwaysdropped from a solution. Why is it obvious, M
Carthy asks, that ex
hanging hatsis of no use?Clearly, the extended Missionaries and Cannibals domain 
onsists of twoparts, and one of them is, intuitively, \isolated" from the other. Part 1 involvesthe lo
ations of obje
ts (missionaries, 
annibals and the boat) and the a
tionof 
rossing the river. It is isolated from Part 2 that involves the hats and thea
tion of ex
hanging them. Sin
e the goal (everybody is at the other bank)does not refer to Part 2, the a
tions from Part 2 would not help us a
hieve it.Interestingly, Part 2 is apparently not \isolated" from Part 1. Indeed, if initiallytwo missionaries are at di�erent banks and the goal is for one of them to wearthe other's hat, it 
annot be a
hieved without 
rossing the river.In this paper, we show how to make the idea of an isolated part pre
ise. This isimportant for several reasons. First, some 
omputational methods used for plangeneration (for instan
e, satis�ability planning [Kautz and Selman, 1992℄) may



Notation: m, m0 range over fM1;M2;M3g; l ranges over fBank1 ;Bank2 g.Simple 
uent 
onstants: Domains:Lo
(m), Lo
(Boat) fBank1 ;Bank2gBoolean a
tion 
onstants: Cross(m)Causal laws:Cross(m) 
auses Lo
(m) = l ^ Lo
(Boat) = l if Lo
(m) 6= lnonexe
utable Cross(m) if Lo
(m) 6= Lo
(Boat)nonexe
utable Cross(M1) ^ Cross(M2) ^ Cross(M3)exogenous 
 for every a
tion 
onstant 
inertial 
 for every 
uent 
onstant 
Fig. 1. Missionaries 
rossinga
tually produ
e plans that 
ontain irrelevant a
tions.1 A method for identifyingsu
h a
tions 
an help us make these plans more e
onomi
al. Se
ond, by removingthe des
riptions of useless a
tions from the de�nition of a planning problem wemay be able to redu
e the size of the problem and make the planning task easier.Third, we will see later that, besides being more e
onomi
al, the plans that donot 
ontain irrelevant a
tions have also another advantage: they remain validafter removing \irrelevant assumptions" about the initial state.In our analysis of the idea of a useless a
tion, we assume that the givena
tion domain is des
ribed in language C+ [Giun
higlia et al., 2004℄|one of the\new generation" a
tion des
ription languages that are more expressive in someways2 than the \
lassi
al" languages STRIPS and ADL. The use of su
h anexpressive representation language makes the investigation of irrelevant a
tionsa more 
hallenging problem.2 ExampleOur approa
h is illustrated here using a simpli�ed version of the hat examplethat involves three missionaries and three hats, but no 
annibals. Consider �rstthe C+ des
ription of the \three missionaries" domain shown in Fig. 1. The mainpart of this des
ription 
onsists of the three 
ausal laws des
ribing the e�e
tsand pre
onditions of a
tion Cross(m) (\missionary m 
rosses the river"). First,exe
uting this a
tion 
auses both m and the boat to be at the bank l di�erentfrom the bank wherem was before. Se
ond, this a
tion 
annot be exe
uted unlessm and the boat are on the same bank. Third, the boat only holds two.1 This has been observed in some of the experiments mentioned in Se
t. 6 below.2 For instan
e, C+ allows us to des
ribe e�e
ts of a
tions indire
tly. CCal
 (seehttp://www.
s.utexas.edu/users/tag/

al
/) is a planner for a
tion domainsrepresented in C+ that is based on ideas of satis�ability planning.



Notation: i; j are integers su
h that 1 � i < j � 3.Simple 
uent 
onstants: Domains:Owner(H1), Owner(H2), Owner(H3) fM1 ;M2 ;M3gBoolean a
tion 
onstants: Ex
hange(H1; H2); Ex
hange(H1; H3); Ex
hange(H2; H3)Causal laws:
onstraint Owner(Hi) 6= Owner (Hj)Ex
hange(Hi; Hj) 
auses Owner (Hi) = m0 ^Owner (Hj) = mif Owner(Hi) = m ^Owner (Hj) = m0nonexe
utable Ex
hange(Hi; Hj)if Owner (Hi) = m ^Owner(Hj) = m0 ^ Lo
(m) 6= Lo
(m0)nonexe
utable Ex
hange(Hi; Hj)if Owner (Hi) = m^Owner(Hj) = m0^:(Cross(m) � Cross(m0))Fig. 2. Additional a
tions: ex
hanging hats. When these postulates are added to Fig. 1,the s
hemas in the last two lines of Fig. 1 are understood to apply to the new 
uentand a
tion 
onstants as wellThe planning problem P1, in whi
h all missionaries and the boat are initiallyon Bank1 and their goal is to get to Bank2, 
an be solved in 3 steps:1. fCross(M1); Cross(M2)g2. fCross(M1)g3. fCross(M1); Cross(M3)gWe 
all this solution Plan A.Consider now the elaboration of the three missionaries domain obtained byadding hats (Fig. 2). A

ording to the �rst of the four additional postulates, aperson does not wear two hats simultaneously. The se
ond postulate des
ribesthe e�e
t of the a
tion Ex
hange(Hi; Hj) (ex
hanging the hats Hi and Hj).Finally, this a
tion is assumed to be nonexe
utable if the owners of the hatsare on di�erent banks of the river, and it 
annot be exe
uted 
on
urrently with
rossing the river if one of the owners is 
rossing and the other is not.In the extended domain, 
onsider the planning problem P2 obtained byadding to P1 the additional initial 
onditions spe
ifying the owners of all hats:Owner(Hi) =Mi (i = 1; 2; 3): Plan A solves P2 as well. Besides, P2 has solutionsinvolving the a
tion of ex
hanging hats|for instan
e, the following Plan B, inwhi
h M1 and M2 ex
hange their hats while 
rossing the river:1. fCross(M1); Cross(M2); Ex
hange(H1; H2)g2. fCross(M1)g3. fCross(M1); Cross(M3)gBut this plan 
an be \improved" by dropping Ex
hange(H1; H2). Generally, if asequen
e of events e1; : : : ; en is a solution to the problem P2, then the sequen
ee1 nE; : : : ; en nE; where E stands for fEx
hange(Hi; Hj) : 1 � i < j � 3g, is asolution too. In this sense, the a
tion of ex
hanging hats is irrelevant.



Besides being more e
onomi
al, Plan A is also more attra
tive than Plan Bfor another reason, whi
h is related to \
onformant planning" [Smith and Weld,1998℄|generating plans without bran
hing when the initial 
onditions are in-
omplete (or a
tions are nondeterministi
). Imagine, for instan
e, that the formu-las Owner(Hi) =Mi are dropped from the list of initial 
onditions, so that thegiven planning problem has 6 possible initial states. We want to �nd a plan thatguarantees a
hieving the goal in ea
h of these states. Plan A has this property.PlanB does not: in some initial states, the redundant a
tion Ex
hange(H1; H2) isnot exe
utable 
on
urrently with Cross(M1) and Cross(M2), be
ause the ownerof one of the hats H1, H2 may be 
rossing the river while the other is not.In the following se
tions we make the idea of isolated parts of an a
tiondes
ription pre
ise under the assumption that the a
tion des
ription is writtenin C+. Then we show that our two observations about Plan B|that it 
an bemade more e
onomi
al and that it 
an be turned into a solution to a 
onformantplanning problem|are instan
es of a general theorem about isolated sets.33 A
tion Des
riptions, Transition Systems, and PlansThe de�nitions of the syntax and semanti
s of language C+ 
an be found in[Giun
higlia et al., 2004, Se
t. 4℄. Re
all that the signature of an a
tion de-s
ription in this language 
onsists of symbols of two kinds|
uent 
onstants anda
tion 
onstants. A

ording to the syntax of C+, an a
tion des
ription is a setof \
ausal laws" of three kinds|stati
 laws, a
tion dynami
 laws, and 
uentdynami
 laws. Causal laws of the �rst two kinds have the form
aused F if G;and 
uent dynami
 laws have the form
aused F if G after H(F , G, H are formulas satisfying 
ertain synta
ti
 
onditions). In Figs. 1 and 2we use abbreviations for 
ausal laws of spe
ial types. For instan
e,nonexe
utable a if Fstands for the 
uent dynami
 law
aused ? if > after a ^ F:See [Giun
higlia et al., 2004, Appendix B℄ for a 
omplete list of abbreviations.A

ording to the semanti
s of C+, every a
tion des
ription denotes a \tran-sition system"|a dire
ted graph whose verti
es 
orrespond to states, and whose3 This paper does not address the problem of 
onformant planning in full general-ity. The example above is spe
ial in the sense that its initial 
onditions uniquelydetermine the values of all \relevant" 
uent 
onstants.



edges 
orrespond to events leading from one state to another. Every state is afun
tion that maps 
uent 
onstants to their values. Every event is a fun
tionthat maps a
tion 
onstants to their values. In the simple 
ase when all a
tion
onstants are Boolean, as in the example in Se
. 2, an event e is understood asthe 
on
urrent exe
ution of all a
tions a su
h that e(a) = t, and we identify ewith the set of all su
h a
tions.Consider a transition system TS . A plan is a �nite sequen
e of events labelingthe edges of TS . A history is an arbitrary path hs0; e0; s1; : : : ; en�1; sni in TS(s0; : : : ; sn are states, and e0; : : : ; en�1 are events); n is the length of the history.Histories of length 1 (that is, edges of TS ) are 
alled transitions.The following de�nitions are based on [M
Cain and Turner, 1998℄. We de�nere
ursively when a plan is exe
utable in a given state:(i) The empty plan h i is exe
utable in any state;(ii) a non-empty plan he0; : : : ; eni is exe
utable in a state s0 if{ he0; : : : ; en�1i is exe
utable in s0, and{ for any states s1; : : : ; sn su
h that hs0; e0; s1; : : : ; en�1; sni is a history,there exists a state sn+1 su
h that hsn; en; sn+1i is a transition.Let G be a formula that does not 
ontain a
tion 
onstants. We say that aplan he0; : : : ; en�1i is suÆ
ient for a
hieving the goal G in a state s0 if, for anystates s1; : : : ; sn su
h that hs0; e0; s1; : : : ; en�1; sni is a history, sn satis�es G.A plan is valid for a
hieving G in a state s0 if it is exe
utable in s0 andsuÆ
ient for a
hieving G in s0.Consider, for instan
e, the \missionaries and hats" a
tion des
ription MH ,shown in Figs. 1 and 2. Let the goal G beLo
(M1) = Bank 2 ^ Lo
(M2) = Bank 2 ^ Lo
(M3) = Bank2: (1)Both Plan A and Plan B de�ned in Se
t. 2 are valid for a
hieving the goal G inthe state satisfying the 
onditionsLo
(Mi) = Lo
(Boat) = Bank 1; Owner(Hi) =Mi (i = 1; 2; 3): (2)Plan A is also valid for a
hieving G in the stateLo
(Mi) = Lo
(Boat) = Bank 1 (i = 1; 2; 3);Owner(H1) =M1;Owner(H2) =M3;Owner(H3) =M2; (3)but Plan B is not: in this state it is not exe
utable.4 Isolated SetsConsider an a
tion des
ription D in the language C+ with the set �fl of 
uent
onstants and the set �a
t of a
tion 
onstants. By �all we denote �fl [ �a
t.A subset � of �all is isolated with respe
t to D if, for every 
ausal law L 2 D,(i) all 
onstants o

urring in L belong to �, or



(ii) L does not 
ontain 
onstants from �, or(iii) L is an a
tion dynami
 law of the form
aused F if H ^ 
 ^H 0 (4)or a 
uent dynami
 law of the form
aused F if G after H ^ 
 ^H 0; (5)where 
 is a Boolean a
tion 
onstant that does not belong to �, and F andG are formulas that do not 
ontain 
onstants from �.In other words, � is isolated if 
onstants from � and 
onstants from �all n �
an o

ur together in a 
ausal law from D only when that 
ausal law has theform (4) or (5), with 
onstants from � o

urring in the H and H 0 parts only.For instan
e, in the 
ase of a
tion des
ription MH ,�fl = fLo
(Mi) : 1 � i � 3g [ fLo
(Boat)g [ fOwner(Hi) : 1 � i � 3g;�a
t = fCross(Mi) : 1 � i � 3g [ fEx
hange(Hi; Hj) : 1 � i < j � 3g:De�ne� = fLo
(Mi) : 1 � i � 3g [ fLo
(Boat)g [ fCross(Mi) : 1 � i � 3g: (6)This set is isolated with respe
t to MH . Indeed, the only 
ausal laws in MHthat 
ontain both 
onstants from � and 
onstants from �all n � are the last twoin Fig. 2, whi
h stand for 
ausal laws of form (5) with Ex
hange(Hi; Hj) as 
.5 Main TheoremLet � be a subset of �all. States s and s0 are �-equivalent to ea
h other if thevalue of every 
uent 
onstant from � in s is the same as its value in s0. Forinstan
e, if � is de�ned by (6) then state (2) is �-equivalent to state (3).In the theorem below, D is an a
tion des
ription whose a
tion 
onstants areBoolean. The statement of the theorem refers to the following 
ondition on D:(*) h;i is a plan exe
utable in every state.This 
ondition expresses that for every state s there exists a state s1 su
hthat hs; ;; s1i is a transition. For many a
tion des
riptions, in
luding MH , itholds with s1 = s.Main Theorem Assume that D satis�es (*). Let � be a subset of �all thatis isolated with respe
t to D, and let G be a formula of the signature �fl \ �.If he0; : : : ; en�1i is a plan valid for a
hieving the goal G in a state s0 then thesequen
e he0 \ �; : : : ; en�1 \ �i is a plan valid for a
hieving G in any state thatis �-equivalent to s0.The theorem tells us that if all 
uent 
onstants o

urring in the goal of aplanning problem belong to an isolated set � then dropping the a
tion 
on-stants that do not belong to � from a valid plan will result in a valid plan also.



For instan
e, the transformation of Plan B into Plan A in Se
t. 2 by droppingEx
hange(H1; H2) 
orresponds to � de�ned by (6), and to formula (1) as G.Furthermore, the \more e
onomi
al" plan is valid not only in state s0, but alsoin any state that is �-equivalent to s0. In the example from Se
t. 2, from thefa
t that Plan B is valid in state (2) and all 
onstants o

urring in the goal (1)belong to (6) we 
an 
on
lude that Plan A is valid for a
hieving this goal notonly in state (2), but also in state (3).The proof of the main theorem 
an be found in the 
omplete version of thepaper (http://www.
s.utexas.edu/users/vl/papers/iaf.ps).Without 
ondition (*), the statement of the theorem would be in
orre
t.6 Simplifying A
tion Des
riptionsFrom the main theorem we know that, under assumption (*), a solvable planningproblem remains solvable if we limit attention to the plans that do not 
ontainirrelevant a
tions. This limitation 
an be expressed by de
laring the irrelevanta
tions nonexe
utable. Indeed, the e�e
t of adding to D the 
ausal lawnonexe
utable a (7)is to remove from the 
orresponding transition system the edges whose labels
ontain a. Furthermore, in the presen
e of (7), removing 
ausal laws of the formsnonexe
utable a if Fand a 
auses F if Gwill have no e�e
t on the transition system. Su
h transformations 
an be usedto simplify the statement of a planning problem by removing postulates.Consider, for instan
e, our missionaries and hats example|the planningproblem P2 for a
tion des
riptionMH , with initial 
onditions (2) and goal (1). Ifwe are only interested in the solutions that do not 
ontain the irrelevant a
tionsEx
hange(Hi; Hj) then we 
an remove the edges whose labels 
ontain these a
-tions by adding to MH the 
ausal laws of form (7) with Ex
hange(Hi; Hj) as a.After that, the a
tion des
ription 
an be simpli�ed by dropping the last three
ausal laws from Fig. 2.These observations suggest that the main theorem of this paper 
an besometimes used to repla
e planning problems with isolated parts by equivalent,smaller problems that may be solved faster. This is 
on�rmed by our experi-ments on the use of CCal
 for solving the missionaries and hats problem (seethe full paper for details).7 Con
lusionIn this paper we de�ned the 
on
ept of an isolated set of 
onstants for a
tion de-s
riptions in language C+. By identifying an isolated set we 
an dete
t 
onstants



that are irrelevant for a given planning problem. After dropping irrelevant a
-tions, a valid plan remains valid for the same initial state, and it may also be
omevalid for other initial states. By de
laring the irrelevant a
tions nonexe
utablewe 
an sometimes make the planning problem easier.Partitioning theories was studied both in the 
ontext of 
lassi
al logi
 [Amir,2001℄ and for nonmonotoni
 theories, su
h as logi
 programs under the answerset semanti
s [Lifs
hitz and Turner, 1994℄. The splitting set theorem from thelast paper, in 
ombination with Proposition 1 from [Lifs
hitz and Turner, 1999℄,
an be a
tually used to prove a spe
ial 
ase of our main theorem.We expe
t that the main theorem of this paper 
an be used to extend the
omputational possibilities of CCal
. To this end, we need to be able to �nd theminimal sets 
ontaining all 
onstants o

urring in the goal of a given planningproblem. It turns out that su
h a set is always unique, and there is a simplealgorithm for 
omputing it.A
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