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Abstract

Planning is the task of generating a series of actions thastorm a world from its initial state to one satisfying a
predefined goal. In this thesis we will be concerned with oomfint planning, that is, planning problems that exhibit
uncertainty about the initial state and nondeterministiioa effects. In addition, no sensing of the environment is
permitted during plan execution. In this context a planmpngplem is defined in terms of three components:

e adescription of the initial state,
e adescription of the goal,

e adescription of how actions affect the state of the world.
In defining a valid plan in such an environment, we distinjivgo concerns:

e executability— the guarantee that no matter which of thesitdes initial states and no matter what the outcome
of nondeterministic actions, the whole plan can be execated

e whenever the plan is executed the goal is achieved.

A widely-studied special case of conformant planning kn@srclassical planning is concerned with environments
where there is no uncertainty: the initial state is compyetaown and the effects of actions are deterministic. Far th
type of problem, defining a valid plan is a more straightfayarocess due to the lack of uncertainty. Much research
has been done on classical planning systems, and so it naderieficial if one could transform a conformant problem
to an equivalent classical problem and solve it using tefhefline classical planners. This is the foundation of our
approach.

Liu developed a method to transform a deterministic conforhproblem, defined as a conformant problem with un-
certainty only in the initial state, into a classical prahleLiu’s approach is implemented as a slight extension to the
Causal Calculator (CCalc), a publicly available systemplanning and reasoning about actions. Chen extended this
approach to consider nondeterministic action effects. nEuethe case of initial uncertainty, Chen’s determinizing
method provides a more concise alternative to the appro@icdduced by Liu. Also, Chen proved that the determiniz-
ing method is correct for uncertain initial states and destrated successful results in solving benchmark problems,
such as the Bomb in the Toilet problem and the Ring of Roomblene. However, a proof of correctness for deter-
minizing nondeterministic action effects was not given.

This thesis is focused on extending the determinizing ntetifdChen to be more widely applicable, automating the
determinizing method, and comparing our runs on standamdhyark problems with top-end conformant planners.
To this end, we have implemented a determinizing fronteatidhnverts a conformant problem into a corresponding
classical problem and then solves it using any state-chthelassical planning system. This allows us to take advan
tage of advances in classical planning systems. Furthermar prove correct the method of action determinizing,
thus completing the proof of correctness of the determigiprocedure.



Chapter 1

Introduction



1.1. INTRODUCTION

1.1 Introduction

Planning is the task of finding a sequence of actions thatagiee the achievement of a goal. “Confor-
mant planning” [6] is planning under uncertainty withoutyasensory information. The possible sources
of uncertainty are nondeterminism in the effects of actiand incomplete knowledge of the initial state.
In this type of planning problem, a plan is a sequence of astibat has to guarantee success no matter
which state the world is in initially (among those consisteiith what is known about the initial state)
and no matter what the outcome of any nondeterministic mad¢hiat is executed. The more widely-studied
classical plannings the special case of conformant planning in which thereoisimcertainty. That is, the
initial state of the world is fully known, and actions haveaateninistic effects. This type of planning has a
lower computational complexity than conformant plannidge to its relative simplicity. When only plans
of polynomially-bounded length are considered, classatahning is NP-complete (assuming typical lan-
guages for describing the components of the planning pmgblBy comparison, conformant planning may
be Y #-complete or ever} :-complete, depending on various assumptions and/oratstrs on the action

description language [11].

In this thesis, we extend the work of Chen [4], which is basedh® work of Liu [9], in developing a
determinizingechnique used to transform a conformant problem into aivalgut classical problem, which

in turn can be solved using state-of-the-art classicalries) Due to the fact that classical planners have
evolved to be very efficient as compared to conformant plemtieis technique provides a viable alternative
for solving conformant planning problems. Initial expeeints carried out by Chen on standard benchmark
problems indicate that in some cases this approach canrtartpeiop-end planners that solve conformant
problems directly (i.e., conformant planners). To comm@aithe determinizing technigque, Chen introduced
an action representation language based on STRIPS [8] lthatsaor the representation of conformant
planning problems. As will be seen later, this language hasrivenient limitations and we will introduce

enhancements to overcome some of these limitations.

1.1.1 Classical Planning

To better illustrate the concept of classical planning,ceks world problem with four blocks, BLOCKS(4),

will be presented. This problem has been taken from the élfintelligence Planning Systems 2000

-3-



1.1. INTRODUCTION

Initial State Goal State

CEe) [

Figure 1.1: Pictorial view of BLOCKS(4).

(AIPS 2000) competition. This problem has four blocks laid out on a table next to edlshrawith the goal
being to place them on top of each other in a column as illtestran Figure 1.1. In this problem, there are
four actions: pick-up, put-down, stack, unstack. The e¢fééeach action is self-described by the action’s

name.

Let us take a look at the problem description, shown in Figu®e In the initial state of the world, blocks
A, B, C, D are clear, they are on the table and the hand (used to gralottieshis empty. The initial state
assigns one value for each of the attributes in the worléelieing positive if present in the description or

negative if not. From this convention it follows that thetiali state is fully known.

The goal description is interpreted differently from théiat description in that we do not assume that
“unmatched” attributes are negative. It tells us the valhes certain attributes should have. Also notice
that no uncertainty is involved in any of the action effeetgery effect is totally deterministic. For example,
looking at actionpickup, we see that the effect is to remove the object from the tafdepdace it in the
hand of the robot, thus causing the robot to be holding it.dditeon the object is “uncleared” to not allow
any other object to be placed on top of it. Since the initiatesand action effects are totally deterministic,

this is a classical planning problem.

1A tarball of the problems from the competition can be founhitgi://www.cs.toronto.edu/aips2000/aips-2000datsfile
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Initial State: {clear(C), clear(A), clear(B), clear(D), ontable(C'), ontable(A), ontable(B),
ontable(D), handempty}
Action domain D:

Operator. pickup(x)

Precondition clear(x) A ontable(x) A handempty

Effects {—ontable(x), ~clear(z), ~handempty, holding(x)}

Operator. putdown(x)

Precondition holding(x)

Effects {—holding(x), clear(x), handempty, ontable(x)}

Operator. stack(x,y)

Precondition holding(z) A clear(y)

Effects {—holding(x), ~clear(y), clear(zx), handempty, on(z,y)}

Operator. unstack(x,y)

Precondition on(z,y) A clear(z) A handempty

Effects {holding(x), clear(y), —clear(x), =handempty, ~on(z,y)}
Goal: on(D,C) ANon(C, B) A on(B, A)

\

Figure 1.2: BLOCKS(4) problem description.
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1.1.2 Conformant Planning

There are many problems that exhibit uncertainty both indtescription of the initial state of the world
and in the action effects. Furthermore, it can be the cadedba to different factors, information about
the environment cannot be known during plan execution. IBnob of this nature are known as conformant

problems.

To become more comfortable dealing with such problems, Wiebwefly describe a standard benchmark

problem for conformant planners and introduce new terrogyko be able to describe such problems.

A well known family of conformant problems is tligomb in the Toilefamily of problems. These problems
come in many variants, but for this introduction we will bealiieg with a simple one. Consider a room
with a toilet and several packages of which one of them cogtaibomb. A bomb defusing robot has been
called upon to defuse the bomb. The only way to do so is to dualpackage with the bomb in the toilet,
which in turn clogs the toilet. The problem with a cloggeddbis that a package cannot be dunked in it
and so the toilet needs to be flushed to unclog it. To compliczdtters further, the robot does not know
which package contains the bomb. This type of problem is kne&BT'C(n), wheren is the number
of packages. Figure 1.3 shows a descriptionrBadfC(2) in which the world is described in terms of the
“fluent$ in, clogged, damp(P1), damp(P2) andarmed. (Informally, a fluent describes a property of the
world.) Fluentin indicates the location of the bomb in terms of the packagediwtains it, fluentliogged
indicates the status of the toilet (either clogged or natgritsdamp(P1) anddamp(P2) indicate whether
packagesP1 and P2, respectively, are damp or not, and lastly, fluentned indicates whether the bomb
is armed or not. The initial state of the world has uncernjag@ncerning the location of the bomb. This is

reflected in Figure 1.3 in the description of the initial etahefluent proposition
inin {P1, P2}
is satisfied no matter whether the bomb is in packBg€in = P1) or in packageP2 (in = P2).

So how can the agent solve such a problem without being aldertse the environment? One possible
solution would be to dunk package duf:k(P1)), then flush the toilet to unclog itf(ush) and then dunk
package 2dunk(P2)). Let us call this sequence of actioR$an-1, for which a graphical view is shown
in Figure 1.4. The initial states considered in Figure 1&ljast those consistent with the description of

the initial state. The sequené&dan-1 of actions leads from each one of those initial states tote st
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1.1. INTRODUCTION

satisfies the goal description. To illustrate this consttierinitial state in whichn = P1 (this means that
the bomb is in package 1). Applying the actions (in ordernpk(P1), flush, dunk(P2) leads to the state
{in = P1, clogged, damp(P1),damp(P2), ~armed} which satisfies the goal description. Notice here that
the same sequence of actions also leads to a state thafiesatise goal description in the case where the
bomb is initially in package 2. ThuBlan-1is indeed a solution to the BTC(2) problem, since regardless
of the initial state of the world, a goal state is guaranteetld reached. Other variations of this problem

include uncertainty in the clogging of the toilet and havingltiple toilets.

\

Fluents: in [domain(in) = {P1, P2}],
clogged [domain(clogged) = {true, false}],
damp(P1) [domain(damp (P1)) = {true, false}|,
damp(P2) [domain(damp (P2)) = {true, false}|,
armed [domain(armed) = {true, false}]
Initial State: {in in {P1, P2}, —~clogged, ~damp(P1), ~damp(P2),armed}
Action domain D:

Operator. dunk(x)

Precondition —clogged N ~damp(x)

Effects {—armed whenin = x, clogged, damp(x)}

Operator. flush

Precondition

Effects {—clogged}

Goal: —armed

- /

Figure 1.3: BTC(2) problem description

1.1.3 The Road Ahead

Liu [9] introduced a method, known agterminizingthat can sometimes transform a conformant problem
into a classical problem. In this approach Liu creates aytaopthe world for each of the possible initial

states and then constructs a classical plan that will sblv@itoblem “simultaneously” in all of these worlds.
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in=P1 in=P1
—clogged in=P1 in=P1 clo
gged
—damp(P1) clogged -clogged damp(P1)
—~damp(P2) damp(P1) damp(P1) damp(P2)
armed -~damp(P2) -damp(P2) —armed
-armed -armed

in=P2 in=P2
-clogged clogged
~damp(P1) damp(P1)
~damp(P2) damp(P2)
armed clogged -clogged —armed
damp(P1) damp(P1)
~damp(P2) —damp(P2)
armed armed

Figure 1.4: Solution to BTC(2).
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However, Liu’s approach can handle uncertainty only in tiigeal state, while the action effects are required
to be deterministic. In extending Liu’s work, Chen’s [4] apach can eliminate some duplicate features
from the worlds of the initial state to save on space. Thatfisle Liu's approach required a full copy of the
world for each initial state, Chen showed how it is sometipessible to get by with only “partial” copies.

In addition, Chen’s method can handle some problems witllet@mministic action effects.

In this thesis, we extend Chen’s work by enhancing Chen’slpm description language to be more ex-
pressive. To compliment this, we show that Chen’s proof efdarrectness of determinizing initial states
carries over to the new problem description language. Ma@meave prove that the determinizing proce-

dure works for nondeterministic effects. We also automaedeterminizing procedure by implementing a
frontend application that takes as input a conformant prepproblem in the enhanced problem description
language, and outputs an equivalent classical planningigaroin the standard classical planning language
PDDL [7]. The resulting classical planning problem is thed fnto a classical planner to produce a plan
for the classical problem, which is also a plan for the comfamt problem, as we will show in this thesis.

Furthermore, we experimentally compare the performancauofapproach to state-of-the-art conformant

planners.

Chapter 2 describes our planning framework and defines tigeidage used to encode conformant problems.
Chapter 3 moves on to define the determinizing procedure sne that it works on initial states and on
nondeterministic action effects. Chapter 4 describesrmoplamentation of a parser that uses the determiniz-
ing procedure to transform a conformant problem to a clakpioblem. Chapters 5 and 6 then present our
results and compare them with the results of top-end cordotmplanners. Due to time constraints, certain
items still need to be addressed and these are discussedjeCi as future work. At the end of the thesis,

one finds appendices with descriptions of the different jgmk used in our experiments.



Chapter 2

Planning Framework

10



2.1. PLANNING FRAMEWORK

2.1 Planning Framework

In this chapter we will define a problem representation laiggy based on the language introduced by Chen
[4], that will be used to describe conformant planning peafis. In contrast to the language of Chen, where
action preconditions and the description of the goal wepmrassed by conjunctions of fluent propositions,
our extension will allow these to be expressed using fluemhddas (of which a formal definition will be

presented later on). As a result, this will allow for the egantation of more complex problems.

2.1.1 Problem Representation Language

The basic building blocks of a problem description are adinét of symbols calledctionsand a finite set
of symbols calledluents disjoint from the actions. Associated with each fluent iaempty finite set of
symbols called itglomain Intuitively, fluents characterize the state of the worlagte fluent takes exactly

one value at a time from its domain. Actions define how the evorbves from one state to another.

A planning problem is described as a trigle D, G) whereI describes the initial statd) describes the

actions (known as an action domain) ardlescribes the goal to be achieved.

We will denote the domain of a fluerftby domain(f). For example, from the BTC(2) problem, as pre-
sented in Section 1.1, the constantis a fluent withdomain(in) = {P1, P2}. A fluent with the Boolean
domain{true, false} is called aBoolean fluentHere, we need to note a syntactic restriction on the symbols
of a domain, in that they cannot contain the “.” charactertube special use of this character in the deter-
minizing procedure. In addition, the fluents of the problesmdin need to conform to a restriction known

as ‘copyfreé (these restrictions will become clear in the next chapter)
A fluent propositioris an expression of the form
finv

wheref is a fluent and” a nonempty subset @dbmain(f). Intuitively this means that the value éfis one
of the elements oF. If |[V/| = 1 then the fluent proposition is callef#terministicand otherwise it is called

nondeterministic

As a notational convenience, one can wrfte= v for fin {v}. Furthermore, for the case whefeis a

-11-



2.1. PLANNING FRAMEWORK

Boolean fluent, we can writé to stand forf = true and—f to stand forf = false.

Fluent Formulas and Partial State Descriptions

The symbols
A7v7375;_er>ﬁ

arepropositional connectivesl (false) andT (true) are O-place connectives,(negation) is a 1-place or
unary connective, and (conjunction),Vv (disjunction),> (implication), and=, (equivalence) are 2-place

or binary connectives.

A fluent formulais a formula of propositional logic whose atoms are fluenppsitions. Alternatively it

can be defined recursively as follows.

Every fluent proposition is a fluent formula.

Both T and_L are fluent formulas.

If ¢ is a fluent formula then so is¢.

If ¢, ~ are fluent formulas thefy © ) is a fluent formula, where is a binary connective.

A fluent formula is used to describe the attributes of the @vatla particular moment in time.

It is sometimes convenient to omit some parentheses froneatffarmula. For example, a fluent formula

of the form(F' ® G) can be written a$” ©® G. These abbreviations will become clear when used in cantext

A partial state descriptior{PSD) is a set of fluent propositions in which each fluent agpaamost once.

A PSD corresponds to the fluent formula obtained by conjgiitim elements.

Satisfaction of Fluent Formulas and Partial State Descripibns

A stateis a function that maps each fluefito a value fromdomain(f). It can also be thought of as an

alternative representation for a special kind of a partetiesdescription where

-12-



2.1. PLANNING FRAMEWORK

e each fluent appears exactly once, and
e for each fluent propositiorfi in V, |V| = 1.
By definition, a state assigns a value to a fluefit and we writes( f) to denote the value assigned $jo

1.

For any states and any fluent formula, we define thesatisfaction ofp by s, denoteds = ¢, in a similar
manner to how an interpretation satisfies a formula in pritipogl logic. A recursive definition of this is as

follows.

e sE=finViff s(f)eV
e sET,skEL
e For any fluent formulap, s = ¢ iff s = ¢

e For any fluent formulasg, v,

sEoAviff sE¢ands =~y
sEoVyiff si=dors =y

s k= ¢ D yiffif 5= ¢thens =~
sE¢p=qiff sEoDyands =vD ¢

Similarly, a states satisfiesa partial state descriptioR if it satisfies every fluent proposition iR, and we

write s = P. Notice that every?SD is satisfied by at least one state.

Operators

An effect propositioris an expression of the form
finV wheng,

wheref in V is a fluent proposition and a fluent formula.¢ is called theantecedenaind f in V' the con-

sequentIf |V| = 1 then the effect proposition geterministic (This is equivalent to an effect proposition

-13-
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as defined in Chen with the difference being that for Chen thecadent of an effect proposition is a PSD
instead of a fluent formula as defined here.) As a convenidaceny effect propositior’, we sometime

write Ant(C') to refer to the antecedent 6fandC'on(C) to refer to the consequent 6f.

An operatordescribes the effects of an action and has the followingasynt
Operator. a

Precondition Pre

Effects £
wherea is an action,Pre a fluent formula ande a set of effect propositions satisfying the following

restriction:

Restriction 2.1.1. For any distinct effect propositiong in ¥ when¢ and f in V/ when in E, for any
states,

if s satisfiesPre thens satisfies at most one gfand) .

This restriction will guarantee that in any state that $i@sthe precondition of, the result of executing

is well defined.

In the operator effects, as an abbreviation, we will use ¥peassionf in V' to stand forf in V whenT.

Thus, for example, the effect proposition

=clogged when T

can be written as

=clogged.

To gain a better understanding of the syntax of an operatbyd look at the operatelunk(z) from the
BTC(2) problem (described in Section 1.1), as shown in duB. (Here it is important to note that oper-
ator dunk(x) is a schematic representation of operaiisk(P1) anddunk(P2), with  a metavariable
ranging overP1, P2.) Notice thatdunk(xz) has the preconditiomclogged A —damp(z) and the effect
{—armed whenin = x, clogged, damp(x)}. Intuitively, this means that théunk(x) action can occur
only if the toilet is not clogged and packagés not damp. The effect of this action is to disarm the bomb if

it is in packager, to clog the toilet, and to make packageamp.

-14-



2.1. PLANNING FRAMEWORK

Operator. dunk(P)
Precondition —clogged A —damp(P)
Effects {—~armed whenin(P), clogged, —clogged, damp(P)}

Figure 2.1: An example of a non-operator

An example of a non-operator is shown in Figure 2.1. The gmbhere is that in the effect we have the

effect propositions

1. clogged

2. ~clogged
which violate Restriction 2.1.1, since any state satisfiesantecedent. (Recallclogged is a shorthand

notation forclogged when T and—clogged a shorthand notation fofclogged when T).

Operator. dunk(P)
Precondition —clogged A —damp(P)
Effects {—~armed whenin(P), clogged in {true,false} , damp(P)}

Figure 2.2: An example of a nondeterministic effect

Up to this point we have dealt with actions whose effects aterdhinistic. However, conformant problems
allow for action effects to be nondeterminisitic and so tbaeidea of what such an action looks like, we

show one in Figure 2.2. Nondeterminism here stems from fleetef
clogged in {true, false}
where it is not known if dunking the package will clog the ébibr not.

An action domainis a set of operators, exactly one for each action. An act@nain is said to beonde-

terministicif it contains at least one operator with a nondeterministfect. Otherwise it isleterministic

2.1.2 Transitions and Histories

An operator isexecutablén a states if s = Pre, wherePre is the precondition of the operator.

The worldtransitionsfrom states to states’ using actioru, denotedr (s, a, s), if

1. a is executable i,
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2. for each effect propositiofi in V when ¢ in the effects of, if s = ¢ thens’ = fin V,
3. for all fluentsf, if there is no effect propositiorf in V- when ¢ in the effects ofu s.t. s = ¢, then
s'(f) = s(f).
Condition 3 captures the “commonsense law of inertia”: deidon’t change unless they’re made to.

From the definition of transition, it follows that for any & and any actior that is executable ig, there
is at least one state thatransitions to: that is, there is at least one sta®ich thatr(s, a, s’). This is due

to Restriction 2.1.1.

A history is a sequencésy, ag, S1, - - -, Sn—1,an—1, Sp) Of states and actions such thats;, a;, s;+1) for

0 <i<n—1. We say that is thelengthof the history.

2.1.3 Conformant Planning

A conformant planning probleris a triple (I, D, G) where! is a partial state description describing the
initial state,D an action domain, and’ a fluent formula describing the goal to be achieved.

We say a sef of statessatisfiesa fluent formulap if for all s € S, s = ¢.

An action isexecutablén a setS of states ifS = Pre.

For sets of stateS, S’ we say the world transitions froi$i to S’ using actions, denotedr (S, a, S’), if a is
executable it andS’ = {s'|tr(s,a,s’),s € S)}.
An epistemic historys a sequenceSy, ag, S1, - - -, Sn—1,an—1,S,) Of sets of states and actions such that

tr(S;, a;, Si+1) for 0 <i < n — 1, wheren is thelengthof the history.

A plan for a conformant planning problem is a sequeKes, . . ., a,,—1) of actions with a corresponding
epistemic history(Sy, ag, S1, - .., Sn—1,an—1,5,) WhereSy = {s|s = I} andS, = G. Intuitively this

means that the plan guarantees the achievement of the gdaigtrom any state consistent with

It is important to note here tha, is guaranteed to be nonempty becaiise a PSD and, as noted earlier,

for every PSD there is at least one state that satisfies it.
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2.1.4 Classical planning

A classical planning problenis a triple (I, D, G) wherel is a state (the initial state)) a deterministic
action domain, and- a fluent formula describing the goal state. Classical plamis the special case of
conformant planning in which the actions can have only deft@stic effects, and is a state. (As mentioned

earlier, a state can be understood as a special kind of a PSD.)

A plan for a classical planning problem is a sequekeg a1, . . . ,a,—1) Of actions with a corresponding
history (sg, ag, . . .,an—1, s») such thats, = I ands,, = G. As can be seen, this is essentially a special
case of a conformant plan: here we have a sequence of statexiions, whereas in the conformant case

we have a sequence of sets of states and actions.

Next is an example of a classical planning problem. A blocksldvwith two blocks,block(2), will be

discussed. A description of the problem is as follows:

Set of fluents{holding, onTable A,onTable B, clear A, clear B, BonA, AonB}
domain(holding) = {A, B, NOTHING}

domain(onTableA) = {true, false}

domain(onTableB) = {true, false}

domain(clear A) = {true, false}

domain(clear B) = {true, false}

(BonA) = {true, false}

(AonB) = {true, false}

domain

Set of actions{pickupA pickupB putBonA putAonB takeoffBFromAtakeoffAFromB
Initial Statel: {holding = NOTHING,onTableA, onTableB, clear A, clear B, ~BonA, - AonB}

Action domainD:
Operator. pickupA

Precondition holding = NOTHING A clearA N onTableA
Effects {holding = A, —clear A, —onTable A}
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Operator. pickupB
Precondition holding = NOTHING A clear B A onTableB
Effects {holding = B, ~clear B, ~onTableB}

Operator. putdownA
Precondition holding = A
Effects {holding = NOTHING,onTableA, clear A}

Operator. putdownB
Precondition holding = B
Effects {holding = NOTHING,onTableB, clear B}

Operator. putBonA
Precondition clear A A holding = B
Effects { BonA, —clear A, clear B, holding = NOTHING}

Operator. putAonB
Precondition clear B A holding = A
Effects { AonB, —clear B, clear A, holding = NOTHING}

Operator. takeoffBFromA
Precondition BonA A clearB A holding = NOTHING
Effects {holding = B, clear A, —clear B,~BonA}

Operator. takeoffAFromB
Precondition AonB A clearA A holding = NOTHING
Effects {holding = A, clear B, —~clear A,—~Bon A}

GoalG : BonA

It is easy to see that this problem is a classical planninglpro since all action effects are deterministic

and the initial description is a state.

A plan of minimal length for this problem i&®ickupB, put Bon A).
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2.1.5 Benchmark Problems

In this section, we will present informal descriptions of tonformant problems used for our experimental
purposes. For full descriptions of specific instances aféhgroblems, see Appendix C for tBEUC(2)
problem, Appendix D for th&RING(2) problem, Appendix E foiSQUARE5) problem, Appendix F for
CUBE3) and Appendix G folSAFE5). The first problem is the bomb in toilet family of problemsese
Section 1.1 for a general description). In this thesis, wikhei dealing with four different instances of this

problem, as follows.

BTC(n) - BT problem withn packages and uncertainty in the initial state; it is not knavhich of

then packages the bomb is in.

BTUC(n) - BTC(n) problem with the addition that in the effects of actidankit is not known
whether the toilet will clog or not. Figure 2.2 shows the netedministic operatodunk, used in the

problem.

e BMTC(n,t)- BT'C(n) problem with the addition of havingtoilets.

BMTUC (n,t) - BTUC(n) problem with the addition of havingtoilets.

The bomb in the toilet problems are a classic benchmark fofotmant solvers and were used by ([4], [9],

etc.).

The next problem used in our experiments is the Ring of RoderstedR/ N G(n), wheren is the number

of rooms. It was introduced by Cimatti et al. in [5]. A genedalcription is as follows.

There is a ring of roons each consisting of a wi ndow t hat

can be open, closed or | ocked. A robot can nove to each room either

cl ockwi se or countercl ockwi se and can close a windowif it is open and
lock it if it is closed. The goal is to lock the windows in all the
roons. The uncertainty here is in the initial state in that it is

not known which roomthe robot is in or the status of the w ndows.

In this probleminstance, the wi ndows obey the law of inertia in that

a wi ndow cannot change its state unless caused by sone action.
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There is another variation of this class of problems, disedsn [5], in which a window can become open if
it is unlocked and there is no action acting upon it. For eXaripthe robot is closing the window in room
1, then the window in room 2 may change its state to become fopanclosed, for example. This class of
problems is referred to as théRING(n) wheren is the number of rooms. However, we did not consider

this type of problem due to reasons that will be discussedatié 5.1.

The third problem that we used for our experiments is the SRBAroblem, denoteBQUAREn), where
n is the number of subsquares per row or column of the squareexample SQUARES5) has a square with

5 units on each side for a total of 25 subsquares. This igrdlted in Figure 2.3. This problem was used in

Figure 2.3: Graphical view of SQUARE(5) problem.

[2] to test the GPT planner. This is a navigation problem eheitially the robot is at an unknown position
and the goal is to reach a predefined position. There are &igna in this problem— one action to move
in each direction (up, down, left, right). Note here thatiia tase where it is not possible to move further in
a given direction, the action of “moving” in the directiorales the robot’s position unchanged. There are
two variations to this problentornerandcenter The difference is in the destination position of the robot.
In corner, the robot must reach a corner position, whereasemerthe robot must reach the center of the
square. In this thesis, we will deal wittorner since this is the instance that was used by [2]. A solution to

this problem is for the robot to move— 1 positions in each dimension of the square.

Next we considered the CUBE problem, deno@dBE(n), wheren is the number of subcubes in each

dimension. This is th&€QUAREn) problem extended to 3 dimensions. This problem was used]@n[®
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[3] in their experiments. This is very similar ®QUAREn) with the only difference being that the robot
is in a cube instead of a square. Again there are two vargtiothis problem—eenterandcorner. In our
experiments we consider both variations. In this probleendfare six actions to allow for the robot to move

in each direction of the cube.

The last problem considered is tBafeproblem, denote@®AFEn) wheren is the total number of com-
binations available. This problem was used by [3] to evaluhée performance of Conformant-FF. In this
problem, there is a safe where there is one combination frgpmoaof n combinations that opens it, with
the correct combination being unknown. The objective isgerothe safe. A solution to this is to try all
different combinations. This will guarantee that the saftt @nd up open, no matter which is the correct

combination.

The planning problems presented thus far do not benefit fronmertensions to the planning framework.
However, since fluent formulas are more expressive thamapatate descriptions (recall that PSDs are a
special case of fluent formulas), our language allows foresging more complex planning problems. For
a simple example consider a variant of the bomb in the toileblem where the dunk action can occur if
the toilet is not clogged and the package is not damp or if #okg@ge contains the bomb. This can be easily

expressed, using our extensions, as shown in Figure 2.4.

Operator. dunk(x)
Precondition (—clogged A ~damp(z)) Vin = x

Effects {—armed whenin = x, clogged, damp(z)}

Figure 2.4: An example of an action that makes use of one oéxtgnsions of the language of Chen.
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3.1. DETERMINIZING

3.1 Determinizing

Determinizingis a technique used to transform a conformant planning probhto a classical planning
problem by eliminating uncertainty in the initial state @ndhe action effects. This technique was first de-
veloped by Liu [9] to handle uncertainty only in the initisate. Roughly speaking, Liu introduced a “copy”
of the world corresponding to each possible initial statd simultaneously solved the corresponding clas-
sical planning problem for each of these worlds. In furth@redoping this technique, Chen [4] showed that
uncertainty in the initial state can be eliminated more ffitty by, roughly speaking, removing duplicate
attributes from the different worlds. Furthermore, Cheentlextended the procedure to handle uncertainty
in the action effects, given certain assumptions aboutblel@m domain. As stated by Chen, the procedure
can always remove all uncertainty from the initial state wiith a worst-case exponential cost. However,
there is no guarantee that all uncertainty can be removed the action effects, and in cases where this is

possible there will still be a worst-case exponential cdkt [

In this section we will extend Chen’s determinizing proaedslightly. (Chen’s description language re-
quired that an action precondition be a PSD, instead of afffioeemula, and similarly that the antecedent
of an effect proposition be a PSD, again instead of a fluemidiéa, as we allow.) We will then prove that
this technique produces an equivalent problem with all tag#y removed from the initial state and, where
applicable, from the action effects. That is we will showttHar any conformant probleni/, D, G), if
(I', D', G") results from determinizing!, D, G), then a plan is a solution tg, D, G) iff it is a solution to

(I', D', G".

It is important to note here that in each phase of deternmgjzive determinize one “multiple fluent” at a
time until there are no more multiple fluents. Informally altiple fluent is a fluent whose value might be
unknown either initially or after execution of some acti@nformal definition will be provided later in this

chapter. One here should also consider the order of deteingnmultiple fluents, since different orders
may produce different sized problems. Due to time limitagiove will not study this problem in depth in

this thesis.
High-level pseudocode for the determinizing procedurevisrgin Algorithm 1.
To help in understanding these concepts, one can think ohtrgoant problem as being composed of

multiple problems with no uncertainty. For example, coasithe BTC(2) problem as described earlier. The
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Algorithm 1 Determinize(Z, D, G))
Determinize all multiple fluents in the initial state

Determinize all multiple fluents in the action effects

return (I’, D', G’)

World 1 World 2

mn = Pl mn = P2
=clogged =clogged
armed armed
—damp(P1) —damp(P1)
—damp(P2) —damp(P2)

\ /

Figure 3.1: The two worlds of the BTC(2) problem correspagdio the uncertainty in the initial state with

regard to the location of the bomb.

only uncertainty is in the initial state, where it is not knowhich package the bomb is in. This can be
decomposed into two worlds, where in the first world the bosnib package 1 and in the second world the
bomb is in package 2, as shown in Figure 3.1. Figure 3.2 showprasentation of this new problem in
our language. It is easy to check that a sequence of actiahsvithsolve the problem in both worlds, such
as the one in Figure 1.4, will solve the original conformarttypem (regardless of which package contains
the bomb). The main idea of the determinizing method is tatera description of a planning problem that
encapsulates all the possible worlds, while eliminatingantainty both in the initial state and, if possible, in
the action effects. Notice that the description in Figurianages to encapsulate the two possible worlds
without requiring two copies of every fluent: while there ame copies ofin andarmed, one copy each of

clogged, damp(P1) anddamp(P2) is sufficient.

Here, we should note that, for convenience, we will oftereréd the states ob’ (in the determinized
problem) asextended stateig order to distinguish them from the states/of(in the conformant problem),

which we will sometimes refer to awgiginal states

It is important to understand that, sin€és a PSD, there might be fluents not mentioned,im which case
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4 N

Fluents: in.P1 [domain(in.P1) = {P1, P2}], in.P2 [domain(in.P2) = {P1, P2}]

clogged [domain(clogged) = {true, false}] ,
damp(P1) [domain(damp (P1)) = {true, false}],
damp(P2) [domain(damp (P2)) = {true, false}],
armed.P1 [domain(armed.P1) = {true, false}],
armed.P2 [domain(armed.P2) = {true, false}|
Initial State: {in.P1in {P1},in.P2in {P2},~clogged, ~damp(P1),~damp(P2),armed.P1,armed.P2}
Action domain D:
Operator. dunk(x)
Precondition —clogged A ~damp(x)
Effects {—armed.P1whenin.P1 = z, ~armed.P2 whenin.P2 = x, clogged, damp(x)}
Operator. flush
Precondition

Effects {—clogged}

K Goal: ~armed.P1, ~armed.P2 /

Figure 3.2: The result of determinizing BTC(2).

for any such fluent we add

hin domain(h)

to I. One can easily check that this does not affect the meanifgnodny way - which is to say that it does

not affect the states that satisfy

At this point we present theorems for the determinizing pdace. (These theorems employ some concepts

that will be defined a little later, but appear here to helprdasler anticipate what will follow.)

Theorem 1. For any conformant planning probleid, D, G) whereD is copyfree, if we obtain
(I', D', G') by determinizing a multiple initial fluent, the#r* is a solution for(I, D, G) iff
A* is a solution for(I’, D', G").

Theorem 2. For any conformant planning problerd, D, G) in which D is copyfree and uniformity pre-
serving, if(I’, D', G') is obtained by determinizing a nondeterministic fluent pssfon and!’ is uniform,

then A* is a solution to(I, D, G) iff A* is a solution to(I’, D', G").

Theorem 3. For any conformant problen, D, G), if D is adequate the® is uniformity preserving.
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There are several differences between our Theorem 1 anddrheband the corresponding theorems pre-
sented by Chen. Here we explicitly specify the conditiort #has copyfree Furthermore, in our definitions
it is implicit that G, and all fluent preconditions and operator precondition® ire formulas (as defined in

Section 2.1) whereas Chen defines them as partial stateptestw (PSDs).

To prove the correctness of the determinizing procedure @eslrio prove Theorem 1, Theorem 2, and
Theorem 3. (Here, it should be noted that it is easy to checkridormity of I’ and so a proof will not be
presented.) Furthermore, we need to prove tloglyfree uniformity preserving, adequacy and uniformity
are preserved under determinizing. This is required whgreontains more than one nondeterministic
fluent proposition (or multiple initial fluent) and thus nmiple passes of the determinizing procedure/on
are needed (see Algorithm 1). (Section 3.8 presents thepipate lemmas for which the proofs can be

found in Section 3.13.)

Notice that when determinizing a nondeterministic fluenthaee enforced certain requirements rand

D for the determinizing procedure to work (i.e., for Theorerntoold). To illustrate why this is needed
consider the conformant planning probléim D, G) shown in Figure 3.3.D is not uniformity preserving
(as will be easy to check once we have presented the definfisrg result, in this example, the determinized
problem has a solution that is not a solution for the origjpralblem. Figure 3.4 shows the corresponding
determinized problemil’, D', G’). Let A* = (foo, foo) be a sequence of actions. This produces the

epistemic history(Sy, foo, Sy, foo, Se) in (I, D, G) where
So={{a=0,-b}},

S1={{a=1,-b},{a=2-b}},
Sy ={{a=1,b},{a=2,b},{a=1,-b},{a=2,-D}}.

Notice thatSy = Mod(I) andS; [~ G and therefored* is not a solution foxI, D, G). On the other hand,
A* produces the historys, foo, s}, foo, sh) in (I', D', G') where

s ={a.1=0,a.2 =0,-b.1,-b.2} ,

sh={al=1,a2=2-b1,-b2},

sy ={a.l=1,a.2=2,b1,-0.2} .
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In this cases;, = I’ ands}, = G’ and thus4A* is a solution forI’, D', G’). The problem here arises because
states satisfies the fluent preconditianl = 1 but not the fluent precondition.2 = 1 (and soD’ does
not preserve uniformity, which is one of the extra condiisaquired in Theorem 2). Notice here that the
fluent preconditiong.1 = 1 anda.2 = 1 in D’ are “derived” from the same fluent preconditian=€ 1) in

D, one for each world of the conformant problem. Howegérmloes not satisfy this fluent precondition in
both worlds and se] (in the determinized world) is not consistent wih(in the original world), resulting

in different histories for the same sequence of actions. UBrantee that this situation does not occur, we
introduce the concept of uniformity. Furthermore, we needuarantee that uniformity is preserved as we
transition from one state to another, which leads to the&gnaf uniformity preserving. The importance of

these concepts will become clear as we present the proofiia detail.

~

I={a =0,-b}

D:
Operator. foo
Precondition T

Effects {a in {1,2} whenT,bwhena =1}

G=(a=2VYD)
N /

Figure 3.3: An example of a problem with nondeterministiees that cannot be determinized.

~

I'={a.1 =0,a.2 = 0,-b.1,-b.2}
D':

Operator. foo

Precondition T

Effects {a.1 = 1whenT, a.2 =2whenT, b.1 whena.l1 =1, b.2whena.2 =1}
G'=(a.1=2Vb1)A(a.2=2Vb2)

- /

Figure 3.4: The determinized problem from Figure 3.3.
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I={ain {1,2},a.2in {3},b}
D:

Operator. foo(X)

Precondition T

Effects {a = 2whena.2 = 3}
G=(a=2)

- /

Figure 3.5: An example of a conformant planning problem tleas not adhere to tlwpyfreecondition.

3.2 Copyfree

Notice that the framework defined in Section 2.1 does notreafany restrictions on the naming of fluents
and thus it is possible that fluents in the original problera. (iconformant problem) conflict with deter-
minized fluents in the determinized problem. This might leadituations where a conformant problem

cannot be determinized as illustrated in the following epkas.

Consider the conformant problem shown in Figure 3.5. Nowsier determinizing the multiple initial
fluenta in I. As part of this process, we include the fluent propositich= 2 in I. Buta.2 already appears
in I and thus we cannot include the new fluent proposition (sinisea PSD, each fluent appears at most

once inl). As a result, this problem cannot be determinized.

Next we present a similar example where we determinize aetendinistic fluent proposition. To this
end, consider the conformant planning problem shown inreid6. Consider determinizing nondeter-
ministic fluent propositiorz in {2,4}, which produces:.2 = 2 whenb (in addition to the other copies
of ain {2,4} whenb). But, foo contains the effect proposition2 = 1 whenb and soa.2 = 2 whenb
cannot be added to the effectsfafo (since Restriction 2.1.1 will be violated). Thus this peaiblcannot be

determinized.

To overcome this difficulty we introduce the conceptopyfree

Definition 3.2.1. Theset of copies off is defined as follows:
1. fisacopyof f
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~

I={ain {1,2},b}
D:

Operator. foo(x)

Precondition T

Effects {ain {2,4} whenb,a.2 =1whenb}
G=(a=2)

- /

Figure 3.6: Determinizing a multiple fluent proposition incanformant planning problem that is not

copyfree

2. if f"is a copy off, then so isf’.w, for anyw € domain(f"), for any fluentf”.

Definition 3.2.2. A domainD is copyfree if, for all fluentg in D, the only copy of is f .

Referring back to the examples, we see that in Figure/3centains fluents anda.2, wherea.2 is a copy
of a (thus the problem is natopyfreg. In Figure 3.6,D contains fluenta anda.2, wherea.2 is a copy ofa
(thus the problem is natopyfreg@. Note that this is a technical issue due to the conventieal ts represent
“extended” fluents. One can see that the importanampf/freeis pervasive and so it is assumed implicitly

throughout the thesis.

3.3 Determinizing a multiple initial fluent

Given a conformant planning probled, D, ), a fluentf is amultiple initial fluentif I contains a fluent
propositionf in V with |V| > 1. For example, in th8TC(2) problem, fluenin is a multiple initial fluent
in I becausen in {P1, P2} belongs tal. Notice here that for any multiple initial fluerft there is exactly
onefin Vin I (sincel is a PSD,f occurs at most once ihand for anyf that is not included i we add

fin domain(f)to I).

Let d be a multiple initial fluent such thatin W € I. We now describe the transformation @f, D, G)

that determinized.

We say a fluenf affectsa fluentf’ (in D) if there is an operator i with an effectf’ in V" when 1t where
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f appears iny. For fluentd, we define itsaffected seﬂg (in D) as the least set of fluents such that

1. de AP,

2. for all fluentsf, f/, if f € AP andf affectsf’ (in D), thenf’ € A?.

We will use the notationd, as a shorthand fad? when it is clear from the context what is.

When determinizing multiple initial fluent in domain descriptiorD, we obtain a domain descriptiah’

where the fluents are:

e the original fluents ofD that do not belong tal; (that is, the fluents not “affected” hj), and

¢ new fluentsf.w for eachf € A; andw € W.

(In Theorem 1 and Theorem 2, the condition thais copyfreesimply guarantees that all fluenfsw in
item 2 are indeed new.)

For any fluentf and allw € W, define

extend(f, w) = { fw WS € Aa, (3.1)

f , otherwise.

Here it is important to note that for any fluefitand anyw € W,

domain(extend(f,w)) = domain(f).

For any fluent propositiorf in V, define

extend(f in V,w) = extend(f,w)in V. (3.2)

For any partial state descriptidn, define
extend(P,w) = {extend(f in V,w): finV € P} . (3.3)

extend is defined on fluent formulas as follows. The base case wher®tmula is a fluent proposition, is
already defined.

extend(L,w) = L (3.4)
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extend(T,w) =T (3.5)
extend(—¢, w) = —extend(p, w) (3.6)
extend(¢ © ¥, w) = extend(p, w) ® extend(1, w) 3.7)
g
for any binary operator
For any effect propositiorf in V' when ¢, define
extend(f in V- when¢,w) = extend(f in V,w) whenextend(¢, w) (3.8)
For a set of effect propositions, define
extend(S,w) = {extend(f in V when¢,w) : fin V when¢ € S} (3.9)
For W define
extend(f, W) = {extend(f,w): w € W} (3.10)
extend(f in VW) = {extend(f in V,w): w € W} (3.11)
extend(P,W) = U extend P, w) (3.12)
weWw
extend(¢, W) = |\ extends, w) (3.13)
weW
extend(f in V-when¢, W) = {extend(f in V when¢,w): w e W} (3.14)
extend(S, W) = U extend(S, w) (3.15)
weW

Figure 3.7 shows the result of determinizing a conformaamiping problem with respect to a multiple initial

fluent.

For any state’ in D’ and anyw € W, defines’-w such that for any fluenf in the language ob
sw(f) = s (extend(f,w)). (3.16)

So s’-w is the original state iD such that, roughly speaking, each fluent gets the valueressip it by

extended state’ (in D’) with respect to the worlab.

To illustrate the determinizing procedure, we will apply throcedure to thé37'C'(2) problem, defined

in Figure 1.3, the result of which is shown in Figure 3.2. Metthat in the problem description we have
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/For any conformant probler® = (I, D,G) and any multiple initial fluenti in I, the result (h
determinizingd is Q' = (I’, D', G'), where

I'={dw=w:weW}Ueztend(I — {din W} W),

G' = extend(G, W), and

for each operatos in D of the form
Operator. a

Precondition Pre

Effects E
we include inD’ the corresponding operator

Operator. a
Precondition extend(Pre, W)
Effects extend(E, W)

N /

Figure 3.7: The result of determinizing a conformant prob®@ = (I, D, G) and any multiple initial fluent

dinl.

inin {P1, P2} in I, makingin a multiple initial fluent. Furthermore, it is the only mulépinitial fluent.
(In addition, D is deterministic.) Next we need to create the affected set df.e., A;,). By definition,
in € A;,. Sincein affectsarmed (since in operatodunk(x) we have-armed whenin = x with x being

a schematic variable ranging ovgP1, P2}), we havearmed € A;;,. So, we have that
Aip = {in,armed} .

Figure 3.2 shows the result of determinizing multiple adifiuentin.

Here itis important to note that when there is more than onéptauinitial fluent, the repeated determinizing

of multiple initial fluents is guaranteed to terminate. Aaiketd discussion can be found in Section 3.5.
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3.4 Determinizing a nondeterministic effect of an action

After all initial multiple fluents have been determinizede wiove to determinize action effects ih We

will start this discussion by defining terms and functionsdig the determinizing process.

Given a conformant planning probleh, D, G), a fluent propositiorf in V' is said to be aondeterministic

fluent propositiorif in domain D there occurs an effect proposition
finV wheng¢
such thatV| > 1.
For a nondeterministic fluent propositigiin V in D, f is said to be aondeterministic fluert D.

Here it is important to note that it can be the case that foresmwndeterministic flueng, there exist
nondeterministic fluent propositionsin W andg in W’ such thativ’ # W'. This is the reason why we
determinize nondeterministic fluent propositions, in casit to the case of determinizing the initial state,
where we determinize multiple initial fluents. (Recall tkizdre can be only one fluent propositidin W

in I for a given multiple initial fluent.)
Let g in W be a nondeterministic fluent propositionfin

For any fluentf andw € W, define

o fw=w Jf f=gandV =W
extend (fin V,w) = (3.17)
extend(f in V,w) , otherwise
extend (f in V when ¢, w) = extend (f in V,w) when extend(¢p, w) (3.18)
extend (E,w) = {extend’(f in Vwheno,w): fin Vwhen¢ e E} (3.19)
For W define
extend (f in V wheng, W) = {extend'(f in V wheng¢, w): w € W} (3.20)
extend (E,W) = U extend (E,w) (3.22)
weW

For any conformant proble® = (I, D, G) and any nondeterministic fluent propositigin W in D, the

result of determinizing in W is Q' = (I’, D', G'), defined as follows. The set of fluents@i is the set of
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fluents in@ that are not in4, (defined as in Section 3.3) along witlV'| copies of each fluent id,. More
precisely, the fluents ap’ are

e the fluents ofD notin A,

¢ and the fluentg.w such thatf ¢ A, andw € W.
As before, the domain of a new fluefitw in D’ is the same as the domain 6fin D. In addition,I’, D’

and G’ are obtained as shown in Figure 3.8. Here one should notisithilarities with determinizing a

multiple initial fluent inI (as shown in Figure 3.7).

/For any conformant proble = (I, D, G) and any nondeterministic fluent propositigin W in\
D, the result of determinizing in Wis Q' = (I', D', G'), where

I' = extend(I, W)

G' = extend(G,W), and

for each operatod in D of the form
Operator. a

Precondition Pre

Effects £
we include inD’ the corresponding operator

Operator. a
Precondition extend(Pre, W)
Effects extend (E, W)

N /

Figure 3.8: The result of determinizing a conformant probl@ = (I, D, G) and any nondeterministic

fluent propositiory in W in D.

3.5 Termination

In this section we will provide lemmas that show terminatifithe determinizing procedure.
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Lemma 3.5.1. For a conformant problend/, D, G) whereD is copyfree, the procedure of determinizing all

multiple initial fluents in/, one at a time, terminates.
Lemma 3.5.2. For a conformant problend/, D, G) whereD is copyfree, the procedure of determinizing all

nondeterministic fluent propositions in, one at a time, terminates.

For the interested reader the proof of Lemma 3.5.1 is fourfseiction 3.14. The proof of Lemma 3.5.2 is

left as future work.

3.6 Uniformity

In this section we present formal definitions of uniformitydaelated concepts. These concepts are required

when determinizing nondeterministic fluent propositioas gtated in Theorem 2).

Definition 3.6.1. An extended stat€ is uniform on a fluent propositiofi in V' in D if for everyw,w’ € W
swgE finViffsw' = finV.

Definition 3.6.2. An extended staté is uniform ong in D if s’ is uniform on every fluent propositighin V'

that occurs ing.

Stated otherwises’ is uniform on a fluent formula iff all the original states encoded isi agree on the

truth or falsity of¢ and all of its subformulas.

Definition 3.6.3. An extended stat€ is uniform on domairD if s” is uniform on every fluent precondition

in D.

Uniformity on D allows for consistency in the effects of actions betweersthtes of the epistemic history

of the original world and the epistemic history of the detmized world.

For convenience we will say a stateis uniform meaning that’ is uniform onD. This will be clear in

context.

Definition 3.6.4. An action domainD is uniformity preservingf for every extended staté that is uniform

on D and actiona in D', if tr(s, a, s},) thens!, is uniform onD.
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For convenience we will say that a domdinpreserves uniformity to mean thatis uniformity preserving.

Definition 3.6.5. I" is uniform ifs’ is uniform for alls’ € Mod(I").

Having these definitions at hand makes our theory “usable”.

3.7 Adequacy

Currently itis not clear how to determine if a domdipreserves uniformity in general and so we introduce
a syntactic condition, called “adequacy”, &nthat guarantees it, as defined by Definition 3.7.1. In addlitio
the relationship between adequacy and “uniformity presgivis presented as Theorem 3. Finally, to

complete this discussion we show that the determinizingguore preserves adequacy (Section 3.8).

Definition 3.7.1. An action domainD is adequatef for every nondeterministic fluent propositigrin 1/,

for every effect propositiorf in V- when¢ in D, if f € Ag4, then

for any fluent precondition) in which f in V/ occurs,V C V'orV NV’ =0.

For the interested reader, the proof of Theorem 3, showmlggithequate action domains preserve uniformity,

can be found in Section 3.11.

To see adequacy in action, consider the conformant problesaritbed in Figure 3.3, which cannot be
determinized. We will show thab is not adequate. To this end, take nondeterministic fluespgsition
ain {1,2}. By definition of A,, a € A,. But,a = 1 occurs in the fluent precondition of the effect
propositionb whena = 1 and neithef 1,2} C {1} nor{1,2} N {1} = (. Thus we can conclude that is

not adequate.

3.8 Preservation under determinizing

It can be the case that a conformant problem contains moneattia multiple initial fluent or nondetermin-
istic fluent proposition, in which case our algorithm dietathe application of the determinizing procedure

multiple times. For this reason, we need to make suredbpyfree adequacy, uniformity preserving, and
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uniformity are preserved under determinizing, as statethbyfollowing lemmas. However, due to time

constraints the formulation and proof of the lemma of prestigzn of uniformity is left as future work.

Lemma 3.8.1. For any conformant planning problery, D, G) where D is copyfree and adequate, if

(I', D', G") is obtained by determinizing a nondeterministic fluent psition g in W, thenD’ is adequate.

Lemma 3.8.2. For any conformant planning problerV, D, G) where D is copyfree and adequate, if

(I', D', G') is obtained by determinizing a multiple initial flueftthen D’ is adequate.

Conjecture 3.8.1. For any conformant planning probler?, D, G) where D is copyfree and uniformity
preserving, if(I’, D', G') is obtained by determinizing a nondeterministic fluent psifon g in W, then

D’ is uniformity preserving.

Lemma 3.8.3. For any conformant problen/, D, G) whereD is copyfree and a multiple initial fluent in

I, if we obtain(I’, D', G') by determinizingi, thenD' is copyfree.

Lemma 3.8.4.For any conformant problertY, D, G) whereD is copyfree andg in W is a nondeterministic
fluent proposition inD, if we obtain(I’, D', G’) by determinizingy in W, thenD’ is copyfree.

For the interested reader, the proofs of the above lemmalecéyund in Section 3.13.

Correctness of the determinizing procedure is guaranteéallaws. For any conformant planning problem

(I,D,G),

Check thatD is copyfree

Check adequacy db

Determinize all multiple initial fluents, one at a time

Determinize all nondeterministic fluent propositions, @@ time, while checking uniformity of’

at each step

3.9 Proof of Theorem 1

The proof in this section is modelled after Chen’s corresiyun proof.
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First we define several functions that will aid in the prooétk be a state and’ a set of effect propositions.
change(s,E) ={finV: finV when¢ € E,s E ¢} (3.22)

If E is the effect of an action that is executablesjrthenchange(s, E) is a partial state description. (This

follows easily from the definition of an action, in light of Rection 2.1.1.)

Next define

affecteds, F) = {f: fin V € changés, E)} (3.23)
resul(s, £) = {f = s(f): f ¢ affected s, E')} U changés, E) (3.24)

When an actioru with effect E is executable in a state result(s, E) is a partial state description. (This
follows easily from the definitions of a partial state degstion and of an operator.) In addition, K is

deterministic, themesult(s, F) is a state.

Fact 3.9.1. For any states;, s’ and any actioru with effectF that is executable in,

tr(s,a,s) iff s = result(s, E).

Proof. Left-to-right direction Assume thatr(s, a, s’) for statess, s’ of D and actiona of D. We need to

shows’ |= result(s, E), whereE is the effect ofu. By definition oftr(s, a, s'), for each fluenff,

e if there is an effect propositioffiin V when¢ € E s.t.s = ¢,
thens’ = fin V, and

e if there is no effect propositiorf in V- when¢ € E s.t.s = ¢,
thens'(f) = s(f).

This is equivalent to the requiring that

s’ | change(s, F) ands’ = {f = s(f): f ¢ affecteds, E)},
which is in turn equivalent to requiring that = result(s, E).

Right-to-left direction Similar to above case.
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We say thatp is afluent preconditionn D if it is the antecedent of some effectin.

For a partial state descriptiaR, defineM od(P) as the set of all the states that satisfy That is,

Definition 3.9.1. Mod(P) = {s: s = P} .

Next, we present several helpful lemmas, of which the pragésfound in Section 3.9.1.
Lemma 3.9.1. For any states in D/, w € W and any fluent formula,

s | extend(¢p, w) iff sw = ¢.

This lemma carries over to the case of partial state desmmiptn addition to fluent formulas, since a partial
state description can be thought of as a fluent formula, Bpaity, the conjunction of the fluent propositions

in the partial state description.

Next we will define the notion oforrespondenceWe say a state in D’ correspondgo the set of states
{sw: w e W}in D and write

s~ {sw:weW}.

From the definition of correspondence we obtain Lemma 3 9falbws:

Lemma 3.9.2.1f s ~ S thens = extend(¢, W) iff S |= ¢.

Again, this result holds for partial state descriptionsddition to fluent formulas.

For any set of stateS in D’, we sayS correspondgo the set of states
{sw:se S;weW}

in D and write

S~{sw:seSweW}.

Lemma 3.9.3.1f S’ ~ S thenS’ = extend(o, W) iff S = ¢

Again, this result also holds for partial state descripgion

Lemma 3.9.4. Mod(extend(P,W')) ~ Mod(P)
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Up until now in the proof we have defined the functianhsinge, affected andresult. We have shown that
if tr(s,a,s’) thens’ = result(s, F). Furthermore, we defined the notion of correspondance amdegr
several lemmas that provide a link between a state in therdietieed world and its corresponding state in
the original world. These concepts will help us in definingl @noving several lemmas that will be used to

prove Theorem 1. This will be done next.

To this end, first we need to prove that after determinizingnéral multiple fluent, we still get operators
in D’. That is, we need to verify that the operatorsiihobey Restriction 2.1.1 (defined in chapter 2) and

presented here as a reminder.

Restriction. For any fin V when¢ and f in V' whenv in E such thatV # V’, for any states, if s

satisfiesPre thens satisfies at most one gfandz).

We will show this by contradiction. L&tl’, D', G’) be the result of determinizing/, D, G) with respect to

a multiple initial fluent. Letz be a “non-operator” iD’ with effect propositions
extend(f in V,w) whenextend(p, w)

and

extend(f in V', w) whenextend (), w)

with V' # V' such thats’ = extend(¢, w) ands’ = extend(y, w) for somes’ of D’. By Lemma 3.9.1,
s'w = ¢ ands’-w = 1. By the determinizing procedure, there is an operator D with f in V when ¢
andf in V whenq in E. Thus it follows that is a non-operator i since it does not obey Restriction 2.1.1
and thus(Z, D, G) is not a well-formed conformant problem. Hence we have outrediction. We can

conclude that the result of determinizing an initial fluenirideed a well-formed conformant problem.

Now that we have the above lemmas, we will proceed to provereme 1. We will do this by showing the

following:

1. Mod(I') ~ Mod(I). Thatis we show that the set of states that satisfy the estemdtial state

description correspond to the set of states that satisfgri@al initial state description.

2. This correspondance is maintained by actions. That iarigractiona, set of states$ in D, and set
of statesS” in D’ such thatS’ ~ S, thena is executable irp” iff it is executable inS. Furthermore, if

we havetr(S’,a, S!) in D" andtr(S,a, S,) in D, thenS!, ~ S,.
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3. Atthe last action we will have tha&t, | ~ S, and so
h1 | extend(G, W) iff S, =G

To this end, several lemmas will be presented of which thefprare shown in Section 3.9.1. Then, these

lemmas will be used to prove Theorem 1.
Lemma 3.9.5. Mod(I') ~ Mod(I).
Lemma 3.9.6.If S’ ~ S, then actior: is executable irt’ iff a is executable irf.

Lemma 3.9.7.1f 8’ ~ S, tr(5’,a, S,) andtr(S, a, S,) thenS,, ~ S, .
Now that we have these lemmas in hand, we will proceed witlptbef.

Proof of Theorem 1Left-to-Right Direction Consider a solution fofI’, D', G’} of sizen,

A* = (a1, az,...,a,). This corresponds to an epistemic histo8y, a1, S5, ..., an, S, ;) of sizen + 1in

D’ such thatS] = Mod(I') andS,,; = G'. Itis enough to show that there is an epistemic historin
(S1,a1,52,...,an,Sp+1) such thatS; = Mod(I) andS,+1 = G. By Lemma 3.9.5Mod(I") ~ Mod(I)
and thusS] ~ S;. SinceS] ~ S; anda; is executable irb) then, by Lemma 3.9.63; is executable irb;.
Take S, such thatr(Si, a1, S2). Then by Lemma 3.9.8), ~ S,. This construction continues until the end
where we get thas;, | ~ S,1;. Since,S;,; = G" andS], | ~ S,41, then, by Lemma3.9.15, 11 = G

which means thatl* is a solution for(I, D, G).

Right-to-Left Direction Similar to above case. O

This completes the proof of Theorem 1.

3.9.1 Proof of lemmas for Theorem 1

Lemma 3.9.1. For any states’ in D', w € W and any fluent formula,

s = extend(¢,w) iff s w = ¢

Proof. Using structural induction on the definition of a fluent foleu
Let P(d) stand for:s’ |= extend(d, w) iff s-w |= d.
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case 1:.P(finV).

s = extend(f in V,w)
iff s Eextend(f,w)inV
iff  s'(extend(f,w)) eV
iff  sw(f)eV
iff sSwpkEfinV

[by def. of extend]

[by def. of satisfaction]

[by def. of satisfaction]
case 2:P(T).
s' | extend(T,w)
iff T
iff swlpET.

[def. extend]

case 3:P(L).
Similar to P(T).

case 4:¢ is a fluent formula
IH: P(¢)
Need to showP(—¢)

s | extend(—¢, w)
iff s = —extend(op,w)
iff s} extend(p, w)
iff  sw b @
iff w9

case 5., v are fluent formulas
IH: P(6), P()
Need to showP (¢ © 1)

[def. extend]

[IH]

— P(¢ A Y)
s' | extend(¢p A, w)

iff s = extend(d, w) A extend(i, w)
iff s’ = extend(d,w) ands’ = extend(1), w)
iff s’ w = ¢and
dw
iff sSwEAY
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— P(¢ V1)

Similar to P(¢ A ).
- P(¢D>v)

Similar to P(¢ A ).

- P(p=1)
Similar to P(¢ A ).

Lemma 3.9.2.1f ' ~ S thens’ = extend(p, W) iff S |= ¢

Proof. s’ |= extend(¢p, W)
iff s’ /\ extend(¢p, w)

weW
iff forall we W,s' = extend(p, w)

iff forall weW,swl ¢ [Lemma 3.9.1]
iff {Sw:weWlkos
iff SEo

Lemma 3.9.3.1f S’ ~ S thenS’ = extend(o, W) iff S = ¢

Proof. S’ |= extend(¢p, W)
ifft forall s € 5’,s" | extend(p, W)

iff forall s € S {sw:weW}E¢ [Lemma3.9.2]
iff {sw:seS seWlkas
iff SkEo¢

Lemma 3.9.4. Mod(extend(P,W)) ~ Mod(P)

Proof. Need to show that

Mod(P) = {s"-w: s’ € Mod(extend(P,W)),w € W}.
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Left-to-Right direction Takes € Mod(P). We need to show that there is'ac Mod(extend(P,W)) and

w € W such thats = s"-w. Considers’ such that
s'(extend(f,w)) = s(f) forall f andw € W' .
Then,s = s’-w for all w € W. Sinces |= P, then by Lemma 3.9.1, we get that
s' = extend(P,w) forallw € W .

By definition ofextend, it follows thats’ = extend(P, W)
and sos’ € Mod(extend(P,W)).

Right-to-Left direction Take anys’ € Mod(extend(P,W)) andw € W. We need to show that-w = P.
Sinces’ = extend(P, W), thens' = extend(P,w). By Lemma 3.9.1¢"-w = P. O

Lemma 3.9.5. Mod(I') ~ Mod(I)

Proof. We need to show that

Mod(I) = {s'w: s € Mod(I'),w € W}.

By Lemma 3.9.4Mod(extend (I, W)) ~ Mod(I), which is to say that
Mod(I) = {s"w: s € Mod(extend(I,W)),w € W}.
So itis sufficient to show that
{s'w: s € Mod(extend(I,W)),w € W} = {s"w: s € Mod(I'),w € W}.
SinceMod(I') € Mod(extend(I,W)), itis enough to show that
{"w: s € Mod(extend(I,W)),w € W} C {s"w: s’ € Mod(I'),w € W}.

In particular, we need to show that, for aslyc Mod(extend(I,W)) — Mod(I') and anyw € W, there

isans” € Mod(I') and aw’ € W such thats”-w’ = s’-w. So take such as’ andw. Then takes” agrees
with s’ everywhere except for the fluenfsw”: for these takes” (d.w”) = w”. To complete the proof we
need to show that

s" € Mod(I') ands”"-w' = s"-w.
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First let us show that

s" € Mod(I').
To this end we need to show that
s"ET.
Take anyextend(f in V,wr) € I’ for somew; € W .
Consider 2 cases:
1. f =d. Then, by definition off’,
extend(f in V,wr) = fawr = wy.

But, by construction of”,

s"(dawy) = wr .
Therefore,s” |= extend(f in V,wy).

2. Otherwise. Theaxtend(f in V,w;) € extend(I — {din W} ,W).
But s’ € mod(extend(I,W)) and so

s' = extend(f in V,wy).

This implies that
s'(extend(f,wr)) € V,

and so, by construction af’,
s"(extend(f,wy)) €V .

Sinceextend(f in V,wy) is an arbitrary fluent proposition ifi, it follows thats” |= I’, thuss” € Mod(I") .

Next we need to show that

Let w’ be such that

s'(extend(d, w)) = w'.
Take any fluenyf in D. We need to show that
"' (f) = s w.

Consider 2 cases:
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1. f =d. Then by construction of”,
s"(extend(d,w')) = w' .

That is

But, s'(extend(d, w)) = w' and so

2. Otherwise. Then, by construction f,
s"(extend(f,w")) = §'(extend(f,w)).

It follows that

s"w'(f) = s"w(f).

Sincef is an arbitrary fluent, we conclude that

This completes the proof. O
Lemma 3.9.6.If S’ ~ S, then actior: is executable irt’ iff a is executable irf.
Proof. AssumeS’ ~ S.

Let Pre be the action precondition afin D. Thenextend(Pre, W) is the action precondition af in D’.

By Lemma 3.9.35" = extend(Pre, W) iff S |= Pre. O
Lemma 3.9.7. For all statess’ of D', all effectsE of D, all w € W, and all fluent propositiong in V' in

the language of),

extend(f in V,w) € change(s', extend(E,W))
iff

finV € change(s'-w, E) .
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Proof. Left-to-right direction Assume that

extend(f in V,w) € change(s', extend(E, W))

for some state’ of D', effectE of D, w € W and fluent propositiorf in V' in the language ob. We need
to show that

finV € change(s'w, E) .

By definition of change and our assumption, there is an effect proposition
extend(f in V,w) wheneztend(¢p, w) € extend(E, W)
such thats’ |= extend(¢, w). Note that
extend(f in V,w) when extend(o, w)

can be written as

extend(f in V- when¢,w).

Since this effect proposition belongs dotend(E, W), we know thatf in V" when ¢ belongs toE. And
sinces’ = extend(¢,w), we know by Lemma 3.9.1 that-w = ¢. We can conclude thaf in V' €

change(s'-w, E'), which is what needed to be shown.

Right-to-left direction Similar to above case. O

Lemma 3.9.8. For all statess’ in D', all effectsE of D, all w € W, and all fluentsf of D,

extend(f,w) € affected s’, extend(E, W))
iff
f € affected s’ w, E) .
Proof. Follows immediately from lemma 3.9.7. O

Lemma 3.9.9. For all statess’ of D', all effectsE of D, all w € W and all fluent propositiong in V' in
the language of D,
extend(f in V,w) € result(s',extend(E,W))
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iff

finV e result(s'w, E).

Proof. Left-to-right direction Assume that

extend(f in V,w) € result(s’, extend(E,W))

for some state’ of D', effect &/ of D, w € W and fluent propositiorf in V' in the language ob. We need

to show that

finV e result(s'w,E).

By definition ofresult and our assumption,
extend(f in V,w) € change(s', extend(E, W))

or

extend(f in V,w) € s, extend(f,w) ¢ affected(s’, extend(E,W)) .

By Lemma 3.9.7,
finV € change(s'-w, E)

or
finVesw,f ¢ affected(s’w, E) .
By the definition ofresult we can conclude that

finV e result(s'w, E).

This is what was needed to be shown.

Right-to-left direction Similar to above case.

O

Lemma 3.9.10.1f S’ ~ S, tr(5',a,S)), tr(S,a,S,) ands, € S,, then there is &/, € S/ and aw € W

such thats, = s,-w.
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Proof. Since we have thai, € S, and thattr(S,a, S,), then there is as € S such thattr(s, a, s,).

SinceS’ ~ S ands € S then there is an’ € S’ and aw € W such thats = s’-w. Now consider
result(s’, extend(E,W)). We know that this is a PSD and that there is at least one statesatisfies
result(s’, extend(E,W)). Consider a state” that satisfies-esult(s’, extend(FE,W)). Constructs’, as

follows:
sh(faw') =s"(fw) if fedguw eW —{w}

sl (extend(f,w)) = sq(f) otherwise
From the above construction, we can observe ¢hat s/,-w. Next, it is sufficient to show tha{, € S/, by
showing thats/, satisfies
result(s’, extend(E,W)). Consider any fluent propositian:tend(f in V,w’) in

result(s’,extend(E,W)) wherew’ € W. We have two cases:

1. f € Ay and can be written ag.w’ wherew’ # w. In this cases, (f.w') = s”(f.w’), by construction

of s/,. Buts” |= extend(E, W) and thuss, = f.uw'

2. All other f such thatw’ = w or f ¢ Ay. In this case, the fluent proposition can be written
asextend(f,w) in V and s} (extend(f,w)) = sq(f). Itis enough to show that, = fin V.
From Lemma 3.9.9f in V belongs toresult(s’-w, E). Buts = s-w and sof in V belongs to

result(s, E). Since we haver(s, a, s,) thens, = result(s, E). It follows thats, = fin V.

O

Lemma 3.9.11.1f S’ ~ S, tr(5,a,S,), tr(S,a,S,) ands, = s,-w for somes/, € S/ andw € W, then

Sa €S,

Proof. Sinces!, € S/ andtr(5’,a, S,), then there is ar’ € S’ such thatr(s',a, s),). Lets = s'-w, then
s € Ssinces’ € S"andS’ ~ S. We can show that, € S, by showing that, = result(s, E). Consider
any fin Vin result(s, E). By Lemma 3.9.9¢xtend(f in V,w) is in result(s’, extend(E,W)). Since
tr(s',a,s,), thens), = result(s’,extend(E,W)) and consequently, = extend(f in V,w). It follows
by Lemma 3.9.1 that

showE finV.
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But s, = s/,-w and sos, = fin V. Since we considered an arbitrary fluent propositioneisult (s, E) it

follows thats,, = result(s, E). O
Lemma 3.9.12.1f §" ~ S, tr(5',a, S)) andtr(S, a, S,) thenS,, ~ S,.
Proof. AssumeS’ ~ S, tr(S’,a, S}) andtr(S, a, S,). We need to show that
S~ S,.
To do this, it is enough to show that
Sy ={sw:s, €8 weW}.

Consider two cases:

1. Consider an arbitrary, € S,. By Lemma 3.9.10, there is as}, € S/, and aw € W such that

Sq = 8h-w,

2. Consider an arbitrary, = s/,-w for somes/, € S/ andw € W. We need to show that, € S,. By

Lemma 3.9.115, € S,,.

We have shown set inclusion in both directions and thus thaléyg holds. O
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3.10 Proof of Theorem 2

To prove Theorem 2, we will follow the same approach as usqudee Theorem 1. we will state several

definitions and lemmas and then show the proof based on these.

For conformant problen)Z, D, G), letg in W be a nondeterministic fluent propositionfinand(I’, D', G')

be the result of determinizingin .
Definition 3.10.1. An extended stat€ approximates with respect tav, denoted
swa s,
if for all fluents f # g, s(f) = s w(f) .
Definition 3.10.2. A set of extended staté$ is full with respect to a set of statés denotedS’ — S, if for
all s € S, there ares’ € S" andw’ € W such thats’-w’ = s and for allw € W, s"-w = s.
Next we will present several lemmas that will be used to pfbiveorem 2.
Lemma 3.10.1. Mod(extend(I,W)) — Mod(I) .
Lemma 3.10.2.1f S” ~ S, then actioru is executable irt” iff a is executable irf.

Lemma 3.10.3.If D is uniformity preservingS’ is uniform,S’ ~ S, S — S, tr(5’,a,S’), tr(S,a, S,)
thenS) ~ S, .

Lemma 3.10.4.1f 8" — S, tr(S, a, S,), tr(S’, a, S)) and S’ is uniform thenS!, — S,,.
Having the above lemmas at our disposal we will next proveofdra 2.

Proof of Theorem 2L eft-to-Right direction Consider a solution fofI’, D', G’) of sizen,

A* = (aq,as9,...,ay) . This corresponds to an epistemic history
<Si7 at, Sév <oy O, S1l’L+1>

of sizen + 1 in D’ such thatS] = mod(I') ands;_ ; = G'.

It is enough to show that there is an epistemic historin
<Slv ai, 527 <oy O, Sn+1> )
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such thatS; = Mod(I) andS,+1 = G. By Lemma 3.9.4Vod(I') ~ Mod(I) and soS; ~ S; . Further-
more, by Lemma 3.10.1) od(extend(I,W)) — Mod(I) and soS| — S;. Sincea; is executable irb]
then, by Lemma 3.10.2, is executable irb;. TakeSs such thatr(Si, a, S2). By Lemma 3.10.3% ~ Sy .
Furthermore, by Lemma 3.10.8}, — S,. This construction continues until the end where we have tha
S; 41 ~ Spt1. Itfollows, by Lemma 3.9.1, tha$,,; = G which means thatl* = (a;,as,...,a,) is a

solution for(I, D, G) .

Right-to-Left direction Similar to above case.

This completes the proof of Theorem 2. O

3.10.1 Proof of lemmas for Theorem 2

Let (Iy, Do, Go), - - -, (I, Dy, Gy,) be planning problems whexd, Dy, Gy) = (I, D, G) and for alli =
0,--+,n—1, (Ii+1, Di+1,G;+1) is obtained by determinizing a multiple initial fluea, in (Z;, D;, G;).

Lemma 3.10.5. Mod(extend(I,W)) — Mod(I).

Proof. Take anys € Mod(I). We need to show that there are
s’ € Mod(extend(I,W)) andws € W such that

s'-ws = sand forallw € W, s"w ~ s.

Constructs’ as follows:

For all fluentsf and allw € W
s'(extend(f,w)) = s(f).

From the construction of we have that
shw=sforallwe W.
It remains only to show that = extend(I, W). Take any
extend(f in V,w) € extend(I,W).

Then, by definition okextend f in V' € I. Sinces = I, thens = fin V and therefore by Lemma 3.9.1,
s' = extend(f in V,w). Sinceextend(f in V,w) is arbitrary, it follows that

s' | extend(I,W).
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O

Lemma 3.10.6.1f S’ ~ S, then actionu is executable irp’ iff a is executable irf.

Proof. Let a be an operator irD such thata is executable inS. By the procedure of determinizing a
nondeterministic fluent proposition, there is an operatan D’ with the preconditioreztend(Pre, W).
SinceS = PreandS’ ~ S, then, by Lemma 3.9.%’ | extend(Pre, W) . It follows thata is executable
in S’ O

Lemma 3.10.7. For any extended stat€, anyw € W and any fluent propositiorf in V' such thatf # ¢
orV+W
s' E extend (f in V,w) iff s-w = fin V.

Proof. Forallw € W, if f £gorV # W,
extend (f in V,w) = extend(f in V,w).

Then, by Lemma 3.9.1,
s' | extend (f in V,w) iff sw = finV.

Lemma 3.10.8. For any extended staté that is uniform and any € W, if
finV € change(s'-w, E)

then for allw’ € W,
finV € change(s'w', E).

Proof. Assumef in V' in change(s'-w, F). By definition ofchange, there is an effect proposition
finV wheng

in £ such that
sw k= g.
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By Lemma 3.9.1¢' |= extend(¢,w). Sinces’ is uniform then
s’ | extend(p,w') forallw’ € W .
It follows that f in V' € change(s’-w/', E) forallw’ € W. O
Lemma 3.10.9. For any extended staté that is uniform and any € W, if
f € affected(s’-w, E)

then for allw’ € W,

fe affected(s’-w’,E) .
Proof. Follows immediately from Lemma 3.10.8. O
Lemma 3.10.10.If extended state’ is uniform andf € affected s’-w, F)

thenif f in V € result(s’-w, F) then for allw’ € W, fin V € result(s"w', E) .

Proof. Let s’ be an extended state that is uniform ghide a fluent such that € affected s’ w, E) .
Assumef in V € result(s’-w, ). Need to show that for alt’ € W, fin V € result(s"w', E).

From our assumption and choice ff
finV € change(s'w, E) .

By Lemma 3.10.8,
finV € change(s'w', E) forall w' € W .

Then, by definition of-esult
finV e result(s'w', F) forallw' € W.

This is what was needed to be shown. O

Lemma 3.10.11.1f extended state’ is uniform andf ¢ affected s’-w, F)

then forallw’ € W, f = s'-w/(f) € result(s'w', E).

-54-



3.10. PROOF OF THEOREM 2

Proof. Let s’ be an extended state that is uniform ghbe a fluent such that ¢ affected s’-w, F) . Need
to show that for alkw’ € W, f = s"-w/(f) € result(s’w', E).
By Lemma 3.10.9,

f ¢ affected(s’-w’, E) forallw' € W.

Then, by definition of-esult
[ =5 (f)€result(s v, E)foralw € W.
This is what was needed to be shown. O

Lemma 3.10.12.1f S’ — S and .S’ is uniform then for any € S, there is as’ € S’, such that iff in V €

result(s, E) and f # g then

forall w € W, finV € result(sw, E).

Proof. Sinces € S andS’ — S then there are asf € S’ andw, € W such that
s'ws = sandforallw e Ws'-w~s.

Assume thatf in V' € result(s, E). ThatisfinV € result(s’-ws, E). It remains to prove that for all
weW, finV e result(sw, E).

Sincef in V € result(s-ws, E) then eitherf € affected s’-ws, E) or it is not. We will consider these two
cases separately and show that our goal is achieved in bedis.c@his then completes the proof.

Letw € W. Consider 2 cases:

1. f € affecteds’-ws, E). Then, since
finV € result(s'-ws, E)
ands’ is uniform then, by Lemma 3.10.10,
finV e result(s'w,E).
2. f ¢ affected s’ ws, E). ThenV = {s-w,(f)}. Sinces’ is uniform then by Lemma 3.10.11,
f=sw(f) €result(sw,E).
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But s’-w ~ s and so

Thus,f inV € result(s’ w, E).

Sincew is arbitrary then this completes the proof.

O

Lemma 3.10.13.For all extended states, all effectsE of D, all w € W, and all fluent propositiong in V'

in the language oD, the following hold.
(i) If finV € change(s"w, E),
thenextend' (f in V,w) € change(s', extend (E,W)).

(ii) If extend (fin V,w) € change(s', extend (E,W)) and

(f #gor (V#WandV # {w})),
thenfin V € change(s'-w, E).

(i) If extend (gin W, w) € change(s', extend (E,W)), then exactly one of
gin {w} andg in W belong tochange(s'-w, E).
Proof. (i) Assumef in V € change(s’-w, E). Need to show that
extend (f in V,w) € change(s', extend (E,W)).

Sincef in V € change(s'-w, E), there is an effect proposition

finV when¢ in E such that'-w = ¢. It follows that
extend (f in V when ¢, w) € extend (E,W).
But, extend'(f in V when ¢, w) can be written as
extend (f in V,w) when extend(¢, w) .
Sinces’-w = ¢ then, by Lemma 3.9.k/ = extend(¢, w) and thus, by definition afhange,
extend (f in V,w) € change(s', extend (E,W)).
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(i) Assumefin V notgin W andfin V notgin {w} for w € W and thatextend'(f in V,w) belongs
to change(s', extend (E,W')). Need to show thaf in V belongs tachange(s'-w, E).

From our assumptions, there is an effect proposition
extend (f in V,w) whenextend(¢,w) € extend (E, W)

such that
s' = extend(¢, w).

By Lemma 3.9.1,
swkEo¢.

Then, sincef in V when ¢ € F, it follows that

finV € change(s'w, E) .

(iii) Assumeextend (g in W, w) € change(s', extend (E,W')). Need to show that exactly one @fn {w}

andg in W belong tochange(s’-w, E) .

By definition ofextend’, extend' (g in W,w) is g.w in {w}. By definition ofchange and our assumption,
the effect proposition

g.win {w} whenextend (¢, w)

belongs toextend (E, W), ands’ = extend(p,w). So eithergin W when¢ or g in {w} when ¢ must
belong toE. Moreover, at most one of them does; otherwigavould violate Restriction 2.1.1. Since
s’ | extend(¢,w) then, by Lemma 3.9.15'-w = ¢ and we conclude that exactly one @fn W and

g in {w} belongs tachange(s’-w, E). O
Lemma 3.10.14.For all statess’ in D', all effectsF of D, all w € W and all fluentsf of D,
extend(f,w) € affected(s’, extend (E,W))
iff
f € affected(s’-w, E) .

Proof. Follows immediately from Lemma 3.10.13. O
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Lemma 3.10.15.For all statess’ of D’, all effectsE of D, all w € W and all fluent propositiong in V in

the language oD, the following hold.

() If finV € result(s'w, E),
thenextend (f in V,w) € result(s’,extend (E,W)).
(ii) If extend (fin V,w) € result(s’, extend (E,W)) and
(f #gor (V#WandV # {w})),

thenfin V € result(s"w, E).

(iii) If extend (gin W,w) € result(s’,extend (E,W)), then exactly one of

gin{w} andg in W belong toresult(s'-w, F).

Proof. Part (i)Assumef in V' € result(s’-w, E) .
Need to show that
extend (f in V,w) € result(s’, extend (E,W)).

From our assumption and definition edfsult, we have 2 cases:
1. finV € change(s'w, E) .
By Lemma 3.10.13,
extend (f in V,w) € change(s',extend (E,W)).

It follows that,
extend (f in V,w) € result(s’,extend (E,W)).
2. finV & change(s'-w, E) .
Then
f ¢ affected(s"-w, E)

and
f=5"w(f) €result(sw,E).

By Lemma 3.10.14,
extend(f,w) ¢ affected(s’, extend (E,W)) .
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Then by definition ofresult,
extend(f,w) = s (extend(f,w)) € result(s’,extend (E,W)).

We need to show thatrtend(f,w) = s'(extend(f,w)) is the same asztend (f in V,w). By

definition ofextend, extend(f,w) = s'(extend(f,w)) is the same as
extend(f in {s'(extend(f,w))},w).
Sinceresult(s"w, E) is a PSD and also contairfsin V, we conclude that

V={sw(f)}.
SinceW is not a singleton then
{s"w(f)} #W.
So
extend(f in {sw(f)} ,w) = eatend'(f in {s-w(f)},w)
= extend (f in V,w)

This is what was needed to be shown.

Part (ii) Assumeeztend' (f in V,w) € result(s’, extend (E,W)) and

(f #gor (V#WandV # {w})) .

We need to show thatin V € result(s’-w, E).

By definition ofresult we have two cases:

1. extend (f in V,w) € change(s', extend (E,W)).

By Lemma 3.10.13,
finV € change(s'-w, E)

and so it follows that

finV e result(s'w, E).
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2. extend (f in V,w) & change(s', extend (E,W)).
Thenexztend(f,w) ¢ affected s’, extend (E,W)) .
By Lemma 3.10.14,
f ¢ affected(s’-w, E) .

Then
fin {s"w(f)} € result(sw,E).

To complete the proof we need to show that
V = {sl-w(f)} .

Since
extend (f in V,w) € result(s’, extend (E,W))

and
extend (f in V,w) & change(s', extend (E,W))

thenV = {s'(extend(f,w))}. ThatisV = {s"w(f)}.

This is what was needed to be shown.

Part (i) Assumeeztend' (g in W, w) € result(s’, extend (E,W)). Need to show that exactly one of
gin {w} andg in W belong toresult(s’ w, E) .

From our assumption and definition efsult, we have 2 cases:

1. extend' (g in W,w) € change(s',extend (E,W)).
By Lemma 3.10.13, exactly one of

gin {w} andgin W belong tochange(s'-w, E) .
It follows that exactly one of

gin {w} andgin W belong toresult(s’-w, E) .
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2. extend'(gin W,w) € ¢, extend(g,w) ¢ affected s’, extend (E,W)) .

From our assumptions and Lemma 3.104 4, affected s’-w, F) . From the definition otztend’,
extend (gin W,w) = gw = w
and from our assumption we have that
s'(extend(g,w)) = w.

That is,

s'w(g) =w.

Sincew € W, it follows that exactly one of
gin {w} andgin Win s w.

Thus exactly one of

gin {w} andgin W belong toresult(s w, E) .

Having proven the above two cases, completes the proof.

O

Lemma 3.10.16.Assume thabD is uniformity preserving. 15" is uniform,S” ~ S, 8" — S, tr(5’, a, S,,),

tr(S,a,S,), ands, € S,, then for some’, € S/ andw € W, s, = s,-w.

Proof. Sincetr(S,a,S,) ands, € S,,
tr(s,a, sq,) for somes € S.
SinceS’ ~ S, there ares’ € S” andw, € W such that
s = sl-ws .
The proof is organized as follows: First we will construttsuch that

Sq = sh-w for somew € W.

-61-



3.10. PROOF OF THEOREM 2

Then we will show that

sl = result(s’, extend (E,W)) .
Sinces’ € 5, it then follows thats/, € S/, and this completes the proof.

Considerresult(s, E) .

We have 2 cases:

1. gin W ¢ result(s, E) .
Let s/ be such that

s = result(s’, extend (E,W)) . (3.25)

We know thats” exists becauseesult(s’, extend (E,W)) is a PSD and therefore there is at least

one state that satisfies it.

Constructs/, as follows:

3;(€$t€nd(f,w)) _ sa(e$t€nd(faw)) if w ?é Wg, f S Ag
sa(f) otherwise

By construction ofs,
Sa = S W .
Next we need to show that

sl | result(s', extend (E,W)) .

Take anyextend (f in V,w) € result(s’, extend (E,W)).

Consider 2 cases:
(@) w#ws, feA,.
Follows from (3.25) and construction sf in terms ofs/, .

(b) Otherwise.

By construction ofs/,

st (extend(f,ws)) = sq(f) -

Sincetr(s, a, sq) thens, = result(s, E) .

We have 3 cases:
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. w=wsandf & A,.
Thenf # g and so by Lemma 3.10.15(ii) it follows that

finV eresult(s, F).
Sinces, = fin V, thens,(f) € V. Sos/ (extend(f,w)) € V. Thus
s | extend(f,w)in V.
But by definition ofextend
extend(f in V,w) = extend(f,w)in V.
And sincef # g then
extend (f in V,w) = extend(f in V,w).

It then follows that
s | extend (f in V,w).
i w#wsandf & Ag.
Similar to above case.
. w=wsandf € A,.
If f+# g, then we have a case similar to (i).

Otherwise,f = g. By Lemma 3.10.15(iii) it follows that exactly one of
gin {w} andgin W belong toresult(s, E) .

From our assumptions, we know thain W ¢ result(s, F) and so we conclude that
V ={w}.
We know thats, = g in {w} and sas,(g) = w. Then, by construction of,, we have that
sl (extend(g, w)) = w . But,
extend (gin {w}) = extend(gin {w})
= extend(g,w) in {w}

So it follows thats, = extend'(fin V,w).
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2. gin W € result(s, E) .
Sinceresult(s’, extend' (E,W)) is a PSD then there is at least one state that statisfies its//Lie¢
such a state. That is

s k= result(s', extend (E,W)) .

Letws, bes,(g). Sincegin W € result(s, E) andtr(s, a, s,) thens, = gin W. Thens,(g) € W.

That isw,, € W. Constructs/, as follows:

sl(extend(f,w)) ifw# ws,, f € Ay
s! (extend(f,w)) =< w if f=g
sa(f) Otherwise

By construction ofs/, and choice ofv,,,
/
Sq = 84 Ws, -

Next we need to show that

sl | result(s’, extend (E,W)) .

Take anyextend (f in V,w) € result(s’, extend (E,W)).

Consider the following cases:

o wF# ws,, fEA.

Follows by construction of/, with respect tos”, .

e f=y.

Sinceg in W € result(s, E) ands = s’-ws, then
gin W e result(s'-ws, E).

SincelV is not a singleton then
gin W € change(s' -ws, F)

which implies thatf € affected s’-w;, E). It then follows, by Lemma 3.10.10, that
gin W € result(s'w, E) .
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Then, by Lemma 3.10.15(i)
extend (g in W,w) € result(s’,extend (E,W)).
Thus, we conclude that = W. Thatisf in V is g in . By definition ofextend’,
extend (fin V,w) = fw=w.
But, by construction of/,,

s! (extend(f,w)) = w

and so it follows that

sl | extend (f in V,w) .

e Otherwise. Therf # g.
By Lemma 3.10.15(ii),
finV e result(s'w, E).

SinceS’ — S, s € Sandf # g then, by Lemma 3.10.12,
finV e result(s’ws, E).

Then, sincer(s,a,s,) ands = s'-wj it follows thats, = fin V. Thatiss,(f) € V. By

construction ofs/,,

st (extend(f,w)) = sa(f)

and sos/, (extend(f,w)) € V. Thens,, = extend(f in V,w). Sincef # g then, by definition

of extend’,

extend(f in V,w) = extend (f in V,w).

Thus, it follows that

s = extend (f in V,w).
Sinceextend' (f in V,w) is arbitrary it then follows that

st = result(s', extend (E,W)) .
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Lemma 3.10.17.1f S ~ S, tr(S',a, S}), tr(S,a, S,), then for alls, € S/, andw € W,

shew € S, .

Proof. Take anys/, € S, w € W. Then, sincer(S5’,a, S,), there is &’ € S’ such that
tr(s';a,s,).

Let

and

for w € W. SinceS’ ~ S, thens € S.

We need to show that, € S,. To this extent we will show that
tr(s,a, sq) -

By definition oftr, this implies that

Sq € 8g.

Considerresult(s, E) whereFE is the effect ofu in D. By showing that
Sq |E result(s, E)

it follows thattr (s, a, s,) which is what was needed to be shown.

Take anyf in V' € result(s, E) . By Lemma 3.10.15,
extend (f in V,w) € result(s’, extend (E,W)).

Sincetr(s', a, s)), thens!, = result(s', extend (E,W)) .
This then implies that/, |= extend'(f in V,w).

Consider 2 cases as follows:

e f=gandV =W .

By definition,extend’ (f in V,w) = f.w = w. Since
s = extend (f in V,w)
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then

sl (extend(f,w)) = w.

That is
sgw(f) =w.

Sinces, = s/,-w andw € W, it follows that
Se EfINV.

e Otherwise. By definition oéxtend andextend

extend (f in V,w) = extend(f in V,w)
= extend(f,w)in V.

But
s | extend (f in V,w)

and so

si = extend(f,w)in V.

This implies that
s, (extend(f,w)) € V.

That is
siow(f)ev.

It follows that
sa(f)eV.
This is what was needed to be shown.
Since we chose an arbitrafyin V' € result(s, E), then
Sq = result(s, E)
and so it follows that, € S, . O

Lemma 3.10.18.1If D is uniformity preservingS’ is uniformS’ ~ S, 8" — S, tr(S’,a,S.), tr(S,a, Sa)
thenS! ~ S, .
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Proof. We need to show that

Sa = {syw: s, € S, weW}.

Consider 2 cases:

e Consider an arbitrary,, € S, . By Lemma 3.10.16, there is a#)

Sa = Shrw.

€ S! and aw € W such that

e Consider an arbitrary,,-w for somes/, € S/, andw € W . By Lemma 3.10.17

shw € Sy .

We have shown set inclusion in both directions and thus thaliyg hol

ds. O

Lemma 3.10.19.1f f ¢ affected s, E') andtr(s, a, s,) thens(f) = sq(f) .

Proof. Sincef ¢ affected s, F), then by definition of-esult,

fin {s(f)} € result(s, E).

Sincetr(s, a, sq), then

Sq | result(s, E)

and therefore
sa = fin {s(f)} .

It thus follows that

Lemma 3.10.20.For any extended staté, every fluent proposition in
result(s’, extend (E,W))

can be written in the form

extend (fin V,w).
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Proof. Take anyextend(f in V,w) € result(s’, extend (E,W)) . If

extend(f in V,w) = extend (f in V,w)
then we are done. Otherwisgjn V must beg in W. Then

extend(f in V,w) € change(s', extend (E,W))
sinceW is not a singleton. It follows, by definition @hange, that there is an effect proposition
extend(f in V,w) whenextend(¢p,w) € extend (E,W)

such thats’ |= extend(¢, w) . But,

extend(f in V,w) when extend(p, w)

can be written as

extend(f in V- when ¢, w) .

SinceF is a set of effect propositions, then by definitioncatend’,
extend (E,W) = U extend (E,w) .
weWw
It follows that

extend(f in V when ¢, w) = extend (f in V' when ¢, w)

for someV’. But
extend (f in V' when ¢, w) = extend (f in V', w) when extend(¢, w) .
It thus follows thatextend(f in V,w) = extend (f in V', w). O
Lemma 3.10.21.1f 8" — S, tr(S,a, S,), tr(S’, a, S}) and S’ is uniform thenS!, — S,,.
Proof. Lets, € S,. Need to show that there ase € S/, w,, € W such that

shws, = sq and for allw € W, sl,-w ~ s, .
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Sinces, € S, tr(S,a,S,) then there is an € S such thatr(s,a, s,). SinceS” — S, then there are an

s’ € 8" andwg € W such that
s'w, = sandforallw ¢ W,s"w~ s.
Next we will split our proof into 2 cases based on whether
gin W € result(s'-ws, E)

or not. We will show in each case that the goal of the lemmasadlthat isS!, — S,,.

1. gin W € result(s"-ws, E). Constructs/, as follows:

Sa(f) if f+#g,f € affected s’ ws, F)
st (extend(f,w)) =< w iff=g
s'(extend(f,w)) Otherwise

Let ws, be s,(g). Sincetr(s,a,s,) ands’-ws = s, thens, | result(s’-ws, E). So in this case
Sq = ¢ in W and so we conclude thag(g) € W. Thatisw,, € W. It remains to show that, € S/,
and that

shws, = s, and for allw € W, s/ -w ~ s, . (3.26)

First we will show (3.26). Observe thaf ws,(g) = s.(g). It then remains to show that for all
f # gandw € W, s, -w(f) = sq(f). Consider any fluenf # g andw € W. Consider 2 cases as

follows:

(@) f € affected s’ ws, E). Then s/ (extend(f,w)) = sq(f) by construction ofs/,. That is
saw(f) = sa(f)-
(b) f ¢ affecteds’-ws, E). Then, sincer(s,a,s,) then by Lemma 3.10.19(f) = s,(f). But

s'w = s and sos’w(f) = sq(f). Thatiss'(extend(f,w)) = s4(f). But, by construction of

!/

Sar

s' (extend(f,w)) = §'(extend(f,w))

and so it follows that!,-w(f) = s.(f). Next we need to show thaf, € S/,. It suffices to show
that
st = result(s', extend (E,W)) .
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Sinces’ € S" andtr (95, a, S!) then by Lemma 3.10.20 every element of

result(s’, extend (E,W))

can be written in the formztend'(f in V,w) and it remains to show thaf, satisfies any such

extend'(f in V,w). Consider 3 cases as follows:

i. f#g,f € affecteds’-ws, E). Then there is a fluent proposition
fin V' € change(s'-ws, E)

which implies that
fin V' € result(s' ws, E) .

Then by Lemma 3.10.10
finV' e result(sw, E).

It follows by Lemma 3.10.15(i) that
extend (f in V', w) € result(s’, extend (E,W))

and so we conclude that’ = V. ThusfinV € result(s"ws, E). ThatisfinV €
result(s, E). Sincetr(s,a, s,) thens, = fin V. Thatiss,(f) € V. But, by construction

of s’

a’

st (extend(f,w)) = sa(f)

and sos/, (extend(f,w)) € V which implies that
si = extend(f in V,w).

Since f=£g then
extend(f in V,w) = extend (fin V,w).

Sos!, = extend (f in V,w).

ii. f=g.Sincegin W € result(s’-ws, E) then

gin W € change(s'-ws, E) ,
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sincelV is not a singleton. Then by Lemma 3.10.8,
gin W € change(s'-w,E) .
Theng in W € result(s’-w, E). Then, by Lemma 3.10.15(i), it follows that
extend (gin W,w) € result(s',extend (E,W)).

So we conclude that” = W. By construction ofs/,, s/ (extend(g,w)) = w and since

extend' (g in W,w) is g.w = w, thens/, = extend' (g in W,w). That is
sl | extend (f in W,w) .
iii. Otherwise. Thenf#y, f ¢ affected s’ ws, ). Then, by Lemma 3.10.11,
f=s"w(f) €result(sw,E).
From Lemma 3.10.15(i),
extend (f = s"w(f),w) € result(s’, extend (E,W)).
ThusV = {s"w(f)}. We need to show that
st (extend(f,w)) = s"w(f).
By construction ofs/,, s/, (extend(f,w)) = s'(extend(f,w)). Thatis
st (extend(f,w)) = s"-w(f).
2. gin W ¢ result(s"-ws, E). Constructs/, as follows:

sa(f) if f € affected s’ ws, F)
s'(extend(f,w)) Otherwise

sl (extend(f,w)) =

Letws, = ws. Thenw,, € W sincewy € W. It remains to show thaf, € S/, and that
shws, = s, and for allw € W, s/ -w ~ s, . (3.27)

First we will show (3.27). We will do this by showing
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(@) s, (extend(g,ws,)) = s4(g) and

(b) for any fluentf # g andw € W,
st (extend(f,w)) = sa(f).

For (a), we need to show thaf (extend(g,ws,)) = sa(g). If g € affecteds’-ws, E), then, by

construction ofs!, s/ (extend(g,ws,)) = sa(g)-

Otherwiseg ¢ affected s’ ws, E') and sincer(s, a, s,), then by Lemma 3.10.13(g) = s.(g). But
s = s"-ws and sos(g) = s"-ws(g). Thuss-ws(g) = s4(g). That iss’(extend(g, ws)) = sq4(g). But
ws, = ws and so

s'(extend(g,ws,)) = s4(9) -
But by construction of/,, s/, (extend(g, ws,)) = s'(extend(g,ws,)) and so

sh (extend(g,ws,)) = sa(g) -

For (b) we need to show that for any fluehtt g andw € W,

s! (extend(f,w)) = sa(f).

This proof is similar to casgin W € result(s'-ws, E') above.

Next we need to show thaf, € S/. Sinces’ € ', then it suffices to show that
s | result(s', extend (E,W)) .
By Lemma 3.10.20 every element of
result(s’, extend (E,W))

can be written in the fornexztend (f in V,w) and it remains to show thatf, satisfies any such

extend (f in V,w). Consider 3 cases as follows:

(@) f # g, f € affected s’-ws, E). This proof is similar to casg in W € result(s’-ws, E) above.

(b) f=9.
o If f ¢ affected s’ ws, F) then by Lemma 3.10.11,

f=s"w(f) € result(s'w, F)
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and by Lemma 3.10.15(i)
extend (f = s"w(f),w) € result(s’, extend (E,W)).

Therefore,V = {s"-w(f)}. By construction o&/,, s/ (extend(f,w)) = s'(extend(f,w)).
That iss),(extend(f,w)) = s’-w(f). Therefores!, |= extend(f in V,w). SinceV # W
then

extend(f in V,w) = extend (f in V,w)

and so it follows that

sl | extend (f in V,w).
If f € affected s’ ws, F') then there is a fluent proposition
fin V' € change(s'-ws, E)
which implies that
fin V' € result(s' ws, E) .
ThenV’ #£ W because in W & result(s'-ws, F).
Sincef in V' € result(s’-ws, E') then by Lemma 3.10.10
finV’' € result(sw,E).
Then, by Lemma 3.10.15(),
extend (fin V' w) € result(s', extend (E,W))

and so we conclude th&t’ = V. ThusV # W. Furthermoref in V € result(s ws, E).

Thatisfin V € result(s, E). Sincetr(s,a, s,), thens, = fin V. But by construction

of s/,
sa(extend(f,w)) = sa(f)

and sinces,(f) € V thens) (extend(f,w)) € V. Thuss], |= extend(f in V,w). Since

V # W then

extend(f in V,w) = extend (f in V,w)

and sos), |= extend' (f in V,w).
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(c) Otherwise. This proof is similar to cagen W € result(s’-ws, E') above.

Sinceextend'(f in V,w) is arbitrary it follows that

st = result(s', extend (E,W)) .

3.11 Proof of Theorem 3

Proof of Theorem 3AssumeD is adequate. We need to show thHatpreserves uniformity. Take any
uniform extended stat€, actiona and extended staté such thatr (s, a, s,). Next we need to prove that
s/, is uniform. To this end we need to show that for any fluent pnéd@n ¢, s/, is uniform oni. That is
for anyw,w’ € W

s | extend(y, w) iff s, = extend(y,w').

It is sufficient to show that for any in V' in v, s/, is uniform onf in V'. That is
show = finV'iff s w' | fin V.

Sincetr(s’, a, s,) thens), (= result(s’, extend' (E,W)). If f ¢ Ay, thens,-w(f) = s,-w'(f). Otherwise

f € Ay. Then consider 2 cases:

e [ ¢ affecteds’-w, E). Then, by Lemma 3.10.9, ¢ affected s’-w’, ). It follows by Lemma 3.10.19

that
saw(f) = s"w(f)
and
Saw'(f) = s"w'(f)
Then
siow = finV'iff sw finV/ (3.28)
and
siw' = finViff s’ = fin V. (3.29)
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Sinces’ is uniform ons, then it is uniform onf in ¥V’ and so
sawl finV'iff s = finV'.
Then, from (3.28) and (3.29) we conclude that
show = finV'iff s)w' E fin V.

e [ € affecteds’-w, F').Then there is an effect propositighin V- when ¢ in E such thats’-w = ¢
andfinV € result(s’-w, E). It then follows, by Lemma 3.10.10 thdtin V' € result(s"w', E).
Then, by Lemma 3.10.15(i),

extend (fin V,w') € result(s’, extend (E,W))
and
extend (f in V,w) € result(s’, extend (E,W)).
Sincetr(s', a, s,) then
sl = extend (f in V,w')
and
s = extend (f in V,w).
Next we need to show thaf,-w = fin V ands,-w’ = fin V. Consider the cas€,-w |~ fin V.

We will show this using the following two cases:

1. If f = gandV = W thenextend (f in V,w) is f.w = w. Sinces), | extend (f in V,w),
thens) (extend(f,w)) = w. Thatiss,-w(f) = w and sincew € W thens/,-w(f) € W which

implies thats/,-w = fin V.
2. Otherwise. Thenxtend' (f in V,w) = extend(f in V,w). Buts), = extend (f in V,w) and
so it follows thats!, = extend(f in V,w). It follows by Lemma 3.9.1 that,,-w = fin V.

Using the same arguments as above we concludesthat = f in V. Then, sinceD is adequate

eitherV C V' orV NV’ = (). Either way

show = finV'iff s)w' E fin V',
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3.12 Properties of Affected Sets

Lemma 3.12.1.If extend(f,w') € AP ) thenf e AD whereD' is obtained by determinizing.

extend(g,w

Proof. Using structural induction on the definition 4f,.

Case 1extend(f,w') = extend(g, w). Thenf = g and sof € A,.

Case 2IH: f' € A,.

Then there is aratend(f',w") € Acptend(gw) that affectsextend(f,w'). That is, there is an effect
propositionextend' (f in V' when ¢, w”) in D’ such thatextend(f’, w™) occurs inextend(¢,w”). By
IH, f" € Ay. Thenextend(f',w") = f'.w" and sinceextend(f’,w") occurs inextend(¢, w”) we
conclude thaty” = w”. That isextend(f’,w") = extend(f’,w") and so by definition otxtend, f’
occurs ing. Sinceextend' (f in V' when¢,w”) in D’ thenf in V' when¢ in D. Thus, sincef’ € A, and

foceursing thenf € A,. O

Lemma 3.12.2.Let D’ be obtained from a copyfree domaihby determinizing; in . Take anyf AgD

andw € W. Then every fluent i“gtend(f,w) can be written in the form

extend(f’, w)

D
wheref’ € A

Proof. Structural induction omgtend(f w)°

Base CaseTrivial

Recursive Cas&ake any fluent imgtend(f w)- BY the IH we can write it in the formztend(f”, w) where

e AQD. Need to show that any fluent affected dtend(f”, w) in D’ can be written in the form
extend(f', w)

D
wheref’ € A .

Consider any fluent affected lay:tend(f”,w) in D’. Then there is an effect proposition
extend (f'in V when ¢, w))

in D" whereextend(f”,w) appears irztend(¢, w) and the affected fluent isctend(f’, w). Next we need

to show thatf’ € A?. Sinceextend(f’in V when ¢, w) isin D’ then

f'in VwhengisinD. (3.30)
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Sinceextend(f”, w) appears irztend(p, w) then eitherf” or extend(f”,w) appear inp. Sincef” € AgD
thenextend(f”,w) = f”.w and soextend(f”,w) cannot appear i becauseD is acopyfree So f”

appears inp and so byf” € AY and (3.30),/' € A. O

Lemma 3.12.3.Let D be a copyfree domain.
Let Dy, D1,--- , D, be a sequence of determinizations/ofsuch thatDy = D and D, is obtained by
extendingD; for 0 < i < n. Then for anyi (0 < i < n) for any original fluentf and any distinct copieg’,

f" of f in the language oD;, f’ ¢ Af,,

Proof. Take any original fluenf. Proof by induction:

Let P(i) = For any distinct copieg’, f” of f in D;, f' & Af,,
Base CaseP(0). Trivial becauseD, is copyfreeand so all fluents irD, are original (so there can be no
distinct copies of a fluenf).

Inductive Case:

IH: P(i).

Need to showP (i + 1). Takeextend(f’, w'), extend(f”,w") distinct copies off in the language oD,
such thatf’, /" are fluents in the language 6f;. We need to show thatrtend(f’,w') ¢ Ae;;;d(f,, W)
From the definition of copy, it follows that’, f” are copies off. Consider 2 cases:

1. f' # f”. Then, sincef’ and f” are copies off, by the IH f' ¢ AL
extend(f',w') & A Dita

extend(f" w')"

f,, Then, by Lemma 3.12.1,

2. f' = f". Thenw' # w". Sinceextend(f’,w') # extend(f",w") then f” € AgDi whereg in W
is a nondeterministic fluent proposition in; that was determinized to obtaif; ;. It follows by

Lemma 3.12.2 that every fluent mege; A" ) can be written in the form

"

extend(f" w")

wheref”" € ADi. Butw' # w” and soextend(f’,w’) ¢ Ae;je;d (7 )
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3.13 Proof of Preservation lemmas

Lemma 3.13.1. For any conformant planning problerY, D, G) where D is copyfree and adequate, if

(I', D', G') is obtained by determinizing a nondeterministic fluent psifon g in W, thenD’ is adequate.

Proof. Any nondeterministic fluent proposition iR’ can be written in the fornaxztend' (¢’ in W', w) for
some nondeterministic fluent propositighin W’ in D andw € W. Any effect proposition inD’ can be
written in the formextend'(f in V when ¢, w’) for some effect propositiorf in V- when¢ in D andw’ €

W. We need to show that dztend(f, w') € Acgtend(g,w), then for any fluent preconditionctend (1, w')

g,w
in D" andw” € W, if extend(f in V', w') occurs inextend(y,w”) thenV C V' orV NV’ = (.
Take anyeztend(f in V', w') in extend(y, w”) such thakextend(y, w”) is a fluent precondition i’ and

extend(f,w') € Acytend( Then, by Lemma 3.12.1f € A, and soextend(f,w') = f.w'. Since

g;w)*
extend(f in V' w') occurs inextend(y,w”), we conclude that” = w’. Thus,f in V'’ occurs in which
is a fluent precondition iD. Then, sinceD is adequatef in V when is an effect proposition i) and

feAgthenV CV'orvVnVv' =40. O

Lemma 3.13.2. For any conformant planning problerY, D, G) where D is copyfree and adequate, if

(I') D', ') is obtained by determinizing a multiple initial flueftthenD’ is adequate.

Proof. Similar to proof of Lemma 3.13.1 O

Conjecture 3.13.1. For any conformant planning problef, D, G) where D is copyfree and uniformity
preserving, if(I’, D', G’ is obtained by determinizing a nondeterministic actioecff in W, thenD’ is

uniformity preserving.

Proof. This proof is left as a future exercise. O
Lemma 3.13.3. For any conformant probleni/, D, G) whereD is copyfree andl a multiple initial fluent

in I, if we obtain(I’, D', G') by determinizing/, thenD’ is copyfree.

Proof. Let f be an original fluent oD. We need to show thatrtend(f,w), wherew € W, does not have
a copy inD’ other than itself. Consider 2 cases:

1. f & Ay Thenextend(f,w) = f. Suppose there is a fluerft in D’ such thatf’ is a copy of f
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and f’ # f. We will derive a contradiction. Notice that cannot be a fluent oD (otherwiseD would
not becopyfreg. Sincef’ is a fluent in D’, then there is a fluent” in D andw’ € W such thatf’ =
extend(f”,w'). Since " is notin D, thenf” £ f’'. So, f' = f”.w' and so we conclude thgt’ € A, .
Sincef” € Agandf € Ay, thenf” # f. Sincef”.w' is a copy off and f” # f then f” is a copy off.
Then, sincef” and f are inD, we have our contradiction.

2. f € Ay. Thenextend(f,w) = f.w. Suppose there is a fluerfit in D’ such thatf’ is a copy off.w
and f’ # f.w . We will derive a contradiction. Sincg is a copy off.w and f’ # f.w, then by definition
of copy, /' is a copy off . Sincef’ isin D', f' = extend(f”,w') wheref” in D andw’ € domain(d).
Notice thatf’ # f, sincef’ is a copy off.w . It follows that f’ is not in D, since f is a copy off and
f" # fandD is copyfree Therefor,f’ = f”.w’" and f” € Ay andw’ € domain(d). So we know that
f".w'is acopy off.wandf”.w' # f.w. Either f” # f orw’ # w. Next we need to show thgt’ # f . So
assume that’ # w . (If not then we havef” # f already.) Since”.w’ is a copy off.w then f” is a copy
of f.w, from which it follows thatf” # f. And sincef”.w’ is a copy off.w, we know thatf” is a copy

of f. Futhermoref” # fandf” € A; andf € A, contradicting the assumption th&tis copyfree [

Lemma 3.13.4.For any conformant problen/, D, G) whereD is copyfree and in W is a nondetermin-

istic fluent proposition inD, if we obtain(I’, D', G’) by determinizing; in W, thenD’ is copyfree.

Proof. The proof is similar to the proof of Lemma 3.13.3. O

3.14 Proof of Termination

Definition 3.14.1. Assume thaf mentions all fluents. Then, for each flught
Wy is the unique subset dbmain(f) such thatf in Wy e I.

Lemma 3.14.1. For a conformant probleni/, D, G) where D is copyfree, the procedure of determinizing

all multiple initial fluents in/, one at a time, terminates.

Proof. Let (f1,---, f,) be an arbitrary ordering of the multiple initial fluents in Since there is exactly
one fluent propositiorf in V' in I for every fluentf in (I, D, G) and the set of fluents ifY, D, G) is finite,

then we conclude thatis finite. Take any PSP, in any extension of the language bf Mp will be the
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sequence of length where thei*” element is the set consisting of all copiesfpthat are multiple inP. So

for instance
Mp={fi}, - {fa})-

Moreover, if(I', D', G') is the result of determinizing; then
My = (0, extend(fa, Wy,), - - -, extend(fn, Wy,)) -

This follows immediately from definition of” in term of I. Next we determinize an element of
extend(fa2, Wy, ), extend(f2, w), to obtain(I”, D", G"). There are two cases to consider:

Case 1:f> ¢ Ay,. Thenextend(f2, Wy, ) = { f2}. By same argument as above,
M = (0,0, extend(extend(f3, Wy,), Wy,), - - -, extend(extend(frn, Wy, ), Wi,)) .

Case 2.f, € Ay,. Since all elements afrtend(f2, Wy, ) are copies off,, then by Lemma 3.12.3, for any
extend(f2,w') € extend(fa, Wy, ) other thareztend( fo, w),

extend(fo,w') & Acatend(faw) -

Then,
extend(extend(fa, Wy, ), Weatend(fo,w)) = extend(f2, Wy, ) — {extend(f2,w)} .
Consequently,
M =(0, extend(extend(fa, Wy,), Weatend(faw))> " >
extend(extend(fn, Wi, ), Weatend(fz,w))) -
Although | M| = | M|, we have that the second elementidf~ is smaller than the second element of

M by one. Next we determinize another elementafend(f2, Wy,) to obtain(1"”, D", G") and using
the same argument as above, the size of the second elemént.ofs smaller than the second element
of M+ by one. Since the number of copies of each original fluent itefithen at some point in the
determinizing we will have that the second element\éf-. is the empty set, in which case we move to
determinize one element at a time from the family of copiesnfthe third element. Sindé/;~| is finite
then after some finite number of determinizing steps, welalle a problem descriptiofi?, D?, GP) with
Mp = (0,---,0) and so there are no more multiple initial fluents. Thus in tase the determinizing

procedure with respect to multiple initial fluents termasat O
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Lemma 3.14.2. For a conformant problend/, D, G) where D is copyfree, the procedure of determinizing

all nondeterministic fluent propositions i, one at a time, terminates.

Due to time constraints, a proof for Lemma 3.14.2 is not givethis thesis. However, formulating such a

proof is left for future work and is mentioned in Section 7.1.
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4.1. IMPLEMENTATION

4.1 Implementation

In this section, we describe the implementation of the deitézing procedure into a computer program.
This allows for determinizing larger planning problems measily and efficiently. The implementation was

done in the following environment:

e C++ programming language with the STL library
e gcc version 3.2.2 compiler collection

e Sun Solaris 9 Operating environment

The application framework is decomposed into three comptsnas follows (for a pictorial overview see

Figure 4.1):

1. Input
2. Determinizer

3. Output

The input layer is responsible for parsing a planning pnobie the language presented in Appendix A.
This language is based on the language presented in Sectiorit2s important to note here that in the
current implementation, the input parser does not suppemfiformulas in the goal (recall that the planning
framework introduced in Section 2.1 allows for that). Ornteeinput has been parsed and given there are no

syntax errors, the problem is encoded in an internal reptasen and passed to the “Determinizer”.

The Determinizer runs the determinizing algorithm and gfarms the problem into a classical problem.
Currently, there is no guarantee that the resulting prolmahbe correct (i.e., equivalent to the input con-
formant problem). This is because the Determinizer has rems® check for uniformity in the initial state

and uniformity preserving in the domain of the input probldhis the responsibility of the user to check for

these two conditions using other means. This shortfall lshioeiremedied in future releases of the software.

After the problem has been determinized, it is passed to tityub layer which will transform it to an

output language, as defined by the output layer. The endtnssalplanning problem equivalent to the
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Determinizer >

Figure 4.1: Overview of application framework.

input conformant problem, if possible, with no uncertaiitythe language supported by the output layer.
We have chosen a modularized approach for the output layalider for more flexibility of the output
language. A user can supply their own output plugin, integrainto the system and recompile for it
to take effect. A more appealing approach here is to eliraitia¢ need for recompilation and introduce
dynamic plugins for the output layer. However, due to tinneitations, this was not possible in the current
implementation. Therefore, we have made the modificati@eled to the main program be minimal to
allow for easier plug-in development. A default compiledput plugin is provided for the PDDL language

(see Subsection 4.1.2).

To make implementation easier we chose the path of Objeen@d programming paradigm. At the same
time consideration is needed for speed and efficiency, addterminizing process is CPU and memory
intensive. For this reason, our decision favored the C+gramming language with the STL library as

opposed to the Java programming language. Next, the diffel@sses that make up the determinizer module

will be described, in addition to the data structures usedtesnally represent the planning problem.

As mentioned in Section 2.1, one of the two basic buildingckdoof a problem description is the fluent.
Therefore to model a fluent in our language we introduceHthentclass (fluent.h). Since every fluent has

a domain (recall that a domain is a nonempty finite set of sys)bave include in the Fluent class a set of
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strings object{et < string >) to represent the domain. One can think of a Boolean fluenspe@al type

of fluent whose domain is a Boolean domain and therefore we haus-a relationship between a Fluent
and a Boolean Fluent. As a result we create a sub8as#~luentthat, as the name suggests, represents a
Boolean fluent. Since the domain is fixed (by definition), ¢hisrno need to explicitly specify the domain,

as it is initialized by default to the Boolean domain (ifgzue, false}) by the class constructor.

Next, we have thé-luentPropclass (fluentprop.h) that represents a fluent proposifiam V. There are
basically two parts to a fluent proposition; a flugrand a set’ C domain(f). Therefore, in the FluentProp
class, we include a Fluent object fg¢rand a set of strings fov'. For example, to initialize a FluentProp

object for the fluent propositiolfi in { P1, P2}, one could do

string domain_in[2] ={ ""P1’, “*P2"" },; [l Initialize the domain
Fluent *f _in = new Fluent( *‘in’’, domain_in, 2); // Create the fluent
set<string> V, [/ lnitialize V

V.insert( domain_in[0] ); [l Set the elenents of V

FluentProp fp( f_in, V); [l Create the fluent proposition

Here it should be noted that the destructor of the Fluentlelags will perform the necessary cleanup to
free any memory from heap used by the object. This frees thgrgmmer from explicitly deleting such

memory. However, care needs to be taken to not delete objiids the FluentProp object is still alive.

ClassPSD(psd.h) describes a partial state description. It containstions to traverse, as well as manipu-

late, the elements of the partial state description.

The next class i€ffectProp(effectprop.h) that describes an effect proposition. Thass provides access
to the antecedant (here, a PSD) as well as to the consequert @ fluent propositions) of the effect
proposition object through its public interface. As statadier, the current implementation supports partial
state descriptions as the antecedant of effect propositiad not fluent formulas as allowed in the language

defined in Section 2.1.

ClassOperator(operator.h) describes an operator (as defined in sectiofh2)public interface of the class
provides functions to access and modify the name, predondind effect of the operator. As with the case

of the EffectProp class, the current implementation allowy for the operator precondition to be a partial
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state description and not a fluent formula as allowed in thguage defined in Section 2.1.

An operator has three constructors as follows:

Qperator(); /1 Enmpty constructor
Qperator( string ); /1 Action constructor

Operator( const Operator & ); // Copy constructor

One should note here that the current implementation ddesdlow for the definition of schematic operators
defined over a metavariable (as used to define opetatet in Figure 1.3). Rather, the user needs to define

operators explicitly.

For example, one could create a new operator as follows:

Oper at or dunkP1('‘ dunk-P1'")
dunkP1. addPrecon( i nPl ); /1 inPl must be defined
dunkPl. addEf fect ( cl ogged ); // clogged nust be defined

The above code creates the following new operator:

action constant: dunk-P1l
precondi tion: in={Pl}

ef fects: cl ogged

ClassConformant problem as the name suggests, represents a conformant planniplgmproThe imple-

mentation follows the same format as defined in Section 2dalr that a planning problem is defined in
terms of a triple(Z, D, G)). However, the current implementation allows o be a partial state descrip-
tion and not a fluent formula. AccessipD, G is provided through the public interface of the class. &Hass

in need to deal with a problem should do so by creating inssot the Conformantproblem class.

The main class that implements the determinizing procedtbe Determinizerclass (determinizer.h)

whose algorithm is summarized as follows:

e Determinize all multiple fluents in the initial state,
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e Determinize all nondeterministic effects in the domain

Notice that the algorithm has no means to check for unifgrmiithe initial state and uniformity preserving

of the domain. Therefore, currently, this responsibiléyld in the hands of the user. In this current imple-
mentation, the order of determinizing multiple fluents isghyirandom. This should be changed in future
releases since the order affects the size of the deterrdipizsblem and thus the time required to solve the

resulting classical planning problem.

4.1.1 Input parser

The input parser module is written in yacc and lex with thexgraar as specified in Appendix A. This module
is responsible for creating the appropriate data strusfuae described above, initializing and running the

Determinizer module, and finally creating the appropriatgot plugin.

4.1.2 PDDL output plugin

The PDDL output plugin is responsible for transforming anpiag problem to PDDL and commit the new
description to permanent memory in the form of a file. Thedfammation between the two descriptions,
in this case, was not straightforward. One major incompgilbetween these two representations is in the
definition of the building blocks of a planning problem. Riétiaat our representation defines the primitive
element to be the fluent which is a constant that takes one wadla time from its domain. However, PDDL
does not have this notion of a fluent. In contrast, it works fmm level of Boolean predicates, where a
predicate is an expression that can either be “on” or “offhisTrepresentation translates well to Boolean

fluents but not to nonBoolean fluents. To better understamdifficulty here, we will present an example.

Consider the operatanove right in D’ expressed in our language as

oper ator nove_ri ght

{

effects =

[
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in_roomb=[b] when [in_roomb a]

in_roomb=[a] when [in_roomb b]

in_rooma=[a] when [in_rooma b]

in_rooma=[b] when [in_rooma a]

A direct translation of this description to PDDL will yield:

(:action nove_right
ceffect
(and
(when (in_roomb a) (in_roomb b))
(when (in_rooma a) (in_rooma b))
(when (in_roomb b) (in_roomb a))

(when (in_rooma b) (in_rooma a))

A closer look at the above PDDL description shows that, seicelly, this is not what we want. This is

because it is possible to have the predicates

(in_roomb a) (in_roomb b)

be “on” at the same time. What this means is that the robot ean both rooms at the same time, which is
not what we want (our original description allows the rolmbe in only one room at a time). The reason
that this occurs is because we are transforming a nonBodleant, in room b, into a set of Boolean
predicates{(in_room_ba),(in_room_bb)}, where each Boolean predicate occurs independent of the
other. To remedy this situation, we need to force the elesndmns$ set to behave in the same way as the

single nonBoolean fluent they represent. So, generallykpgaevery time we change the value of one of

-89-



4.1. IMPLEMENTATION

the nonBoolean fluents, we will “delete” all the other valugis preserving the idea that a nonBoolean
fluent can have at most one value at a time. As can be seen, equemee of this procedure is an increase
in the size of the problem, which in turn makes it harder ferdlassical planner to solve. The effects of this
will be further illustrated in Section 5.1 with the Ring of &os problem. Therefore, our transformation
rules need to be modified to take account of this discrepdndfis example, the operator should be of the

following form (in PDDL):

(:action nove_right
ceffect
(and
(when (in_roomb a) (and (in_roomb b) (not (in_roomb a)) ))
(when (in_rooma a) (and (in_rooma b) (not (in_rooma a)) ))
(when (in_roomb b) (and (in_roomb a) (not (in_roomb b)) ))

(when (in_rooma b) (and (in_rooma a) (not (in_rooma b)) ))
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5.1 Experimental Results

In this section we will present our experimental results emrtipare some of them to the results of Chen [4]
(were applicable) as well as to other conformant plannirggesys. The problems discussed areBloenb

in the toilet problem,Ring of rooms problem,SQUARE problem andCUBE problem.

We ran all the experiments using a SUN UltraSparc 60 worikstatith the following specifications:

e Sun UltraSparc 60 - elite3D

— UltraSparc Il CPU at 450MHz with 4MB Cache x 2

— 1GB Physical RAM
e Solaris OE9

e gccv3.2.2

As noted earlier, the determinizing procedure transformmerdormant problem to a classical problem (if
possible) which in turn is fed to a classical planner. Forghgose of our experiments, we decided to use
a classical planner from the AIPS competition. There weverse options to choose from: Blackbox, FF
IPP, SGP, and SHOP. (An overview of these planners is foulgkation 6.1.) All these classical planners,
except for FF, created different issues and as a result wdedketo use FF. Furthermore, FF ranked high in
several planning competitions. Thus, it seemed to be thiecheslidate. For example, SHOP would not run

the generated classical problems for reasons not clear.

In the sections to follow we discuss our experimental resaflieach problem individually.

5.1.1 Bombin the Toilet

The bomb in the toilet problem is a classic benchmark for@onént planning systems and is used by most
people in analysing and comparing performance results.eAsribed earlier, this problem comes in many

flavors but for our experiments we will be dealing with thddaling four:

As of this writing, the current version is 2.3 and it can berfoat http://www.informatik.uni-freiburg.de/ hoffmarfiitml.
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e BTC(n) - uncertainty only in the initial state with one tdiendn packages
e BMTC(n,t) - uncertainty only in the initial state withtoilets andn packages
e BTUC(n) - uncertainty in the initial state and the domainhaane toilet and: packages
e BMTUC(n,t) - uncertainty in the initial state and the domuiith ¢ toilets andn packages
We will follow the generally accepted notation of adding &t after the ‘B’ when we have multiple toilets

(for example,BMTC(t,2) is BT'C(2) with ¢t toilets) and adding a ‘U’ before the ‘C’ when there are

nondeterministic effects in the domain asBad"U C'(2) which is BT'C(2) with nondeterministic effects.

In particular, we experimented with the following problenstances:

e BTC(2)...BTC(75) (Table 5.2)

e BTUC(2)...BTUC(75) (Table 5.4)

e BMTC(t,n)fort =2,4,6 andn =2...15 (Table 5.5, Table 5.6, Table 5.7)

e BMTUC(t,n)fort =2,4,6 andn =2...15 (Table 5.8, Table 5.9, Table 5.10)
As it turns out, this problem seems to be too easy for thisqore and FF to solve. In the case that we
have a single toilet, we go up to 75 packages and our timebstits the results reported by Chen. However,
when we have a few packages, e.g. 2,3,4, our results ardlghgferior to the other people’s results. This
does not weigh much importance since the timings are in thissetionds and thus the difference can be

attributed to other factors such as initialization, timigigck inaccuracy, etc. Also, it can be observed from

the plots that our curves have a smooth exponential natsish@uld be expected.

It should be noted that the timings are reported in secondsaam the average over 20 trials for each

experiment.

5.1.2 Ring of Rooms

The ring of rooms problem turned out to be more complex thaicipated. Due to difficulties in translating
from our language to PDDL we were not able to run experimemtgHis problem instance. In fact the

difficulties are so severe that we were unable to succegsfull experiments for the RING(2) problem.
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The main difficulty encountered is in the translation of nooan fluents in our language description to
predicates’ in PDDL. Stated otherwise, the problem arises because glthis translation, we are trans-
forming a nonBoolean fluent to multiple Boolean fluents whilaintaining the property that a nonBoolean
fluent takes one value from its domain at a time. We will cab theall-at-onceproblem. To get a better
understanding of the issue consider the actimve left from the determinized RING(2) problem as shown

in Figure 5.1. To keep the example simple, let us consideetfieet proposition
in_room_a =bwhenin_room_a=a.
In translating this effect proposition to PDDL, one can errit
(when(in_room_aa)(in_room_ab)).

At first this translation might seem correct, but in fact it\song (in other words these two effects are not
equivalent). The culprit is that by “activating” the predlie (in_room_ab) we do not “deactivate” the
predicate(in_room_aa) and so the robot is in two rooms at the same time! The issuedhmises because
of the transformation of a nonBoolean fluent to a Boolean fluElme remedy to this situation is to explicitly

“deactivate” the predicatén_room__aa), with the resulting effect written in PDDL as
(when(in_room__aa)(and(in_room__ab)(not(in_room_aa))).

As can be noticed, this increases the size of the resultinglgam in PDDL, especially when we do this

transformation to every nonBoolean fluent.

As a direct consequence of this problem, FF is not able tesahy instance of the ring of rooms problem
given the current hardware. The reason for this is that Fistoams all action preconditions to DNF in its
preprocessing phase (which is worst-case exponentialjeMer, when we add the predicate negations, we
are effectively making the action preconditions more campind as a result FF is not able to simplify them
before the transformation thus causing FF to fail. (Here lilddike to thank the author of FF for his quick
response and insightful help to our questions regardirgjissue.) Note here that this failure is due to how

FF solves problems and does not necessarily apply to otheneis.

Even with more resources, it will be highly inefficient andsmot feasible.

2predicates are the basic building blocks in PDDL. They cathbeght of as being equivalent to Boolean fluents as defined in

our language
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Operator. move left
Precondition
{in_room_a =bwhenin_room a = a,in_room a = awhenin_room a = b,

Effects
in_room_b=bwhenin_room_b = a,in_room_b = a whenin_room_b = b}

Figure 5.1: Description of thenove-leftaction from the RING(2) problem

5.1.3 SQUARE

In dealing with the SQUARE problem we only considered the GIBR instance. This enables us to directly
compare our results with those given in [2]. Table 5.11 shthaesresults of our experiments (labeled FF)
in addition to the results reported in [2]. As shown in Tabl&l5 our results beat the results of GPT(0) by
a wide range but are close (although do not beat) the redu@®®(h). (Chen does not provide results for

this problem and thus a comparison cannot be made.)

5.1.4 CUBE

In the CUBE problem we experimented with both the CENTER a@RGER instances. Here we were
able to compare our results with those reported by [2] (fol BPand GPT(0)) and [3] (for CFF and MBP).
In CENTER we beat both CFF and MDB by a big margin. It seemstthatproblem is too “easy” for our
determinizing procedure. Notice that in the CENTER instamesults are only given for = 3 (CFF and
MBP) andn = 5 (MBP) because for other valueswothe problem could not be solved due to time-outs [3].

Also [2] did not report any results for this problem instance

In the CORNER problem instance we see that our approach akk&esir other conformant planners by an
order of magnitude for ak. It is interesting here to note that CFF is the conformansieerof FF and how

by using our approach we beat CFF by such a margin.

5.1.5 Resulttables

In this section we present the results of our experimentstheg with other people’s results in easy to read

tabular format. Note here that all results are in secondslasties indicate missing results.
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# packages FF CCalenew # packages FF CCalenew
2 0.0180 0.0040 15 0.0540 -
3 0.0185 0.0070 16 0.0610 0.8850
4 0.0215 0.0110 17 0.0660 -
5 0.0225 0.0180 18 0.0715 -
6 0.0240 0.0560 19 0.0805 -
7 0.0270 0.0800 20 0.0840 -
8 0.0295 0.0970 21 0.0925 2.9500
9 0.0345 0.1340 22 0.0985 -

10 0.0330 0.1670 23 0.1025 -
11 0.0390 - 24 0.1165 -
12 0.0435 - 25 0.1225 -
13 0.0440 - 26 0.1350 7.4900
14 0.0540 - 27 0.142 -

Table 5.1: Comparing our results for BTC(n) using the FF péanwith the results of Chen [4] using
CClaleneyw planner. From the table, it is clear that our results are rsopto the results of Chen. The -
in an entry field means that the number was not given, eitheaius® the experiment was not performed or

could not be performed. It should be noted here that thetseatd in seconds.
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# packages Time (seconds)# packages Time (seconds)

28 0.1575 52 0.5905
29 0.1675 53 0.617
30 0.1755 54 0.6535
31 0.188 55 0.6905
32 0.2 56 0.713
33 0.2155 57 0.7455
34 0.2375 58 0.778
35 0.2415 59 0.812
36 0.26 60 0.8565
37 0.277 61 0.8815
38 0.295 62 0.9205
39 0.306 63 0.9705
40 0.33 64 0.9945
41 0.341 65 1.0305
42 0.361 66 1.078
43 0.3815 67 1.1135
44 0.402 68 1.1685
45 0.422 69 1.193
46 0.4435 70 1.256
47 0.4675 71 1.2935
48 0.4925 72 1.3545
49 0.514 73 1.3885
50 0.5435 74 1.4445
51 0.5685 75 1.499

Table 5.2: Chen reported results for BTC(2) to BTC(26) (ofakiithe comparison is reported in Table 5.1).
Since our results were very promising, we wanted to experirhether with the BTC(n) problem and so
we went as far as BTC(75). As shown here, our results are farsu than those reported by Chen. For

example, consider that BTC(75) took 1.499 seconds whileCfeen, BTC(21) took 2.95 seconds.
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# packages FF CCalenew # packages FF CCaleney
2 0.0185 0.003 16 0.0595 1.000
3 0.0175 0.007 17 0.0670 1.220
4 0.0205 0.009 18 0.0735 -
5 0.0220 0.016 19 0.0795 -
6 0.0245 0.024 20 0.0855 2.490
7 0.0260 0.038 21 0.0900 3.050
8 0.0300 0.061 22 0.1025 -
9 0.0335 0.089 23 0.1120 -

10 0.0345 0.125 24 0.1235 5.620
11 0.0375 - 25 0.1310 -
12 0.0440 - 26 0.1380 7.650
13 0.0460 - 27 0.1480 -
14 0.0525 - 28 0.1620 17.150
15 0.0580 - 29 0.1690 -

Table 5.3: Comparing our results for BTUC(n) using the Fip& with the results of Chen [4] using

CCualeneyw planner. It is evident that our results beat Chen’s resoltshis problem, as was also the case
for the BTC problem. The - in an entry field means that the numiees not given, either because the
experiment was not performed or could not be performed. dukhbe noted here that the results are in

seconds.
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# packages FF # packages FF

30 0.186 54 0.680
31 0.198 55 0.716
32 0.205 56 0.740
33 0.219 57 0.784
34 0.235 58 0.812
35 0.254 59 0.852
36 0.266 60 0.880
37 0.284 61 0.921
38 0.303 62 0.965
39 0.318 63 1.013
40 0.338 64 1.046
41 0.358 65 1.071
42 0.376 66 1.122
43 0.400 67 1.157
44 0.413 68 1.208
45 0.440 69 1.250
46 0.457 70 1.290
47 0.481 71 1.375
48 0.505 72 1.398
49 0.536 73 1.457
50 0.559 74 1.500
51 0.600 75 1.551
52 0.619

53 0.654

Table 5.4: Chen reported results for BTUC(2) to BTUC(28)Wfich the comparison is reported in Ta-
ble 5.3). Since our results were very promising, we wantekperiment further with the BTUC(n) problem
and so we went as far as BTUC(75). As shown here, our reselfsiasuperior than those reported by Chen.

For example, consider that BTUC(75) took 1.551 secondsewful Chen, BTUC(28) took 17.150 seconds.

-99-



5.1. EXPERIMENTAL RESULTS

# toilets # packages FFCCalcyew

2 2 0.018 0.000
2 3 0.018 0.008
2 4 0.024 0.006
2 5 0.024 0.016
2 6 0.029 0.008
2 7 0.033 0.024
2 8 0.035 0.310
2 9 0.040 0.060
2 10 0.044 26.660
2 11 0.051 -
2 12 0.056 -
2 13 0.064 -
2 14 0.068 -
2 15 0.076 -

Table 5.5: Here we compare our results (labeled FF) withekalts of Chen (labele@Calcye,) for the
BMTC(2,n) problem. It is clear from the timings that we bedte@’s results in this problem too. The
difference becomes evident on BMTC(2,10) where it takes PB4 seconds to solve as compared with

Chen'’s timing of 26.660 seconds.
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# toilets # packages FFCCalcyew

4 2 0.019 0.002
4 3 0.025 0.000
4 4 0.027 0.010
4 5 0.032 0.012
4 6 0.035 0.018
4 7 0.044 0.026
4 8 0.049 0.033
4 9 0.057 0.133
4 10 0.065 1.492
4 11 0.074 -
4 12 0.083 -
4 13 0.095 -
4 14 0.104 -
4 15 0.121 -

Table 5.6: Here we compare our results (labeled FF) withdkalts of Chen (labele@Calcy..,) for the

BMTC(4,n) problem. It is clear from the timings that we bedite@'’s results in this problem too.
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# toilets # packages FFCCalcyew

6 2 0.024 0.006
6 3 0.027 0.004
6 4 0.034 0.010
6 5 0.040 0.010
6 6 0.044 0.012
6 7 0.057 39.260
6 8 0.063 187.480
6 9 0.076 779.540
6 10 0.089 -
6 11 0.100 -
6 12 0.112 -
6 13 0.132 -
6 14 0.148 -
6 15 0.162 -

Table 5.7: Here we compare our results (labeled FF) withdkalts of Chen (labele@Calcy..,) for the
BMTC(6,n) problem.
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# toilets # packages FFCCalcyew

2 2 0.017 0.003
2 3 0.021 0.003
2 4 0.025 0.003
2 5 0.027 0.018
2 6 0.031 0.019
2 7 0.037 0.028
2 8 0.039 0.033
2 9 0.046 0.061
2 10 0.047 0.077
2 11 0.055 -
2 12 0.062 -
2 13 0.069 -
2 14 0.075 -
2 15 0.085 -

Table 5.8: Here we compare our results (labeled FF) withdkalts of Chen (labele@Calcy..,) for the
BMTUC(2,n) problem.
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# toilets # packages FFCCalcyew

4 2 0.023 0.002
4 3 0.027 0.002
4 4 0.033 0.005
4 5 0.035 0.015
4 6 0.043 0.020
4 7 0.049 0.025
4 8 0.056 0.040
4 9 0.062 4.999
4 10 0.074 0.491
4 11 0.085 -
4 12 0.095 -
4 13 0.109 -
4 14 0.119 -
4 15 0.139 -

Table 5.9: Here we compare our results (labeled FF) withdkalts of Chen (labele@Calcy.,,) for the
BMTUC(4,n) problem.
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# toilets # packages FFCCalcyew

6 2 0.025 0.006
6 3 0.032 0.006
6 4 0.038 0.007
6 5 0.046 0.006
6 6 0.055 0.008
6 7 0.059 38.640
6 8 0.069 193.700
6 9 0.086 834.090
6 10 0.103 1312.760
6 11 0.116 -
6 12 0.126 -
6 13 0.146 -
6 14 0.166 -
6 15 0.185 -

Table 5.10: Here we compare our results (labeled FF) withlidbelts of Chen (labele@ Calcy..,) for the
BMTUC(6,n) problem.

n FF GPT(h) GPT() CFF MBP

5 0.05 - - - -
12 0.35 0.118 2.995 - -
14 0.54 0.159 7.103 - -
16 0.84 0.219 14.909 - -
18 1.17 0.290 29.580 - -
20 1.58 0.386 53.851 - -

Table 5.11: Results for SQUARE(n)
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n FF GPT(h) GPT() CFF MBP
3 0.04 - - 019 282
5 0.09 - - 2.74
7 0.29 - - - -
9 1.01 - - - -
11 3.13 - - - -

Table 5.12: Results for CUBE(n) center

n FF GPT(h) GPT@O) CFF MBP
3 0.08 - - 0.00 0.04
5 0.06 - - 006 294
6 0.09 0.165 6.022 - -
7 0.13 0.266 20.347 0.48 -
8 0.18 0.450 66.539 - -
9 0.24 0.654 - 1.80 -
10 0.32 0.991 - - -
11 0.42 - - 5.66 -

Table 5.13: Results for CUBE(n) corner
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6.1. RELATED WORK

6.1 Related Work

One of the earliest conformant planning systems based @sictd planning techniques is Conformant
Graphplan (CGP) [6]. CGP is based on Graphplan, a very efficlassical planner [1]. CGP works in two
phases. First it expands the problem by creating separéda taphs™ for each of the possible initial
states. Then it tries to find a plan that will solve the probfemall initial states. The authors found that the
excellent performance of Graphplan on classical planninglpms carried over to conformant problems by

outperforming previous conformant planners.

Comformant Model Based Planner [5] (CMBP) solves conforrmaanning problems using Symbolic
Model Checking Techniques. CMBP is depended on the repssn of planning domains as a finite
state automaton. To efficiently represent and search tloemation, the authors use Binary Decision Dia-
grams (BDD). In particular, the algorithm uses a bread#t-biackward search approach. If a solution for
the problem exists, then the algorithm returns a plan of méhilength, otherwise no plan is returned [5].
The authors found that CMBP outperforms other conformamiblpms such as QBFPIlan, CGP and GPT, in

addition to being more expressive.

In [10], the authors introduce the QBFPIlan conformant pharthat solves conformant planning problems
using Quantified Boolean formulas. The approach used igdlysa generalization of SAT based planning

to conformant problems.

GPT is a planner based on a heuristic search of the beliekspat the planning problem. GPT was
introduced in [2] where the authors developed&reuristic to help in the search. Two approaches are used;
GPT(0) and GPT(h). GPT(0) uses the simple breadth-firstkeahereas GPT(h) uses a more complex

heuristic derived by general transformation from the peab[2].

Conformant-FF (CFF) is a conformant planner based on ttasidethe Fast-Forward (FF) classical planner,
developed by [3]. The basic idea of CFF is to search the spatees guided by a heuristic function that

estimates the distance to the goal usinglaxed plan[3]3. Each state is ranked by the heuristic which

1A plan graph is a structure for constructing “approximatelusons to a classical planning problem (in polynomial ¢jm

Graphplan uses such approximate solutions to guide thels&ara true solution to the planning problem.
2The belief space is the set of all possible belief states eytieformally, a belief state is a set of states
3A relaxed plan is a plan that achieves the goal with the assamthat there are no negative effects i.e., all delets-bse

empty.
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guides the search.

-109-



Chapter 7

Future Work

110



7.1. FUTURE WORK

7.1 Future Work

Research in the field of conformant planning is still in thetumag phase and thus there are many unan-
swered questions and unsolved mysteries. This is also feefoathe topic of this thesis. In this section, we
list some of the future work. As mentioned previously, théesrof determinizing multiple fluents (both in
the initial state and the action effects) impacts the sizecamplexity of the resulting determinized problem.
This in turn affects the performance of solving the deteineid problem (which is one of the core reasons
for this research). This is an area of great importance taé#terminizing process and thus an excellent

candidate for future work.

From a theoretical point of view, it would be beneficial if @pfthat the determinizing procedure will even-
tually halt is presented. In Section 3.1 we present such af §for initial case only) given the assumption
that fluents are determinized in a particular order (i.etemeinize all copies of a fluent before starting to
determinize the next noncopy). Obviously this limits thaqtical applicability of the determinizing process
and thus a more general proof of termination would be bea&fithat is, prove that the determinizing pro-
cedure terminates regardless of the order of fluents thakedeeminized. In addition, a proof of termination

when determinizing nondeterministic fluents should begrtsl.
Conjecture 3.8.1 presents interesting results and itsf jgdeft for future work.

As far as the method implementation is concerned, it is beiaéfo prove that the program implementing
the determinizing procedure terminates and modifying ttogqam to incorporate fluent formulas both in
the goal state and action effects. In addition it would beveaient for the user if the program could check
if the given conformant problem can be determinized withardg to nondeterministic action effects (i.e.,

check for uniformity ofl’ and uniformity preserving ab).

As discussed in Section 3.7, adequacy is a means of chedlkandoimain,D, preserves uniformity. How-

ever, there is still a lack of understanding of the propertieadequacy and of the concept in general. For
example, one important issue is to identify any limitatiohadequacy and how these affect the practical use
of the method. This leads to the next question. What are theezuences of these restrictions and can they

be relaxed? These are important issues to investigate aadcth a good starting point for further research.

The “problem” of converting nonBoolean fluents to Booleanisahe case with the Ring of Rooms problem,
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deserves particular attention. This is useful when exprgsnformant problems in the PDDL language.

As a result our procedure will be applicable to a wider spawtof conformant problems.
And last but not least, an investigation of the use of “metdables” would be very beneficial.

By any means, this is not an exhaustive list of further regeaf the determinizing procedure. Nonetheless,
these points are interesting and challenging, and enharaenderstanding of the determinizing procedure

both from a theoretical as well as practical standpoint.
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Appendix A

<problenmr ::= <fluent _def> <initial> <domai n> <goal >
<fluent _def> ::= BeginFluent <fluent I|ist> EndFl uent
<initial>::=initial State <nane> ‘=" ‘[’ <psd> ‘']’ *;’
<domai n> ::= <domai n> <operator> ‘;’

<operator> ‘;’
<goal > ::= goal State <nane> ‘= ‘[’ <psd> ‘']’ *;’
<operator> ::= operator <nane> ‘-’ <pane>
oper at or <nanme>

operator <name> ‘(’ var <name> ‘:’ <name> ‘')’

<precon_effect_prop_ list>::= <precon_effect_prop_list> <effect_prop>

<effect_prop>

<effect _prop list>::= <effect_prop_list> <effect_prop>
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<ef fect _prop>

<effect _prop> ::= <fluent_prop> when ‘[’ <psd_ep> ‘]’

<fl uent _prop>

<psd> ::= <psd> <fluent_ prop>

<fl uent _prop>

<psd_ep> ::= <psd_ep> <fluent_ prop>

<fl uent _prop>

<fluent _prop> ::= <nane> ‘=" ‘[’ <value_list> ‘]’
‘1’ <name>

<name>
<value_list> ::= <value_list> <name>

<name>
<fluent list>::= <fluent |ist> <fluent>

<fl uent >
<fluent> ::= fluent <nanme> ‘(' <fluent_domain_list> ")’

bool Fl uent <nane>

<fluent _domain list>::= <fluent_domain_list>"',’ <name>

<name>
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Appendix B - Blocks world PDDL
description (from AIPS2000)

(define (domai n BLOCKS)
(:requirenents :strips)
(:predicates (on ?x ?y)

(ont abl e ?x)
(cl ear ?x)
(handenpt y)
(hol di ng ?x)
)

(:action pick-up
. paraneters (?x)

:precondition (and (clear ?x) (ontable ?x) (handenpty))
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ceffect

(and (not (ontable ?x))
(not (clear ?x))
(not (handenpty))
(hol ding ?x)))

(:action put-down
» paraneters (?x)
. precondi tion (holding ?x)
ceffect
(and (not (holding ?x))
(cl ear ?x)
(handenpt y)
(ontable ?x)))
(:action stack
. paraneters (?x ?y)
:precondition (and (holding ?x) (clear ?y))
ceffect
(and (not (holding ?x))
(not (clear ?y))
(cl ear 7?x)
(handenpt y)
(on ?x ?y)))
(:action unstack
. paranmeters (?x ?y)
:precondition (and (on ?x ?y) (clear ?x) (handenpty))
ceffect
(and (hol di ng ?x)
(clear ?y)

(not (clear ?x))
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(not (handenpty))
(not (on ?x ?y)))))

(define (probl em BLOCKS- 4-0)

(: domai n BLOCKS)

(:objects DB AC)

(:INIT (CLEAR C) (CLEAR A) (CLEAR B) (CLEAR D) (ONTABLE C) (ONTABLE A)
(ONTABLE B) ( ONTABLE D) ( HANDEMPTY))

(:goal (AND (ONDC) (ONC B) (ON B A)))

)
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Appendix C

Appendix C - BTUC(2)

# BTUC(2) problem
#
#

# Decl aration of fluents
Begi nFl uent

fluent in (P1, P2);
bool Fl uent cl ogged,;
bool Fl uent ar ned;
bool Fl uent damp_P31;
bool Fl uent damp_P2;

EndFl uent

# Description of the initial state.

initialState | =] in =[P1 P2] !clogged !danp_ Pl !danp P2 arned ];

# Description of the domain

oper at or dunk- Pl
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{
precondition = [!cl ogged !danp_Pl];
effects = |
larmed when [ in = [P1] ]
cl ogged = [true]
danmp_P1

oper at or dunk- P2

{
precondition = [!cl ogged ! danp_P2];
effects = |
larmed when [ in = [P2] ]
cl ogged = [true]
danmp_P2

operator flush

{
effects = [ !clogged ];

}

# Description of the goal state
goal State G=[ l'arned ];

-119-



Appendix D

Appendix D - RING(2)

# RINGE 2) problem
#
#

# Decl aration of fluents

Begi nFl uent

fluent win_a (open, closed, |ocked);
fluent win_b (open, closed, |ocked);
fluent in_room(a, b);

EndFl uent

# Description of the initial state.

initialState | = [ win_a = [open cl osed | ocked]

win_b [ open cl osed | ocked]

inroom=1[ab] ];

# Description of the domain

oper ator cl ose
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{

effects = |
win a = [closed] when [ in_room=[a] win_a =[open] ]
winb =/[closed] when [ in_room=[b] win_b =[open] ]

l;

operator | ock

{

precondition = |

w n_a=[cl osed | ocked] when [ in_roomr[a] ]
wi n_b=[cl osed | ocked] when [ in_roone[b] ]

l;

effects = |
win a = [locked] when [ in_roomr[a] ]
win b = [locked] when [ in_roome[b] ]
l;
}

oper ator nove_ri ght

{

effects = |
in_room=[a] when [ in_roone[b] ]
in_room=[ b] when [ in_roone[a] ]

l;

oper ator nove_|l eft

{

effects = |
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in_room=[ b] when [ in_roonF[a] ]
in_room[a] when [ in_roone[b] ]

l;

# Description of the goal state

goal State G = [ win_a=[l|ocked] w n_b=[locked] ];
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Appendix E

Appendix E - SQUARE(5)

Begi nFl uent

fluent x (S1, S2, S3, $S4, S5);
fluent y (S1, S2, S3, S4, S5);
EndFl uent

initialState | =1 ];

oper at or Moveleft

{

effects =

[

x=[ S1] when [ x=[ S1]]
x=[ S1] when [ x=[ S2]]
x=[ S2] when [ x=[ S3]]
x=[ S3] when [ x=[ $4]]
x=[ S4] when [ x=[ S5] ]
1

}
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oper at or MoveRi ght
{

effects =

[

x=[ S2] when [ x=[ S1]]
x=[ S3] when [x=[S2]]
x=[ S4] when [ x=[ S3]]
x=[ S5] when [ x=[ $4]]
x=[ S5] when [ x=[ S5]]
1

}

oper at or MovelUp
{

effects =

[

y=[S2] when [y=[S1]]
y=[S3] when [y=[S32]]
y=[S4] when [y=[S3]]
y=[S5] when [y=[34]]
y=[S5] when [y=[S5]]
1

}

oper at or MoveDown

{

effects =

[
y=[S1] when [y=[S1]]
y=[S1] when [y=[S2]]
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y=[S2] when [y=[S3]]
y=[S3] when [y=[$4]]
y=[S4] when [y=[S5]]
l;
}

goal State G = [ x=[S1] y=[S1] ]:
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Appendix F

Appendix F - CUBE(3) [corner]

Begi nFl uent

fluent x (S1, S2, S3);
fluent y (S1, S2, S3);
fluent z (S1, S2, S3);
EndFl uent

initialState | =1 ];

oper at or Moveleft

{

effects =

[

x=[ S1] when [ x=[ S1]]
x=[ S1] when [ x=[ S2]]
x=[ S2] when [ x=[ S3]]
1

}

oper at or MoveRi ght
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{

effects =

[

x=[ S2] when [x=[ S1]]
x=[ S3] when [x=[ S2]]
x=[ S3] when [ x=[ S3]]
l;

}

oper at or MoveUp
{

effects =

[

y=[S2] when [y=[S1]]
y=[S3] when [y=[S2]]
y=[S3] when [y=[S3]]
l;

}

oper at or MbveDown

{

effects =

[

y=[S1] when [y=[S1]]
y=[S1] when [y=[S2]]
y=[S2] when [y=[S3]]
l;

}

operat or Mveln
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{

effects =

[

z=[ S2] when [z=[S1]]
z=[ S3] when [z=[S2]]
z=[ S3] when [z=[S3]]
l;

}

oper at or MoveQut

{

effects =

[

z=[ S1] when [z=[ S1]]
z=[ S1] when [z=[S2]]
z=[ S2] when [z=[S3]]
l;

}

goal State G = [ x=[S1] y=[S1] z=[S1] ];
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Appendix G

Appendix G - SAFE(S)

# safe(5) problem

Begi nFl uent

bool Fl uent safe_open;

fluent right_conbination (cl, c2, ¢c3, c4, cb);
EndFl uent

initialState | = [ !safe_open right_conbination=[cl c2 ¢c3 ¢c4 ¢c5] ];

operator try cl

{

effects = [ safe_open when [right_conbination=[cl]] ];

operator try_c2

{

effects = [ safe_open when [right _conbination=[c2]] ];

operator try_c3
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effects = [ safe_open when [right_conbination=[c3]] ];

operator try_c4

{

effects = [ safe_open when [right _conbination=[c4]] ];

operator try cb5

{

effects = [ safe_open when [right _conbination=[c5]] ];

goal State G=[ safe_open ];

-130-



Bibliography

[1] M. Furst A. Blum. Fast planning through planning graplalgsis. InProc. Int. Joint Conf. Alpages
1636-1642, 1995.

[2] Blai Bonet and Hector Geffner. Planning with incomplétéormation as heuristic search in belief

space. IrArtificial Intelligence Planning Systemgages 52—61, 2000.
[3] R. Brafman and J. Hoffmann. Conformant planning via fetiar forward search.
[4] Zhuo Chen.Determinizing in Conformant Planningvasters, University of Minnesota Duluth, 2002.

[5] A. Cimatti and M. Roveri. Conformant planning via symisamnodel checkingJ. of Artificial Intelli-

gence Researchi3:305-338, 2000.
[6] D. Weld D. Smith. Conformant graphplaRroc. 15th National Conference on AlI5(1), 1998.
[7] Drew McDermott et. al. PddI - the planning domain defmitianguage. 1998.

[8] R.E. Fikes, P. Hart, and N.J. Nilsson. Learning and ettegugeneralized robot plangrticial Intelli-
gence 3(4):251-288, 1972.

[9] Shirley Xiaochun Liu. Deterministic Conformant Planning with the Causal Cald¢ata Masters,

University of Minnesota Duluth, 2001.

[10] Jussi Rintanen. Constructing conditional plans byesthm-proverJournal of Artificial Intelligence

Research10:323-352, 1999.

[11] H. Turner. Polynomial-length planning spans the polyial hierarchy. Proc. of Eighth European
Conf. on Logics in Artificial Intelligence (JELIA'O2pages 111-124, 2002.

131



