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Abstract

Between 1998 and 2004, the planning community has seen vastrggress in terms of
the sizes of benchmark examples that domain-independent phners can tackle successfully.
The key technique behind this progress is the use of heuristifunctions based on relaxing
the planning task at hand, where the relaxation is to assume hat all delete lists are empty.
The unprecedented success of such methods, in many commonlged benchmark examples,
calls for an understanding of what classes of domains theseeathods are well suited for.

In the investigation at hand, we derive a formal background © such an understand-
ing. We perform a case study covering a range of 30 commonly ed STRIPS and ADL
benchmark domains, including all examples used in the rst bur international planning
competitions. We prove connections between domain structure and local search togogy
{ heuristic cost surface properties { under an idealized vesion of the heuristic functions
used in modern planners. The idealized heuristic functions called h*, and diers from
the practically used functions in that it returns the length of an optimal relaxed plan,
which is NP -hard to compute. We identify several key characteristics ¢ the topology un-
der h*, concerning the existence/non-existence of unrecognizedead ends, as well as the
existence/non-existence of constant upper bounds on the diulty of escaping local minima
and benches. These distinctions divide the (set of all) planing domains into a taxonomy
of classes of varyinch® topology. As it turns out, many of the 30 investigated domains lie
in classes with a relatively easy topology. Most particulaty, 12 of the domains lie in classes
where FF's search algorithm, provided with h*, is a polynomial solving mechanism.

We also present results relatingh* to its approximation as implemented in FF. The
behavior regarding dead ends is provably the same. We summiae the results of an em-
pirical investigation showing that, in many domains, the topological qualities of h* are
largely inherited by the approximation. The overall investigation gives a rare example of a
successful analysis of the connections between typical-sa problem structure, and search
performance. The theoretical investigation also gives hits on how the topological phenom-
ena might be automatically recognizable by domain analysigechniques. We outline some
preliminary steps we made into that direction.

1. Introduction

Between 1998 and 2004, one of the strongest trends in the plaing community has been that
towards heuristic planners, more speci cally towards the wse of heuristic distance (in most
cases, goal distance) estimation functions. The best runtne results, progressing far beyond
the sizes of benchmark examples that previous domain-indegndent planners could tackle
successfully, have been achieved based upon a technique pbked \ignoring delete lists".
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There, the heuristic function is derived by considering a réaxation of the planning task at
hand, where the relaxation is to assume that all delete listgi.e. the negative e ects of the
available planning operators) are empty. During search, mg it be forward or backward,
state space or plan space, the heuristic value of a search $tain this framework is (an
estimate of) the di culty of extending the state to a solutio n using the relaxed operators,
where \di culty” is de ned as the number of (relaxed) actions needed

The number of real actions needed to extend a search state to solution is at least
as high as the number of relaxed actions needed. So optimalkertest) relaxed solutions
can, in principle, be used to derive admissible heuristic factions. However, as was rst
proved by Bylander (1994), deciding bounded plan existencei.e., the existence of a plan
with at most some given number of actions, iSNP -hard even when there are no delete lists.
Thus there is not much hope to nd optimal relaxed plans (i.e., optimal relaxed solution-
extensions of search states) fast. Instead, one caapproximate the length of an optimal
relaxed plan to a search state. Techniques of this kind wererst, independently, proposed by
McDermott (1996) and by Bonet, Loerincs, and Ge ner (1997), who developed the planners
Unpop (McDermott, 1996, 1999), and HSP1 (Bonet et al., 1997) Both these planners
perform forward state space search guided by an approximatin of relaxed goal distance.
Unpop approximates that distance by backchaining from the gals, HSP1 approximates
that distance by a forward value iteration technique.

In the 1st international planning competition, IPC-1 (McDermott, 2000), hosted at
AIPS-1998, HSP1 compared well with the four other competitgs. This inspired the de-
velopment of HSP-r and HSP2 (Bonet & Ge ner, 1999, 2001b, 200a), GRT (Refanidis &
Vlahavas, 1999, 2001), AltAlt (Nguyen & Kambhampati, 2000; Srivastava, Nguyen, Kamb-
hampati, Do, Nambiar, Nie, Nigenda, & Zimmermann, 2001), aswell as FF (Ho mann,
2000; Ho mann & Nebel, 2001a; Ho mann, 2001a). HSP-r avoidsheuristic re-computations
by changing the search direction. HSP2 implements the varias HSP versions in a con g-
urable hybrid system. GRT avoids heuristic re-computations by changing the heuristic
direction (the direction in which relaxed plans are computal). AltAlt uses a planning
graph to extract heuristic values. FF uses a modi ed technicque for approximating optimal
relaxed plan length (namely, by computing a not necessarilyoptimal relaxed plan, which
can be done in polynomial time), as well as new pruning and seeh techniques. FF in-
spired the integration of heuristic search engines into Mig (Edelkamp & Helmert, 2001)
and STAN4 (Fox & Long, 2001), using elaborated variations of FF's relaxed plan length
estimation technique.

In the 2nd international planning competition, IPC-2 (Bacchus, 2001), hosted at AIPS-
2000, the heuristic planners dramatically outperformed the other approaches runtime-wise,
scaling up to benchmark examples far beyond reach of previa) e.g., Graphplan-based
(Blum & Furst, 1995, 1997), systems. This caused the trend twards heuristic planners
to still increase. Various researchers extended relaxed ah distance estimation techniques
to temporal and numeric settings (Do & Kambhampati, 2001; Homann, 2002, 2003a;
Edelkamp, 2003b). Others adapted them for use in partial orer plan-space search (Nguyen

1. For parallel planning, where the bound is on the number of parallel time st eps needed, deciding bounded
plan existence is easy without delete lists. However, heuristic functions based on this observation have
generally not been found to provide useful search guidance n practice (see, for example, Haslum &
Ge ner, 2000; Bonet & Ge ner, 2001b).
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& Kambhampati, 2001; Younes & Simmons, 2002), developed vaations of them to provide
new means of heuristic guidance (Onaindia, Sapena, Sebaati& Marzal, 2001; Sebastia,
Onaindia, & Marzal, 2001), or modi ed them to take exclusion relations in a planning graph
into account (Gerevini & Serina, 2002; Gerevini, Serina, Satti, & Spinoni, 2003).

In the 3rd international planning competition, IPC-3 (Long & Fox, 2003), hosted at
AIPS-2002, out of 11 domain-independent competing systems/ were using relaxed plan
distance estimations in one or the other form. The 1st prize inner LPG (Gerevini & Serina,
2002; Gerevini, Saetti, & Serina, 2003) uses, amongst othdreuristics, a relaxed planning
technigue to estimate the di culty of sub-goal achievement in a planning graph. In the
4th international planning competition, IPC-4 (Ho mann & Edelkamp, 2005; Edelkamp,
Ho mann, Englert, Liporace, Thiebaux, & Tndg, 2005), host ed at ICAPS-2004, out of 13
competing sub-optimal systems, 12 were using relaxed plandsed heuristics. There were
two 1st prize winners in that category: Fast-Downward (Helmert, 2004; Helmert & Richter,
2004) and SGPlan (Chen & Wah, 2003; Chen, Hsu, & Wah, 2004). Th latter uses the
numeric version of FF as a sub-process. One version of the foer combines FF's heuristic
estimates with a new heuristic function based on causal grdp analysis (Helmert, 2004).

In the investigation at hand, we derive a formal background & to what classes of do-
mains methods of the kind described above are well suited forWe make two simplifying
assumptions. First, we consider forward state space searobnly, as used by, for example,
Unpop, HSP, Mips, FF, and Fast-Downward. In a forward state space search, one starts
at the initial state and explores the space of reachable stas until a goal state is found.
The state transitions follow a sequentialplanning framework, where only a single action is
applied at a time.? Assuming forward search makes the investigation easier si® such a
search is a very natural and simple framework. Our second siplifying assumption is to
idealize matters in that we consider the heuristic value gien by the optimal relaxed plan
length (the length of a shortest sequential relaxed plan) toeach search states; we denote
that value with h*(s). Under this assumption, as we will see there are manyprovable
connections between domain structure and heuristic qualig. Of course, the simplifying as-
sumptions restrict the relevance of the results for practi@al planners. More on this is said
below in this section, and in Section 7. Another, more benignrestriction we make is to
consider solvable tasks only. This is a very common restrigon in Al Planning, particularly
in the competitions, where the main focus is on how good planers are at nding plans.
More speci cally, the main focus of the investigation at hand is to characterize the kinds of
domains in which (relaxed-plan based) heuristic planners an nd plans fast.

It is common knowledge that the behavior of heuristic searchmethods (may they be
global or local, i.e., with or without backtracking mechanisms) depends crucially on the
quality of the underlying heuristic function. This has, for example, been studied in the
SAT community, for example by Frank, Cheeseman, and Stutz (897). In their work, these
authors empirically investigate properties of the local search topology i.e., of topological
properties like the sizes of local minima etc., in SAT instartes under a standard heuristic
function. We adapt Frank et al.'s de nitions to Al planning. In dierence to Frank et
al., we take a more analytical approach where weprove properties that are valid across

2. In principle, a parallel forward search is possible, too. To the best of the author's knowledge, there
is no published work about an implementation of this, at the t ime of writing. The main di culty is,
presumably, the high branching factor.
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certain ranges, namely domains, of example problem instams. We investigate a range of
30 commonly used STRIPS and ADL benchmark domains includingall examples used in
the rst four international planning competitions. We iden tify several key characteristics of
the topology of the respective search spaces undéi . The characteristics are the following.

1. In 24 of the benchmark domains, there are no unrecognizededd ends, i.e., ho states
from which the goal is unreachable but for which there is a redxed plan.

2. In 17 of the above 24 benchmark domains, the \maximal exit dstance from local
minima" is constantly bounded, i.e., one can always escapeotal minima (regions
where all neighbors have a higher heuristic value) within a mmber of steps that is
constant across all instances of the domain, regardless oheir size (in fact, in 13 of
these domains there are no local minima at all).

3. In 12 of the above 17 benchmark domains, the \maximal exit dstance from benches"
is constantly bounded, i.e., one can always escape benchagdions where all states
have the same heuristic value) within a number of steps that $ constant across all
instances of the domain, regardless of their size (in 6 domas the bound is 1, in one
domain it is even 0).

Beside the \positive" results proving characteristic qualities of the h* function, the
investigation also provides (parameterized) counter-exenples in the negative cases. The
results divide the investigated domains (more generally, b possible planning domains) into
a meaningful taxonomy of classes which dier in terms of ther topological behavior with
respect toh* . Many of the 30 investigated domains lie in relatively easy tasses, i.e., classes
where h* is a { provably { high-quality heuristic. Most particularly , the 12 domains with
all the above properties lie in classes where FF's search agthm is a polynomial solving
mechanism, under the idealizing assumption that FF's appraimative heuristic function
identi es the real h* distances. FF's search algorithm, calledenforced hill-climbing, tries
to escape local minima or benches by means of a breadth- rstearch. Breadth- rst search
is exponential only in the search depth. So if local minima ad benches can always be
escaped from within a constant number of steps { as is the casim these 12 domains { then
the e ort spent in the search is polynomially bounded. In this way, our results provide
non-trivial insights into typical-case problem structure (in benchmarks), and its possible
e ects on search performance. Examples of successful thearcal investigations of this kind
are extremely rare in the Al literature.

To give the reader a feeling for what we are looking at, Figurel shows two visualized
state spaces. The shown tasks are instances of two domain®im the easiest classes of the
taxonomy, Gripper and Logistics. The graph nodes are the sttes, the edges are the state
transitions (action applications), the height is given by the h* value 3 In both pictures, the
initial state is somewhere in the left top part. The goal states are, of course, the states with
minimal { zero { h* value. The Gripper picture speaks for itself. The Logisticstopology
is less extreme, but still the state space forms one big valleat the bottom of which there
are the goal states.

3. The h* values here, and in an empirical investigation (Ho mann, 20 01b, 2003b) preceding our theoretical
analysis, were computed by an iterative deepening forward search in the space of relaxed action sequences.
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(a) (b)

Figure 1: Visualized state space undeh® of (a) a Gripper and (b) a Logistics instance.

Of course, FF's approximation of h* , which we refer to ash™" , doesnot always identify
the real h* values, and so it is a priori not evident what relevance the theoretical results
about h* have for FF's e ciency in practice. Additionally, most forw ard searching planners
do not use enforced hill-climbing, for which the topologica results have the most striking
impact. Finally, and most importantly, several competitiv e other planners do not even
perform a forward search, or use additional/new techniquesn the heuristic function that
are explicitly aimed at identifying better information tha n relaxed plans. Prominent systems
of the former kind are HSP-r and LPG, prominent systems of thelatter kind are LPG and
Fast-Downward.

As for the relevance of the results for the performance of FFthe practical performance of
FF coincides quite well with them. More concretely, the behaior of h* with respect to dead
ends isprovably the same as that ofh™F . Moreover, a large-scale empirical investigation
(contained in Ho mann, 2003b) has shown that, in many domains, the topology of h* is
largely preserved byhFF . We include a section containing a brief summary of these rests.
The relevance of the topological results for forward searclalgorithms other than enforced
hill-climbing, and the performance of planners using othersearch paradigms or enhanced
heuristics, is discussed in Section 7.

We remark that our topological investigation was not speci cally intended to identify
properties relevant to enforced hill-climbing. The theordical investigation was preceded
by an empirical investigation (Ho mann, 2001b, 2003b) where we measured all kinds of
topological parameters, including, for example, size and idmeter of local minima, benches,
and other structures such as so-called \valley" regions. Itturned out that the only topology
parameters that showed interesting behavior across a sigmant number of domains were
the maximal exit distance parameters considered in the invstigation at hand. This, in fact,
came as a surprise to us { we invented enforced hill-climbingn FF before it became clear
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that many of the planning benchmarks share topological progrties favoring precisely this
particular search algorithm.

Observe that the proved results are of a worst-case nature,e., a heuristic search using
h* can show good behavior in an example suite of a domain even ihat domain lies in
a very di cult class of the taxonomy { given the particular ex ample instances in the test
suite do not emphasize on the worst cases possible in the doima Where relevant, we will
discuss this issue with regards to the example suites used ihe competitions.

The employed proof methods give hints as to how the topologial phenomena might be
automatically detectable using general domain analysis tehniques. In an extra section, we
report on a rst (not yet very successful) attempt we made to do that.

The proofs for the individual planning domains are, in most @ases, not overly di cult,
but the full details for all domains are extremely space congming. The details (except for
the 5 IPC-4 domains), i.e., PDDL-like de nitions of the domains as well as fully detailed
proofs, can be looked up in a long (138 pages) technical reptofHo mann, 2003c) that also
forms an online appendix to the article? The article itself provides proof sketches, which
are much better suited to get an overall understanding of theinvestigation and its results.
Since even the proof sketches are sometimes hard to read, thare moved into an appendix;
another appendix provides brief descriptions of all domails. The main body of text only
gives the results and an outline of the main proof arguments sed to obtain them.

The paper is organized as follows. Section 2 provides the nessary background, i.e.
a straightforward formal framework for STRIPS and ADL domains, an overview of the
investigated domains, and the de nitions of local search t@ology. Section 3 presents some
core lemmas underlying many of the proofs in the single domas, and illustrates the lemmas’
application in a small example. Section 4 gives all the rests$ with a brief proof outline,
and shows the resulting planning domain taxonomy. Section Jresents the results relating
h* to hFF, and Section 6 reports on our rst attempt to design domain analysis techniques
for automatically detecting the h* topological phenomena. Section 7 concludes the article
with a brief discussion of our contributions and of future wak. Appendix A contains the
proof sketches for the individual domains, Appendix B contans the domain descriptions.

2. Background

Background is necessary on the planning framework, the in&igated domains, and local
search topology.

2.1 Planning Framework

To enable theoretical proofs to properties of planningdomains rather than single tasks, we
have de ned a formal framework for STRIPS and ADL domains, famalizing in a straight-

forward manner the way domains are usually dealt with in the @mmunity. We only outline

the rather lengthy de nitions, and refer the reader to the TR (Ho mann, 2003c) for details.

In what follows, by sets we mean nite sets unless explicitlysaid otherwise.

4. We remark that the TR is not a longer version of the paper at hand. The TR's overall struct ure and
presentation angle are very di erent, and it is only intende d as a source of details if needed.
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A planning domain is de ned in terms of a set of predicates a set of operators, and
a possibly in nite set of instances All logical constructs in the domain are based on the
set of predicates. Afact is a predicate applied to a tuple of objects. The operators a
(k-ary, where k is the number of operator parameters) functions from the (innite) set of
all objects into the (in nite) set of all STRIPS or ADL actions. A STRIPS action a is a
triple (pre(a); add(a); del(a)): a's precondition, which is a conjunction of facts; a's add list,
a fact set; anda's delete list, also a fact set. An ADL action a is a pair (pre(a); E (a)) where
the precondition pre(a) is a rst order logical formula without free variables, and E(a) is
a set of e ects e of the form (con(e); add(e); del(e)) where con(e), the e ect condition, is
a formula without free variables, and add(e) (the e ect's add list) as well as del(e) (the
e ect's delete list) are fact sets. If the add list of an action/e ect contains a fact p, we also
say that the action/e ect achievesp.

An instance of a domain is de ned in terms of a set of objects, a initial state, and agoal
condition. The initial state is a set of facts, and the goal condition isa formula without free
variables (in the STRIPS case, a conjunction of facts). The &cts that are contained in the
initial state are assumed to be true, and all factsnot contained in it are assumed to be false,
i.e., as usual we apply the closed-world assumption. An insince of a domain constitutes,
together with the domain's operators, a planning task (A;l; G ) where the action setA is
the result of applying the operators to the instance's objets (i.e., to all object tuples of the
appropriate lengths), and the initial state | and goal condition G are those of the instance.
We identify instances with the respective planning tasks.

A state s is a set of facts. A logical formulaholdsin a state if the state is a model of
the formula according to the standard de nition for rst ord er logic (where a logical atom,
a fact, holds i it is contained in the state). The result Result(s; hai) of applying an action
sequence consisting of a single STRIPS or ADL actiora to a state s is de ned as follows.
If the action's precondition does not hold in s, then Result(s; hai) is unde ned. Otherwise,
Result(s;hai) is obtained from s by including all of a's add e ects, and (thereafter) removing
all of a's delete e ects { if a is an ADL action, only those add e ects add(e) are included
(delete e ects del(e) are removed) for which the respective e ect condition con(e) holds in

state s is de ned as the iterative application of the single actionsin the obvious manner:
apply a; to s, then apply a, to Result(s; hayi), and so on.

A plan, or solution, for a task (A;1;G) is a sequence of actiong® 2 A that, when
successively applied tol , yields a goal state i.e., a state in which G holds. (We use the
standard notation M , where M s a set, to denote the set of all sequences of elements of
M.) For many proofs we need the notion of optimality. A plan P for a task (A;1;G) is
optimal if there is no plan for (A;l; G) that contains fewer actions than P.

Note that, as announced in the introduction, the de nition, in particular the de nition
of plan optimality, stays within the forward state space seach framework whereplans are
simple sequences of actionsNote also that ignoring the delete lists simpli es a task only if
all formulas are negation free. For a xed domain, tasks can le polynomially normalized to
have that property: compute the negation normal form to all formulas (negations only in
front of facts), then introduce for each negated fact: B a new fact not-B and make sure it
is true in a state i B is false (Gazen & Knoblock, 1997). This is the pre-process dw in,

691



Hoffmann

for example, FF. In the investigation at hand, we have consigéred the normalized versions
of the domains®

We also consider a few domains, from the IPC-4 collection, tht feature derived predi-
cates Such predicates are not a ected by the e ects of the operates, and their truth value
is instead derived from the values of the other,basic predicates, via a set of derivation
rules. A derivation rule has the form (X)) P (X) where P is the derived predicate and

(a formula) is the rule's antecedent both using the free variablesX. The obvious idea
is that, if (X) holds, then P(X) can be concluded. In a little more detail, the semantics
are de ned as follows. In the initial state, and whenever an &tion was applied, rst all
derived predicate instances (erived fact9 are assumed to be false, then all derivation rules
are applied until a xpoint occurs. The derived facts that could not be concluded until
then are said to be false (this is calledhegation as failure). Derived predicates can be used
just like any other predicate in the operator preconditions, in the e ect conditions, and in
the goal condition. However, to ensure that there is a uniquexpoint of rule application,
the use of derived predicates in derivation rule antecederst is restricted (in the context of
IPC-4) to a positive use in the sense that these predicates doot appear negated in the
negation normal form of any rule antecedent (Ho mann & Edelkamp, 2005).

To make ignoring delete lists a simpli cation, one also need that the derived facts are
used only positively in the operator preconditions, e ect conditions, and goal condition
(otherwise the derived predicates can, for example, be usetb model negated precondi-
tions etc.). Due to the negation as failure semantics of dexied predicates, there isn't a
simple compilation of negations as in the pure ADL case. The pproach we take here,
and that is implemented in, for example, the version of FF tha treats derived predicates
(Thiebaux, Ho mann, & Nebel, 2003, 2005), is to simply ignore (replace with true) negated
derived predicates in (the negation normal form of) operatas and the goal (see also below,
Section 2.3).

2.2 Domains Overview

As said before, our case study covers a total of 30 commonly ed STRIPS and ADL bench-
mark domains. These include all the examples from the rst fair international competitions,
plus 7 more domains used in the literature. Brief descriptims of all domains can be looked
up in Appendix B, full formal de nitions of the domains (exce pt the 5 IPC-4 domains) are
in the TR (Ho mann, 2003c). Note that, for de ning a domain, 0 ne must amongst other
things decide what exactly the instances are. Naturally, todo so we have abstracted from
the known example suites. In most cases the abstraction is ofious, in the less obvious
cases the respective subsection of Appendix B includes sonegplanatory remarks.

Here, we provide a brief overview of the 30 analyzed domainsThe domains are cate-
gorized into three groups according to their semantics, at aigh level of abstraction. The
categorization is not, in any way, related to the topological characterization we will derive
later. We use it only to give the overview some structure.

5. Ignoring delete lists in the normalized domains comes down to a relaxation that, basically, allows (the
translated) facts to take on both truth values at the same tim e.
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1. Transportation domains . These are domains where there are locations, objects
that must be transported, and vehicles that are the means of tansportation.® Op-
erators mostly either move a vehicle, or load (unload) an obgct onto (from) a vehi-
cle. The domains di er in terms of various constraints. An important one is that, in
many domains, vehicles can move instantaneously between grwo locations, while in
other domains the movable links between locations form arlirary road maps. There
are 13 transportation domains in the collection we look at. Logistics { the classi-
cal transportation domain, where trucks/airplanes transport objects within/between
cities. Gripper { a robot with two gripper hands transports a number of balls (one
at a time in each hand) from one room to another. Ferry { a single ferry transports
cars one at a time. Driverlog { trucks need drivers on board in order to move, the
location links form bi-directional road maps (which can be d erent for trucks and
drivers). Briefcaseworld { a briefcase moves, by conditional e ects, all objects aloig
that are inside it. Grid { a robot transports keys on a grid-like road map where
positions can be locked and must be opened with keys of matahg shapes.Miconic-
STRIPS { an elevator transports passengers, using explicit actios to board/deboard
passengersMiconic-SIMPLE { like Miconic-STRIPS, but passengers board/deboard
\themselves" by conditional e ects of the action that stops the elevator at a oor.
Miconic-ADL { like Miconic-SIMPLE , but various constraints must be obeyed (for
example, VIPs rst). Zenotravel { airplanes use fuel items that can be replenished
one by one using a refuel operator.Mprime { on an arbitrary road map, trucks use
non-replenishable fuel items, and fuel can be transferred étween locations. Mystery
{ like Mprime, but without the possibility to transfer fuel. Airport { inbound and
outbound planes must be moved safely across the road map of airport.

2. Construction domains . These are generally not as closely related as the trans-
portation domains above. What the construction domains hawe in common, roughly,
is that a complex object must be built out of its individual parts. There are 6 such
domains in the collection we look at. Blocksworld-arm { the classical construction
domain, where blocks are picked up/put down or stacked ontolnstacked from each
other by means of a robot arm. Blocksworld-no-arm { like above, but blocks are
moved around directly from a block to a block / from the table to a block / from a
block to the table. Depots{ a combination of Blocksworld-arm and Logistics, where
objects must be transported between locations before theyan be stacked onto each
other. Freecell { an encoding of the solitaire card game that comes with Micreoft
Windows (the \complex object" to be constructed is the nal p osition of the cards).
Hanoi { an encoding of the classical Towers of Hanoi problem Assembly{ a complex
object must be assembled together out of its parts, which thenselves might need to
be assembled beforehand.

3. Other domains . There are 11 domains in the collection whose semantics do ho
quite tinto either of the above groups. Simple-Tsp{ a trivial STRIPS version of the

6. The term \transportation domains" was suggested, for exa mple, by Long and Fox (2000) and Helmert
(2003). The transportation benchmarks are generally more closely related than the other groups of
domains overviewed below, and we will sometimes discuss trasportation domains on a rather generic
level.
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TSP problem, where the move operator can be applied betweenng two locations.
Movie { in order to watch a movie, one must buy snhacks, set the counteon the video
to zero, and rewind the tape. Tireworld { a number of at tires must be replaced,
which involves various working steps (like removing a at tire and putting on a new
one). Fridge { for a number of fridges, the broken compressors must be repted,
which involves various working steps (like loosening/faséning the screws that hold
a compressor). Schedule{ objects must be processed (painted, for example) on a
number of machines. Satellite { satellites must take images (of phenomena in space),
using appropriate instruments. Rovers{ rovers must navigate along a road map, take
soil/rock samples as well as images, and communicate the rnelsing data to a lander.
Pipesworld { oil derivatives must be propagated through a pipeline network. PSR {
some lines must be re-supplied in a faulty electricity netwok. Dining-Philosophers {
the deadlock situation in the Dining-Philosophers problem translated to ADL from
the automata-based \Promela" language (Edelkamp, 2003a)must be found. Optical-
Telegraph{ similar to Dining-Philosophers, but considering an encoding of a telegraph
communication system.

2.3 Local Search Topology

Remember that we only consider solvable tasks, since the maifocus of the investigation is
to characterize the kinds of domains in which heuristic plamers can nd plans fast. Some
discussion of unsolvable tasks is in Section 7.

Given a planning task (A;1; G ). The state space(S; T) is a graph whereS are all states
that are reachable from the initial state, and T is the set of state transitions, i.e., the set of
all pairs (s;s% 2 S S of states where there is an action that leads tcs® when executed in
s. The goal distancegd(s) for a state s 2 S is the length of a shortest path in (S;T) from s
to a goal state, orgd(s) = 1 if there is no such path. In the latter case,s is adead end we
discuss such states directly below. Aheuristic is a function h: S 7! N [flg .” A heuristic
can return 1 to indicate that the state at hand might be a dead end.

Given a STRIPS action a = (pre(a);add(a);del(a)), the relaxation a* of a is
(pre(a); add(a);;). Given an ADL action a = (pre(a);E(a)), the relaxation a* of a is
(pre(a); E(a)* ) where E(a)* is the same asE (a) except that all delete lists are empty. For
a set A of actions, the relaxation A* of A is A* = fa* j a2 Ag. An action sequence

where the minimum over an empty set isl .

In the presence of derived predicates, as said above we adidihally relax the planning
task by ignoring (replacing with true) all negated derived predicates in the negation normal
forms of preconditions, e ect conditions, and the goal condtion. Note that, with this
additional simpli cation, it can happen that h*(s) is 0 although s is not a goal state,
because the simpli cation might relax the goal condition itself. Indeed, this happens in the
PSR domain. In all other domains we consider here, derived mdicates are either not used
at all or used only positively, so thereh™(s)=01i sis a goal state.

7. While the article focuses mainly on the h™ heuristic, we keep the topology de nitions { which do not
depend on the speci ¢ heuristic used { somewhat more general
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One phenomenon that is clearly relevant for the performanceof heuristic state space
search is that of dead end states, gd(s) = 1 . A heuristic function h can return h(s) = 1 .
Taking this as an indication that s is a dead end, the obvious idea is to removs from the
search space (this is done in, for example, HSP and FF). Thisdchnique is only adequate if
h is completeness preservingn the sense thath(s) = 1) gd(s) = 1 forall s2 S. With
a completeness-preserving heuristic, a dead end stateis called recognizedif h(s) = 1 and
unrecognizedotherwise. Note that h* is completeness preserving. If a task can not be solved
even when ignoring the delete lists, then the task is unsolMale. From now on we assume
that the heuristic we look at is completeness preserving. Wh respect to dead ends, any
planning state space falls into one of the following four clases. The state space is called:

1. Undirected, if, for all (s;s9) 2 T, (s®s) 2 T.
2. Harmless if there exists (s;s%) 2 T such that (s®s) 62T, and, foralls2 S, gd(s) < 1 .

3. Recognized if there exists s 2 S such that gd(s) = 1 , and, foralls2 S, if gd(s) = 1
then h(s)= 1.

4. Unrecognized if there existss 2 S such that gd(s)= 1 andh(s) < 1.

In the rst class, there can be no dead ends because everythincan be undone. In the
second class, some things can not be undone, but those singl@ected state transitions do
not \do any harm", in the sense that there are no dead end stats. In the third class, there
are dead end states, but all of them are recognized by the heisgtic function. The only
critical case for heuristic search is class four, where a segdn algorithm can run into a dead
end without noticing it. This is particularly relevant if, p otentially, large regions of the
state space consist of unrecognized dead end states. To caypé this, we de ne the depth of
an unrecognized dead end as the number of statess®such that sis an unrecognized dead
end, ands®is reachable froms by a path that moves only through unrecognized dead ends.

Our investigation determines, for each of the 30 benchmark dmains looked at, exactly in
which of the above four dead end classes the instances of themhain belong. For the domains
where it turns out that there can be unrecognized dead ends, & construct parameterized
examples showing that the unrecognized dead ends can be attarily deep. In several
domains, individual instances can fall into di erent classes. In this case we associate the
overall domain with the worst-case class, i.e., the class i highest index in the above.
For example, in Miconic-ADL, if there are no additional constraints to be obeyed on the
transportation of passengers then the state space is harmés as in Miconic-SIMPLE. But
if constraints on, for example, the possible direction of tavel and the access to oors are
given, then unrecognized dead ends can arise. To avoid clum$anguage, henceforth, if we
say that a state space is harmless/recognized/unrecognizk then we mean that it falls into
the respective class, or into a class below it.

We now get into the de nitions of general topological phenonena, i.e., of relevant prop-
erties of the search space surface. We adapt the de nitionsigen for SAT by Frank et al.
(1997). The di erence between the SAT framework there, and tie planning formalism here,
lies in the possibly single-directed state transitions in panning. In the search spaces consid-
ered by Frank et al., all state transitions can be traversed n both directions. Single-directed
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state transitions can have an important impact on the searchspace topology, enabling, for
example, the existence of dead ends.

The base entity in the state space topology are what Frank et & name plateaus These
are regions that are equivalent under reachability aspectsand look the same from the point
of view of the heuristic function. For | 2 N [flg , aplateauP of levell is a maximal subset
of S for which the induced subgraph in (S; T) is strongly connected, andh(s) = | for each
s 2 P.92 Plateaus dier in terms of the possibilities of leaving their heuristic level, i.e., of
reaching anexit. For a plateau P of level |, an exit is a state s reachable fromP, such that
h(s) = | and there exists a states® (s;s% 2 T, with h(s% < h(s). Based on the behavior
with respect to exits, we distinguish between ve classes oplateaus. We need the notion
of at paths. These are paths in §;T) on that the value of h remains constant.

1. A recognized dead ends a plateau P of levell = 1 .

2. A local minimum is a plateau P of level 0<|< 1 from that no exit is reachable on
a at path.

3. A benchis a plateau P of level 0< | < 1, such that at least one exit is reachable
from P on a at path, and at least one state on P is not an exit.

4. A contour is a plateauP of level 0<|< 1 that consists entirely of exits.
5. A global minimum is a plateau P of level 0.

Each plateau belongs to exactly one of these classes. IntiNely, the roles that the di erent
kinds of plateaus play for heuristic search are the followig. Recognized dead ends can
be ignored with a completeness-preserving heuristic funan. Local minima are di cult
because all neighbors look worse, so it is not clear in whichigéction to move next. Benches
are potentially easier, because one can step o them withouttemporarily worsening the
heuristic value. From contours, one can step o immediately'®

The main di culty for a heuristic search is how to deal with th e local minima and the
benches. In both cases, the search algorithm must (eventulg) nd a path to an exit in
order to get closer to the goal (as far as the heuristic functon is informed about what is
closer to the goal and what is not). How dicult it is to nd an e xit can be assessed by a
variety of di erent parameters. The size (number of states) or diameter (maximum distance
between any two states) of the local minimum/the bench, and the number of nearby exit
states, to name some important ones. In the benchmarks cordéred, as mentioned in the
introduction, we empirically found that there are no (or very few) interesting observations
to be made about these parameters (Ho mann, 2001b, 2003b).

8. One can, of course, introduce backtracking mechanisms irto a search space, such as always giving the
planner the possibility to retract the last step. But that do es not a ect the relevant topological di erences
between search spaces { instead of domains with/without dead ends, one gets domains where backtracking
is necessary/not necessary.

9. The di erence to the undirected case is that we require the states on the plateau to be strongly connected
{ with undirected state transitions this is trivially full  led by any set of connected states.

10. The di erences to the undirected case lie in that there ca n be plateaus of level1 , and that we allow exits
to not lie on the plateaus themselves. The latter is just a min or technical device to obtain a compact
terminology.
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What one can frequently observe are interesting properties of thedistanceto the nearest
exit state. The distance dist(s;s) between any two statess;s’ 2 S is the usual graph
distance, i.e., the length of a shortest path froms to s%in (S;T), or 1 if there is no such
path. The exit distance ed(s) of a search states is the distance to the nearest exit, i.e.:

ed(s) = minfdj dis the length of a path in (S; T) from s to a state s?s.t. h(s9) = h(s),
and there exists a states®s.t. (s®s% 2 T, and h(s% <h (s9 g,

where, as before, the minimum over an empty set id . Note that we do not require the
path in the de nition to be at, i.e., it may be that, in order t o reach s% we temporarily
have to increase theh* value. This is because we want the de nition to capture posdile
\escape" routes from any state in the state space, includingstates that lie on local minima.

The maximal local minimum exit distance, mimed(S; T), of a state space §;T) is the
maximum over the exit distances of all states on local minima or O if there are no such
states. Themaximal bench exit distancembedS; T), of a state space §; T) is the maximum
over the exit distances of all states on benches, or O if therare no such states. We will nd
that, in many of the considered domains, there are constant pper bounds onmimed(S; T)
and/or mbedS;T) under h*, i.e., bounds that are valid irrespectively of the (size of he)
instance chosen.

The following is an implication that is relevant for the subsequent investigation.

Proposition 1  Given a solvable taskA;I; G ), with state space(S; T) and a completeness-
preserving heuristich, whereh(s) =0 ) gd(s) =0 for s 2 S. If there exists an unrecognized
dead ends 2 S, then mimed(S;T)= 1 .

Proof: Let s be an unrecognized dead end, and let® be a state reachable froms so that
the h value of s®is minimal. Then s%is an unrecognized dead end, too (in particular,s is
considered reachable from itself), and sincé(s) =0 ) gd(s®) = 0 we have h(s) > 0. We
further have, since the h value of s®is minimal among the states reachable froms, that
h(s® h(sY for all states s®reachable froms® Thus the plateau on which sClies is a local
minimum { no exits are reachable, in particular not on at pat hs. This also shows thats®
has in nite exit distance. 2

Proposition 1 says that, in every region of unrecognized deh ends, there is a local
minimum, given h(s) =0 ) gd(s) = 0.1 With the above de nitions, that unrecognized
dead end state yields an in nite local minimum exit distance. It makes sense to de ne
things this way because an (arbitrarily deep) unrecognizediead end is worse than any local
minimum: it can not be escaped from at all.

11. Remember that the latter can be untrue for h* only if the domain features derived predicates that
appear negated in the negation normal form of the goal condition. And even then, by the argument in
the proposition, every region of unrecognized dead ends would contain a global minimum consisting of
non-solution states. We could have de ned such \fake"-glob al minima to be local minima, but decided
against it in order to not overly complicate the topological de nitions, and since that detail does not
seem very important. As said before, in all but one of our 30 domains we haveh™ (s)=0 , gd(s)=0
anyway.
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3. Some Core Lemmas

In many of the investigated domains, intuitively similar patterns of problem structure cause
the characteristic qualities of h*. Some of this common structure can be generalized and
captured in concise de nitions and lemmas. The lemmas formlate su cient criteria im-
plying that (the state space of) a planning task has certain bpological properties. Proofs
for domains proceed, where possible, by applying the lemmato arbitrary instances. In
several domains where the lemmas can not be applied immedielly (due to syntactic details
of the domain de nitions), similar proof arguments su ce to show the desired topological
properties.

We restrict ourselves to STRIPS tasks in the lemmas. Approprate extensions to ADL
and/or to derived predicates are probably possible at leasin certain cases, but we have not
investigated this in detail { such extensions are likely to be rather complicated notationally,
and the simpler STRIPS case su ces to transport the ideas.

initial state:

at(V;L1);at(O1;L1); at(Oz; L 2)

goal:

at(Oq;L>2);at(O2;L1)

actions:

name precondition add list | delete list
move(l;19 | at(V;l) at(V;19 | at(Vv;I)

load(o; 1) at(Vv; ), at(o;1) |in(o;V) | at(o;1)

unload(o; 1) | at(V;l), in(o;V) | at(o;l) | in(o;V)

Figure 2: A simple STRIPS transportation task.

Throughout the section, we assume we are given a STRIPS taskA(I; G ). As an illus-
trative example for the de nitions and lemmas, we will use the simple transportation task
de ned in Figure 2. In what follows, there are three separatesections, concerned with dead
ends, local minima, and benches, respectively.

The de nitions and lemmas in the following are not syntactical, in the sense that they
make use of informations that can not be computed e ciently (for example, inconsistencies
between facts). We do not discuss this, and focus exclusivwelon the role of the de nitions
and lemmas as tools for provingh* topology. The role of the de nitions and lemmas as
tools for automatically detectingh* topology will be discussed in Section 6.

3.1 Dead Ends

We rst focus on criteria su cient for the non-existence of d ead ends. Our starting point is
a reformulated version of a simple result mentioned by, for gample, Koehler and Ho mann
(2000). We need the notion ofinconsistency. Two facts are inconsistent if there is no
reachable state that contains both of them. A set of factsF is inconsistent with another set
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of facts FCif each fact in F is inconsistent with at least one fact in F212 An action a2 A
is invertible if:

(1) add(a) is inconsistent with pre(a);
(2) del(a) pre(a);
(3) there is an actiona 2 A such that

(@) pre(@ (pre(a)[ add(a)) ndel(a),
(b) add(a) = del(a), and
(c) del(a) = add(a).

The intentions behind these requirements are the following (1) and (2) ensure that
a's e ects all occur, (3a) ensures thata is applicable, and (3b) and (3c) ensure thata
undoesa's e ects. As an example, all actions in the illustrative task from Figure 2 are
invertible. For example, ana = move(l; 19 action is inverted by a = move(I® ). To see that,
simply insert the de nitions: add(a) = fat(V;I9g is inconsistent with pre(a) = fat(V;I)g;
del(a) = fat(V;l)g = pre(a); pre(a) = fat(V;1%g = add(a); add(a) = fat(V;l)g = del(a);
del(@) = fat(V;19g = add(a). Similarly easily, one sees thatload(o;1) and unload(o; )
invert each other. Examples of benchmark domains with invetible actions are Blocksworld
(in both variants), Logistics, and Gripper.

Lemma 1 [Koehler & Ho mann, 2000] Given a STRIPS planning task (A;1;G). If all
actions a2 A are invertible, then the state space of the task is undirecte

Proof. For any state s and applicable action a, a is applicable in Result(s; hai) due to
condition (3a) of invertibility. Conditions (1) and (2) mak e sure that a's e ects do in fact
appear (condition (1) requires that each fact in the add listis inconsistent with at least one
fact in the precondition), and conditions (3b) and (3c) make sure that a undoes exactly
those e ects. 2

We remark that, in contrast to what one may think at rst sight , a task can have an
undirected state space even if some actions are not invertlb in the above sense. Imagine,
for example, an action a where del(a) = fpg and pre(a) = fp%, and, due to the domain
semantics, ifp°is true then p is also true. This means thata's delete e ect always appears;
however, this can not be detected with the simple syntax chdc del(a) pre(a), used in
the de nition above.

We next provide a new criterion that is weaker { more broadly applicable { than
Lemma 1, and that only implies the non-existence of dead ends The criterion is based
on a weaker version of invertibility, and on two alternative properties whose combination
can make an action \safe".

To make an action a not lead into a dead end, it is already su cient if the inverse action
re-achievesat leastwhat has been deleted, and does not delete any facts that haveeen true

12. It may seem more natural to de ne inconsistency between fact sets in a symmetrical fashion, demanding
that every fact in F be inconsistent with every fact in F° In our context here, that de nition would be
stronger than what we need.
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before. That is, given a states in which a is applicable, applying a in Result(s;hai) leads
us back to a statesCthat satis es s° s. Formally, an action a 2 A is at least invertible if
there is an actiona 2 A such that:

(1) pre(@ (pre(a) [ add(a)) ndel(a),
(2) add(a) del(a), and
(3) del(a) is inconsistent with pre(a).

Condition (1) here ensures, as before, tha@ is applicable in Result(s; hai). Condition
(2) ensures that a re-achieves every fact that was deleted bya. Condition (3) ensures
that the facts deleted by a were not true in s anyway. Note that any invertible action is
also at least invertible. Conditions (1) and (2) are obvioudy given. As for condition (3),
if del(a) = add(a) (condition (3c) of invertibility), and add(a) is inconsistent with pre(a)
(condition (1) of invertibility), then del(a) is inconsistent with pre(a). So \invertible" is
stronger than \at least invertible"; we chose the name \at least" for the latter to illustrate
that, with this de nition of invertibility, =~ a potentially \re-"achieves more facts than we had
in the original state s.

As an example, consider what happens if we modify thenove(l; 19 action in Figure 2 to
include avisited (19 fact in its add list. The resulting action is no longer invertible because
move(I%1) does not deletevisited (19. If we apply, in state s, move(l;19 and move(I® 1)
in sequence, then now that gets us to a states® that is identical to s except that it also
includes visited (1) and visited (19, which may not have been true before. Move actions of
this kind form the Simple-Tsp domain. They are at least invertible in the above sense:
pre(move(1® 1)) = fat(V;19g = add(move(l;19); add(move(1®1)) = fat(V;I);visited (I)g
fat(V;l)g = del(move(l;19); del(move(l;19) = fat(V;19g is inconsistent with fat(V;1)g =
pre(move(l; 19).

Another property implying that an action can not lead into de ad ends is this. If the
action must be applied at most once (because its add e ects Wliremain true), and it deletes
nothing but its own preconditions, then that action needs na be inverted. Formally, an
action a 2 A has static add e ects if:

add(a) \ [ del(@) = ;:
a2 A

An action a 2 A hasrelevant delete e ects if:

del(a)\ (G[ [ pre(aY)) 6 ;:
a6 a2 A

If del(a)\ (G| Sag 2004 Pre(ad) = ;, then we say that a hasno relevant delete e ects, which
is the property we will actually be interested in. In the illu strative task from Figure 2,

imagine we disallow unloading an object at its initial location, and loading an object at
its goal location. Then the remaining unload actions (unload(O;; L) and unload(O»;L1))

have static add e ects { nho action can delete the goal positim of an object { and no relevant
delete e ects { the only action that needs an object to be in the vehicle is the respective
unload at the goal location. Actions that have such characteistics are, for example, the
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actions that make passengers get out of the lift in Miconic-SRIPS (a passenger can get
into the lift only at his/her origin oor, and get out of the li ft only at his/her destination
oor). Another example is contained in the Tireworld domain, where there is an action
that in ates a at wheel: there is no \de- ating” action and s o the add e ects are static;
no action nor the goal needs a wheel to be at so there are no rel/ant delete e ects.

Lemma 2 Given a solvable STRIPS planning task(A;1;G). If it holds for all actions
a2 A that either

1. ais at least invertible, or
2. a has static add e ects and no relevant delete e ects,

then the state space of the task is harmless.

executing an arbitrary plan for (A;1; G) thereafter. In these processes, actions that are not
(at least) invertible can be skipped because by prerequisit they have static add e ects and
no relevant delete e ects.

In more detail, the proof argument proceeds as follows. To ay reachable states =

a solution for (A;1;G) (which exists as (A;|; G) is solvable by prerequisite). We construct
P with the algorithm shown in Figure 3.

M =
for i:=n:::1do
if a is at least invertible by & then
if & 62M apply & endif
elseM = M [f ag
endif
endfor
fori:=1:::mdo
if pp 62M then apply p; endif
endfor

Figure 3: Constructing plans in tasks where all actions are igher at least invertible, or have
static add e ects and no relevant delete e ects.

In the algorithm, M serves as a kind of memory set for the actions that could not be
inverted. We need to prove that the preconditions of all appled actions are ful lled in the
state where they are applied, and that the goals are true uportermination. Let us start
with the rst loop. We denote by s; := result(l; hay;:::;aji) the state after executing the
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ith action on the path to s, and by s? the state before the rst loop starts with value i. We

prove: [ [

s (si\ (G pre(a)) [~ add(a)
a2 AnM; a2M;

M; here denotes the current state of the set. We proceed by baclard induction over i.
If i = n, we gots?=s; and M; = ;, so the equation is trivially true. Now assume the
equation is true fori 1. We prove that the equation holds fori 1. If a; is not at least
invertible, then no action is applied, s¢ ; = s’ and M; ; = M; [f ag. Concerning the
left hand side of the expression on the right hancgside of the @uation, we observe that a;
does by prerequisite not delete any fact fromG[ —,,anv, , Pre(a) (M; 1 contains &), so
all relevant facts from s; ; have already been true ins®. Concerning the right hand side
of the expressi%n on the right, we observe that the facts inadd(a;) are never deleted by
prerequisite, so 55, , add(a) is contained in s?. Now assume thata; is at least invertible
by ai. We got M; 1 = M;. Assumed is applied, i.e.,a 62M;. It is applicable because its
preconditions are contained ins;j, and it is not an element of M;. For the resulting state
siO 1, all facts that & has deleted froms; 1 are added, and only facts are deleted that have
not been true in's; ; anyway; also, none of the add e ects of actions inM; is deleted, so the
equation is ful lled. Finally, if & is not applied, & 2 M, then @ has static add e ects and
was applied before, so its add e ects are contained irs’, and a's delete e ects are empty.
Inserting i =0 in the equation we have just proved, we get

so (I\ (G [ pre(a))) [ [ add(a)
a2AnMg a2Mo

The second loop starts fromsy. So we start a solution plan, excluding the actions in a
set Mg, from a state including all initial facts that are contained in the goal or in the
precondition of any action not in Mg. As the state additionally contains all add e ects of
all actions in Mg, and those add e ects are not deleted by any action, it is cleathat we
can simply skip the actions in Mg and achieve the goal. 2

As an example to illustrate the proof, consider a reachabletate in the Tireworld domain.
Every action is invertible, except the action that in ates a wheel. Say, as in the proof, we
are in a state s reached by the action sequencéa,;:::;ani. What the algorithm in Figure 3
will do is, undo everything we have done, by applying the respctive & actions, except for
the in ating actions a;. The latter will be stored in the set M. This gets us to a state
that is identical to the initial state, except that we have al ready in ated some of the at
wheels (those corresponding to the actions itM ). From that state, the algorithm executes
an arbitrary solution, skipping the previously applied in ating actions (in M).

3.2 Local Minima

We de ne an important kind of relationship between the role of an action in the real task
and its role in the relaxed task. Combining this de nition wi th the notions of at least
invertible actions, and (no) relevant delete e ects, yields a criterion that is su cient for the

non-existence of local minima underh* (or, equivalently, for O being an upper bound on
the maximal local minimum exit distance). The criterion can be directly applied in 7 of the
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30 investigated domains, and can be applied with slight modcations in 2 more domains.
Many of the more individual proofs make use of similar, albei somewhat more complicated,
proof arguments.

The key property behind the lack of local minima under h* is, most of the time, that
every action that is good for solving the real task is also god for solving the relaxed task.
Formally, an action a 2 A is respected by the relaxationif:

for any reachable states 2 S such thata starts an optimal plan for (A;s; G), there is an
optimal relaxed plan for (A;s; G) that contains a.

Note that one can assume the relaxed plan to start witha, since in the relaxation it can
only be better to apply an action earlier.

All actions in the illustrative task from Figure 2 are respected by the relaxation. Con-
sider the move(l;19 actions, for example. If, in a state s, an optimal plan starts with
move(l; 19, then there must be a good reason for this. Either a) atl®there is an object that
has yet to be transported, or b) an object is in the truck that must be transported to 1% In
both cases, any relaxed plan must also transport the objectand there is no chance of doing
so without moving to 1°at some point. Similarly, if an optimal plan starts with a load(o; I)
action, then this means that o must be transported somewhere else, and the relaxed plan
does not get around loading it. Finally, if an optimal plan starts with an unload(o; I) action,
then this means that | is the goal location of o, and any relaxed plan will have to include
that action.

Similar arguments as the above can be applied in many transptation domains. The
argument regarding move actions becomes a little more comated if there are non-trivial
road maps, unlike in the illustrative example where there ae only two locations that are
reachable in a single step from each other. Say the road map ia (any) directed graph,
and we modify the move action from Figure 2 only in that we add aprecondition fact
demanding the existence of an edge frorhto I° Then all move actions are still respected by
the relaxation, because ignoring delete lists does not a ecthe shape of the road map. Any
optimal real path from a location | to a location 1° coincides with an optimal relaxed path
of movements froml to |19 (even though the result of executing the path will be di erent).
From there, the claim follows with the same argument as abovenamely, that an optimal
plans moves froml to [°only if some object provides a reason for doing so.

If a transportation domain features additional constraints on, or side e ects of, the move
actions, then they may not be respected by the relaxation. Wegive an example below, after
formulating our main lemma regarding local minima under h* .

Note that there can exist local minima even if all actions arerespected by the relaxation.
Consider the following transportation task, featuring single-directional edges in the road
map graph. As argued above, all actions are respected by theelaxation. A vehicle and
two objects 01, 0, are initially at |; o, must go to |1 and o, must go to I,; the edge froml
to I; is single-directed and the edge from to I, is single-directed; betweerl; and I,, there
is a path of n bi-directional (undirected) edges. The optimal relaxed phn for the state s
where, from the initial state, o, and o, were loaded, has length 4. move fronh to 1, and |5,
and unload o; and o, at I; and |, respectively. However, once one moved, is, to either I,
or |, the optimal relaxed plan length goes up ton + 2, since the entire path betweenl; an
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I, must be traversed. Sos lies on a local minimum, given that n > 2; note that, by setting
n to arbitrarily high values, we get a local minimum with arbit rarily large exit distance.

It turns out that preventing the above example, precisely, making use of the notions of
invertibility and of relevant delete e ects, as introduced above, su ces to get rid of local
minima under h*.

Lemma 3 Given a solvable STRIPS task(A;l;G), such that the state spacqgS;T) does
not contain unrecognized dead ends. If each actioa 2 A

1. is respected by the relaxation, and
2. is at least invertible or has no relevant delete e ects,

then there are no local minima in (S; T) under evaluation with h* .

Proof: The states with gd(s) = 1 are not on local minima by prerequisite, withh* (s) = 1 .
We will prove that, in every reachable state s with 0 < gd(s) 6 1 , if an action a starts
an optimal plan for (A;s;G), then h* (Result(s;hai))  h*(s). This proves the lemma:
iterating the argument, we obtain a path from s to a goal state s, where the value ofh*
doesnot increase on the path. This means that from s an exit is reachable on a at path {
h(s® =0 < h(s) so at some point on the path theh* value becomes lower tharh(s), thus
s can not lie on a local minimum.

Let s be a reachable state with 0< gd(s) 6 1 . Let a be an action that starts an
optimal plan for (A;s;G). We denote s°:= Result(s;hai). The action is respected by the
relaxation, so there is an optimal relaxed planP " (s) for (A;s; G) that starts with a.

Case (A), removing a from P ™ (s) yields a relaxed plan for (A;s®G). Then h*(s9 <
h* (s) follows, and we are nished. This is the case, in particular if a has no relevant delete
e ects: the facts that a deletes are not needed by any other action nor by the goal, sB™ (s)
without a achieves the goal starting froms® (where a has already been applied).

Case (B), assume removinga from P* (s) does not yield a relaxed plan for s° Then,
with what was said before, a does have relevant delete e ects, and must thus be at least
invertible. That is, there is an action a2 A with pre(a) (pre(a) [ add(a)) ndel(a) and
add(@) del(a). The action a is guaranteed to be applicable ins® and it re-achievesa's
delete e ects. Denote byP* (s9 the action sequence that results from replacing, inP ™ (s),
awith a. Then P*(s9 is a relaxed plan for (A;s® G). This can be seen as follows. Observe
that, by de nition, P (s) without a is a relaxed plan for Result(s;ha*i) (we abbreviate
the notation somewhat to improve readability). The desired property now follows because
Result(s® a*i) is a superset ofResult(s;ha*i): we have Result(s;ha*i) = s[ add(a),
s= (s[ add(a)) ndel(a), and add(@) del(a). SoP*(sY is a relaxed plan for (A;s® G),
yielding h* (s9 h* (s). 2

The proof to Lemma 3 demonstrates along which lines, typicdy, the proof arguments
in this investigation proceed. Given a states, consider an actiona that starts an optimal
plan for s, and consider an optimal relaxed planP™* for s (that contains a, ideally). Then,
determine howP* can be modi ed to obtain a relaxed plan for the state that resuits from
a's execution. This technique forms the basis of literally al proofs except those concerned
with dead ends. Note that the second prerequisite of Lemma 3si ful lled by planning
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tasks qualifying for the undirectedness or harmlessness iteria given by Lemmas 1 and 2.
Note also that, with what was said above, we have now proved tht the state space of the
illustrative example in Figure 2 is undirected, and does notcontain any local minima under
h*.

Domains where all actions are respected by the relaxation &, for example, the STRIPS
transportation domains Logistics, Gripper, Ferry, and Miconic-STRIPS. In all these cases,
the respective proof arguments are very similar to what we s@ above. It is instructive
to have a look at some examples where an action isot respected by the relaxation. In a
transportation domain, this can, for example, happen due tofuel usage as a \side e ect"
of moving. Concretely, in the Mystery domain, applying a move action deletes a fuel unit
at the start location (the location in that the move starts). If fuel is running low at some
locations, a (real) plan may have to move along fuel-rich deiations in the road map. A
relaxed plan does not need to do that { it can always move alonghe shortest connections
on the map { because, there, the actions do not delete the fualnits.

Formulated somewhat more generally, relaxed plans can takéshort-cuts” that don't
work in reality. If these short-cuts are disjoint (in the starting actions) with the real solution
paths, then local minima may arise even if all actions are (atieast) invertible. In the above
discussed transportation case, the short-cuts corresponih a very intuitive manner to what
one tends to think about as short-cuts (on a road map, namely) This is not the case in
general, i.e., in other kinds of domains. Consider the Blockworld-arm state depicted in
Figure 4.

Figure 4. A local minimum state in Blocksworld-arm. The goal is to have B on the table,
and C on B.

In the depicted state, denoteds, B is on A is on the table, and the arm holds C. The
goal is to have B on the table, and C on B2 The only optimal plan for s is to put C down
on the table, then unstack B from A and put it down on the table, then pickup C and stack
it onto B. The only optimal relaxed plan for s, however, is to stack C onto B immediately,
then unstack B from A, then put B down to the table. The \short- cut" here is that the
relaxed plan does not have to put C down on the table, becausetacking C onto B does
not delete the fact that declares B's surface as unoccupiedAs a result, s lies on a local

13. Usually, in Blocksworld there are no goals demanding a block to be on the table. In the example, this is
done only for the sake of simplicity: one could just introduc e one more block D and demand that B be
on D for the goal.
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minimum under h*.'* The reason, intuitively, why h* does not yield any local minima in
many domains, is that \vicious" short-cuts like in this exam ple just don't happen.

3.3 Benches

We could not nd a nice general su cient criterion implying u pper bounds on the maximal
exit distance from local minima { except the special case aba® where there are no local
minima at all and thus 0 is an upper bound on the maximal local mnimum exit distance.
We did, however, nd a simple proof argument determining an upper bound on the maximal
exit distance from benches, in tasks that qualify for the appgication of Lemma 3. The proof
argument works, sometimes with slight modi cations, in all the 7 domains where Lemma 3
can be directly applied { in all these domains, the maximal beach exit distance is bounded
by 1 (bounded by 0, in one case).

The proof argument is based on observing that, in many domais, some of the actions
have only delete e ects that are irrelevant (for the relaxed plan, at least) once the action was
applied on an optimal solution path. Formally, an action a 2 A has relaxed-plan relevant
delete e ectsif:

for any reachable states 2 S such that a starts an optimal plan for (A;s; G), there is no
n

optimal relaxed planha;as;:::;ani for (A;s;G) such thatdel(a)\ (G[ i, pre(a)) = ;.
If, for any reachable states 2 S such that a starts an optimal plan for (A s; G), there is an
optimal relaxed plan ha;ay;:::;ani for (A;s; G) such that del(a)\ (G[ L; pre(a)) = ;,
then we say that a has no relaxed-plan relevant delete e ects, which is the propertywe will
actually be interested in. With this notation, if a has no relaxed-plan relevant delete e ects,
and it starts an optimal plan for s, then a relaxed plan for Result(s;hai) can be constructed

value decreases frons to Result(s;hai). Note that n can be set to 0 ifa results in a goal
state from s. Note also that, by de nition, any action with no relaxed-pl an relevant delete
e ects is respected by the relaxation; if an action is not repected by the relaxation, then
we can not claim anything about h* anyway. Note nally that, assuming an action a that
is respected by the relaxation, ifa has no relevant delete e ects, i.e., ifa does not delete a
goal or any precondition of another action, thena also has no relaxed-plan relevant delete
e ects in the sense of our de nition.

Consider again our illustrative example from Figure 2. Say ve have a states in which
load(o; 1) starts an optimal plan. This means that o has yet to be transported, to a location
16 1. In particular, it means that at(o;l) is not a goal, and it follows that the action
{ whose only delete e ect is at(o;l) { has no relevant delete e ects (no other action has
at(o;l) in its precondition). Further, say unload(o;l) starts an optimal plan in s. This
means that | is the goal location of 0. After applying the action, the goal for o will be
achieved, and no action will need to refer too again, in particular no action will require oto
be inside the vehicle, which is the only delete e ect ofunload(o;l). So that action neither

14. We have h* (s) = 3. The h* value after, in s, putting C down to the table is 4 (any relaxed plan has to
apply two actions for each of the two goals). The h* value after stacking, in s, C onto B is still 3 (the
relaxed plan is unstack C B, unstack B A, put down B), but from t here the only successor state is to
unstack C from B again, going back to s.

706



Where \Ignoring Delete Lists" Works

has relaxed-plan relevant delete e ects. In contrast, consler the move(l; 19 action, that

deletesat(V;l). Say we are in the states where O1 has been loaded intoV from the initial

state of the task. Then move(L;L>) starts an optimal plan for s, and any relaxed plan
for Result(s;move(L 1; L>)i) has to include the action move(L »; L 1), moving back from L
to L, in order to be able to transport O,. So the delete e ect of move(L;L>), hamely
at(V;Ly), is relaxed-plan relevant.

If, in a task satisfying the prerequisites of Lemma 3, an optinal starting action has no
relaxed-plan relevant delete e ects, then one can apply cas (A) in the proof of Lemma 3,
and obtain a smaller h* value. To bound the maximal exit distance from benches, all e
need to do is to identify a maximum number of steps after whichthat will happen.

Lemma 4 Given a solvable STRIPS task(A;l;G) that satises the prerequisites of
Lemma 3. Let d be a constant so that, for every non dead-end state 2 S, there is an

for (A;s; G), where ag has no relaxed-plan relevant delete e ects. Denote, for 0 i n,
si := Result(s;ha;:::;ai). With the argumentation in Lemma 3, we have h* (s;) h* (s)
for all i. Consider the state sy 1. By prerequisite, there is an o@imal relaxed plan for
(A;sq 1;G) that has the form hag;a;:::;a%i, wheredel(ag)\ (G[ ~ 2, pre(a?d)) = ;. But
then, obviously, had;:::;a%i is a relaxed plan forsy, and soh*(sq) h*(sq 1) 1. The
distance fromsto sq 1isd 1, and so the lemma follows. 2

Lemma 4 can be directly applied in 5 of the 7 domains that qualiy for Lemma 3. Its
proof argument can, in a somewhat more general version, be afied in the 2 other domains
as well { namely, in Ferry and Gripper, where loading an objet deletes space in the vehicle {
and in one more domain { namely, Miconic-SIMPLE, that uses sane simple ADL constructs.
In the other domains where we proved an upper bound on the maxnal exit distance from
benches (and/or an upper bound on the maximal exit distance fom local minima), the
proof arguments are (a lot, sometimes) more complicated. Rmnsidering the illustrative
example, as stated above thdoad and unload actions have no relaxed-plan relevant delete
e ects, while the move actions do. Now, obviously, since the two locations are acasible
from each other with a single move, no optimal plan applies mee than one move action
in a row, i.e., in any optimal plan the rst or second action will be a load/ unload. With
Lemma 4 this tells us that the maximal exit distance from bendes is bounded by 1. A very
similar argument can be applied in all other transportation domains where every pair of
locations is connected via a single move (as in, for examplé,ogistics). More generally, in
(the standard encoding of) a transportation domain with no other constraints (regarding,
for example, fuel), and with an undirected road map graph, the exit distance is bounded
by the diameter of the road map graph, i.e., by the maximum distance of any twolocations
(nodes) in the graph. The \worst" thing a solution plan might have to do is to traverse the
entire road map before loading/unloading an object!®

15. With directed road map graphs, as explained above, local minima can arise. More technically, Lemma 3
can not be applied, and so Lemma 4 can not be applied either.
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4. A Planning Domain Taxonomy

We now list our proved results, with brief explanations of hav we obtained these results.
We then summarize the results in the form of a planning domaintaxonomy.

We group the \positive" results { those which prove the non-existence of topological
phenomena that are problematic for heuristic search { togeher in single theorems. The
\negative" results are shown separately by sketching courgr examples. We consider dead
ends, local minima, and benches in that order. Remember thatwith respect to dead ends,
the only problematic case for heuristic search is when therare unrecognized dead ends, c.f.
Section 2.3.

Theorem 1 The state space of any solvable instance of

1. Blocksworld-arm, Blocksworld-no-arm, Briefcaseworld Depots, Driverlog, Ferry,
Fridge, Gripper, Hanoi, or Logistics is undirected,

2. Grid, Miconic-SIMPLE, Miconic-STRIPS, Movie, Pipeswor Id, PSR, Satellite,
Simple-Tsp, Tireworld, or Zenotravel is harmless,

3. Dining-Philosophers, Optical-Telegraph, Rovers, or Shedule is recognized under eval-
uation with h*.

In Blocksworld-arm, Blocksworld-no-arm, Driverlog, Ferry, Gripper, Hanoi, and Logis-
tics, Lemma 1 can be directly applied. In Briefcaseworld, Dgots, and Fridge, due to some
subtleties the actions are not invertible in the syntactical sense, but it is easy to show
that every action has an inverse counterpart. In Movie, Micaic-STRIPS, Simple-Tsp, and
Tireworld, Lemma 2 can be directly applied, in Grid and Miconic-SIMPLE similar proof
arguments as used in Lemma 2 su ce. In Pipesworld, PSR, Satdite, and Zenotravel, some
easy-to-see more individual domain properties prove the atence of dead ends. In the do-
mains where all dead ends are recognized Wy, the individual domain properties exploited
in the proofs are somewhat more involved. For example, in Raers there is a plan to a state
if and only if, for all soil/rock samples and images that needto be taken, there is a rover
that can do the job, and that can communicate the gathered daa to a lander. The only
chance to run into a dead end is to take a soil/rock sample witha rover that can not reach
a lander (the soil/rock sample is available only once). But then, there is no relaxed plan to
the state either.

In the 6 domains not mentioned in Theorem 1 (Airport, Assembly, Freecell, Miconic-
ADL, Mprime, Mystery), it is easy to construct arbitrarily d eep unrecognized dead ends
(arbitrarily long paths of unrecognized dead ends). For exaple, in Mystery and Mprime
the relaxed plan can still achieve the goal in situations whee too much fuel was consumed
already; in Airport, two planes that block each other's paths may move \across" each other
in the relaxed plan.

The positive results regarding local minima are these.

Theorem 2 Under h*, the maximal local minimum exit distance in the state space foany
solvable instance of
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1. Blocksworld-no-arm, Briefcaseworld, Ferry, Fridge, Grid, Gripper, Hanoi, Logistics,
Miconic-SIMPLE, Miconic-STRIPS, Movie, Simple-Tsp, or Ti reworld is O,

2. Zenotravel is at most 2, Satellite is at most 4, Schedule is at most5, Dining-
Philosophers is at most31

In Ferry, Gripper, Logistics, Miconic-STRIPS, Movie, Simple-Tsp, and Tireworld,
Lemma 3 can be applied. In Fridge and Miconic-SIMPLE, the actons do not adhere syn-
tactically to the de nitions of invertibility and (no) rele vant delete e ects, but have similar
semantics. So Lemma 3 can not be directly applied, but similaarguments su ce: it is easy
to see that all actions are respected by the relaxation, andhe proof of Lemma 3 can be in-
dividually adapted to take into account the particular prop erties regarding invertibility and
relevant delete e ects. (For example, if a passenger gets awf the lift in Miconic-SIMPLE,
then the delete e ect is that the passenger is no longer insid the lift, which does not matter
since the passenger has reached her destination.) In Blooksrld-no-arm, Briefcaseworld,
and Grid, rather individual (and sometimes quite involved) arguments prove the absence
of local minima under h*. The proof method is, in all cases, to consider some state and
identify a at path from s to a state with better h* value. For example, in Grid this is done
by moving along a path of locations contained in the relaxed fan for s, until a key can
be picked up/put down, or a lock can be opened (this is a very shpli ed description, the
actual procedure is quite complicated). In Hanoi, one can pove that the optimal relaxed
solution length for any state is equal to the number of discs hat are not yet in their nal
goal position. This su ces because no optimal plan moves a dic away from its nal posi-
tion. Note that, thus, the Hanoi state spaces underh™ are a sequence of benches decreasing
exponentially in diameter and size.

In Zenotravel, Satellite, and Schedule, the proofs proceedy identifying a constant
number of steps that su ces to execute one actiona in the optimal relaxed plan for a state
s, and, without deleting a's relevant add e ects, to re-achieve all relevant facts thd were
deleted bya. In Dining-Philosophers (as well as Optical-Telegraph), die to the subtleties of
the PDDL encoding { which was, as said, obtained by an automaic compilation from the
automata-based \Promela" language (Edelkamp, 2003a) {h* is only very loosely connected
to goal distance: in the relaxation, an automaton (for examge, a philosopher) can always
\block itself" with at most 3 actions. The bound for Dining-P hilosophers follows from
the rather constant and restrictive domain structure, where a constant number of process
transitions, namely 6, always su ces to block one more philsopher. The proved bound
is derived from this, by considering that 4 planning actions are needed for each process
transition, and that certain additional actions may be needed due to the subtleties of the
PDDL encoding (where a process can be \in between" two of itsriternal states). We remark
that the bound is valid even for the trivial heuristic functi on returning the number of yet
un-blocked philosophers. In fact, the proof forh* can be viewed as a corollary of a proof for
this heuristic function; we get back to this at the end of this section. We nally remark that
the highest exit distance underh* that we could actually construct in Dining-Philosophers
was 15. We conjecture that this is a (tight) upper bound.

In Satellite, Schedule, and Zenotravel, the proved upper bonds are tight. In all of
Dining-Philosophers, Satellite, Schedule, and Zenotrade the bounds are valid for any non-
dead end states. So, beside a bound on the local minimum exit distance, theseesults

709



Hoffmann

also provide a bound on the bench exit distance, and will be reised for that below in this
section.

In Airport, Assembly, Freecell, Miconic-ADL, Mprime, and M ystery, as stated above
there can be unrecognized dead ends, so by Proposition 1 thedal minimum exit distance
in these domains is unbounded. In all other domains not mentined in Theorem 2, i.e., in
Blocksworld-arm, Depots, Driverlog, Optical-Telegraph, Pipesworld, PSR, and Rovers, one
can construct local minima with arbitrarily large exit dist ances. The most complicated
example is Optical-Telegraph, where, in di erence to Dining-Philosophers, one can construct
situations where the number of process state transitions neded to block one more process is
arbitrarily high. Optical-Telegraph is basically a version of Dining-Philosophers with more
complicated philosophers, that have more freedom of what talo next. This freedom enables
situations where a whole row of philosophers at the table musperform two transitions each
in order to block one more philosopher. Details are in Append A.2. A simpler example is
Blocksworld-arm (as well as Depots, in which Blocksworld-am situations can be embedded).

disassembling processh* increases. Note that this is basically an extended versionfahe
illustrative example from Figure 4.

As an interesting side remark, note that we have now proved a dpological di erence
between Blocksworld-arm and Blocksworld-no-arm: in the ldter, there are no local minima
at all under h™, in the former, the exit distance from them can be arbitrarily large. While
this is intriguing, it is not quite clear if there is a general message to learn from it. One might
interpret it as telling us, in a formal way, that encoding details can have a signi cant impact
on topology, and with that on search performance. FF, for exanple, is much more e cient
in Blocksworld-no-arm than in Blocksworld-arm. It should b e noted, however, that the two
domains di er also semantically, namely in that plans in Blocksworld-no-arm are half as
long as plans in Blocksworld-arm. From a practical point of view, it would be interesting
to explore if this Blocksworld observation can be generalied into encoding methods trying
to model a domain in a way making it best suited forh*. Some more on this is said in
Section 7.

The positive results regarding benches are these.

Theorem 3 Under h*, the maximal bench exit distance in the state space of any salble
instance of Simple-Tsp isO, Ferry is at most 1, Gripper is at most 1, Logistics is at most
1, Miconic-SIMPLE is at most 1, Miconic-STRIPS is at most 1, Movie is at most 1,
Zenotravel is at most 2, Satellite is at most 4, Schedule is at most5, Tireworld is at most
6, and Dining-Philosophers is at most31.

In Simple-Tsp, Ferry, Gripper, Logistics, Miconic-STRIPS, Movie, and Tireworld,
Lemma 4 can be directly applied. Determining what actions hae (no) relaxed-plan rel-
evant delete e ects is easy in all the domains; in Tireworld t is somewhat complicated to
see when, at the latest, such an action can be applied in an ophal plan. For Miconic-
SIMPLE, similar arguments as in Lemma 4 su ce. For Zenotravel, Satellite, Schedule, and
Dining-Philosophers, the respective bounds were shown ale already.
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Note that, in Simple-Tsp, we proved that there are no local mnima and that the exit
distance is 0. This implies that h* is, in fact, identical to the real goal distance: the entire
state space consists of contours and global minima.

Our topological distinctions divide planning domains into a taxonomy of classes which
di er in terms of the behavior of their state spaces with respect to h*. A visualization of
the taxonomy, with the results for the 30 investigated domans, is given in Figure 5.

Mystery

Blocksworld-arm Pipesworld { Mprime
Depots ' PSR ' Rovers ' Miconic-ADL
Driverlog | Optical-Telegraph | Freecell
| | | Assembly
| Airport
|Hanoig
Blocksworld-no-arm [0] |
0 Fridge [0] 3
U . b
g | Prefoasewond[o]  endll
E ' Tireworld [0,6] ' Dining-Phil. [31,31] '
E o ' Satellite [4,4] ' Schedule [5,5] ‘
v ' Zenotravel [2,2] |
3 | Logistics [0,1] { Miconic-SIMPLE [0,1]
£ |Ferry [0,1] i Miconic-STRIPS [0,1]
Gripper [0,1] | Movie [0,1] | L
i Simple-Tsp [0,0] ‘ ‘
undirected harmless recognized unrecognized

Figure 5: A planning domain taxonomy, overviewing our resuts.

The taxonomy, as shown in Figure 5, has two dimensions. Th&-axis corresponds to the
four dead end classes. Thg-axis corresponds to the existence or non-existence of cdast
upper bounds on the local minimum exit distance, and on the bach exit distance. Note
that this visualization makes the simplifying assumption that the domains with bounded
bench exit distance are a subset of the ones with bounded lobminimum exit distance. This
assumption is not justi ed in general, but holds true in our speci c collection of domains.
Also, the question whether there is a bound on the di culty of escaping benches does not
seem as relevant when, anyway, it can be arbitrarily di cult to escape local minimat® The
speci ¢ bounds proved for the individual domains are given n parentheses, local minimum
exit distance bound preceding bench exit distance bound inhe cases where there are both.
The bottom right corner of the taxonomy is crossed out becaus no domain can belong to
the respective classes$’

16. Similarly, when benches can be arbitrarily large it is not as relevant if or if not the local minima are
small or non-existent. In that sense the respective results for Briefcaseworld, Fridge, Grid, Blocksworld-
no-arm, and Hanoi are only moderately important. Still they constitute interesting properties of these
domains.

17. By Proposition 1, the existence of unrecognized dead end implies the non-existence of constant upper
bounds on the local minimum exit distance, given there are no states with gd(s) 6 0 but h* (s) = 0. Such
states can exist, but only if the domain features derived pre dicates that appear negated in the negation
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What Figure 5 suggestsis that h* -approximating heuristic planners are fast because
many of the common benchmark domains lie in the \easy" regios of the taxonomy. More
concretely, as described in the introduction, when provide with the h* function, FF's
search algorithm enforced hill-climbing is polynomial in the domains located in the low-
ermost classes of the taxonomy (i.e., in domains with constat bounds on both maximal
exit distances). From a more empirical perspective, the disnction lines in the taxonomy
coincide quite well with the practical performance of FF. FF excels in 11 of the 12 domains
that belong to the lowermost classes of the taxonomy (the moe di cult domain is Dining-
Philosophers, whose upper bound is exceptionally high). Irthe 5 \middle" domains (no
local minima but potentially large benches) FF performs wel, but does not scale up as
comfortably as in the easier domains. As for the more complexlomains: Blocksworld-arm,
Depots, Driverlog, Optical-Telegraph, Pipesworld, and PSR are amongst the most chal-
lenging domains for FF. In Mprime and Mystery, FF performs just as bad as most other
planners. In Freecell and Miconic-ADL, FF is among the top paforming planners, but often
runs into unrecognized dead ends in the larger instances (feexample, the larger Freecell
instances used at AIPS-2000). In Airport, Assembly and Roves, FF performs pretty well in
the respective competition example suites; however, in thee domains the competition suites
hardly explore the worst-cases of the domain topology (detids on this are in Appendix A).

We do not discuss in detail the relation between the taxonomyand the empirical per-
formance of all the other heuristic planners that make use ofan h* approximation in one
or the other way. One observation that can de nitely be made is that all these planners
have no trouble in solving instances from the domains with the most extremeh™ properties.
In Simple-Tsp, Ferry, Gripper, Logistics, Miconic-SIMPLE , Miconic-STRIPS, and Movie,
to some extent also Zenotravel, all such planners scale up e comfortably. In particular,
they scale up much more comfortably in these domains than thg typically do in the other
domains, at least without additional (for example, goal ordering) techniques.

In the next section, we treat the connection between the taxmomy and FF's performance
in a more analytical way, by relating the properties ofh™ to properties of FF's approximation
of h*, called hFF. Before we do so, some remarks on the relation of the taxonomyo
complexity theory are in order. The question is whether ther is a provable relation, i.e., a
relation between the distinction lines in the taxonomy, and the complexity of deciding
plan existence in the respective domains. We were able to cstruct an NP -hard domain
(a domain where deciding plan existence iNP -hard) where h* does not yield any local
minima; the maximal bench exit distance in that domain is, however, unbounded. We tried,
but we were not able to come up with anNP -hard domain that has constant bounds on
both maximal exit distances. It remains an open question whther such a domain exists
or not. If the answer is \yes", then the lowermost classes of he taxonomy form a group
of domains that are worst-case hard, but typically very easyto solve (at least as far as

normal form of the goal condition. But even then, in the prese nce of unrecognized dead ends there
would be \fake"-global minima, i.e., global minima consist ing of non-solution states, in fact consisting
of unrecognized dead ends.
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re ected by the hitherto benchmarks). If the answer is \no", then we have identi ed a very
large polynomial sub-class of planning®

Talking about polynomial sub-classes, an intriguing obsevation can be made here about
the trivial heuristic function returning, for a state s, the number of goals that are not true
in s. Let's call this function h®. With a little thinking, one realizes that, in fact, all the
12 domains where we proved constant bounds on both maximalitedistances underh* also
have such constant bounds undeh®. On the other hand, for the remaining 18 of the 30
domains (except Miconic-ADL) it is easy to see that there areno constant bounds forh®.
In Logistics, for example, clearly the maximum number of st@s needed to achieve one
more goal is 12. 4 steps each (move, load, move, unload) withia package's origin city,
between the origin city and the destination city, and within the destination city. In Dining-
Philosophers, for example, the upper bound forh* was, as said, proved as a corollary of
an upper bound for h®. In Blocksworld, for example, clearly it can take arbitrarily many
steps to achieve one more goal, namely if a block that must be oved is buried beneathn
other blocks that do not need to be moved.

While the above observation appears rather signi cant at r st sight, it is probably not
very important, neither in theory nor in practice. For one th ing, it is a coincidence that,
here, the set of domains with both constant bounds undem® is the same as the set of
domains with both constant bounds underh®. A simple counter example for the general
case is a \graph-search" domain, where the task is to nd a pah between two nodes in a
directed graph, using the obvious \at"-predicate and \connected"-predicate based encoding.
There, h* is equal to the real goal distance (since one never needs to ne back), while
hC can, clearly, be arbitrarily bad. For another thing, while d omains like Logistics have
constant exit distance bounds underh®, these bounds are too large to be practically useful.
For example, with h*, FF needs to look at most 2 steps forward in each breadth- rst
search iteration of enforced hill-climbing, in any Logistics instance. With h®, breadth- rst
searches up to depth 12 would be needed. So, at most, the obsation regarding h® is a
noteworthy statement about the current planning benchmarks. It remains an open question
whether the (coincidental) correspondence between the bawds for h*, and for h€, in the
investigated 30 domains, can be exploited for, e.g., deteittg such bounds automatically.

5. Relating h* to hFF

Our discussion relating h* to hFF is structured in two separate sections. The rst one
brie y discusses provable relations betweerh* and hFF. The second section summarizes
the results of a large-scale empirical investigation aimedat identifying to what extent the
topological properties ofh*, in the benchmarks, get preserved byhFF .

5.1 Provable Relations between h* and hFF

One thing that is very easy to observe is that the behavior ofh* and h™F is provably the
same with respect to dead ends, i.e., both heuristics returnl in the same cases. This
is simply because both heuristics returnl in a state s i there is no relaxed plan for s.

18. Presumably, to prove the latter, one would need to characterize that class in a purely syntactic manner
on the level of PDDL de nitions, since h* is derived directly from the PDDL syntax. The author's wild
guess it that this is not going to work, and that the answer is \ yes".
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For h* this follows by de nition. For hFF it follows from the completeness, relative to the
relaxation, of the algorithm that computes relaxed plans (Ho mann & Nebel, 2001a). That
algorithm is a relaxed version of Graphplan (Blum & Furst, 1995, 1997). In each states,
FF runs Graphplan on the task wheres is the initial state, and the delete lists of all actions
are empty. Without delete lists, Graphplan is guaranteed to terminate in polynomial time.
If Graphplan terminates unsuccessfully, thenh"F (s) is set to 1 . Otherwise, the number of
actions in the returned plan is taken as the heuristic valuehFF (s) of the state.1® Graphplan
is a complete algorithm { it terminates successfully if and aly if there is a plan { and so
hFF issettol i there is no relaxed plan for s. It follows that the dead end classes of the
benchmarks are the same undeh* and h"F .

The relaxed plans found by Graphplan have (just as in generalSTRIPS) the property
that they are optimal in terms of the number of parallel time steps, but not in terms of the
number of actions. So, in generalhFF is not the same ash* (even if P is the same as\P ).
FF uses the following heuristic techniques for action choie in relaxed Graphplan, aiming
at minimizing the number of selected actions (Ho mann & Nebd, 2001a). First, if a fact
can be achieved by a NOOP (a dummy action propagating a fact fom time stept to time
stept + 1 in Graphplan's planning graph), then that NOOP is selected. This guarantees
that every non-NOOP action is selected at most once (of coums, selected NOOP actions are
not counted into the relaxed plan). Second, if there is no NO® available then an action
with minimal precondition weight is chosen, where \weight" is de ned as the summed-
up indices of the rst layers of appearance (in the planning gaph) of the precondition
facts. Third, actions selected at the same parallel time stp are assumed to be linearized
by order of selection; so an actiona selected aftera® will be assumed to achieve a fact
p2 add(a) [ pre(a) even if a and a°are selected at the same parallel time step.

There are two very restrictive sub-classes of STRIPS in whie hFF is provably the same
ash*. The rst demands that every fact has at most one achiever.

Proposition 2 Let (A;1;G) be a STRIPS planning task so that, for all factsp, there is at
most one actiona 2 A with p 2 add(a). Then, for all states s in the task, h* (s) = hFF (s).

Proof. The proposition follows from the observation that, when running relaxed Graph-
plan, the only choice points are those for action selectionthese choice points will always
be empty or unary in our case. This implies that all actions séected by Graphplan are
contained in any relaxed plan. In more detail, the latter can be proved by an induction
over the regression steps in relaxed Graphplan. Les be a state for which there is a relaxed
plan. At the top level of the regression, actionsa are selected to support all goals that are
not contained in s. These goals need to be supported in any relaxed plan, and the are
no other actions for doing so. The same holds true for the preanditions of the selected
actions: if p 2 pre(a) is not in s, then a supporter must be present in any relaxed plan,
and that supporter will be selected by relaxed Graphplan. Iterating the argument, we get
the desired property. The claim then follows because, as px@d by Ho mann and Nebel

(2001a), relaxed Graphplan selects every action at most orc 2

19. Note that this is an estimate of sequential relaxed plan length. The length of the planning graph builtb y
Graphplan corresponds to the optimal length of a parallel re laxed plan, an admissible heuristic estimate.
However, as indicated before, such heuristic functions have generally not been found to provide useful
search guidance in practice (see, for example, Haslum & Ge ner, 2000; Bonet & Ge ner, 2001b).
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Our second sub-class of STRIPS demands that there is at mostne goal, and at most
one precondition per action.

Proposition 3 Let (A;1;G) be a STRIPS planning task so thajfGj 1 and, forall a2 A,
jpre(a)j 1. Then, for all states s in the task, h* (s) = hFF (s).

Proof. Under the given restrictions, relaxed planning comes downd nding paths in the
graph where the nodes are the facts, and an edge is betwegnand p®i there is an action
with pre(a) = p and add(a) = p° (empty preconditions can be modelled by a special fact
node that is assumed to be always true). A state has a relaxedlagn i it makes a fact node
true from which there is a path to the goal node. Relaxed Graplplan identi es a shortest
such path. 2

The prerequisites of Propositions 2 and 3 are maximally gereus, i.e., when relaxing one
of the requirements, one loses thé* (s) = h™F (s) property. To obtain sub-optimal relaxed
plans with Graphplan, i.e., to construct cases wheren® (s) 6 hFF (s), it su ces to have one
fact with two achievers, and either two goal facts or one actbn with two preconditions. The
following is such an example. There are the facts, g, p, and p° The goal isfg:; g0, the
current state is empty. The actions are shown in Figure 6.

name (pre; add; del
opgi = (fpg fog )
opg-p = (fpg fog )
opgk-p’ = (fp% fog ;)
opp = Gy fpg %)
opp® = G % )

Figure 6: Actions in an example task whereh™F 6 h*.

The optimal relaxed plan here ishopp, opgi, opge-pi. However, Graphplan might choose
to achieve g» with opgy-p° ending up with the (parallel) relaxed plan hfopp, opp%, fopa:,
opgx-pYi. Note that each action has only a single precondition, only asingle fact has more
than one achiever, and there are only two goals. A similar exaple can be constructed for
the case where there is only one goal but one action with two mrconditions.

Obviously, the syntax allowed by either of Propositions 2 or3 is far too restrictive to
be adequate for formulating practical domains?® We did not investigate whether there are
any more interesting situations whereh* and hFF are the same; our intuition is that this
is not the case.

A di erent question is whether there are provable relationsbetweenh* and h™F in (some
of) the 30 benchmark domains considered in théh* investigation. We did not investigate
this question in detail { note that such an investigation would involve constructing detailed

20. We remark that the syntax identi ed by Proposition 3 is a s ub-class of a tractable class of STRIPS
planning identi ed by Bylander (1994). In Bylander's class , a constant number g of goal facts is allowed,
where g can be greater than 1; the preconditions may be positive or negative.
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arguments about all the individual domains, which is clearly beyond the scope of this paper.
None of the domains is captured by either of Propositions 2 of3. A few results that are
easy to obtain are the following. In Simple-TSP, Movie, and Mconic-STRIPS, h* and hFF
are the same. This follows from the extremely simple structwe of these domains, where
nding step-optimal relaxed plans with Graphplan always results in relaxed plans with an
optimal number of actions. However, even in the only slighty more complicated domains
Ferry, Gripper, Logistics, Miconic-SIMPLE, and Zenotravel, one can easily construct states
where Graphplan's relaxed plans may be unnecessarily longn Miconic-STRIPS this does
not happen because there is only a single vehicle (the lift)with no capacity restrictions
(on the number of loaded objects, i.e., passengers). With seral vehicles and transportable
objects, as can occur in Logistics and Zenotravel (as well aBriverlog, Depots, Mprime,
Mystery, and Rovers), the di erence betweenh* and hFF can become arbitrarily large.
Just imagine that n objects must be transported from| to 1° and n vehicles are available
at |. For parallel relaxed planning, it makes no di erence if a shgle vehicle transports all
objects, or if one di erent vehicle is selectedper individual object. In particular, even with
FF's action choice heuristics in relaxed Graphplan,hFF may be 2n +1 just as well as 3n.%!
In Ferry and Gripper, where there is only a single vehicle (wih capacity restrictions), it
may be that there is an upper bound on the di erence betweenh®™ and hF; we did not
check that in detail.

In spite of the above, the author's personal experience frondeveloping FF is that, at
least in relatively simply structured domains with not many di erent operators/di erent
ways to achieve facts, the relaxed plans found by relaxed Gghplan are typically pretty
close to optimal. There are, presumably, the following two easons for this. First, the
employed action choice heuristics. For example, in the Griddomain, a relaxed plan may
choose to pick up a keyk with the sole purpose of dropping it again when picking up
another key k° with a pickup-and-lose action (c.f. Appendix B.12). This does not happen
when selecting actions with minimal precondition weight (the pickup-and-lose action has a
higher weight than the pickup action unless one already hold k in the considered state).
Second, many of the published benchmarlnstance suitesare quite restricted. In Logistics,
for example, the situation outlined above, n objects andn vehicles waiting at a location I,
can not happen for trucks because there is only a single truckn each city. As for airplanes,
in the published benchmark instances there usually are onlfew of these, and s will be
small.

5.2 Empirical Relations between h* and hFF

In a large-scale empirical investigation (Ho mann, 2003b) it turned out that hFF typically
preserves the quality ofh*. The investigation was aimed at verifying, in those domains
whereh® has some \positive" topological property (for example, yidding no local minima),
to what extent that property is inherited by hFF. We considered 20 benchmark domains,
namely the same domains as in the paper at hand, except the 10PC-3 and IPC-4 domains.

21. One could circumvent this particular phenomenon by, whe n selecting an action in relaxed Graphplan,
employing a minimization of the summed up weight of the preco nditions of all actions selected so far. It
is a topic for future work to explore if this has any e ect on FF 's performance.
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Note that, of the latter 10 domains, only three, namely Dining-Philosophers, Satellite, and
Zenotravel, have positive topological properties.

The experimental approach was to take samples from state spas (a technique adapted
from work by Frank et al., 1997). More precisely, the method vas the following. Of each
domain, a random generator was used to produce a large set okample instances. The
instances were grouped together according to the values ohé domain parameters i.e., the
input parameters to the generator (for example, number of oors and number of passengers
in Miconic-SIMPLE). Then, for each single instance, 100 stées were sampled, i.e., 100
random sequences of actions were executed in the initial s, where the sequence length
was chosen randomly in the interval between 0 and 2 times FF'plan length.??> Of each
resulting state s, the exit distance ed(s) was computed by a breadth- rst search, and another
search determined whethers was located on a valley, i.e., whether there was no path from
s to a goal state on which the hFF value decreased monotonically®> The maximal exit
distance of an instance was approximated as the maximum ovethe exit distances of the
sample states. For every group of instances, the mean numberf states on valleys, and the
mean maximal exit distance, were computed. The results wereisualized by plotting these
values over the scaling domain parameters. We give some exates for this directly below,
after summarizing the overall results.

The results of the experiment strongly suggested thah™F typically preserves the quality
of h*, in the considered benchmark domains. Of the 13 domains in wibh h* provably yields
no local minima, almost no sample states were located on valys except in 2 domains,
namely Grid and Hanoi. More precisely, in the 11 other domairs the experiment considered
a total of 230 groups of random instances; in one of these grps, 50% of the sample states
lay on valleys, in another group it were 22%, in another eight groups it were below 10%,
and in the remaining 220 groups not a single valley state wasolund. As for the maximal
exit distance from benches, of all the tested instances of doains in which there is a bound
under h*, only a single sample state had an exit distance larger thantat bound, namely
an exit distance of 2 instead of 1 in the Logistics domair?*

Blocksworld-no-arm || 0.0 | 0.0 | 0.0 0.1 0.0
Gripper 00| 00| 0.0 0.0 0.0
Hanoi 0.0| 0.0| 96.0| 100.0| 100.0
Tireworld 0.0| 00| 0.0 0.0 0.0

Figure 7: Percentage of sample states on valleys. Mean valador a linear increase of the
respective domain parameter.

Figure 7 provides the results regarding sample states on viys, in those considered
domains where there are no local minima (and thus no valleysunder h*, and where in-

22. We tried a few other sampling strategies and found that th ey did not make much di erence in terms of
the obtained results.

23. Intuitively, each local minimum lies at the bottom of a va lley. We used valleys in the experiment since
it may be hard to nd a local minimum state by sampling.

24. The author's guess is that the results of a similar empiri cal investigation in Dining-Philosophers, Satellite,
and Zenotravel would be similar, i.e., that the sampled maxi mal exit distances would hardly increase
above the upper bounds proved for h* .
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stances are characterized by a single domain parameter (M@ and Simple-Tsp are left out
since therehFF is provably the same ash*). In Blocksworld-no-arm, that parameter is
the number of blocks (plus randomization of initial and goal states); in Gripper it is the
number of balls to be transported; in Hanoi it is the number of discs; in Tireworld it is the
number of at tires. In each domain, from left to right the tab le entries correspond to a
linear increase in the domain parameter (2 ... 11 blocks, 1 ..100 balls, 3 ...10 discs, and
1 ...5 tires, respectively). Obviously, the only domain tha does not \behave" is Hanoi {
where h* isn't a very useful heuristic anyway, yielding very large benches, c.f. Section 4.

Blocksworld-no-arm || 0.3 | 1.8| 2.8| 3.8 | 3.7
Gripper 10| 10| 10(|10] 1210
Hanoi 6.0| 23.0| 12.0| 2.0| 2.0
Tireworld 6.0 60| 6.0|6.0]| 2.0

Figure 8: Sampled maximal exit distance. Mean values for a fiear increase of the respective
domain parameter.

Figure 8 shows the results regarding the sampled maximal ekidistance in domains
characterized by a single domain parameter. In Gripper and Treworld, the sampled values
respect the bound that is valid for h* (in the largest Tireworld example, sampling did not
nd a maximum state in the rather large state space). By compaison, the sampled values
in Blocksworld-no-arm, where there is no bound forh* , show a clear increase. Again, the
behavior of Hanoi is odd.

Figure 9 shows (part of) the results for a domain that is charaterized by more than one
domain parameter, namely Logistics. In domains with at lea$ two domain parameters, the
experimental method was to run one experiment for each pair bthem. In each experiment,
all parameters except the respective pair was set to some x#value. The data could then
be visualized in 3-dimensional plots like the ones in Figur®. In the gure, the parameters
scaled are the number of cities and the number of objects (\pekages") to be transported;
the parameter range is 1 ...9 in both cases. City size and nundr of airplanes are both
xed to 3. Of each parameter value combination, 10 random insances were generated (and
100 states were sampled per instance). No valley states wefeund, except with 3 cities
and 9 objects, where 2 of the 1000 sample states were located a valley. With 5 cities and
3 objects, in a single instance one sample state had exit dighce 2, rather than the bound
1 valid for h* { the single such bound violation found in the entire experiment.2®

As indicated before, the Grid domain was, with Hanoi, the only domain for that the
experiment suggested a major di erence between the topoldgs of h* and hFF. Large
fractions of the sample states, up to 624%, were located on valleys. There was a clear
tendency of increase of the percentage, both with increasiongrid size and with increasing
number of keys to be transported.

All in all, the experiment con rmed that, in all of the Blocks world-no-arm, Briefcase-
world, Ferry, Fridge, Gripper, Logistics, Miconic-SIMPLE , and Tireworld domains, h™F

25. The decrease in the mean sampled maximal exit distance fo very large parameter values suggests that
it becomes harder, for sampling, to nd the maximum states in the rather large state spaces.
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(@) (b)

Figure 9: Mean sampled valley percentage (a) and maximal ekidistance (b) in Logistics,
when scaling cities k-axis) against objects {/-axis).

largely preserves the quality ofh™ (no local minima and/or a constant bound on the maxi-
mal exit distance from benches). Remember that Miconic-STRPS, Movie, and Simple-Tsp
are three more domains where this, provably, applies.

6. Towards Automatically Detecting h* Phenomena

The lemmas presented in Section 3 provide a natural startingpoint for investigations into
domain analysis techniques trying to detect the topologichphenomena automatically. Such
domain analysis techniques would be useful for con guring kbrid systems, i.e., for the
automatic selection of heuristic functions that are likely to be well-suited for solving a given
planning task. Further, such techniques would be useful foravoiding the need to re-do
the h* investigation for every single new planning domain. Finally, on the basis of such
analysis technigues one may be able to compute good lower bods onh* , and with that an
informative admissible heuristic function. Some more disassion of these points is contained
in Section 7.

The question to be addressed is if, to what extent, and how, te application of the
lemmas from Section 3 can be automated, i.e., if and how one naautomatically check
whether their prerequisites are satis ed in a given STRIPS task. In the section at hand,
we present a preliminary attempt we made to do that. While the attempt was not very
successful, we believe that the investigation has value intwing up what one can achieve
with some simple analysis techniques, and what weak points @uld be needed to be improved
upon in order to obtain better results.

Invertible (or at least invertible) actions, and actions with irrelevant delete/static add
e ects, are syntactically de ned in Section 3 and thus easy b \detect". The only di culty
is to nd inconsistencies between facts. While this is as had as planning itself, there are
several approximation techniques in the literature (for example, Blum & Furst, 1995, 1997;
Fox & Long, 1998; Gerevini & Schubert, 2000, 2001; Rintanen2000), which tend to work
very well, at least in the current benchmarks. The challengeis to nd more syntactical
characterizations of actions that are respected by the relgation, and of actions that have
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no relaxed-plan relevant delete e ects. Now, in many domairs where these phenomena
occur, such as for example Ferry, Gripper, Logistics, Micorc-STRIPS, Movie, Simple-Tsp,
and Tireworld, intuitively when one looks at the domains the causes of the phenomena
seem similar. But when getting down to the actual syntax of these domain descriptions,
the individual details are very di erent and it becomes very di cult to get a hold on the
common ground. There does not seem to be a simple syntacticale nition that captures
the behavior of the actions in all these domains; at least we id not nd such a syntactical
de nition. Instead, we tried to reason about the \additive s tructure" of the domains, and
its possible \interactions" with the delete e ects. (The in tuition being that, in the domains
with very simple h*™ topology, the interactions aren't very harmful.) We captur ed the
additive structure of a domain/of an instance in a data structure called fact generation
trees. The next subsection describes this data structure and its bsic properties, then a
subsection gives our results in an extreme case &f topology, then a subsection outlines a
somewhat more advanced analysis technique we developed.

6.1 Fact Generation Trees

The fact generation tree, shortFGT, to a planning instance is basically the AND/OR tree
that results from a regression search starting at the goalswhen ignoring the delete e ects of
the actions. Tree nodes are labelled with facts and actionsleernatingly. Fact nodes are OR
nodes { they represent a choice of achieving actions { and a@in nodes are AND nodes {
their preconditions represent sets of facts that must be acleved together. We assume a goal
achievement action, as known from, for example, the descrijpon of UCPOP (Penberthy &
Weld, 1992). That action is the root (AND) node of the FGT, and the top level goals form
its sons. Obviously, the sons of a fact node are all the actionthat achieve the fact, and
the sons of each action node are all the precondition facts ahe action. (For the sake of
simplicity, we stayed in a pure STRIPS framework in this investigation.) Tree structures of
this kind were, for example, described and used by Nebel, Diopoulos, and Koehler (1997)
in their work on automatically detecting irrelevant facts and operators. Note that the FGT
does not take account of the interactions that may arise whertrying to achieve the facts
below an AND node together. As an e ect of ignoring the deletelists, the FGT treats all
these facts completely separately.

We terminate the FGT by applying the following two rules.

1. Say we just inserted an action nodeN (a) labeled with action a. If there is a fact
p 2 pre(a) so that a fact node labeled with p occurs on the path from the root node
to N (a), then N(a) is pruned.

2. Say we just inserted, as a son of an action nodH (a), a fact node N (p) labeled with
fact p. If there is an action a® with p 2 pre(a%, so that an action node labeled with
a® occurs on the path from the root node toN (a), then N (p) is pruned.

Intuitively, the rules disallow the generation of branchesin the FGT that would be redun-
dant for a relaxed plan. Formally, we call a relaxed plan nonredundant if no strict sub-
sequence of it is still a relaxed plan (i.e., no action can benitted). Every non-redundant
relaxed plan, for every (not necessarily reachable) stategan be embedded into a connected,
rooted, and non-redundant sub-tree of the FGT built in the way described above. We will
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be more precise after introducing the illustrative examplein Figure 10, that we will use
throughout this section.

E
A

| ==1EUR
D\

/ \\*’: 1EUR

B C

N

A

© @ ©

Figure 10: Sketch and FGT of the illustrative example.

In the example, the task is to reach location E. The availableactions are moves along
(bi-directional) graph edges in the obvious encoding usingan \at" predicate, except the
move from D to E, which requires as an additional precondition that we be in possession
of 1 EUR. We can acquire the 1 EUR as an add e ect of the action tlat moves from D to
C. The main part of Figure 10 shows the FGT to the example, the pcture in the top left
corner illustrates the example by showing its road map graphand an indication of the role
of the 1 EUR constructs. The root node, i.e., the arti cial goal-achievement action, is not
included in the gure, for simplicity. Due to termination ru le 1, (for example) moving from
E to D is not included as a son of the fact node labeled \at D" (the precondition \at E" is
the root node). Due to termination rule 2, \at D" is not a son of the action node labeled
\mv D C" (\at D" already occurs as a precondition of \mv D E" abo ve).

Every action in a non-redundant relaxed plan (to some arbitrary state) achieves some
unique \needed" fact that is not achieved by any preceding ation, and that is needed for
the goal or for the precondition of a subsequent actiorf® It is not overly di cult to prove
that one can thus embed such a relaxed plan into the FGT by proessing the relaxed plan
from back to front, associating each action with the correspnding node below a needed
fact added by the action, starting at the goal facts. The resuting sub-tree is connected and
rooted in the sense that actions are only associated with caecutive AND nodes, starting at
the root node. The sub-tree is non-redundant in the sense thia of every OR node, at most

26. This observation was made by, for example, Ho mann and Ne bel (2001b), where it is used to detect
actions that do not participate in any non-redundant relaxe d plan, and that thus do not need to be
considered in the heuristic computations done by planners such as FF or HSP.
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one son gets associated with an action. Termination rule 1 isalid since a fact that is needed
at the end of a relaxed plan can not also be needed at its startTermination rule 2 is valid
since for every needed fact there is at least one represente¢ node in the corresponding sub-
tree. For illustration, consider the di erent locations in the graph underlying the example
in Figure 10. If one is located, for example, at A and does not hve the 1 EUR, then the
entire FGT except the \mv C D" node corresponds to the sub-tree for a non-redundant
relaxed plan. This sub-tree is obtained as follows. The rekeed plan is \mv A B", \mv B
D", \mv D C", \mv D E". The needed facts added by these actions are \at B", \at D", \1
EUR", and \at E", respectively. Starting from the goal fact \ at E", rst \mv D E" gets
associated with the respective action node. Then the fact ndes \at D" and \1 EUR" {
the preconditions of the action just dealt with { become open and \mv B D" as well as
\mv D C" get associated with the respective node below their respective needed fact. As a
consequence of the \mv B D" action, fact node \at B" becomes ogn, and \mv A B" gets
associated with the action node below it. Then the process sips. If, in the current state,
one is, for example, located at C with the 1 EUR, then the procss selects the sub-tree that
consists of the \mv C D" and \mv D E" nodes only.

Every non-redundant relaxed plan in the instance, in particular every optimal relaxed
plan in the instance, corresponds to a sub-tree of the FGT. Tle FGT being a summary of all
possible relaxed plans in that sense, our idea is to examindaé FGT for harmful interactions
{ conicts { with the potential to appear in a relaxed plan. The hope is to be able to draw
conclusions from the non-existence/restricted form of concts to topological properties of
h*. We next outline an extreme case analysis of this kind, namei one that postulates the
absence of any conicts in the FGT. Note here that, in di erence to the situation in the
illustrative example, in general the FGT can contain action/fact labels in multiple nodes.
The worst-case size of the FGT is exponential in the size of th instance description. So, to
design practically usable domain analysis techniques, onould need to approximate the
FGT, instead of building it completely. This aspect is not tr eated at all in what follows,
where our objective is (only) to nd implications between FGT structure and h* topology
in the rst place.

6.2 Interaction-free Planning Tasks

Think of a conict as a situation where one part of a (non-redundant) relaxed plan can
hinder the execution/success of another part of the relaxedplan. If there are no such
conicts, then every (non-redundant) relaxed plan is execuable in reality, implying that
h* is equal to the real goal distance (which of course implies tht there are no local minima
etc). In the investigated 30 benchmark domains, this is the ase (only) in Simple-Tsp, which
we use as a motivating example.

We de ne three kinds of conicts in the FGT. We call two action nodes, labeled by
actions a and a°, allied if they participate together in a non-redundant sub-tree, i.e., they
can occur together in the embedding of a relaxed plan, but arenot descendants of each
other. (This is the case i the paths from the root node to a and a° separate in an AND
node.) Our rst kind of con icts is given by a pair of allied ac tion nodes labeleda and &,
where a deletes a precondition ofa® Second kind of con icts, a pair of action nodes labeled
a and a® wherea is a descendant o, and a deletes a precondition ofa®that is not added
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by any action on the path from a to a® Third kind, an action node labeled a, where a
deletes a goal fact that is not added by any action on the path fom a to the respective root
node.

If there are no con icts in the FGT, then we call the task interaction-free. It is relatively
easy to see that, without con icts, for every non-redundant relaxed plan (for every non-
redundant sub-tree of the FGT) there is an execution order that works in reality. So h*
equals goal distance in interaction-free tasks.

In the illustrative example from Figure 10, the only conict in the FGT is that between
the nodes \mv D C" and \mv D E" { these nodes are allied, and \mv D C" deletes the
precondition \at D" of \mv D E". Note that this conict does in deed capture the reason
why h* is not equal to goal distance in the example. In order to be able to mee from D to
E, one has to rst move from D to C and get the 1 EUR. Doing the latter deletes the \at
D" precondition of the former. But in the relaxation, after t he move from D to C, one is
located in both D and C at the same time, and so the relaxed plameeds one step less to
achieve the goal (from all states where the move to C has yet tdoe done).

An example of a domain with interaction-free tasks is the grgph-search domain men-
tioned earlier, where the tasks demand to nd a path between wo nodes in a directed
graph, using the obvious \at"-predicate and \connected"-predicate based encoding. (Our
illustrative example above becomes an instance of this doma if one removes the \1 EUR"
constructs.) We can even come up with a purely syntactic crierion that captures this
example domain.

Proposition 4 Let (A;1;G) be a STRIPS planning task so that
1. jGj 1,
2. forall a2 A: jpre(a)j 1, and
3. forall a2 A: del(a) pre(a).

Then (A;1;G) is interaction-free.

Proof: Due to prerequisites 1 and 2, the AND nodes in the FGT all have &most one son.
This implies that there are no allied action nodes. Togetherwith prerequisite 3 and our
termination rule 1, it implies that no action node can delete the goal fact, or the precondition
fact of an ancestor node. 2

Instances of the graph-search domain ful ll the prerequisies of Proposition 4 if the
static \connected" facts are removed prior to planning. Note that the syntax identi ed by
Proposition 4 is a subset of the syntax identi ed by Proposition 3, and thus in such tasks
hFF is identical to h*, and, sinceh® is identical to the real goal distance, plan existence
can be decided in polynomial time. Intuitively, this is because the captured syntax can not
expressmore than the graph-search domain: plans in a task qualifying forProposition 4
correspond exactly to paths in the graph where the nodes arehe facts, and the edges go
from preconditions to add e ects. The same is true for relax& plans.

The instances of the Simple-Tsp domain are not interactionfree. There are con icts
in the FGT between pairs of actions achieving di erent \visi ted" goals. For example, say
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there are three locations to visit, |1, 12, and I3. The action nodes \mv |1 |," and \mv |1
I3" are allied since they achieve the goals \visitedl," and \visited |3" that both participate
in the root AND node. But these actions mutually delete their precondition, \at 1", so
they constitute a conict in the FGT. If they appear together in a relaxed plan, then that
relaxed plan is not executable in reality (unless the relaxd plan happens to move back to
[, in between). Observe, however, that after the execution offor example, \mv I1 |5", one
can replace \mv 11 13" with \mv |, I3" and so repair the conict in the relaxed plan. All
con icts in Simple-Tsp FGTs behave this way.

In general, we say that a con ict between allied action nodesa and a° can berepaired if
there is an actiona®such that pre(a®j (pre(a)[ add(a)) ndel(a) (thus a%can be executed
after a), and add(@®§ add(a® (thus a®achieves whata should have achieved). Similar
repairable cases can be identi ed for the two other kinds of on icts. If all conicts in the
FGT can be repaired, then to any non-redundant relaxed plan here is a relaxed plan of the
same length that is executable in reality, and so agairh* equals goal distance. This is the
case in the Simple-Tsp domain.

We made a preliminary implementation of the above FGT analyss techniques. The
implementation correctly detects that in Simple-Tsp instances (as well as in graph-search
instances),h* equals goal distance. In Simple-Tsp, with less than 18 locains the analysis
takes only split seconds; with more than 18 locations, the ratime taken explodes fairly
quickly.

6.3 A More Advanced Analysis

While the above results are encouraging, the technique's gpicability { the h* topology it
can detect { is clearly far too severely restricted. It turns out extremely di cult to nd
less restrictive implications from FGT structure to h*™ topology, i.e., su cient criteria for
weaker topological properties. The best we could come up wht is a criterion that implies
the non-existence of local minima underh*, and that holds true in the Movie domain and
in some extremely simple Logistics instances.

The idea behind the criterion is the following. To imply the non-existence of local
minima under h*, it su ces to know that, in every state s, there is a starting action a of
an optimal solution so that h* (Result(s;hai)) h* (s). Say we are considering a planning
task where all actions are (at least) invertible. Let s be a state anda be the starting action
of an optimal solution from s. If there is an optimal relaxed plan for s that contains a, then
we are done with the argument used in Lemma 3. Else, leP* be an optimal relaxed plan
for s that does not contain a. P* can be embedded in a sub-tree of the FGT. Ifa does not
delete any leaf nodes of that sub-tree { any facts thatP* assumes to be true in the state of
execution { then P* is a relaxed plan forResult(s; hai) and we are done, too. The case left
open is whena does delete a leaf node of the sub-tree occupied By*. Observe that this
does not matter if we have that there are no (or only repairabk) con icts in the sub-tree.
Then, P* is executable in reality, soP* is an optimal plan for s, so the starting action of
P* falls into the rst case above and we are done again. We get thdollowing su cient
criterion:
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There are no local minima under h* if for all actions a it holds that a is at least
invertible, and for all non-redundant sub-trees of the FGT hat do not contain a, either a
does not delete a leaf of the sub-tree, or the sub-tree doestmontain any conicts .

To test this criterion, all one needs to do is to consider the fedundant) sub-tree of the FGT
where the only branches left out are those that start in nodedabeled with a. If this sub-tree
contains a con ict, and a deletes some fact occurring in the sub-tree, then the critédon does
not apply. Otherwise, if the test succeeds for all actions,tiis proved that there are no local
minima under h*.

Reconsider the illustrative example from Figure 10, where a said above the only con ict
in the FGT is that between the nodes \mv D C" and \mv D E". Any sub -tree that does not
contain one of these nodes is con ict-free. So \mv D C" and \mv D E" do not violate the
above criterion. Neither do \mv B D", \mv C D", and \mv A B" viol  ate the criterion, since
none of these actions deletes a fact occurring anywhere elgait in its own precondition.
However, for \mv B A" and \mv D B" the sub-tree looked at is the e ntire FGT including
the conict, and both these actions delete a fact that occursin the FGT. So the criterion
does not apply to our illustrative example. Note that \mv B A" and \mv D B" never start
an optimal plan so really they could be left out of the consideations; but it is unclear how
to detect this automatically, in a general way.

A remark on the side is in order here. If an actiona does not appear in the FGT, then,
in di erence to what one may think at rst sight, this does not imply that a does not appear
in an optimal plan. Our FGT termination rules, while adequat e for relaxed planning, are
too restrictive for real planning. The following is an examge. There are the factsqg;, g,
and p. The goal isfgi;g2g, the current state is fg;g. The actions are shown in Figure 11.

name (pre; add; de)
opp = (fag fpg; ))
opg; = (;; faeg f a0)
opgr = (fpg foug »)

Figure 11: Actions in an example task where the FGT does not catain an action (opp,
namely) needed in reality.

The only optimal plan here is hopp, opg,, opgii: in order to be able to re-achieveg,
after applying opg,, we must achievep rst. However, opp does not appear in the FGT.
The only location in the FGT where a node N labeled with opp could be inserted is as a
son of the precondition nodep of opg;, which is inserted as a son ofy;. But N is pruned
by termination rule 1, becauseopp hasg; in its precondition, and g; appears on the path
from the root node to N. Note that, indeed, opp is never part of arelaxed plan because
achieving p is only good for re-achievingg; if that is deletedby other actions necessary to
reach the goals.

Our implementation of the criterion given above easily { within split seconds { proves
the non-existence of local minima in Movie instances, regalless of the size of the instance.
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The technique does not, however, work in any other domain we ried, except Logistics
instances where there is only a single city, with only two lo@tions in it, only a single truck,
and only a single package to be transported. Note that this iseven simpler than the small
illustrative example used in Section 3, where two objects ned to be transported.

It is an open question how better results can be achieved, i.ehow more state spaces can
be recognized to not feature any local minima undeth™ . Our feeling is that the backward
chaining approach to domain analysis is promising. But, to & successful, the analysis
technigque should probably invest much more e ort into analyzing the way in which the
goals can be achieved, and with how many steps, rather than dog just the very crude
FGT approximation. With more information available about h ow goals can be achieved,
maybe it would be possible to discover non-trivial cases in Wich actions are respected by
the relaxation.?’” As for detecting actions that have no relaxed-plan relevantdelete e ects,
it is yet completely unclear to us how this could be accompliged.

7. Discussion

We have derived a formal background to an understanding of wht classes of domains re-
laxed plan-based heuristic methods, the most wide-spread athods in the modern planning
landscape at the time of writing, are well suited for. The formal approach taken is to
identify characteristics of the local search topology { the heuristic cost surface { under the
idealized heuristic function h*, in a forward searching framework. For 30 commonly used
benchmark domains including all competition examples, i.g for basically all STRIPS and
ADL benchmark domains that are used in the eld at the time of writing, we proved what
the relevant topological properties are. The results coinitle well with the runtime behavior
of FF. Indeed, empirical results suggest that the quality ofh* is often preserved in FF's
approximation of it.

The results are interesting in that they give a rare example & a successful theoretical
analysis of the connections between typical-case problentrsicture, and search performance.
From a more practical point of view, the results provide a clar picture of where the strengths
and weaknesses di* lie, and so form a good basis for embarking on improving the heristic
in the weak cases. Approaches of this kind have already appead in the literature (Fox &
Long, 2001; Gerevini et al., 2003). Most particularly, FastDownward's heuristic function
(Helmert, 2004) is motivated by observations regarding unecognized dead ends unden*
in the Mystery domain, and large benches in transportation comains with non-trivial road
maps.

Regarding the relevance of our topological results for forard search algorithms other
than enforced hill-climbing, note that things like the non-existence of unrecognized dead
ends or the non-existence of local minima are certainly usaf for any heuristic search
algorithm, albeit not in the form of a provable polynomiality result.?® More generally,
the relevance of the topological results for the performane of planners using other search

27. We remark that it is not easy to nd even trivial syntactic al restrictions under which actions are, in
general, respected by the relaxation. For example, even when every fact is added by only a single action,
one can construct cases of non-respected actions. One suchase is the example from Figure 11, where
opp is not respected by the relaxation.

28. Except in the case where the heuristic function identi e s the precise goal distances, which is the case for
h* in 1 of the 30 domains, namely, the Simple-Tsp domain.
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paradigms, or enhanced heuristics, like LPG and Fast-Downard, is a matter needing fur-
ther investigation. One thing that is certainly clear is that, in the easiest classes of the
taxonomy, particularly in domains where in the state space here areno local minima un-
der h*, and benches can be escaped in a single step, any planner ugian approximation of
h* is likely to work quite well. Indeed that's what one observesin practice. The intuition
of the author is that the topology of h* plays a large role for the e ciency of these planners
more generally, i.e., also in other domains. Proving or dispoving this is beyond the scope
of this paper. In any case, our investigation provides a nicegheoretical background with
proved results in an idealized setting, and these results gabe used as a starting point into
investigations tailored to individual systems other than FF.

Our investigation considers solvable planning tasks onlywhich is well justi ed by the
focus set in the international planning competitions. Turning the focus on unsolvable tasks,
one realizes that much of our techniques and results becomesaless. In a search space
with no solution, the only di erence a heuristic function can make lies in the states with
in nite heuristic value, i.e., in the states recognized as eéad ends. Which means that
the only interesting question remaining is for what kinds of dead end states there is no
relaxed plan. What do the results herein tell us about this? h those domains where we
identi ed unrecognized dead ends, the results tell us that elaxed plans are a too generous
approximation.2® In the other domains, things look more hopeful. Still, theseresults are
relative to solvableinstances. Whether or noth™ will detect many of the dead end states
in unsolvable tasks will depend on what reasons there can beif such states. The dead
ends in unsolvable tasks may be caused by other reasons thamdse in solvable tasks,
since the assumptions making the tasks solvable are not gime Note that many of the
benchmarks (for example, Blocksworld and Logistics) do nohave any unsolvable instances
in their standard de nition. To some extent, this makes the existence or non-existence of
unrecognized dead ends a choice of the domain designer exting the domain de nition.
Exploring these issues in detail is a topic for future work.

Talking about future work, the biggest drawback of this research in its current form is,
obviously, that it needs to be re-done for every single new @inning domain. It would be very
desirable, but turns out to be very hard, to come up with more generic { ideally, automatic
{ methods to determine the topological properties of a doman. We have outlined an
attempt we made to develop such automatic methods, based onralyzing properties of fact
generation trees. We presented some rst promising resultsbut regarding the applicability
to domains of the complexity one would like to be able to handé, our methods are yet far
too weak. It is left for future research to answer the question if there are approaches to
the topic that work better in practice. As said, our intuitio n is that there are such better
approaches, based on more intelligent backchaining-styleeasoning about how the goals can
be achieved in a domain. But, at the time of writing, this is pure speculation.

Beside easening the burden of doing all the proofs by hand, thbene ts of automatic do-
main analysis techniques would be twofold. First, an ambitbus long-term vision in domain-
independent planning is to have an arsenal of complementarjeuristics, and combine these
into a hybrid system that can automatically be con gured to b est suit a given arbitrary
planning task. The contribution made towards this vision by the results at hand is a very

29. Unsurprisingly, seeing as deciding plan existence isNP -hard in, for example, Mystery, Mprime, Miconic-
ADL, and Freecell (Helmert, 2003).
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clear picture of where the strengths ofh™ lie; to be able to automatically con gure a hy-
brid system, one would need multiple heuristics with di erent strengths and weaknesses
(i.e., heuristics that are of high quality in di erent class es of domains), as well as the ability
to determine automatically what heuristic is likely to work best. (At least such an ap-
proach could be more cost-e ective, beside being much morasightful, than just trying out
all possible combinations of techniques.)

Another bene t from enhanced domain analysis techniques nght lie in the ability to
generate a high-quality admissible heuristic function forsequential planning. In many do-
mains, optimal relaxed plans mostly consist of actions of wkch it is easy { for a human
{ to see that they (or one of a set of similar actions) must be catained in any optimal
relaxed plan (for example, all the loading and unloading acions that can't be avoided in a
transportation task). So the number of such actions in a stae could provide a good lower
bound on the value ofh*. Note that this phenomenon { actions that must be contained in
every relaxed plan { is a stronger version of the notion of adbns that are respected by the
relaxation. A promising approach seems to be to try to detectthe former as a su cient
approximation of the latter.

Since we observed that there are arbitrarily deep local minina underh™ in Blocksworld-
arm, but none in Blocksworld-no-arm, one might try to come up with encoding methods
trying to model a domain in a way making it best suited for h*. Since Blocksworld-no-arm
is basically a version of Blocksworld-arm where all possilel pairs of consecutive actions
(pickup-stack, unstack-stack, unstack-putdown) were repaced with macro-actions, a good
(but somewhat obvious) heuristic for modeling is probably to choose the domain granularity
on as high a level of abstraction as possible. More insightfuheuristics may be obtained
when considering theh™ topology in planning benchmarks enriched with automaticaly
detected macro actions (Botea, Mdller, & Schae er, 2004, 205).

Apart from the above, the most important future direction is the adaption of the formal
framework, and of the theoretical analysis methods, to the emporal and numeric settings
dealt with in modern planning benchmarks and in modern planring systems. The needed
adaptations are straightforward for the numeric framework used in Metric-FF (Ho mann,
2003a). As for temporal planning, if the objective function estimated by the heuristic is the
number of actions needed to complete the partial plan, then he adaptation of the framework
is probably straightforward as well. If, however, makespanis estimated by the heuristic,
then most of what is said in this article does not apply. At mog, in such a setting our
analysis techniques could be relevant if the search uses arstemation of remaining action
steps as a secondary heuristic.
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Appendix A. Proof Sketches

We list the proof sketches in sections concerning dead endkycal minima, and benches, in
that order.

A.1 Dead Ends

Theorem 1 The state space of any solvable instance of

1. Blocksworld-arm, Blocksworld-no-arm, Briefcaseworld Depots, Driverlog, Ferry,
Fridge, Gripper, Hanoi, or Logistics is undirected,

2. Grid, Miconic-SIMPLE, Miconic-STRIPS, Movie, Pipeswor Id, PSR, Satellite,
Simple-Tsp, Tireworld, or Zenotravel is harmless,

3. Dining-Philosophers, Optical-Telegraph, Rovers, or Shedule is recognized under eval-
uation with h*.

Most of the proofs are simple applications of Lemma 1 or 2. Asad, descriptions of the
domains can be looked up in Appendix B.

Proof Sketch: [Theorem 1]

All actions in Blocksworld-arm, Blocksworld-no-arm, Driv erlog, Ferry, Gripper, Hanoi,
and Logistics instances are invertible, so we can apply Lemm 1 and are nished. The
inverse actions are the obvious ones in all cases, like staog/unstacking a block onto/from
some other block, loading/unloading an object onto/from a vehicle, or moving from| to
|9moving from 1°to | (in the case of Driverlog, the latter can always be done as the
underlying road map is bi-directional, c.f. Appendix B.8). In the Briefcaseworld, Depots,
and Fridge domains, while the actions do not strictly obey the de nition of being invertible
(neither that of being at least invertible), they still inve rt each other in an obvious way,
i.e., for every states and applicable actiona there is an actiona so that Result(s; ha;ai) = s.

In Movie, actions getting snacks have irrelevant delete e &ts and static add e ects, while
rewinding the movie and resetting the counter are at least ivertible. A Simple-Tsp action
moving from | to |1%is at least invertible by moving back. In Tireworld, to all wo rking steps
there is an inverse one, except to in ating a wheel. But that has irrelevant delete e ects
and static add e ects. In Miconic-STRIPS, moving a lift is in vertible, boarding a passenger
is at least invertible, and departing a passenger has irrelant delete e ects and static add
e ects. In all the four domains, Lemma 2 can thus be applied. h the Miconic-SIMPLE and
Grid domains, while the actions do not strictly adhere to the relevant de nitions, similar
arguments like Lemma 2 prove the non-existence of dead end$n Miconic-SIMPLE, moving
the lift is invertible. Letting passengers in or out of the lift can not be inverted, but those
actions need to be applied at most once (similar to static adde ects), and they do not
interfere with anything else (similar to irrelevant deletes). In Grid, to all actions there is an
inverse action, except opening a lock. The latter action exiktides only other actions opening
the same lock (similar to irrelevant deletes), and each loclkneeds to be opened at most once,
as locks can not be closed (static add e ects). In Zenotravebnd Satellite, all facts can be
re-achieved but sometimes one has to apply several action®tdo so. In Zenotravel, after
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ying an airplane from | to 1% to get back to I° one might have to refuel the airplane on
top of ying it back. In Satellite, after switching an instru ment on, one might have to re-
calibrate it, which can always be done but can involve seveiraactions (turning the satellite
into the right direction before applying the actual calibration action). In Pipesworld, any
push action is inverted by the respective pop action, and vie versa. The state space is not
undirected since the pushs/pops for non-unitary pipeline ggments are split into two parts.
In PSR, there are no dead end states since one can always reaahgoal state by waiting,
if necessary, then opening all breakers, then bringing ther(on-breaker) devices into a goal
position, then closing the needed breakers.

In Dining-Philosophers, dead ends arise only when a procegsa philosopher) has ini-
tiated an impossible reading or writing command (from/to an empty/a full queue) { the
gueue contents can then not be updated, and no more actions arapplicable. (The derived
predicate rules that determine if a process is blocked do noapply in this case, since they
require that no read/write command has been initiated yet.) Obviously, with no applicable
actions there is no relaxed plan either. In all other states,the goal can be reached by
traversing individual process state transitions until all philosophers have one fork, and try
to take up the other.

In Optical-Telegraph, dead ends arise in two kinds of situatons. First, when a process
has initiated an impossible reading or writing command, simlarly as in Dining-Philosophers,
there are no applicable actions and thus no relaxed plan. Thesecond possibility is that the
two processes in a pair may take di erent decisions of whered go next in their commu-
nication sequence: one may decide to stop data exchange, vdithe other may decide to
send or receive more data. In such a situation, at least one ahe processes is in a state
where it has two transitions available, has already activaed one of these transitions, and
might have already initiated the respective write/read command. The write/read command
is impossible (since the other process took a di erent decisn), and no more actions are
applicable for that process. The derived predicate \blockng" rules do not apply to the
process, because they never apply in process states with nethan one available transition.
So neither a real nor a relaxed plan exist for the state. From H other reachable states,
the goal can be reached by traversing individual process sta transitions until all pairs of
communicating processes occupy one control channel, andytito write into the other.

In Rovers, there is a plan to a state if and only if, for all soilrock samples and images
that need to be taken, there is a rover that can do the job, and hat can communicate the
gathered data to a lander. The only chance to run into a dead ed is to take a soil/rock
sample with a rover that can not reach a lander (the soil/rock sample is available only once).
But then, there is no relaxed plan to the state either.

In Schedule, any states with gd(s) < 1 can be solved by applying, to each objecb in
turn, a certain sequence of working steps. If the sequence ganot be applied for some object
o then it follows that the preconditions of a needed action arenot ful lled, which must be
the case becaus® is not cold in s (a \do-roll" action has been applied to o previously,
making o hot). No operator can make o cold again, i.e., no operator adds the respective
fact. Thus there is no relaxed plan fors either. 2

Note that the worst cases in Theorem 1 can occur, i.e., in the dmains whose instances
are harmless, there can be directed state transitions, anchithe domains whose instances are
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recognized, there can be dead ends. We remark that the dead dga in Dining-Philosophers
and Optical-Telegraph are due to what seem to be bugs in the eroding of the queues
(whose contents aren't always updated correctly) and of theblocked situations (whose rules
for detection seem to be incomplete). Modifying the operatos in a straightforward way to
x these (apparent) bugs, one gets dead-end free (harmlessjtate spaces.

The domains not mentioned in Theorem 1 are Airport, Assembly Freecell, Miconic-
ADL, Mprime, and Mystery. In all these domains, one can constuct arbitrarily deep
unrecognized dead ends. In Airport, unrecognized dead endsrise when two planes move
towards each other on a line of segments, with no possibilityof changing the direction.
Such deadlock situations aren't recognized by relaxed plaming since, in the relaxation, the
free space left between the two planes remains free, and carelused to navigate the planes
\across" each other. The dead end becomes arbitrarily deep ten, independently of the
deadlock situation, other planes can still be moved. We remek that, in reality { and in
the IPC-4 example instances { deadlock situations like thisrarely occur. Airplanes are only
movable along standard paths that serve to avoid such deaditks on the main connecting
routes of the airport. The only places on the airport where dadlocks can occur, both in
reality and in the IPC-4 example instances, are near the paring areas, where space can
be dense, and airplanes need to move in both directions on theame airport segment. If
no deadlocks can occur at all, i.e., if all planes can move toheir target positions one after
the other without hindering each other, then h* delivers the exact goal distance. This is
presumably the reason why the heuristic planners performedery well in the IPC-4 Airport
test suites. The performance would probably become worse fhe were to use (unrealistic)
instances with excessively many potential deadlock situabns.

In Assembly, unrecognized dead ends can arise when severdijects are \stuck" due to
complex ordering constraints, which imply that any solution plan would need to go through
a cyclic assembly pattern. The details are rather complicaéd, and the interested reader is
referred to the TR (Ho mann, 2003c). It can be proved that, unless the ordering constraints
in an Assembly instance have the potential to yield a cyclic guation, there are no dead
ends at all. In all but one of the IPC-1 competition instances the ordering constraints do
not have this potential. This helps to explain how FF can be soe cient in that test suite
(it solves even the largest task within half a second searchime, nding a plan with 112
steps).

In Freecell, unrecognized dead ends can arise, for exampleshen one is not cautious
enough about moving cards into the free cells. A relaxed plarcan still achieve the goal
with a single free cell, using that cell as an intermediate stre for all cards. In reality,
however, moving a card into a free cell occupies space (by d@ging the availability of the
free cell), and can thus exclude possibilities of reachinghte goal. Thus moving a card into
a free cell can lead into an unrecognized dead end state. Thentecognized dead end can be
arbitrarily deep when other cards can still be moved around hdependently of the deadlock
situation.

In Miconic-ADL, unrecognized dead ends arise when a problenconstraint is violated,
but this violation goes unrecognized by the relaxed plan. Anexample is when two passengers
p1 and py are in the lift, such that p; can only be transported downwards,p, has no access
to pi's destination oor, and py's destination oor is below p;'s. The state is a dead end
because one can not lejp; get out rst { p, has no access to the respective oor { but
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neither can one letp, get out rst { afterwards, the lift would need to drive upward s,
which it can't with p; on board. In the relaxation, one can stop at both destination oors
\simultaneously" because theat-facts are not deleted. The unrecognized dead end becomes
arbitrarily deep when several other passengers can be moveatound before reachingp;'s
destination oor.

In Mystery, unrecognized dead ends arise when fuel is scarcand a vehicle makes sub-
optimal moves. The relaxed plan can achieve the goal as longsaall relevant locations are
still accessible at least once. But that may not su ce in reality. The dead end becomes ar-
bitrarily deep when additional objects can be transported ndependently of the problematic
situation. Mprime behaves similarly. The only di erence to the Mystery example is that, to
avoid the possibility of transferring fuel items to the problematic locations, one must make
sure that there is just enough fuel to enable the transportaton of the additional objects.

A.2 Local Minima

Theorem 2 Under h*, the maximal local minimum exit distance in the state space foany
solvable instance of

1. Blocksworld-no-arm, Briefcaseworld, Ferry, Fridge, Grid, Gripper, Hanoi, Logistics,
Miconic-SIMPLE, Miconic-STRIPS, Movie, Simple-Tsp, or Ti reworld is O,

2. Zenotravel is at most 2, Satellite is at most 4, Schedule is at most5, Dining-
Philosophers is at most31

We present the proof sketch to Theorem 2 in terms of three grops of domains with
similar proofs. Note that the domains where the maximal loca minimum exit distance is 0
are domains where there are no local minima at all. We rst foas on the domains where
Lemma 3, or slight extensions of it, can be applied.

Proof Sketch: [Theorem 2, Ferry, Fridge, Gripper, Logistics, Miconic-SIMPLE, Miconic-
STRIPS, Movie, Simple-Tsp, Tireworld]

With Theorem 1, none of the listed domains contains dead endsAs said in the proof
sketch to the theorem, all actions in the Ferry, Gripper, Logistics, Miconic-STRIPS, Movie,
Simple-Tsp, and Tireworld domains are either at least invetible, or have irrelevant delete
e ects. With Lemma 3 it su ces to show that all actions are res pected by the relaxation.
In all cases, except the driving/ ying actions in Logistics, it is very easy to see that any
optimal starting action does something that can not be avoiced in the relaxed plan. (For
example, the relaxed plan can not avoid to load/unload objets onto/from vehicles, and
it can not avoid missing working steps in Tireworld.) If an optimal starting action a in
Logistics drives a truck/ ies an airplane to some location I, then some object must either
be loaded or unloaded atl, so a relaxed plan froms has no choice but to apply some action
that moves a transportation vehicle (of a's kind) there. All vehicles are equally good, except
when there is a clever choice, i.e., a vehicle that already cdes objects to be unloaded at
I. But then, a will move one of those vehicles just like an optimal relaxed fan will, and all
such vehicles are equally good in the relaxation. (In FerryGripper, and Miconic-STRIPS,
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there is only a single vehicle, which makes the moving actios in these domains easier to
reason about.)

In the Fridge and Miconic-SIMPLE domains, the actions do not adhere strictly to the
de nitions of invertibility and irrelevant delete e ects.  But the proof to Theorem 1 has
shown that they have similar semantics, i.e., they can eithe be inverted, or delete only
facts that are no longer needed once they are applied. Furthrenore, all actions in these
domains are respected by the relaxation. In Fridge, missingvorking steps must also be
done in the relaxed plan. In Miconic-SIMPLE, lift moves are trivially respected, and lift
stops are respected since clever choices in reality coin@dvith clever choices in the relaxed
plan. 2

In the next four domains, there are no local minima either, bu the proofs are more
sophisticated and make use of rather individual propertiesof the respective domains. In all
cases it is proved that there is a path to the goal on whichh* does not increase.

Proof Sketch: [Theorem 2, Blocksworld-no-arm, Briefcaseworld, Grid, Haoi]

With Theorem 1, none of these domains contains dead ends. InIBcksworld-no-arm,
if an optimal starting action a stacks a block into its goal position, then a also starts
an optimal relaxed plan (because there is no better thing to @ than to achieve this goal
immediately); in that relaxed plan, a can be replaced with its inverse counterpart to form
a relaxed plan for the successor state. If there is no such a@on a in a state s, then one
optimal plan starts by putting some block b{ that must be moved in order to access a block
below it { from some other block ¢ onto the table, yielding the state s° A relaxed plan
for s can be constructed from a relaxed planP* for s by, taking account of various case
distinctions, replacing the move actions regardingb in P* with the same number of other
such move actions. The case distinctions are about what kinaf action P* uses to moveb
away from c { one such action a® must be contained inP* . If a°movesb to the table then
we can replaceaoin P* with the action that moves bback onto c, and are nished. Else, we
must distinguish between the cases wheré is required to be onc for the goal, or on some
other block. In both cases, we can make successful use of thact that b can be moved from
any position to any other position within a single action, enabling us to exchange actions
in P* quite exibly.

In Briefcaseworld, all actions can be inverted. Actions thd put objects into the briefcase
are trivially respected by the relaxation. In a state s where an optimal plan starts with a
take-out action, an optimal relaxed plan for s can also be used for the successor state, since
taking out an object does not delete important facts. In a stae s where an optimal plan
starts with a move action from | to 1% and P* is a relaxed plan fors, a relaxed plan for
the successor state can be constructed by replacing movesofn | to 199199 [© in P+, with
moves from|%to 19

In Grid, a rather complex procedure can be applied to identify a at path to a state
with better h* value. In a state s, let P* be an optimal relaxed plan fors, and let a be the
rst unlock action in P*, or a putdown if there is no such unlock action. Identifying a at
path to a state s°where a can be applied su ces, because unlocking deletes only factthat
are irrelevant once the lock is open, and the deletes of puttig down a key are irrelevant if
there are no more locks that must be opened. The selected acth a uses some kek at a
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position p. P* contains a sequence of actions moving tp. Moving along the path de ned
by those actions does not increas@® since those actions are contained in the relaxed plan,
and they can be inverted. Ifk is already held in s, then we can now applya. If the hand is
empty in s, or some other key is held, then one can usB* to identify a at path to a state
where onedoeshold the appropriate key k. If the hand is empty, then P* must contain a
sequence of actions moving to a location wher& can be picked up. If some other key is
held, then P* must contain sequences of actions moving between locationshere a series
of keys are picked up and put down, where the key series ends thipicking up K.

In Hanoi, it can be proved that the optimal relaxed solution length for any state is equal
to the number of discs that are not yet in their nal goal position { proceeding from the
smallest to the largest disc, each respective goal can be delwed with a single action. No
optimal plan moves a disc away from its nal position, soh* does not increase on optimal
solution paths. 2

We nally consider those four domains where there are local nmima, but one can always
escape them within a constant number of steps. In all cases, avprove an upper boundd on
the distance of any non-dead end states to a state s°with h* (s% < h* (s). This immediately
implies that d 1 is an upper bound on the maximal local minimum exit distance(it also
implies that d 1 is an upper bound on the maximal bench exit distance; the radts will
be re-used in Appendix A.3).

In Dining-Philosophers, h* is only loosely connected to goal distance, and the bound,
which holds even for the trivial heuristic function returni ng the number of yet un-blocked
philosophers, follows from the rather constant and restri¢ive domain structure. In the other
three domains, the proofs proceed as follows. For a reachabktate s, we identify a constant
number of steps that su ces to execute one actiona in the optimal relaxed plan for s, and,
without deleting a's relevant add e ects, to re-achieve all relevant facts tha were deleted
by a. Then, a state sS°with h* (s% < h*(s) is reached.

Proof Sketch: [Theorem 2, Dining-Philosophers, Satellite, Schedule, Zwotravel]

By Theorem 1, the dead ends in Dining-Philosophers are all reognized. In any non
dead end states, the shortest relaxed plan blocks all processes (philosohns) that are not
yet blocked. For each individual process, at most 3 steps ar@eeded { in the relaxation,
to block a process it always su ces to activate a state transtion, to initiate a read/write
command, and to do the queue update. After the update, the quee is both empty and full,
and the read/write is impossible in the sense that the \blocking" rules apply. (With this, a
process can block itself in the relaxation, and theh™ value is only fairly loosely correlated
with the true goal distance.) Thus, to reach a state with lower h* value, obviously it always
su ces to block one more process. We prove our upper bound by dtermining a constant
bound on the number of steps needed to do that. Such a bound estis because, beside the
fact that the philosopher processes are constant and can istfere only with their respective
two neighbors at the table, the philosophers have a xed orde in which they try to pick up
the forks: they always rst try to pick up the fork to their rig ht, then the fork to their left.
This restricts the possible combinations of internal states of neighbored philosophers.

In more detail, a philosopher is blocked i he tries to pick up a fork that is not on the
table. For a philosopherp, we refer by pL to p's neighbor philosopher on the left side. A
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description of the 5 di erent states of each philosopher praess is in Appendix B.7. Lets
be a non dead end state. Lep be a philosopher that is not blocked ins (if no such p exists,
then s is a goal state and there is nothing to prove). We can prove thalesired upper bound

possible, then we do nothing. Else, we determine a numbek of process state transitions
that leads to a state where either: p is blocked and pL is still blocked if it was blocked
in s; or pL is blocked and was not blocked ins. In a few cases, to do so we also have to
make distinctions over the internal state of pL's left neighbor pLL . The worst case,k = 6,
occurs wheni = 3, i.e., when p holds both adjacent forks. Then, pL has to be in either
state iL =1 or iL =4 (which means, pL can't hold the fork between pL and p since that
is held by p). If iL =4, then pL is not blocked in s; pL can put down its left fork, getting
to state 1 whereplL is blocked since it waits to pick up its right fork, held by p. If iL =1
then we have to distinguish two cases about the state opLL . We have that i = 3 (p holds
both adjacent forks), and iL = 1 (pL waits to pick up the fork between p and pL); pL is
blocked. Case A, if the state ofpLL is 0, 2, or 3, thenpLL holds the fork betweenpLL and
pL. We go with p from 3 to 4, from 4 to 1, and from 1 to 2, and we go withpL from 1 to 2.
Then, both p and pL are blocked since they wait to pick up the fork to their left. Case B,
if the state of pLL is 1 or 4, then the fork betweenpLL and pL is on the table, andpLL is
not blocked. We go with pLL from 4 to 1 (if in 4), and from 1 to 2. After that, pLL holds
the fork betweenpLL and pL; we are in case A and can apply that sequence, getting us to
a state wherepLL is possibly blocked, and bothp and pL are de nitely blocked.

We always need at most 6 process state transitions to block an more philosopher.
The process state transitions take 4 planning actions eachand so this makes 24 planning
steps. Some more planning steps are needed due to the subikd of the PDDL encoding.
Subtlety A, a process may have already decided to go to a statdbut not yet arrived there
{ i.e., the respective transition is activated and the read/write command is initiated, so
that communication channel/queue is occupied but the transtion is not yet complete. At
most 2 steps are needed to reach the next internal state (upda the queue and wrap up
the transition). Subtlety B, to be blocked in a state a proces must activate its outgoing
transition. In the worst case described above, each op, pL, and pLL may require the 2
steps induced by subtlety A; both p and pL require the step induced by subtlety B. So all
in all we get to (at most) 32 planning actions. In e ect of the last action, one more process
becomes blocked, so an upper bound on the exit distance is 31.

By Theorem 1, there are no dead ends in Satellite. Lets be a reachable state. To
determine an upper boundd on the distance froms to a state s® with h* (s9 < h*(s),
one can look at an optimal relaxed planP* for s, and distinguish four cases regarding the
existence of applicable actions of di erent types inP*. For each action type, a constant
number of steps su ces to re-achieve the deleted facts afteapplication of the action. The
worst case,d = 5, arises when a switch-on action is applied. Switching on a instrument
deletes the instrument's calibration. To re-achieve this, one must turn the satellite and
calibrate it. After another turn and taking an image, a state with lower h* value is reached.

By Theorem 1, the dead ends in Schedule are all recognized. Le be a non-dead
end state. To determine an upper boundd on the distance from s to a state s° with
h*(s% < h*(s), one can look at an optimal relaxed planP* for s and distinguish seven
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cases regarding the kinds of applicable actions thaP* contains. The worst case,d = 6,
arises when only a do-roll action is available (and applicate) in P*. One then needs to
apply a time-step, a do-lathe action to achieve the desired ects of do-roll, another time
step, a do-polish or a do-grind action to re-achieve the preius surface condition, another
time step, and a do-immersion-paint action to re-achieve tke previous color.

By Theorem 1, there are no dead ends in Zenotravel. In a reaclide state s, to determine
the desired constantd, distinguishing two cases does the job. If the relaxed plarP* for s
contains an applicable boarding, departing, or refueling ation, then applying that action
leads into a state with lower h* value. Else, P* starts with a ying action, and a better
state can be reached by executing the ight, refueling onceand boarding or departing a
person. We getd = 3. 2

Note that the proved bound for Dining-Philosophers holds een if we take the heuristic
function to be the trivial one that returns the number of yet u n-blocked philosophers. It is
extremely cumbersome to gure out what exactly the worst-case exit distance is in Dining-
Philosophers underh* {to do so, one has to consider all combinations of possible ates of
neighbored processes, and their possible developments owlot of action steps, in a rather
un-intuitive PDDL encoding made by an automated translation machinery. The highest
exit distance we could actually construct in Dining-Philosophers was 15. We conjecture
that this is a (tight) upper bound.

In Satellite, Schedule, and Zenotravel, the proved upper bonds are tight. In all of
Dining-Philosophers, Satellite, Schedule, and Zenotrae the bounds are valid for any non-
dead end states. So, beside a bound on the local minimum exit distance, theseesults also
provide a bound on the bench exit distance; we will re-use thea below in Appendix A.3.

In Blocksworld-arm, Depots, Driverlog, Optical-Telegraph, Pipesworld, PSR, and Rovers,
one can construct local minima with arbitrarily large exit d istances. In Blocksworld-arm,

disassembling processh* increases. The same example can be used in Depots.

In Driverlog, local minima can arise due to the di erent road maps for trucks and drivers,
for example, when it takes one step to drive from a locationl to another location 19 but n
steps to walk. In the relaxed plan, the driver can drive the truck to its goal while himself
staying where he is, but in reality, the driver will have to walk all the way back.

As for Optical-Telegraph, this is treated most easily by remnsidering the Dining-
Philosophers domain, for which we proved a constant upper bond above. The reason is
that Optical-Telegraph is basically a more permissive veron of Dining-Philosophers, where
the philosophers can choose which fork to pick up rst, and, f they hold both forks, which
fork they want to put down again rst. Consider the con gurat ion depicted in Figure 12.
That con guration is not reachable given the automata underlying Dining-Philosophers,
but is reachable given the automata underlying Optical-Telegraph.

In Figure 12, Nietzsche holds both adjacent forks, while Kaih holds none and tries to
get access to the fork to his right. In between Nietzsche and Ent, there are arbitrarily
many other philosophers that all hold one fork each, and are ying to access the other.
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Nietzsche

Figure 12: An unreachable situation in Dining-Philosophers, in which an unbounded local
minimum under h* would arise. Arrows indicate \pickup"-requests.

The only non-blocked philosopher is Nietzsche, who can put own the forks again. In the
PDDL encoding of this, in the world state where Nietzsche hagust activated the transition
putting down the right (or left) fork, the h* value is 2: in the relaxation, it suces to
initiate the write command, and to update the queue contents After the write command
was initiated, however, h* goes up to 3 because the transition has become non-activated
so the relaxed plan has to update the queue contents, wrap uphe transition, then activate
the (same) transition again. Reaching a state where theh* value is 1 involves propagating
forks through the entire sequence of philosophers betweeniéizsche and Kant, either on the
right hand side, or on the left hand side. For example, say Nitzsche puts down both forks
and then picks up the right fork. Then the philosopher to the left of Nietzsche can pick up
his requested fork (or Nietzsche can pick it up which gets us &ick to where we started). In
the resulting state, we are in the same situation as before,x@ept that now the philosopher
with the \Nietzsche-role" sits one more position to the left. After iterating the procedure
around the left side of the table, Kant can pick up the requesed fork, and request to get the
other, giving us a goal state where all philosophers are bl&ked. The state with h* value 1
is the one where Kant has not yet activated the transition to request the other fork.

The con guration in Figure 12 is not reachable in the Dining-Philosophers domain as
used in IPC-4, because, there, a philosopher can not pick uphe fork on his left hand
side rst { as is done in Figure 12 by all the philosophers between Nietzsche and Kant
on Nietzsche's left hand side. As said, in Optical-Telegrap the \philosophers" do have
this freedom of choice, and so the situation is reachable. Imore detail, as described in
Appendix B.22, in Optical-Telegraph there are n pairs of communicating processes. The
pairs are arranged in a cycle, where between each pair thers a control channel. Internally,
the two processes within each pair can go through a fairly log, heavily interactive, sequence
of operations, implementing the possibility to exchange déa between the two stations.
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Before these operations can begin, each of the processes hasoccupy (write into) one
control channel. That is, one of the processes occupies a amael, then it waits for a signal
from the other process, indicating that the second control bannel was occupied as well.
After the data exchange was terminated, the control channed get released (read) in an
arbitrary order. The overall system is blocked i all process pairs are in the state where
they have occupied one control channel, and are waiting to ampy the other. Thus, the
process pairs correspond exactly to philosophers that carhoose which fork to pick up (put
down) rst, and Figure 12 provides an example with arbitrari ly high exit distance from a
local minimum state. Precisely, the local minimum state is the one where the \Nietzsche"
process pair has just occupied both channels, and the proceghat blocked the second
channel has just activated the transition sending the \occipied-the-other-one" signal: in
that state, h* has value 2 (all processes except the active one are blocked)

In Pipesworld, consider the situation where several areasofm a circle with unitary
connections. In the local minimum state s, a single goal batchg has to go into an areaa;
g is currently in a segments adjacent to a, a contains a batch b, all other areas are empty.
The shortest plan is to pushb into the other segment (not s) adjacent to a, and propagate
the batches around in the circle until g can be pushed intoa. The shortest relaxed plan for
s is, however, to pushbinto s and then push g into s from the other side { i.e., g is used
to push itself into the goal area. Reaching the nearest statavith h* value 1 requiresn 1
steps when there aren areas in the circle, and on the path theh* value increases. Note that
this example uses neither tankage restrictions, nor intefice restrictions, nor non-unitary
pipeline segments.

In PSR, a deep local minimum is given whem breakers each feed an individual goal line,
in a way so that no breaker can feed any other breaker's goalrie without that other breaker
being also closed, and the breakers are all connected to sorfalty line. All but one of the
breakers are closed. Théh* value of such a state is 1 (close the single open breaker) siac
the only unsatis ed goal condition (beside supplying the line fed by the open breaker) is the
one postulating that no breaker is a ected; that condition is a negated derived predicate,
and thus ignored in the relaxation. The only applicable action in the state is to wait. After
that, all breakers are open, and the shortest relaxed plan ido close them all, yielding the
h* value n. Obviously, the nearest state with h* value 0 is at leastn steps away3°

In Rovers, local minima can arise because taking an image detes the calibration of

(i.e., w; 1 is connected tow;), a lander at wy, one rover has a camera that must be used
to take two images atwj, and c can be calibrated (only) at w,. When the rover is at wy,
and c is calibrated, the relaxed plan is to take the two images and ommunicate the two
data pieces. But after taking one image, one has to navigate lathe way to w,, calibrate
¢, and get back. Note that this example makes use of a road map Wi arbitrarily large
diameter, where the diameter of a Rovers instance is the longest way grrover must travel
in order to get from one waypoint to another. In general, the dstance to a state with better
h* value is bounded by 2l + 2 where d is the diameter of the instance (see the details in
the TR). The road map diameter in the IPC-3 Rovers instances \aries around 1 to 6.

30. We remark that this counter-example remains valid in the [IPC-4 SIMPLE-ADL and STRIPS formulations
of PSR, which use a di erent encoding of the derived predicat es, not using a negation to formulate the
goal that no breaker is a ected.
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As for the Airport, Assembly, Freecell, Miconic-ADL, Mprim e, and Mystery domains, we
have seen in Appendix A.1 that these contain unrecognized dal ends, so, by Proposition 1,
the local minimum exit distance in these domains is unboundd. For Assembly, as the
TR describes in detail, the initial state of an instance has a path to the goal on which
h* decreases monotonically, unless there are complex interdens between the ordering
constraints present in the instance. None of the IPC-1 instaces features such complex
interactions. Assuming that FF's search algorithm sticks to the monotonically decreasing
paths, this gives another indication as to how the system carbe so e cient in that example
suite.

A.3 Benches

Theorem 3 Under h*, the maximal bench exit distance in the state space of any salble
instance of Simple-Tsp isO, Ferry is at most 1, Gripper is at most 1, Logistics is at most
1, Miconic-SIMPLE is at most 1, Miconic-STRIPS is at most 1, Movie is at most 1,
Zenotravel is at most 2, Satellite is at most 4, Schedule is at most5, Tireworld is at most
6, and Dining-Philosophers is at most31.

As before, we subdivide the proof sketch to Theorem 3 into grops of domains with
similar proofs. We rst consider the transportation-type d omains. In all of them, Lemma 4,
or very similar proof arguments, can be applied.

Proof Sketch: [Theorem 3, Ferry, Gripper, Logistics, Miconic-SIMPLE, Mi conic-STRIPS]

The proofs to Theorems 1 and 2 have shown that, in all these domins, the actions
are respected by the relaxation, and, in all these domains eept in Miconic-SIMPLE, the
actions are either invertible, or have no relevant delete eects. To determine an upper bound
d on the exit distance from benches, we can thus apply Lemma 4. HAis requires us to show
that, for any state s, there is an optimal plan in that the d+ 1th action has no relaxed-
plan relevant delete e ects. In Miconic-SIMPLE, we have sea that the actions, while not
adhering to the syntactic conditions of invertibility and ( no) relevant delete e ects, have
similar semantics; so the same proof technique can be apptighere.

In all the (transportation-type) domains under consideration, the argument is, roughly,
that load-type and unload-type actions have no relaxed-pla relevant delete e ects, while
move-type actions need not be applied more than once in a rowdrause all locations are
immediately accessible from each other. This implies an upgr bound of 1 on the maximal
exit distance. Concretely, says is a reachable state in a Logistics instancea starts an
optimal plan from s, P* is an optimal relaxed plan for s that starts with a, and applying
a to s yields the state s°. If a is a loading (unloading) action, its only delete is the at-
(in-) fact of the transported object; as the object is loaded fromthe respective location
(unloaded from the respective vehicle) only once in the optinal relaxed plan P*, a has no
relaxed-plan relevant delete e ects, scs is an exit. Otherwise, if a drives or ies some vehicle
v from | to 19 then s%is an exit because an optimal plan fors® starts by loading (unloading)
some package to (from)v. For Miconic-STRIPS and Miconic-SIMPLE, the same arguments
apply. In Ferry, the arguments also remain valid except that, if the optimal start action
a in the state s boards a car, then this action also deletes the available fiee space on the
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ferry. But then, the relaxed plan P* for s also contains actions that move the ferry to a
location |, and that debark the car at | (otherwise there would be no point in boarding the
car). Placing these actions up front in P*, and removing a, yields a relaxed plan for the
state that results from applying a in s. A similar argument can be applied to prove the
claim for Gripper, where gripper hands can hold only one ballat a time. (Note that the

argument for Ferry and Gripper uses a somewhat weaker notiorthan relaxed-plan relevant
delete e ects, where thereare such e ects, but they are undone by actions contained in the
relaxed plan.) 2

Next come some non-transportation domains where also Lemma can be applied.

Proof Sketch: [Theorem 3, Movie, Simple-Tsp, Tireworld]

The proofs to Theorems 1 and 2 have shown that in these domainsll actions are
respected by the relaxation, and either at least invertiblg or have irrelevant delete e ects.
We apply Lemma 4 in all cases.

In Movie, all actions have no, and therefore no relaxed-planrelevant, delete e ects,
with the single exception of rewinding the movie (which delgées the counter being at zero).
Obviously, no optimal plan rewinds the movie twice in a row. Thus, d = 1 is the desired
upper bound.

In Simple-Tsp, d = 0 su ces. Say we are in a reachable states where one is at location
|. An optimal plan starts with an action a visiting a yet unvisited location 1% An optimal
relaxed plan for s is to start with a, then visit each remaining unvisited location |°by a
move from 1%to 190 The latter actions do not require preconditions deleted bya, and soa
{ every action { has no relaxed-plan relevant delete e ects.

In Tireworld, the lowest constant upper bound is d = 6. Some non- nal working steps
(like jacking up a hub with a at wheel on) need to be undone later on, i.e., they have
relaxed-plan relevant delete e ects. Other nal working steps (like jacking down the hub)
need not be undone, i.e., they have no relaxed-plan relevantlielete e ects. The longest
sequence of non- nal working steps that any optimal plan dos in a row is the following
6-step one: open the boot (it must be closed again), fetch thevrench and the jack (they
must be put away again), loose the nuts on a hub that's got a at wheel on (the nuts must
be tightened again), jack up the respective hub (it must be jacked down again), and undo
the nuts (they must be done up again). In the resulting state, one can remove the at
wheel, which needs not be undone. 2

For the remaining domains where Theorem 3 claims a constant pper bound on the
maximal bench exit distance, we have seen in Appendix A.2 thathere are upper bounds
on the distance from any reachable states to a state s°with h* (s% < h*(s). These upper
bounds trivially also imply upper bounds on the maximal bend exit distance.

Proof Sketch: [Theorem 3, Dining-Philosophers, Satellite, Schedule, Zwotravel]
Follows directly from the proof to Theorem 2. 2

For all of the above domains, except the last four, one can edlg construct examples
where the bench exit distance is equal to the proved upper bawd. For Satellite, Schedule,
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and Zenotravel, it is an open question whether there are tigker bounds on the bench exit
distance than on the local minimum exit distance; this does wt seem particularly relevant,
though. (For Dining-Philosophers, as said above it may be tkat not even the bound on the
local minimum exit distance is tight.)

For the Blocksworld-no-arm, Briefcaseworld, Fridge, Grid, and Hanoi domains, Theo-
rem 2 proves that there are no local minima. So there it is impatant to know whether it can
be arbitrarily di cult to escape benches. The answer is \yes" in all cases. In Blocksworld-
no-arm, the example is the same one that we already used in Btixsworld-arm and Depots
(to show that there are no bounds on the local minimum exit digances). There aren blocks

The shortest relaxed plan for the initial state is n steps long (remove the stack on top of
bn, then move by, onto b,+1). The nearest state with h* valuen 1 is the one whereb, has
already been stacked ontdy,+1 . That state is n steps away from the initial state.

In Briefcaseworld, the bench exit distance becomes large vém many objects must be
taken out of the briefcase { in the relaxation, there is no pont in taking objects out, since
moving the briefcase does not delete anyt-facts. Consider the states where n objects

the briefcase at another locationl® We have h* (s) = 1: moving the briefcase to I°su ces
in the relaxation. But the nearest goal state, h* =0, is n + 1 steps away: one must take
all the objects out before moving to1°

In Fridge, if in a single fridge the compressor is held byn screws, then the exit distance
of the initial state is n+ 1. To reach a better state, one must: stop the fridge (which nust
be turned back on in the relaxed plan); unfasten then screws (which must be fastened
again in the relaxed plan); and remove the broken compressgwhich needs not be undone
as it only deletes the fact that the broken compressor is attahed to the fridge).3!

In Grid, consider the instances where the robot is located omn 1 grid (a line) without
locked locations, the robot starts at the leftmost location, and shall transport a key from
the rightmost location to the left end. The initial value of h* is n +2 (walk over to the
key, pick it up, and put it down { the at-facts are not deleted), and the value does not get
better until the robot has actually picked up the key.

In Hanoi, we have seen thath* is always equal to the number of discs that are not yet
in their goal position. Thus the maximal bench exit distance grows exponentially with the
number of discs. From the initial state in an instance with n discs, it takes 2' 1 steps to
move the rst (i.e., the largest) disc into its goal position.

For the 9 domains where the local minimum exit distance can bearbitrarily large, it
is not as relevant whether the bench exit distance is boundedr not. Escaping a bench
might do the planner no better than ending up in a huge local mhimum. We remark that,
for example, in Driverlog, Rovers, Mprime, and Mystery, onecan easily construct examples
with large bench exit distances, by de ning road maps with large diameters { i.e., by using
basically the same example as used above in the Grid domain.

31. In fact, one can easily prove that n + 1 is also an upper bound on the bench exit distance, in Fridge
instances where compressors are held byn screws (details are in the TR).
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Appendix B. Domain Descriptions

The following is a list of brief descriptions of the 30 invesigated domains. We explain the
overall idea behind each domain, the available operators, rad what the initial states and
goals are. In most cases the set of instances is obvious; rastions, if any, are explained.
We remark that, at some points, the domain semantics seem a biodd (for example, in
Zenotravel, the only di erence between ying and zooming a gane is that zooming consumes
more fuel). The odd points are, presumably, domain bugs thathave been overlooked by the
respective domain designers. We have not corrected these gs as, after all, the investigation
is meant to determine the properties of the benchmarks as thgare used by the community.
The domains are listed in alphabetical order.

B.1 Airport

In the Airport domain, the planner has to safely navigate the ingoing and outgoing tra c,
at a given point in time, across an airport. The main problem cnstraint is that planes
must not endanger each other, which they do if they come too dse to each other's running
engines. The constraint is modeled by letting each plane \bbck" the segments that its
engines currently endanger. Planes can not enter blocked aas. There are ve operators.
A plane can be moved from one airport segment to another, if tle plane is facing the right
direction, and no planes get endangered by the action. Simalrly, a plane can be pushed
back if that does not cause trouble. One can start up the engias of a plane, let the plane
take o, or let the plane settle at a parking position. The ini tial state speci es the current
positions and orientations of the planes, the goal speci esvhich planes are outbound (have
to take o ), and which are inbound and to what parking positio ns.

B.2 Assembly

In the Assembly domain, a complex object must be constructedoy assembling its parts
together, obeying certain ordering constraints. The partsthemselves might need to be
assembled in the same way beforehand. Some parts are \traresit", which means that they
must be integrated only temporarily. There is a collection d machines, \resources", which
might be needed by the working steps. There are four operata. An available resource can
be committed to an object, deleting the resource's availabity. Releasing a resource from
an object is the inverse action. An available objectx can be assembled into an objecy,
if x is either a part or a transient part of y, if all resources thaty requires are committed
to y, and if all objects that have an assemble order befora are already incorporated into
y. In e ect, x is incorporated into y but no longer available, andy becomes available if all
parts of y exceptx are already incorporated, and no transient part ofy is incorporated. An
incorporated object x can be removed fromy, if all resources thaty requires are committed
to y, and, given x is a transient part of y (a part of y), if all objects with a remove order
(an assemble order) beforex are incorporated (not incorporated). In e ect, x is available
but no longer incorporated, andy becomes available if all parts ofy are incorporated, and
all transient parts of y exceptx are not incorporated. In the instances, the part-of relation
forms a tree where the goal is to make the root object of the tre available. Also, the
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assemble and remove order constraints are consistent (cyeffree). These restrictions hold
true in the AIPS-1998 competition examples.

B.3 Briefcaseworld

In Briefcaseworld, a number of portables must be transportel, where the transportation is
done via conditional e ects of the move actions. There are tlee operators. Putting in a
portable at a location can be done if the portable and the briécase are at the respective
location, and the portable is not yet inside. Taking a portable out can be done if it is inside.
A move can be applied between two locations, and achieves, biele the is-at-fact for the
briefcase, the respectiveat-facts for all portables that are inside (i.e., the portables inside
are moved along by conditional e ects). The goal is to have tte briefcase, and a subset of
the portables, at their goal locations.

B.4 Blocksworld-no-arm

Blocksworld-no-arm is a variant of the widely known Blocksworld domain. There are three
operators. One can move a block from the table onto another ldck. One can move a block
from another block to the table. One can move a block from andber block onto a third
block. The initial state of an instance speci es the initial positions of the blocks, the goal
state speci es a (consistent, i.e., cycle-free) set obn facts.

B.5 Blocksworld-arm

The instances of Blocksworld-arm are the same as those of Blksworld-no-arm. The dif-
ference is that blocks are moved via a single robot arm that ca hold one block at a time.
There are four operators. One can pickup a block that is on thaable. One can put a block,
that the arm is holding, down onto the table. One can unstack ablock from some other
block. Finally, one can stack a block, that the arm is holding onto some other block.

B.6 Depots

The Depots domain is a kind of mixture between Logistics and Bocksworld-arm. There is
a set of locations, a set of trucks, a set of pallets, a set of ligts, and a set of crates. The
trucks can transport crates between locations, the hoists an be used to stack crates onto
other crates, or onto pallets. There are six operators, to mee a truck between (di erent)
locations, to load a crate that is held by a hoist onto a truck a a location, to unload a
crate with a hoist from a truck at a location, to lift a crate wi th a hoist from a surface (a
pallet or a crate) at a location, and to drop a crate that is held by a hoist onto a surface at
a location. A hoist can hold only one crate at a time. The crates are initially arranged in
arbitrary stacks, where the bottom crate in each stack is stmding on a pallet. The goal is
to arrange the crates in some other arbitrary stacks on (posbly) other pallets, which can
involve transporting crates to other locations (as palletscan not be moved).
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B.7 Dining-Philosophers

Dining-Philosophers is an encoding of the well-known Dinig-Philosophers problem, where
the task for the planner is to nd the deadlock situation that arises when every philosopher
has taken up a single fork. The PDDL domain was created by an atomatic translation
from the automata-based Promela language. The automata aralso referred to asprocesses
In Promela, each philosopher is a nite automaton/process hat works as follows. From the
start state, state 0, a transition puts the right fork onto th e table (this is just an initialization
step), getting him to state 1. Then there is a loop of four staies. From state 1 to state
2, the philosopher takes up the right fork. From 2 to 3, he takes up the left fork, 3 to 4
he puts down the right fork, in state 4 he puts down the left fork and gets back to state
1. Each such process communicates with each of its neighbotBrough a communication
channel, a queue, that either contains a fork, or is empty (ifone of the adjacent philosophers
is currently holding that fork).

In the PDDL encoding, each process state transition is broka down into four actions.
The rst action activates the chosen transition. The secondaction initiates a write or read
command to the needed queue, deleting the activation of theransition and setting ags for
gueue update. The third action updates, if possible, the quee contents. An update is not
possible if a write command shall be done to a full queue (a que that already contains a
fork), or if a read command shall be done to an empty queue. Théourth action wraps the
process state transition up, re-setting all ags.

Derived predicates are used to model the conditions under wibh a process is blocked.
The rules require that all outgoing transitions of the current state of the process are blocked.
A transition is blocked if it is activated, and would need to performan impossible queue
write/read operation { in the sense that this impossible write/read operation has not yet
been initiated.3? After applying the planning action initiating the impossible write/read
command, the blocking rules don't apply anymore and so the reulting state is a dead end
in the planning task's state space (but not a blocking situation in the process network,
according to the derived predicate rules modeling the blocig).

We remark that, in IPC-4, there was also a version of Dining-Fhilosophers that modeled
process blocking via additional planning operators, not deved predicates. We chose to
consider the other, above, domain version since it constittes the more natural and concise
formulation, and since planners at IPC-4 scaled further up n it than in the version without
derived predicates.

B.8 Driverlog

Driverlog is a variation of Logistics, where drivers are neded for the trucks, and where
drivers and trucks can move along arbitrary (bi-directional) road maps. The road maps for
drivers and trucks can be di erent. There are operators to lead/unload an object onto/from
a truck at a location, to board/disembark a driver onto/from a truck at a location, to walk

32. Only one outgoing transition can be activated at any time , so a process can never become blocked in a
state with more than one outgoing state transition. This app ears to be a bug in the translation from
Promela to PDDL { the more intuitive requirement would be tha t only the activated transition needs
to be blocked, or that an outgoing transition does not need to be activated in order to be blocked. Note
that, in Dining-Philosophers, every automaton state has ju st one outgoing transition.

744



Where \Ignoring Delete Lists" Works

a driver from a location to another one, and to drive a truck with a driver from a location
to another one. The preconditions and e ects of loading/unloading objects are the obvious
ones. A driver can board a truck only if the truck is empty; in e ect, the truck is no longer
empty (as well as driven by the driver). Disembarking a driver is the inverse action. In
order to walk a driver from | to |1° there must be apath between! and 1% In order to drive
a truck from | to 19 there has to be alink from | to 1° (and there must be a driver on the
truck). Paths and links form arbitrary (in particular, pote ntially di erent) graphs over the
locations, the only restriction being that they are undirected, i.e., if a truck or driver can
move from | to 1%then it can also move back. This restriction is imposed on theDriverlog
instances as can be generated with the IPC-3 generator.

B.9 Ferry

In Ferry, a single ferry is used to transport cars between loations, one at a time. There are
three operators. One can sail the ferry between two locatios. One can board a car onto
the ferry at a location, which deletes anempty-ferry fact (plus adding that the car is on

the ferry and deleting that the car is at the location). One can debark a car from the ferry

at a location, which achievesempty-ferry (plus adding that the car is at the location and

deleting that the car is on the ferry). The goal is to have a sulset of the cars at their goal
locations.

B.10 Freecell

The Freecell domain is a STRIPS formulation of the widely knavn solitaire card game
that comes with Microsoft Windows. A number of cards from di erent suits are initially
arranged in random stacks on a number of columns. The cards nai be put home. For each
suit of cards, there is a separate home column, on which the ¢ds from that suit must be
stacked in increasing order of card value. There is a numberfdree cells. The cards can be
moved around according to certain rules. A card isclear if it has no other card on top of
it. Any clear card can be put into a free cell (if it's not already there), each free cell holds
only one card at a time. Any clear card can be moved onto an empt column. A clear card
¢ can be put home if the last card put home in the same suit was thene precedingc. If ¢
and c?are clear cards from di erently colored suits, then one can tack ¢ on top of c%if ¥is
not in a free cell, andc's card value is one less than the card value of° (so stacks can only
be built on columns, in decreasing order of card value, and iralternating colors). The goal
is reached when the topmost cards of all suits have been put moe.

B.11 Fridge

In Fridge, one must replace the broken compressor in a fridgeTo do this, one must remove
the compressor; this involves unfastening the screws that dld the compressor, which in
turn involves rst switching the fridge o. The goal is to hav e the new compressor attached
to the fridge, all screws fastened, and the fridge switched &ick on. The origin of this domain
is a STRIPS formulation. We consider an adaptation that allows for an arbitrary number of
fridges and screws, where each compressor is fastened by theme (arbitrary, at least one)
number of screws. The adaptation involves an ADL preconditon: a compressor can only be

745



Hoffmann

removed if all screws are unfastened. There are six operators. One can sigfart a fridge.
One can unfasten/fasten a screw from/to a compressor attackd to a fridge; to do so, the
fridge needs to be turned o, the compressor needs to be attded, and the screw must t
the compressor. Finally, one can remove/attach a compressdrom/to a fridge. Removing
a compressor requires that the fridge is turned o, and that none of the screws that t the
compressor are fastened. In e ect, the compressor is no loeg attached to the fridge, and
both the fridge and the compressor are free. Attaching a compessor requires that the fridge
is turned o, and that the compressor ts the fridge. In e ect , the compressor is attached,
and the compressor and fridge are no longer free.

B.12 Grid

In Grid, a robot must move along positions that are arranged n a grid-like reachability
relation. The positions can be locked, and there are keys ofigrent shapes to open them.
The goal is to have some keys at their goal positions. There a& ve operators. One can
move from position p to position p® which requires (apart from the obvious preconditions)
that p and p® are connected, and thatp®is open (not locked). One can pick up a key at a
position, which requires that the arm is empty (one can only told one key at a time), and
has as e ects that one holds the key, that the arm is no longer mpty, and that the key
is no longer at the position. Putting a key down at a position is the inverse action. One
can abbreviate the two previous actions by doing a pickup-ad-lose of keysk and k° at a
position; to do this, one must hold k, which is directly exchanged fork® i.e., the e ects are
that one holds k and that k®is at the position. Finally, one can unlock a positionp®if one is
at a position p that is connected to p°, and holds a key that has the same shape as the locked
position p® the add e ect is that p%is open, the delete e ect is that the position is no longer
locked. The instances specify the initial locations of all leys, of all locked positions, and
of the robot, as well as the shapes of the keys and the locked pitions. The goal speci es
positions for a subset of the keys. The robot always starts atan open position. This does
make a signi cant di erence: if the robot is allowed to start at a locked position, there can
be local minima underh* .33 Otherwise there are none, c.f. Theorem 2. Intuitively, it makes
more sense to let the robot be located in open positions onlythe restriction also holds true
in the published benchmark examples.

B.13 Gripper

In Gripper, the task is to transport a number of balls from one location to another. There
are three operators. One can move between locations. One cauick up a ball at a location
with a hand; apart from the obvious preconditions this requires that the hand is empty; the
e ects are the obvious ones (the ball is in the hand and no longr in the room) plus that
the hand is no longer empty. One can drop a ball at a location fom a hand, which inverts
the e ects of the picking action. There are always exactly two locations, and two gripper
hands. Instances thus di er only in terms of the number of bals. These severe restrictions
hold true in the AIPS-1998 instances. We remark that adding nore locations and/or hands

33. Moving away from a locked initial position can lead to the need of applying several steps to re-open that
position. The relaxed plan to the initial state does not real ize this, since it ignores the delete on the
initial at-fact.
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does not a ect the topological properties underh*, in fact the proof arguments given in
Theorems 1, 2, and 3 remain valid in this case.

B.14 Hanoi

The Hanoi domain is a STRIPS encoding of the classicalowers of Hanoi problem. There

an object x from an object y onto an object z (the operator parameters can be grounded
with discs as well as pegs). The preconditions of the move arthat x is ony, x is clear, z
is clear, andx is smaller than z. The e ects are that x is onz and y is clear, while x is no
longer ony and z is no longer clear. The semantics oTowers of Hanoi are encoded via the
smaller relation. This relation holds in the obvious way between thediscs, and all discs are
smaller than the pegs (the pegs are not smaller than anythingso they can not be moved).
The instances di er in terms of the number n of discs that must be transferred fromp; to

Ps.

B.15 Logistics

Logistics is the classical transportation domain, where olpects must be transported within
cities using trucks, and between di erent cities using airdanes. There are six operators, to
drive a truck between two locations within a city, to y an air plane between two airports,
to load (unload) an object onto (from) a truck at a location, and to load (unload) an object
onto (from) an airplane at an airport. The operators all have the obvious preconditions
and e ects (the most \complicated" operator is that moving a truck, whose precondition
requires that both locations are within the city). There is always at least one city, and each
city has a non-zero number of locations one of which is an aimprt. There is an arbitrary
number of objects, and of airplanes (which are located at aports). The goal is to have a
subset of the objects at their goal locations.

B.16 Miconic-ADL

Miconic-ADL is an ADL formulation of a complex elevator control problem occurring in a
real-world application of planning (Koehler & Schuster, 2000). A number of passengers are
waiting at a number of oors to be transported with a lift, obe ying a variety of constraints.
There is always at least one oor, and an arbitrary number of passengers, each of which is
given an origin and a destination oor. There are three operdors. The lift can move up
from oor fto oor f'if f' is (transitively) above f, and vice versa for moving downwards.
The lift can also stop at a oor. When it does so at oor f, by conditional e ects of the
stopping action all passengers waiting atf are boarded, and all passengers wanting to get
out at f depart. The goal is to serve all passengers, i.e., to bring #m to their destination
oor. The constraints that must be obeyed are the following.

In some cases, a passengerhas no access to a ooff; the lift can then not stop at f
while p is boarded.

Some passengers are VIPs; as long as these are not all servidt lift can only stop
at oors where a VIP is getting on or 0.
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Some passengers must be transported non-stop, i.e., if thegre boarded, the lift can
make no intermediate stops before stopping at their destindon oor.

Some passengers can not travel alone, others can attend thenf one of the former
kind is boarded, then so must be at least one of the latter kind

There are groups A and B of passengers such that it is not alloed to have people
from both groups boarded simultaneously.

Some passengers can only be transported in the direction oheir own travel, i.e., if
they need to go up (down), then, while they are boarded, the lit can not move
downwards (upwards).

All of these constraints are formulated by means of complex rst order preconditions of
the operators.

B.17 Miconic-SIMPLE

The Miconic-SIMPLE domain is the same as Miconic-ADL descrbed above, except that
there are no constraints at all.

B.18 Miconic-STRIPS

The Miconic-STRIPS domain is almost the same as the MiconicSIMPLE domain, see above.
The only di erence is that boarding and departing passenges is not done by conditional
e ects of a stopping operator, but explicitly by separate STRIPS operators. One can board
a passenger at a oor. The precondition is that the (current) oor is the passenger's origin,
and the only e ect is that the passenger is boarded. One can lea passenger depart at a
oor. The preconditions are that the (current) oor is the pa ssenger's destination and that
the passenger is boarded, and the e ects are that the passergis served but no longer
boarded.

B.19 Movie

In Movie, the task is to prepare for watching a movie. There ae seven di erent operators.
One can rewind the tape, which adds that the tape is rewound, ad deletes that the counter
is at zero. One can reset the counter, the only e ect being thathe counter is at zero. One
can get ve di erent kinds of snacks, the only (add) e ect bei ng that one has the respective
shack. Instances dier only in terms of the number of items that there are of each sort of
snacks. The goal is always to have one snack of each sort, toVethe tape rewound, and
to have the counter at zero.

B.20 Mprime

Mprime is a transportation kind of domain, where objects mug be transported between
locations by means of vehicles, and vehicles use non-replehable fuel. In an instance,
there are a setL of locations, a setO of objects, and a setV of vehicles. There also are
setsF and S of fuel numbers and space numbers. Each location initially s a certain fuel
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number { the number of fuel items available at the location { and each vehicle has a certain
space number { the number of objects the vehicle can carry at dime. There are operators
to move vehicles between locations, to load (unload) objest onto (from) vehicles, and to
transfer fuel units between locations. A move from location! to location 1° can only be
made if | and 1°are connected (where the connection relation is an arbitray graph), and if
there is at least one fuel unit available atl (I has a fuel number that has a lower neighbor).
In e ect of the move, the respective vehicle is located atl® and the amount of fuel at | is
decreased by one unit, i.e.] is assigned the next lower fuel number. In a similar fashionan
object can only be loaded onto a vehicle if there is space fohat, and in e ect the available
space decreases. Unloading the object frees the space agaihhe transfer operator can
transfer one fuel unit from location | to location 19 if | and |9 are connected, and has at
least two fuel units left. As the result of applying the operator, I's fuel number decreases by
one, while % fuel number increases by one. Note that there is no way to rgain fuel items
(one can transfer them around but one can not obtain new ones)The goal is to transport
a subset of the objects to their goal locations.

B.21 Mystery

Mystery is exactly the same as the Mprime domain described atve, except that there is
no operator to transfer fuel items.

B.22 Optical-Telegraph

Like the Dining-Philosophers domain described above in Apendix B.7, Optical-Telegraph
is a PDDL compilation of a problem originally formulated in t he automata-based Promela
language. The mechanics of the PDDL compilation are the samas in Dining-Philosophers,
using derived predicates to detect blocked situations. Theroblem involves n pairs of com-
municating processes, each pair featuring an \up" and a \dow" process. Such a pair can go
through a fairly long, heavily interactive, sequence of opeations, implementing the possibil-
ity to exchange data between the two stations. Before data ixchanged, various initializing
steps must be taken, to ensure the processes are working symonously. Most importantly,
each of the process writes a token into a \control channel" (geue) at the beginning of
the sequence, and reads the token out again at the end. This caes a deadlock situation
because there are onlyn control channels, each of which is accessed by two processésore
precisely, the process pairs are arranged in a cycle, whereetween each pair there is a con-
trol channel. The overall system is blocked i all process pas are in a state where they
have occupied (written into) one control channel, and are wating to occupy the other. In
that sense, Optical-Telegraph can be viewed as a version ofiBing-Philosophers where the
internal states of the philosophers are more complicated. rl particular, the \philosophers"
(process pairs) here can choose in which order to \pick up thdorks" (occupy the control
channels). As it turns out, see Appendix A.2, the latter has an important impact on the
topology under h* .

We remark that, in IPC-4, there was also a version of OpticalTelegraph that modeled
process blocking via additional planning operators, not deved predicates. We chose to
consider the other, above, domain version since it constittes the more natural and concise
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formulation, and since planners at IPC-4 scaled further up n it than in the version without
derived predicates.

B.23 Pipesworld

In Pipesworld, units of oil derivatives, called \batches", must be propagated through a
pipeline network. The network consists of areas connected ih pipe segments of di erent
length. The pipes are completely lled with batches at all times, and if one pushes a batch
in at the one end of a pipe, the last batch currently in that pip e comes out at the other end.
There can be interface restrictions concerning the types o0bil derivatives that are allowed
to be adjacent to each other inside a pipe, and there can be td@ge restrictions concerning
the number of batches (of each derivative type) that can be sbred at any point in time in
the individual areas.

The only available planning operator is to push a batch into a pipe. In the IPC-
4 encoding of the domain, which we look at here, for non-unitey pipe segments (pipes
containing more than one batch) this operator is split into two parts, a start and a nish
action (in order to reduce the number of operator parameterseeded to correctly update the
pipe contents). Also, pipe segments are encoded in a direaefashion, making it necessary
to distinguish between (symmetrical) push and pop actions. The initial state speci es the
current batch positions etc., the goal speci es what batche have to be brought to what
areas.

B.24 PSR

In the PSR domain, as used in IPC-4, the task is to re-supply a tyen set of lines in a faulty
electricity network. The nodes of the network are \breakers', which feed electricity into
the network, and \devices", which are just switches that canbe used to change the network
con guration. The edges in the network are the lines, each conecting two or three nodes.
The breakers and devices can be open or closed. If they are apghen they disconnect the
lines adjacent to them. If breakers are closed, then they fak electricity into the adjacent
lines. Some of the lines are faulty. The goal is to ensure thanhone of the breakers is
\a ected”, i.e., feeds electricity into a faulty line, thro ugh the transitive connections in the
network. Also, the goal requires that each of the given set ofines is (transitively) fed with
electricity from some breaker.

The transitive network semantics, determining if a breaker feeds electricity into some
line, and if a breaker is a ected, are modeled by means of vadus derived predicates (with
recursive rule antecedents to enable the computation of trasitive closure). There are three
planning operators. One can open a device or breaker that isucrently closed, and one
can do the inverse closing action. Both actions require as arpcondition that no breaker
is currently a ected. If the latter is untrue, i.e., if a brea ker is currently a ected, then the
only available action is to wait. Its e ect is to open all breakers that are a ected.

We remark that, in IPC-4, there was also a di erent version of PSR, formulated in
pure STRIPS without derived predicates. That version consitutes, however, a relatively
super cial pre-compiled form of the domain (Ho mann & Edelk amp, 2005; Edelkamp et al.,
2005). It was included in IPC-4 only in order to provide the pure STRIPS planners with a
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domain formulation they could tackle (the pre-compilation was necessary in order to enable
the formulation in pure STRIPS).

B.25 Rovers

In Rovers, a number of rovers must navigate through a road mapof waypoints, take rock
and soil samples as well as images, and communicate the data & number of landers. The
nine available operators are the following. One can naviga a rover from one waypoint
to another { to do this, the waypoints must be connected for the rover. One can sample
soil/frock with a rover at a waypoint using a store { to do so, the rover must have the
(empty) store and be equipped for soil/rock analysis, and tlere must be soil/rock to sample
at the waypoint; in e ect one has the soil/rock analysis, the store is full, and the soil/rock
sample is no longer at the waypoint. One can empty a full storeby dropping the store. One
can calibrate a camera at a waypoint using an objective, and e can take an image of an
objective in a mode with a camera at a waypoint. For both operdors, the object must be
visible from the waypoint, and the camera must be on board a reger that is equipped for
imaging. To calibrate the camera, the object must be a calibation target for it; the only
e ect of the operator is the calibration of the camera. To take an image, the camera must
be calibrated, and support the required mode. The e ects arethat one has the image data,
and that the camera is no longer calibrated. Finally, there ae three operators with which
a rover can communicate soil/rock/image data to a lander. Todo so, the lander's waypoint
must be visible from that of the rover; the only e ect is that t he data is communicated.
The instances are restricted in that the visibility and connectivity between waypoints are
bi-directional { if waypoint w is visible from waypoint w® then the same holds true vice
versa; if a rover can move fromw to wPthen it can also move back. Another restriction is
that no camera is initially calibrated (this serves to make are that, in a reachable state,
each calibrated camera has at least one calibration target) Both restrictions are imposed
on the Rovers instances as can be generated with the IPC-3 gerator.

B.26 Satellite

In Satellite, satellites need to take images in di erent directions, in certain modes, using
appropriate instruments. There is a number of satellites, anumber of directions, a number
of instruments, and a number of modes. There are the followig ve operators. One can
turn a satellite from a direction to another one; the precondtions and e ects are the obvious
ones, the action can be applied between any pair of directiom(no connectivity constraints).

One can switch on an instrument on board a satellite, if the séellite has power available; in
e ect, the instrument has power but is no longer calibrated, and the satellite has no more
power available. One can switch 0 an instrument on board a sé#ellite, if the instrument

has power; in e ect, the satellite has power available, but he instrument not anymore.
One can calibrate an instrument on board a satellite in a diretion, if the satellite points

into the direction, the instrument has power, and the direction is a calibration target for

the instrument. The only e ect is the calibration of the camera. Finally, one can take an
image with an instrument on board a satellite in a direction and a mode. To do so, the
satellite must point into the direction, and the camera must support the mode, have power,
and be calibrated; the only e ect is that one has an image of tke direction in the mode.
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The goal is to have images of a number of direction/mode pairsalso, satellites can have a
goal requirement to point into a speci ed direction. The initial states are such that each
satellite (but no instrument) has power available, and no instrument is calibrated. The

former restriction makes sure that each satellite has the paer to run one instrument at a

time; the latter restriction makes sure that, in a reachable state, each calibrated instrument

has at least one calibration target. Both restrictions are mposed on the Satellite instances
as can be generated with the IPC-3 generator.

B.27 Schedule

In Schedule, a collection of objects must be processed on a mber of machines, applying
working steps that change an object's shape, surface condiin, or color; one can also drill
holes of varying widths in varying orientations. There are nine operators. Eight of these
describe working steps for an objecb on a machine. Amongst other things, these operators'
preconditions require that o is not scheduled elsewhere and that the machine is not busy,
and these operators' e ect is that o is scheduled, and that the machine is busy. The ninth
operator does a time step, whose e ect is that no object is sabduled, and no machine is
busy, any longer. One can apply a do-roll action to an objecto, which makeso cylindrical
and hot (no longer cold, see also below), while deleting anyusface conditions, colors, and
holes that o might have. One can apply a do-lathe too, making it cylindrical with a rough
surface, and deleting any colors thato might have been painted in before. One can apply
a do-polish to o if it is cold, giving it a polished surface. One can apply a dogrind to o,
giving it a smooth surface with no colors. One can apply a do-pnch to o, with width w in
orientation o, if ois cold, resulting in o having a hole inw and o, and a rough surface. One
can also apply a do-drill-press too, if o is cold, making a hole of widthw and orientation
o into o (changing none ofo's properties except making the hole). Ifo is cold, then one
can also apply a do-spray-paint in colorc, deleting all surface conditions that o might have.
Finally, one can apply a do-immersion-paint to o, changing none ofao's properties except
the color. Note that there is no operator that can changeo's temperature, except do-roll
which makes o hot; after that, o can not be made cold again (this is the reason why dead
ends can arise, c.f. Theorem 1). Initially, all objects are old, and have a shape and a
surface condition speci ed. Some of the objects are also patied initially, and an object
can have none or several holes. In the goal condition, some tifie objects can be required
to have cylindrical shape (the only shape that can be produce by the machines), some
need a surface condition, some must be painted, and each olgfecan be required to have
an arbitrary number of holes.

B.28 Simple-Tsp

Simple-Tsp is a trivial version of the TSP problem. There is asingle operator to move
between locations. This can be applied between any two (di eent) locations, and the e ect
(besides the obvious ones) is that the destination locatioris visited. The instances specify
a number of locations that must all be visited, starting in one of them.
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B.29 Tireworld

In Tireworld, one must replace a number of at tires. This inv olves a collection of objects
that must be used in the appropriate working steps. Brie y summarized, the situation is as
follows. There are thirteen operators. There is a boot that @n be either opened or closed;
it is initially closed and shall be so in the end. There are a pmp, a wrench, and a jack
which can be fetched or put away (from/into the boot); they ar e initially in the boot and
shall be put back in the end. The spare wheels are initially noin ated, and can be in ated
using the pump (the add e ect is that the wheel is in ated, the delete e ect is that it is no
longer not-in ated). Each hub is fastened with nuts; these @n be loosened or tightened,
using the wrench, while the respective hub is on ground. Thegck can be used to either
jack up or jack down a hub. Once a hub is jacked up, one can undohe (loose) nuts, or do
them up; if the nuts are undone, one can remove the respectiverheel, or put on one. An
optimal solution plan is this: open the boot; fetch the tools; in ate all spare wheels; loosen
all nuts; in turn jack up each hub, undo the nuts, remove the at wheel, put on the spare
wheel, do up the nuts, and jack the hub down again; tighten allnuts; put away the tools;
and close the boot.

B.30 Zenotravel

Zenotravel is a transportation domain variant where the vehicles (called aircrafts) use fuel
units that can be replenished using a refueling operator. Tlere are a number of cities, a
number of aircrafts, a number of persons, and a number of di eent possible fuel levels.
The fuel levels encode natural numbers by aext predicate { next(f;f9 is true i fOis the

next higher fuel level than f. The task is to transport a subset of the persons from their
initial locations to their goal locations. There are the following ve operators. One can

board/debark a person onto/from an aircraft at a city; this h as just the obvious precon-
ditions and e ects. One can y an aircraft from a city to a die rent city, decreasing the
aircraft's fuel level from f to f& f must be the aircraft's current fuel level, and fmust be the

next lower level. One can also zoom the aircraft; this is exaty the same as ying it, except

that zooming uses more fuel { the aircraft's fuel level is deceased by two units. Finally,

one can refuel an aircraft at a city from fuel levelf to fuel level f> The conditions are that

f is the aircraft's current fuel level, and that f%is the next higher level. Thus aircrafts can
be refueled at any city, and in steps of one unit.
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