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Abstract
Classical propositional STRIPSplanning is nothing
but the search for a path in the state-transition graph
induced by the operators in the planning problem.
What makes the problem hard is the size and the
sometimesadverse structure of this graph. Weconjecture that the search for a plan wouldbe moreefficient if there were only a small numberof paths from
the initial state to the goal state. Toverify this conjecture, we define the notion of reducedoperator sets
and describe ways of finding such reduced sets. We
demonstrate that somestate-of-the-art planners run
faster using reduced operator sets.
Keywords: STRIPSplanning, preprocessing
Introduction
A major focus of research in AI planning has been
on improving the efficiency of planners, in particular STRIPS planners. The STRIPS planning problem
is, loosely speaking, characterised by the assumptions
that operator effects are deterministic and unconditionai, and that the initial state is completely known.
Under these assumptions, the planning problem reduces to that of finding a path in the state-transition
graph induced by the operators. What makes the problem still hard is the size, and perhaps sometimes adverse structure, of this graph.
However, the use of the STRIPS representation
also gives the state-transition
graph structure which
can be exploited to gain efficiency. The use of representations
such as planing graphs (Blum & Ftust
1997), of state-of-the-art
SATtechnology (Kautz
Selman 1996), and of automatic extraction of heuristic information and domain invariants from the problem representation (Bonet, Loerincs, & Geffner 1997;
Fox & Long 1998) has meant that STRIPS planners
today solve problems that seemed impossible not too
long ago.
Based on the view of planning as the search for a
path in the state-transition
graph, we conjecture that
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planning will, at least in someinstances, be faster if
the density of the graph is reduced; ideally, we would
like to reduce the graph to a minimal spanning tree
(actually, a minimal equivalent digraph). To motivate
this, perhaps controversial, conjecture, consider that
the complexity of graph search is O(ba), where b
the branching factor and d the solution depth. For
search in a spsnn;ug tree of the graph, the complexity
is O(aC), where a < b, since the tree has fewer edges,
and c/> d, since the shortest path to a solution in the
graph maynot be available in the tree. Clearly there
is a gain if the decrease in branching factor is large and
the increase in depth small.
Our belief that the state-transition graph of a planning problem is often more dense than necessary comes
from the observation that some operators in some domains are, in a certain sense, redundant. Consider,
for example, the well known Blocksworld domain, and
the operator move(A,B,C), meaning "move block
from on top of block B to block C". This operator is
redundant, since we can replace any occurence of this
operator in a plan by the sequence move(A,B,Table),
move(A,Table,C).
To put this conjecture to the test, we define the notion of operator redundancy and construct a method
to find and remove redundant operators or operator
instances from a planning problem, creating what we
call a reduced problem. Thoughan efficient algorithm
for computing at least an approximation of the minimal equivalent digraph exists, it is of no use to us
since it works on the graph explicitly. Weneed methods that can be applied on the level of description at
which the problem is given, i.e. to the set of operators. The reduction process we use preserves solution
existence, i.e. the reduced planning problem has a
solution if and only if the original problem was solvable. Wehave implemented the reduction in the form
of a preprocessor and compared the runtimes of several planners on reduced planning problems to that
on the original problems. In some cases, considerable
Copyr,/~lt © lO00, American:~g~ciadonI~r
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speed-up was observed.

Related Work
Examples
of theuseof domainanalysis
techniques
to
improve the performance of pl~n~ers are not rare in
theliterature.
Wellknownexamples
aretheautomatic
generation
of abstraction
hierarchies
(Knoblock
1994)
and thepostponement
of threatswiththe aid of operatorgraphs(Peot& Smith1993).The information
provided
by thesemethods,
however,
is usefulonlyto
planners
of a certain
design.
The methodsuggested
by Nebelet al. (1997)for
removing
irrelevant
factsandoperators
fromplanning
problems
isnotin thiswayspecific
toa certain
planner
or kindof planner.
Thistechnique
has beenshownto
yieldquiteimpressive
results,
although
onlyforplannerswhoseperformance
is impaired
by kzelevant
facts.
It mustalsobe notedthatthemethodis notsolutionpreserving.
The "redundantsequenceof actions"(RSA)conceptdefined
by Scholz(1999)is verysimilar
to our
notion
of redundancy,
although
it is restricted
onlyto
sequences
of length
2. Scholz,
however,
makesuseof it
ina waydifferent
fromours,byintegrating
it asa constraint
intothe planning
mechanism
to excludeplans
thatcontain
the,longer,
redundant
sequence.
A numberof othertransformations
on planning
problems
havebeensuggested,
but Hmedto reducean
expressive representation language into a simpler language rather than to increase the performance of the
planner. Interesting examples are (Gazen & Knoblock
1997),(Koehler
et al. 1997)and(B~ckstr6m
lgg5).

Definition
of ReducedOperatorSets
We beginthissection
by defining
thesyntaxandsemanticsof the STRIPSplanningproblem.We avoid
theelaborate
STRIPSsemantics
definedby Lifschitz
(1986)in favorof an essentially
propositional
formulation,
similar
to e.g.McAllester
& Rosenblitt
(1991)
and Bylander(1994).We assumecompleteknowledge
of theinitialstateandcomplete
determinism
in the
effects of all operators. Wealso restrict operator preconditions and goals to contain only positive literals,
i.e. atoms.

theoperator
o in states is (s-Do)UAo.
We alsosay
sequence
ofoperators,
o,,...
, on,isapplicable
in s iff
oi isapplicable
ins andforeachi > I,oi isapplicable
inthestate
resulting
fromexecuting
oi...., o~-i.
A p]~n,lngprobleminstanceis a triple P =
(O,I, G),whereO is a setof STRIPSoperators,
I
thesetof initially
trueatomsandG thesetof goal
atoms.We saya sequence
of operators
is a planforP
ff thesequence
is applicable
in I andallatomsg E G
holdin thestateresulting
fromexecuting
thesequence.
Whenthe operatorset is dearfromthe context,we
abbreviate
a problem
instance
(I, G).We alsodenote
by DiP) thedomainof theprobleminstance,
i.e.the
setof allatomsmentioned
in P.
In a planning
problem,
it is oftenthecasethatcertaincombinations
of atomswillneveroccurtogether
inanyreachable
state;
theyarein somesenseinconsistent.Thisproperty
of atomsetswRl be important
in
ourdefinition
of redundancy.
Strictly
logically
speaking,a setof atomscanof coursenotbe inconsistent.
Therefore,
theinconsistency
relation
cannotbe determinedfromthedomainandoperator
setalone.
Definition2 (The Inconsistency
Relation)
For a set of atomsA and an atom a, we say thata
is inconsistent
withA if thereis no states reachable
fromI such that A C s and a E s. We denoteby
INC(A)thesetof atomsthatareinconsistent
withA.
An approximation
of INC(A)can be computedusing
a fixpoint
computation
similarto thatof Bonerand
Geffner
(1999).
It is approximate
in thesensethat
computea subset,possiblyequal,of INC(A).This
approximation
is sound,but notalwayscomplete.
Thenexttwodefinitions
provide
thefoundations
for
ourdefinition
of theconcept
of operator
redundancy.
Definition3 (Cumulative
Effects)
We definethecurnulatire
preconditions,
positive
and
negative
effects
of a sequence
of STRIPS
operators,
denotedCp(.),CA(’)andCo(.)respectively,
inductively
as

Cv(o)= Po
CA(O) = Ao
Co(o)
=

Definition
1 (STRIPS Syntax and Semantics)
A STRIPSoperator, o, is a triple (Po, Ao, Do) where
and
eachcomponent
is a setof atoms,representing
preconCv(ol,..., o,, o)
ditions,
addedatomsanddeleted
atoms,respectively.
Cp(o~,..
. , o,) u (Po- CA(Ol
We assumethatoperators
are consistent,
i.e.that
CA(Ol,...
,
o,~, o)
AoNDo--- 0.
(CA(o1,...
, o.) - Do)
A state,
s,is represented
by thesetofatomsthatare
Co(ol,...
,
o,,
o)
trueinthestate.
We saythatan operator
o is applica(Co(Ol,.
¯
¯
,o,~)
- Ao)Do
blein s iffPo C s. Thestateresulting
fromapplying

(~)

, o,))
(ii)
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But,for any normal

Thecumulative
preconditions
andeffects
of a sequence
of operators
summarise
theconditions
underwhichthe
sequence
willbe applicable
andtheeffects
of applying
it,respectively,
muchin thesamewayas thepreconditions
andeffects
of a single
operator
do.Therefore,
it provides
a natural
wayof defining
precisely
whenan
operator
maybe replaced
by a sequence
of alternative
operators,
i.e.whentheoperator
is redundant.
Definition4 (The ImplementsRelation)
We saya sequence
of operators
oi,..., on implements
anoperator o, iff
(0 o doesnotoccurin thesequence,

(ii)
Cv(o~,...
,o.)
c_
(iii)

Ao C C’A(ot,...,

On), and

(iv)Co(or,...
, on)(DoU IN
O(Po)).
Definition
5 (Redundant,
Reduced)
For a set of operators O and an operator o E O, we
say thato is redundant withrespectto 0 iff there
existssomesequenceof operators
in O - {o} which
implements
o.
We callthesetO reduced
iffthereareno redundant
operators
in O.

initial
state,
thisatomis inconsistent
withon(A,B),
whichis a precondition
of thereplaced
operator.
In principle,
thereis no reasonwhy we shouldnot
makesimilarexceptions
in items(ii)and(iii).We
couldallowthe implementing
sequence
or,..., o, to
require
additional
precondition
atoms,
or tofailtoadd
someof theatomsaddedby theoperator
o, as longas
thoseatomswere"entailed"
by thepreconditions
of
o andthe set of atomsaddedby o (orrequiredand
notdeleted),
respectively.
Thereasons
fornotdoing
so aretwo:First,thereappears
to be no easywayto
computethisentailment
relation
betweenatoms,and
second,
judging
fromourexperiments
it doesnotseem
necessary.
We do, however,use a simpleanalysisto detect
staticatoms(atomsthatcanneverchangetruthvalue
fromtheirvaluein theinitial
state)andremovenot
onlyoperators
whosepreconditions
arestatically
false
butalsostatically
trueatomsfromthepreconditions
of remaining
operators.
Although
thisanalysis
is incomplete,
it canhelpin finding
redundant
operators.

Example 2
In the Griddomainthereis a robotwhichcan move
between
adjacent
nodes,arranged
in a grid,provided
thenodemovedto is notlocked(denoted
by the atom
open(n)).
A nodewhichis initially
lockedcanlater
but a nodewhichis initially
unItems(0-(ii0
of definition
4 areratherstraightfor- becomeunlocked,
lockedcanneverbecomelocked.
ward.Sincetheintention
is to eliminate
theoperaBecausethestatically
trueopen(n)preconditions
toro by substituting
forit thesequence
or,...,on,
we haveto require
thato is notpartof thesequence, are removed,someinstancesof the moveoperator
can be implemented
by a "semi-circular"
sequence
of
thatthesequence
is applicable
whenever
o is,andthat
three
move
operators.
For
example,
move(n0-0,n0it makestrueat leastthesameatomsas doeso. Fi1) couldbe implemented
by the sequencemove(n0nally,
we haveto ensurethatthesubstituted
sequence
0,nl-0),
move(nl-0,nl-l),
move(nl-l,n0-1)),
doesnot deleteanythingthatwouldnot havebeen
vided
open(n1-0)
and
open(n1-1)
arestatically
true.
deleted
by o. Thenatural
way to statethisrequirement,CD(oi,...
,o,~)C_ Do, turnsout to be to reCorrectness
and Complexity
strictive.
To capture
theintuitive
meaning
of operator
In thissection,
we showthatreducing
an operator
set
redundancy,
we havealsoto allowthatthe sequence
preserves
solution
existence,
i.e.it doesnotrender
ot ....,ondeletes
someatomsthato doesnot,as long
anyplanning
problem
thatwaspreviously
solvable
inas thoseatomsaresuchthatcannot be truein any
solvable.
We alsoshowthatin general,
theproblem
of
statewhereo is applicable.
computing
a reduced
setof operators
is veryhard.In
Example 1
thenextsection,
we describe
themoreefficient
approxConsiderthe Blocksworld
domain,and the operator
imatemethodsthatwe haveusedin ourexperiments.
move(A,B,C),meaning"move block A from on top
Lemma 1
of blockB to blockC". We wouldexpectthisoperLetoa,..¯,on bea sequence
ofoperators
suchthatthe
atorto be redundant,
sincewe can replaceany occumulative
preconditions
andeffects
aredefined,
and
curenceof thisoperatorin a planby the sequence
let
s
be
a
state
such
that
move(A,B,Table),
move(A,Table,C).
The cumulativeeffects
of thissequence,
however,
include
thedeleCp(01,... ,On) (f-_
(i)
tionof the atomon_table(A),
whichis not deleted
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Then the operator sequence is applicable in s and the
resulting state is

s’ = (s - coCo1,...
,o,)) u CA(Ol,...
,o,0. (ii)
Proof." By induction on n, the length of the sequence.
For n = 1, the cumulative preconditions and effects
of the sequence are the preconditions and effects of
itssingleoperator,
andtheclaimsfollow
immediately
fromdefinition
1.
Assuming
thelemmaholdsforn <~ k, consider
a sequenceor,...,
Ok,Ok+i.
Fromdefinition
3(ii),we see
thatthecumnlative
preconditions
of an operator
sequencearenon-decresing
w.r.t,appending
an operator,Le.

Cp(ol,...
, Ok)C_C~,(o~,...
, ok,Ok+l)

(iii)

Thisisbecause
Cp(oi,...
, ok,ok+l)
istheunion
of the
cumulative
preconditions
of the sequence
or,...,ok
anda, possibly
empty,subsetof thepreconditions
of
theappended
operator,
ok.Therefore,
it follows
from
(z)that

Cp(o~,...,ok)c_~

(i~)

which, by the induction
assumption,
impliesthatthe
sequence
o~,...,okis applicable
in s, and thatthe
resulting
state
is

¯ " = (s-Co(o~,...
,ok))uCA(Ol,...

(v)

Sincethecumulative
preconditions
of oi,...,
ok,ok÷1
are defined,we must have that CD(Oz,...,ok)A
Pok+~= ¢; thus,for any atoma E Po~+1,a E s" if
a E s or a ¯ CA(Or,... ,Ok). If u ¢. CA(01,... ,ok),
thena E Cp(o1,...
, ok,ok+z),
bydefinition
3(iz),
therefore
s E s by(i)above.
Consequently,
Pok+,C_s",
whichshowsthattheentiresequence
oi,...,
ok,ok+1
is applicable
in s. Next,notethat

s’ = (((s
- Co(o~,...,
ok))u CA(o~,...,
--Doh+l) U Aok+l
= ((s (CD(OZ,... ,o k) tJ Doh+=))U

(CA(Ol,...
,ok)- Do~+,))
u Ao~+,

= (s - ((CD(Oz,... ,ok) - Aok.~)UDo~,.z))U
((CA(Ol,.. ¯ ,ok) Doj=+,) U Aok+l)

= (s - C~(o~,...,
ok,ok+~))u
CA(o~,...
, ok,ok+~)
whichprovesthe identity (i~) above.

Lemma 2
Let P = (0, I, G) be a planning problem instance,
o E O a redundant operator and oi,... , o, a sequence
of operators that implements o. Then, in any state s
reachable from I,

ins,thenoI,...
, o,isapplicable
(i)ifo isapplicable
in s, and

o in s ands" the
({i)if s’ is theresultof applying
result
of applying
oi,...
, onins, thens’ C s".
Proof."
Since,
by definition
of theimplements
relation,
Cp(o1,...,
o,) C_ Po,claim(i) follows by Lemma1.
Alsoby Lemma1, applying
oi,...,
on in s results
in

¯ " = (s- C~(o1,..,o,))u CA(o~,...,o,)
(iii)
Consideran atoma E s’ = (s-Do)UAo.
We thenhave
thata E s" iffeithera E s anda ¢. Co(o1,...
,o,)
or a E CA(Ol,...
,o,).In the firstcase,a cannot
be in INC(Po),
sincebecause
o is applicable
in s we
musthavePo C_ s, and thusa ¢. CD(Ol,...
,o,)C
Do U INC(o),which means a E s". In the second
case,we havebecauseAo C CA(Ol,...
,o~)thata E
CA(Ol,...
, o,)andtherefore
a E s".Thisgives(ii).
[]
Proposition3
For anyplanning problem
instance, P = (0, I, G),removing a redundant operator from 0 preserves solution existence.
Proof:Consider
a plano1,..., om forP andsuppose
operator
o= inthisplanisredundant.
Sinceo~ is redundant,thereexists
by definition
a sequence
of operators
o~,..., o: whichimplements
oi.
Becauseoi,...,o,,is a planforP, the sequence
mustbe applicable
in I, whichalsomeanso, must
be applicable
in thestateresulting
fromexecuting
oi,...,oi_i.
Therefore,
by Lernma2, dr,...
,o~ is
alsoapplicable
in thisstate,
andin thestateresultingfromexecuting
thesequence
in placeof oi at least
theatomsthatwouldhavebeentrueafteroi hadbeen
executed
hold.Sincepreconditions
areonlypositive,
havingmoreatomstruein a statecan not makeany
operator
following
o¢ in theplaninapplicable,
andneithercanit makeanygoalatominthefinalstatefalse.
[]
Thus, an operator set O can be transformed to a reduced set O’ by enumerating the operators in the set
and successively removing any operator that is redundant with respect to the operators currently remaining
in the set. The resulting reduced set is, however, not
unique; depending on the order of enumeration, different reduced sets can be obtained. Moreover, not all
reduced subsets of O are equal in size.

Has|urn 15.:3
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operators
Consider the operator set
0 = { o1: ({p}, {q}, {p}),
o2: ({q},{P},{q}),

o,: ({p},
04:
os: ({q},{r},{q}),
o5: ({r},{q}, {r})
A reduced subset of O is {ol,o2,o3, o4} (o2,o3 implements 05 and o4, ol implements o6). Another is
{oz, 04,05} (o5,04 implements 02, oz, os implements 03
and 04,01 implements o6). Yet another is {02, 03, o5}.

in O and the edges of G, a minimal reduced set O’ C O corresponds to minimal a subgraph
G’ = (V, E’) of G satisfying the requirement of path
equivalance.
Finally, note that the construction is linear in the
size of E. []
Note again that this shows the problem of finding
a minimal reduced set to be NP-hard under the assumption that the redundancy of an operator
can be
decided in polynomial time. The problem of deciding redundancy is, as shown above, actually PSPAC~,hard, which means that finding a minimal set i8 certainiy harder, though exactly how muchharder we can
not say.

Complexity
In the worst case, deciding if an operator, o, is redundant with respect to a set of operators, O, is as hard as
solving the general planning problem. To see this, consider any pl~nnlug problem P : (O, I, G) and create
the operator o with
Po
Ao
Do

= /
= G
= D(P) - G

It is easily seen that a plan for P implements o, and
thus that o is redundant with respect to O if and only
if P has a solution.
Finding a minimal reduced subset of a set of operators is an even harder problem.
Proposition
4
For a given set of operators O, finding a minimal reduced set O’ C_ 0 is NP-hard, even with the assumption that the redundancy of an operator o 60 with
respect to some subset of O can be decided in polynomial time.
Proof: By reduction from the minimal equivalent digraph problem, which is stated as follows (Garey
Johnson 1979): Given a directed graph G = (1/, E),
find the smallest subset E’ C_ E such that, for every ordered pair of vertices v, v’ 6 V, the graph G’ : (V, E’)
contains a (directed) path from v to v’ if and only
G does.
For a given graph, G = (1/, E), we create a set
pl~nnlng operators over a domain equal to V, the vertices of G. For each edge (v, v’) 6 E, we create the operator o, with P° = {v}, Ao = {v’} and Do = {v}. Let
0 be the set of all such operators. Deciding whether
an operator o 6 0 is redundant can be decided in polynomial time by breadth-first search, since the length
of any path in G is no more than V. Because the construction yields a one-to-one correspondence between
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Computing
Reduced
Sets
Computing a minimal reduced set of operators breaks
downin two problems, both of which were in the preceeding section shown to be hard. Fortunately, we can
use simple and efficient approximations to both problems, and still achieve acceptable results.
Detecting
Redundancy
Faced with a set of operators, O, and an operator
o 6 O, how do we determine if O is redundant, i.e.
if there exists a sequence of operators that implements
o? To a first approximation, we can state this as a
planning problem: Find a plan for initial state Po and
goal Ao, utilising only operators in O - {o}. This approach, however, fails to take into account item (iv)
of definition 4; we need to enforce the constraint that
the plan preserves all atoms not in Do U INC(Po).
To achieve this, we search in the space of operator
sequences of increasing length and compute the cumulative preconditions and effects directly according to
definition 3. The search is guided by an automatically
extracted heuristic function, like that of (Boner, Loerincs, & Geffner 1997). To further reduce the branching
factor of the search, we make use of the fact that the
cumulative preconditions of a sequence of operators
are non-decreasing with respect to appending an operator (c/. equation (iii) in the proof of Lemma1)
therefore any operator sequence whose cumulative preconditions are not a subset of Po can never be extended
to one which implements o.
The sequence implementing a redundant operator
can be up to 2iD(P)I steps long. Wecan obtain a sound
but incomplete algorithm by limiting the length of sequences considered. In practice, the implementing sequences appear for the most part to be very short.
Table 1 shows, for a number of problems in the domains where we have found redundancy, the number
of instantiated operators (excluding operators that can
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Problem

# operators # redundant
~5
~3
42
blocks-11
1210
990 990 990
blocks-15
3150
2730 2730 2730
logistic.a
210
12
12
12
logistic.b
192
24
24
24
logistic.c
256
24
24
24
grid-1
2384
1866 1858 1800
grid-2
4140
3346 3334 3240

Table 1: Number of redundant operators
bounded search.

found with

never be applied due to unreachable preconditions)
and the number of redundant operators found with
varying bounds on the length of the implementing sequence. Each operator has been tested for redundancy
with respect to the set of all other operators and therefore it is not necessarily the case that all the redundant
operators can be removed.
The reader should also keep in mind that the inconsistency relation we compute and make use of when
testing for redundancy is only an approximation of the
one described in definition 2.
Approximating
the Minimal Set
Although the minimal equivalent digraph problem is
NP-hard, there exists a polynomial time approximation algorithm guaranteed to return a solution within
1.75 of the optimal (Khuller, Raghavachari, & Young
1995). However, the algorithm is polynomial (slightly
above linear) time in the size of the graph. It also requires space linear in the size of the graph. Since for
planning problems the state-transition
graph is exponential in size, this makesit unusable in practice.
Weuse instead a simple greedy algorithm, which removes each redundant operator as soon as it is found
and checks for redundancy with respect to the currently remaining set of operators. The redundancy
check uses bounded search, so it is incomplete.
In the worst case, this mayresult in removing only a
small fraction of the potentially redundant operators.
Consider the graph in figure 1; the edges of a minimal
set are indicated by dashed lines. However, a nonminimal reduced set can be formed by deleting only
the two edges between any pair of adjacent nodes.
Table 2 shows, for the same collection of planning
problems, the number of operators in a minimal reduced set and the number of operators in the reduced
set found by our algorithm. Clearly, the algorithm
achieves a far from optimal result, but, as the results
of the next section show, in practice this seems to have
relatively little effect.

Figure 1: A graph on which the greedy approximation
pefformes badly.
Problem
#operators
blocks-11
1210
blocks-15
3150
logistic.a
210
logistic.b
192
logistic.c
256

reduced
220
420
206
180
244

minimal
220
420
204
176
240

Table 2: Numberof operators in reduced and minimal
reduced sets.
Experiments
To test the conjecture that pl~,~-i-g with a reduced
operator set yields an increase in efficiency, we implemented a preprocessor I which converts a plau~g
problem specified in PDDLto an equivalent problem
with a reduced operator set and compared the runtimes of several different planners on reduced problems
to that on the same problems without reduction. The
planners we used were all competitors in the STRIPS
track of the AIPS98 pJ~,nlug competition, where they
all performed well. Two of them, STAN(Fox & Long
1998) and BLACKBOX
(Kautz & Selman 1999), are
part based on the use of planning graphs, but the third,
HSP(Boner,
Loerincs,
& Geffner
1997),
is not.We also
included
GRAPHPLAN
in thetestsuite.
Theresultsare summarised
in table3. The times
shownaretheaverage
of a varying
numberof trials.
HsP and BLACKBOX
show large variations in runtime
fromonetrialto another,
up to +17%and±42%,respectively
(withtheexception
of thenon-reduced
verIThesoftware
is available
fromtheauthors
uponrequest.

Hulum
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logistic, Copyright
c problem,
on AAAI
which
BLACKBOX

shows a deviation of over 200%from the average). For
BLACKBOX
in particular,
the deviation measured as a
percentage of average tends to be greater the longer
the average runtime. For problems solved within a few
seconds, the largest deviations were only a few percent.
The other planners consistently stay within a few percent of the average. A dash indicates that the program
exhausted the available memory,or crashed.
Because the preprocessor works with instantiated
(propositional)
formulas and operators, the reduced
domain descriptions are also propositional. As already
mentioned, the preprocessor also finds and eliminates
static propositions, actions that are never applicable,
etc. To make the comparison fair, the non-reduced
version of each problem was also instantiated, and the
same static analysis applied. The planners used in
the experiments are likely not designed for propositional input (normally, the domain description is parameterised and the planner handles instantiation internally), which mayhave been the cause of some problems. Notably, we could not run HsP on the Grid domain, or any planner on the grid-2 problem.
We also ran STAN and BLACKBOXon minimalreducedversionsof the logistic.band logistic.c
problems, devised by hand. The results are shown in
table
4.
Table 5 shows the time taken to preprocess the problems used in the experiments. Besides the total time,
the percentage spent in computing the atom inconsistency relation and the reduction of the operator set is
given.

STAN

Operator
set
original
reduced
blocks-ll
2.4 sec.
0.2sec.
blocks-15 1 min.41 sec.
0.9sec.
logistic,
a
3.0sec.
1.7sec.
logistic.b
6.1sec.
0.6sec.
logistic,
c
8.0 sec.
grid-I
3.3
1.6
Problem

BLACKBOX
Operator set
original
reduced
blocks-ll
9.0sec.
0.4sec.
blocks-15
4.3sec.
logistic.a
2.0sec.
1.2sec.
logistic.b
13.1sec.
2.0sec.
logistic.c 12rain.
2 sec.
5.3sec.
grid-I
7.5sec.
I0.Isec.
Problem

GRAPHPLAN

Operator set
original
reduced
blocks-ll
3.7sec.
0.3sec.
blocks-15
4.5sec.
25sec. 3 rain.
logistic.a 7 rain.
15sec.
logistic.b 8 rain.
32sec. 1 rain.
38sec.
logistic,
c
grid-I
3.9 sec.
3.5 sec.
Problem

Problem
Discussion

of the Results

Though the results of the experiments for the most
part support our conjecture, there were also some surprises. First, redundancy is not as commonas we initially believed. In the standard benchmark domains,
including the domains from the AIPS’98 competition,
we found only three to contain redundant operators:
the Blocksworld, Logistics and Grid domains.
Second, not all planners benefit equally from reduction of the operator set. This we expected, but that the
plangraph-based plznners seem to gain the most from
reduction is a bit surprising, as the plans found using
a reduced operator set are longer, both in number of
actions and numberof time steps, than the plans found
using the original set. It is for this reason we included
GRAPHPLAN
in the test suite, since the tendency that
appears in the results of STANand Br.ACKBOX
is exhibited even more clearly by GRAPHPLAN.
There seems to be no simple relationship between
the number of operators removed and the decrease in
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blocks-ll
blocks-15
logistic,
a
logistic.b
logistic,
c

HsP
Operator
set
original
reduced
0.9 sec.
0.6sec.
5.6sec.
1.7sec.
1.2sec.
1.9sec.
1.1sec.
0.9sec.
1.5sec.
2.1sec.

Table 3: Runtimes using original and reduced operator
sets.

Problem
STAN
logistic.b
0.6 sec.
logistic,
c
3.7
Table 4:
sets.

BLACKBOX
2.0sec.
3.4 sec.

Runtimes using minimal reduced operator

From: AIPS
2000 Proceedings.Time
Copyright © 2000,
(www.aaai.org). All rights reserved.
Problem
Inc.AAAIRed.

blocks-ll
blocks-15
logistic,
a
logistic.b
logistic,
c
grid-1

6.4 sec.
33%
51.5 sec.
37%
0.4 sec.
317o
0.5 sec.
17%
0.7sec.
2570
1 mln. 52 sec. 30%

Conclusions

5970
60%
23%
17%
25%
65%

We haveintroduced
anddefined
theconceptof redundantoperators
in planning
andreduction
of an operatorset,and shownhow an approximate
reducedset
can be computed.
We havealsoprovidedsomeexperimentalevidence
thatreducing
the operator
set can
significantly
speed-up
planning.
Whatis lacking,
however,is an adequate
explanation
of thisphenomenon.
Table 5: Total preprocessing time and percent spent
According
to the argument
putforthin theintroduccomputing atom inconsistency and reduced operator
tion,thetimetosearch
fora planshould
decrease
ifthe
set.
decrease
in thebranching
factorcausedby reduction
is largeandtheincrease
in solution
depthisrelatively
small.In theLogistics
domain,wherethe gainwas
planningtime.The greatestgain was shownin the
Logistics
domain,
werethereduced
setcontains
onlya
greatest,
the redundant
fly-airplane
operators
are
few operators less than the original. The experiments
certainly
few compared
to thenumberof loadingand
withminimal
reduced
operator
setsindicate
thatminunloading
operators.
The increase
in solution
depth
imaiityis notas important
as irredundancy,
though
forreduced
problems
inthisdomain
is alsosignificant.
thedataset is reallytoosmallto drawany general
We havemadeone moreobservation
whichmay shed
conclusion
on thisquestion.
somelighton thisissue.Forplanners
basedon planninggraphs, the number of "failed levels" (i.e. the
Sources of Redundancy in the Example
number of levels in the planning graph between the
Domains
first where all goal atoms occur non-mutex and the
first level where they can actually be achieved) tend
We can distinguish
two different
kindsof redundant
operators
in the exampledomains.
The firstkindis
to be fewer when using a reduced operator set than
when using the original set. Viewing the plan graph
distinguished
by the factthattheyarenot a necesconstruction as being in fact the computation of an adsarypartof theimplementing
sequence
forsomeother
missible (underestimating) heuristic, as suggested
redundant
operator,
whichmeansall redundant
operatorsof thiskindcan be removed.
We findexamples
Boner and Geffner (lggg), we may hypothesise that reof thiskindin theBlocksworld
domain,
whereallopducing the operator set eliminates some of the "shortcuts" in the state-transition
graph, which causes the
erators
thatmovea blockfromon topof another
block
directly
to anotherblockare redundant
(as shownin
heuristic to makean estimate closer to the actual cost.
The difference in failed levels is, however, quite small
example1) andallsuchoperators
canbe removed.
(at most two, and usually only one, level).
Theotherkindis a subset
ofoperators
which"implementeachother";
we findan example
in theLogistics
Another important question concerns the applicadomain,
whereallinstances
of thefly-airplane
operbility of the reduction method to real-world probatorareredundant,
w.r.tthesetof allotherinstances, lems. We have noted that redundant operator sets
sinceanyairplane
canreachanyairport
as longas the
are not very commonin planning problems. For inremaining
operators
forma strongly
connected
spanstance, among the problems for the AIPS’98 compeningsubgraph
betweenthecities.However,
obviously
tition, only the Blocksworld, Logistics and Grid donotallof themcanbe removed.
mains were found to contain redundant operators. On
the other hand, the detection of redundant operators
The Griddomaincontains
boththe abovesortsof
redundacy.
Allinstances
of the pickup-and-loose
opis a relatively cheap computational task (at least in the
erator,
whichcausetherobotto pickupa keyanddrop
approximative sense used in this paper). In the final
another,
can be implemented
by a two-stepsequence
analysis, it should of course also be kept in mind that
(firstdropping,
thenpickingup).Someof themove
while reduction preserves solution existence, it does
operators
are redundant,
as shownin example2, but
not preserve solution length: Plans in reduced domains
thisis redundancy
of thesecond
kind;in a "circle"
of
tend to be longer and, from an execution perspective,
fouradjacent
nodes,onlyoneof thefourmoveoperthis is not a trivial price to pay.
atorscanbe removed.
Similarly,
someof the unlock
Even though this particular method may not be apoperators,
whichunlocka lockedgridnode,provided
plicable in that many cases, we are quite convinced
therobotis in an adjacent
node,canbe implemented that preprocessing of planning domains is in general a
by movingtherobotto another
adjacent
node,unlockgood idea, and that the range of possible techniques
ing fromthere,andmovingtherobotback.
has been far from exhausted. Perhaps results of this

Haslum
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paper contribute more to the understanding of the
weaknesses of plangraph based planners, and a better way to achieve the same increase in performance is
to develop more accurate heuristics.
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