Unifying Planning and Replanning in the ARF

Roman van der Krogt*, (r.p.j.vanderkrogt@cs.tudelft.nl)
Mathijs de Weerdt! (m.m.deweerdt@cs.tudelft.nl) and
Cees Witteveen (c.witteveen@cs.tudelft.nl)

Parallel and Distributed Systems Group, Delft University of Technology,
PO Boz 5031, 2600 GA Delft, The Netherlands

Abstract. The aim of this paper is to combine standard planning, replanning
and multi-agent planning into a rigorous unifying framework, extending an existing
logic-based approach to resource-based planning. In this Action Resource Frame-
work (ARF), actions and resources are the primitive concepts. Actions consume and
produce resources. Plans are structured objects composed of actions and resource
schemes and an explicit dependency function specifying their interrelationships.
Plans can be changed by applying plan operators to them. We consider both planning
and replanning as plan transformation processes and we introduce some operators
for plan transformation. We prove some sets of plan operators to be complete. The
explicit representation of the plans and their inputs and outputs (resources) turns
out to be particular useful in modeling multi-agent (re)planning as processes of
exchanging services and resources among agents. Finally, we show that existing
(re)planning methods and heuristics fit into this framework.
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1. Introduction

Planning is an important ability required for intelligent agents to ac-
complish goals they have set for themselves, or to reach goals they have
accepted from others. Usually, a planning problem is specified using a
description of (i) the current (or initial) state the agent is in, (ii) the
set of actions (together with their prerequisites and consequences) the
agent is capable to perform, and (iii) the goals the agent is aiming at,
specified as a set of states. The planning problem then is to find the
right sequence (or partial order) of actions leading the agent from the
initial state to one of the desired states specified by the goals.

* Supported by the Freight Transport Automation and Multi-modality (FTAM)
research program.
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Infrastructure and Logistics.
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1.1. EXISTING APPROACHES

Currently, there exists many systems and methods (e.g. [2, 11, 19, 1,
5, 9, 30, 32] that try to tackle the planning problem. For example,
planners like HSP [4] and FF [20] construct plans bottom-up: they add
the best action to the end of the partial plan. To determine which
action is the best, they use heuristic search methods, e.g., a relaxation
of the original planning problem such as ignoring the negative effects of
actions. Other, so-called least-commitment planners, like UCPOP [23],
do not use a particular order (top-down or bottom-up) to add actions,
but keep track of all dependencies and constraints among actions within
their partial plan representation.

These systems, however, have some serious drawbacks.

First of all, almost all of these planning systems rely on the tacit
assumption that planning problems always can be solved off-line: the
goal and the initial state are assumed to remain unchanged. For a large
number of domains, however, this assumption does not hold due to
the dynamical nature of planning problems. For example, in typical
transportation problems, planners cannot rely on plans that are con-
structed off-line: due to e.g., traffic accidents, broken equipment and
last-minute changes in orders, the feasibility of the plan can be seriously
affected by a change in the initial state or in the conditions that need
to be fulfilled during the execution of the plan. Hence, in these cases, a
practical planning approach should also pay attention to replanning to
repair a plan that has become infeasible, possibly already during the
planning phase.

Secondly, most planning systems assume that a planning agent has
to start from scratch. Often, however, this assumption is not realistic:
agents are able to use results of their previous planning experiences, or
knowledge given to them by a (human) domain expert and therefore use
one or more existing —maybe incomplete or not completely suitable—
plans P’ as a starting point. Such initial plans may be transformed and
combined into a suitable plan. Therefore, the standard approach to
planning, i.e., to start from an empty plan, seems to be just a limiting
case of standard practice and usually needs to be generalized to include
the adaptation of existing plans.

Finally, it is quite common for planning systems to assume that
their planner is the single entity that is capable to use resources and
to execute actions. In reality, however, planning is not performed by a
single autocratic entity: resources are often controlled by other parties,
not all actions required can be performed by a single agent and in
order to achieve its goal an agent has to coordinate its actions with
other planners.
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Fortunately, there are planning systems that at least partially deal
with these issues. For example, the Systematic Plan Adaptor (SPA)
[19] and CHEF [18] systems meet the second objection by addressing
plan adaptation. These case-based planners maintain a database of past
problems and their solution plans, and choose an appropriate starting
plan whenever they face a planning problem. The selection of the start-
ing plan is based on similarity with respect to the planning problem.
This plan then is modified to match the current goal and initial state
requirements.

Other systems focus on the replanning aspect. A system as GPG
[17] is a static replanner, i.e., whenever their system is used to solve
a discrepancy between the original planning problem and the current
state of the world, it assumes that the world remains static. Only after
a solution is found, the state of the world is examined again for changes.
The term continual planning [10] is used to refer to systems in which
planning, replanning and execution are all continuously interleaved.

Also, some planning systems support a (limited) form of multi-agent
planning. For example , in plan merging approaches [14, 16, 7] each
agent constructs its own plan and afterwards conflicts and mutual
benefits are analyzed. In multi-agent hierarchical (task reduction) plan-
ning approaches [26] conflicts are being determined first and then are
resolved by reducing the tasks. In partial global planning approaches
[13] information about (potential) conflicts is maintained in a global
structure. Finally, implicit distributed planning methods [27, 31, §]
share resources, for example via some sort of price mechanism, such as
an electronic market or an auction. None of these multi-agent planning
methods, however, describes a framework to use existing planning al-
gorithms, uses domain knowledge, and contains replanning algorithms
as well.

1.2. RESEARCH CONTRIBUTIONS

The goal of this paper is, first of all, to bring together ideas from
both standard planning and replanning approaches into a unifying
(re)planning approach. We base this framework upon an existing logic-
based framework for resource based planning. The outcome is a unified
framework to represent planning and replanning from a single agent
perspective and we show that refinement strategies can be built on top
of this framework to supply computational support for (re)planning.
To show that this framework also can be used to cover the multi
agent perspective on planning, we show that multi-agent aspects of
planning as plan and resource sharing and coordination can be easily
incorporated in the current framework.



We consider such a unifying framework for planning, replanning, and
multi-agent planning to have (at least) the following benefits. First of
all, it should offer a common platform to develop new heuristics and
algorithms. Secondly, it should offer possibilities to compare the quality
of competing (planning) algorithms. Finally, it should help to transfer
existing single agent planning methods in a multi-agent context where
planning comes down to designing methods for exchanging resources
between agents. Moreover, this perspective also enables us to deal with
privacy issues where agents might be reluctant to reveal details of their
plans to other agents.

1.3. OUTLINE

This paper is organized as follows. First, we give a concise introduc-
tion to an existing resource-based planning approach [24]. We use this
formalism to deal with replanning and we introduce plan transforma-
tion operators that are able to modify resource-based plans. We show
that all necessary plan adaptations can be performed by a single plan
adaptation operator. By assuming that an agent is able to use a plan
library, these operators can be used to transform an initial (inadequate)
plan into an adequate plan. Viewed from a single-agent perspective, this
framework unifies both planning and replanning approaches. We would
like to find a suitable sequence of these plan modification steps to obtain
an adequate plan form the initial plan. Therefore, we present a method
to use existing planning techniques in this framework, and illustrate this
by translating the FF-approach [20] and SPA [19] algorithm for plan
adaptation. Finally, we put the framework in a multi-agent perspective
and we show that such an extension can be obtained by generalizing
existing plan-merging approaches.

2. The action resource formalism

In this section we introduce a framework for planning and replanning.
This Action Resource Framework, abbreviated ARF, is based upon
work by Tonino et al. [24, 7]. This framework has the following proper-
ties. Firstly, the planning problem is specified by two sets of resources
(one set specifying the set of resources available, the other the set of
resources to be achieved). Secondly, plans are specified as structured
objects composed of unified general action schemata. Thirdly, a clear
distinction is made between a plan as embedded in a specification of
the initial situation and the goal and a plan as a (free) structured set
of actions. Finally, both available and goal resources can be exchanged,
and this is very useful to do multi-agent planning.
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We start with a concise overview of the main elements of this frame-
work. Subsequently, we extend the framework by providing a more
sophisticated notion of plans, and we formalize the notion of a gap in
a plan.

2.1. THE ARF FRAMEWORK: BASIC NOTIONS

The ARF distinguishes two basic notions in planning: resource (facts)
and actions. Goals and plans are derived notions that are defined using
resources and actions.’

A resource is an object that is relevant to an agent with respect
to the planning problem at hand. Such a resource is either a physical
object such as a truck or a block, or an abstract conceptual notion
such as the right to do something. To describe the connection between
a resource and the (current) state of the world it is in, we use the
notion of a resource fact. A resource fact specifies the state of a given
resource. Syntactically, a resource fact is denoted by a predicate name
together with a complete specification of the sorts of all its attributes
together with their values. The predicate name serves to indicate the
type of resource mentioned in the fact (e.g., a carrier cycle or a taxi). If
cycle is a resource type, having attributes like its location loc, its driver
driver and its capacity capacity, then cycle(A : loc, Tom : driver, 500 :
capacity) is a resource fact describing a carrier cycle in A whose driver
is Tom with capacity 500. To uniquely identify resource facts, a special
attribute identity is used to distinguish it from other resources having
the same type and possibly the same values of their attributes. Because
of the special nature of this identifier, we denote a resource of type t
with identifier i as ¢;(...)

When the values of all attributes of a resource fact are ground,
i.e., they are constant, we call this a ground resource fact. However,
attributes may also be variables or functions. In this case, a resource
fact describes a set of ground resource facts (instances) of the same
resource type.? For example, the following resource refers to all cycles
in location A: cycle;.;q(A : loc,d : driver,c : capacity).

To specify one specific ground resource fact (ground resource) de-
noted by such a general resource fact, we introduce the notion of a
substitution. A substitution 6 replaces variables occurring in a resource
r by terms of the appropriate sort. We write rf to denote the re-

! In the original formalism [7], actions are called ‘skills’ and plans are called
‘services’. We have chosen to use the more generally accepted terms ‘actions’ and
‘plans’.

2 Abusing language, in the sequel we use the notions of a resource and a resource
fact interchangeably.
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source r’ that results from replacing the variables occurring in r ac-
cording to 6. A substitution is ground if it replaces variables by ground
terms, i.e., terms that do not contain variables. If R is a set of general
resources, RO is a shorthand for {rf | » € R}. The set of ground
resources denoted by a general resource g is the set R, = {g0

6 is a ground substitution for g}.

Goals can be efficiently specified by such general resources. Usu-
ally, a set of goals G is specified by a set of general resources G =
{91, --.,9n}. We say that a set of goals G is satisfied by a given set of
resources R, abbreviated by R |= G, if there exists a ground substitu-
tion 6 such that GO C R, i.e., there is a set of ground instances of the
goals that is provided by the resources in R. Two resources ry and 7o
are called compatible, denoted by r; = 79, when they are equal except
for the value of their identity attribute.

Example. Within some city in the Netherlands, a Home
company named FOO transports goods from one <$>
place to the other. A map of this city is shown A C
in Figure 1. There are 4 locations: Home (the lo- B
cation of FOQ'’s offices), A, B and C, and a road P 1 Map of th
.. . igure 1. Map of the
network linking them. The planning problems city used in the run-
that FOO has to solve typically consist of bring-  ning example
ing crates containing goods from one location to another. FOO uses
two carrier cycles for this. For simplicity, we assume that each carrier
cycle is able to carry only one crate at the same time.

FOO uses a planning system for planning its daily work, using
ARF as the domain describing language. Its model has the follow-
ing resources. A road(f : loc,t : loc) resource is used to denote that
there is a road leading from some location f to another t. A resource
cycle(i : id,l : loc) defines a cargo bike at a certain location | with a
certain identifier ¢. Cargo items with a certain identifier ¢ at a certain
location [ are denoted by a crate(i : id,l : loc) resource. Finally, the
ability to transport cargo between two locations f and t is expressed
by a cargospace(f : loc,t : loc) resource.

Resource facts are used to model the state of the world (as far as
it is relevant to a planner) by enumerating the set of resource facts
that are true at a certain time point. Possible transitions from one
state to another are described by actions. An action is a basic process
that consumes and produces resources. An action o has a set of input
resources in(o) that it consumes, and a set of output resources out(o)
that it produces. Furthermore, an action may contain a specification of
some variables occurring in the set of output resources as parameters
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param(o) of the action. To ensure that output resources are uniquely
defined, these resources may only contain variables that already occur
in the input resources or in the set of the parameters.

An action o can be applied to a set of (ground) resources R if a
ground substitution @ exists such that in(0)# C R. Application of this
action to R results in consuming the set in(0)f of input resources
while producing the set out(0)f. The result of o applied to R (un-
der ) therefore is a resource transformation: starting with R, the set
R — in(0)6 + out(0)f is produced.?

Ezxample. Two actions are present in the domain of FOO. A pedal
action denotes cycling from one location to another. This action creates
a cargospace resource: the ability to transport cargo along. The other
action, carry, uses this ability to actually transport a cargo item from
one location to another. Both actions have a parameter dst specifying
the destination.

pedal(dst : loc) :  cycle(i : id, src : loc), road(sre : loc, dst : loc) =
cycle(i : id, dst : loc), cargospace(sre : loc, dst : loc),
road(src : loc, dst : loc)

carry(dst : loc) :  crate(i : id, src : loc), cargospace(sre : loc, dst : loc) =
crate(i : id, dst : loc)

Note that the domain is structured differently from conventional trans-

portation domains. This is done to be able to explicitly reason about
opportunities to transport cargo. Whereas in conventional models the
actual transportation of objects is hidden inside the movement of the
truck (or other vehicle) that it was loaded in, this description hides the
loading and unloading of goods, but explicitly describes that goods are
being transported.

In general, a single action applied on an initial set of resources may
not be sufficient to achieve a desired state. Often, actions have to be
applied in a partial order to produce the desired effect. A specification
of the ordering of actions, however, is not sufficient. We also need
to specify for each consumed resource, which produced resource it is
dependent upon. Such a partially ordered set of actions together with
a specification of the resources dependency relation is called a plan.

3 We use + and — to denote (left associative) set-union and set-subtraction.
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2.2. DEPENDENCY FUNCTIONS AND PLANS IN ARF

In the remainder of the paper, we assume that when O is a finite set
of actions, for each 0,0’ in O we have var(o) # var(o’) when o # 0.
First we define the set of resources produced and consumed in a set of
actions O.

DEFINITION 1. Let O be a finite set of actions. The set res(O) is
the set of all resources mentioned in the input in(o) or output out(o)
of actions o € O. The set cons(O) specifies the set of all resources
consumed using actions in O: cons(O) = U,cp in(0) while the set of
resources produced equals prod(O) = U,co out(0).

We define plans over O as structured objects composed of actions in
O. First of all, we have to specify how actions are interrelated. To this
end, we use the notion of a dependency function.

DEFINITION 2. Let O be a set of actions. A dependency function
is an injective function d : cons(O) — prod(O) + {L} specifying (in
a unique way) for each resource r to be consumed which resource r’
produced by another action is used to provide r (or L if r is not produced
by an action in O, i.e., r is an input resource).

As we mentioned before, plans are composed of partially ordered ac-
tions. Since a dependency function d specifies an immediate dependency
of input resources of an action on output resources of another action,
d can only specify a valid dependency if (i) the resources involved are
compatible and (ii) d generates a partial order between the actions.

The first requirement is met if there exists a substitution # such that
for two resources r and 7/, d(r) = r’ implies rf = 0, that is 6 is a
unifier for every pair of resources (r, d(r)). In particular, we are looking
at a most general unifier (mgu) @ with this property.*

The second condition requires that there are no loops in the depen-
dency relation between actions generated by d: we say that o directly
depends on o/, abbreviated as o' <y o, if resources r € in(o) and
r’ € out(0') exist such that d(r) = r’. Let <4 = < be the transitive
closure of <4. Then the second condition simply requires <4 to be a
(strict) partial order on O. Now a plan can be defined as follows.

DEFINITION 3 (Free Plan). A (free) plan P over a set of actions
O is a triple P = (O,d,0) where d is a dependency relation specifying
dependencies between compatible relations and generates a partial order
<4 on O, while 0 is the mgu of all dependency pairs (r,d(r)) where
r,d(r) € res(O).

4 The mgu is unique upon renaming of variables.
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Note that dependencies on resources can be easily defined using depen-
dencies on actions. A resource r is said to be dependent on a resource r’
in aplan P = (0,d, ) if (i) r € out(o) and ' € in(o) for some o € O or
actions 0,0 € O exist such that o’ <4 0 and r € res(o) and 1’ € res(o).
Furthermore, a subset S C prod(P) is said to be an independent set of
resources, if for any pair of resources r,7’ € S, neither r is dependent
on 7/, nor r’ is dependent on r in P.

Sometimes we need the inverse d~! of d, which is defined as follows:
for every 7’ € prod(O) such that d(r) = 7/, d~'(+') = r, and for every
' € prod(O) not occurring in ran(d), d=1(r') = L.

Given a plan P = (O,d,#), the set of input resources of a plan,
denoted by In(P), is the set of resources {76 | d(r) = L} not depending
on other resources in the plan. The set of output resources denoted by
Out(P) is the set {rf | d~1(r) = L} of resources that are not consumed
by actions in the plan. Furthermore, we define prod(P) = prod(O)6 and
cons(P) = cons(O)6. Resources from prod(P) may be used by other
plans to produce other resources. Finally, we use ||P|| to denote the
size of P which equals the sum of the total number of all resources
mentioned in P and the number of actions occurring in P.

Free plans are used to transform a set of resources into another set
of resources. Given a set of goals G and an initial set of resources I,
a plan P = (0,d,0) is applicable to I if there exists a substitution
o such that In(P)o C I. P realizes a set of goals G if there exists a
substitution ¢ such that Go C (I — In(P)o) + Out(P)o. The tuple
(I, P,0,@G) where o is a substitution of variables occurring in the goals
G and input resources In(P) is called an embedded plan. An embedded
plan (I, P,o0,G) is called adequate when In(P)o C I and Go C (I —
In(P)o) + Out(P)o. A tuple (I, P,G) is called adequate, denoted by
I Ep G when there exists a substitution o such that (I, P,o,G) is
adequate.

Ezample. Figure 2.a shows an example plan. We have used the
following abbreviations: r denotes a road resource, ¢ denotes a cycle,
cr abbreviates a crate resource and cargospace resources are denoted
by cs. Also, we have not included the attribute sorts, only the values
of the attributes are given. From a road(f : loc,t : loc), a cycle(iy :
id, f : loc) and a crate(iz : id, f : loc) resource, it is able to produce
a crate(io : id, f : loc) by using a pedal action (P;) and a carry
action (C9). That is, this plan can be used to transport a piece of
cargo to another location. Throughout the remainder of this paper,
we use a simplified representation when depicting plans in figures.
The simplified representation of this plan is given in Figure 2.b. Two
things have changed. Firstly, the road resource is no longer produced
by the pedal action, since it is only a precondition for the action.
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We assume that an unlimited amount of road resources is available
for each of the road resources that is contained in the initial state.
Secondly, the two cargospace resources and their dependency are con-
densed into a single resource that is simultaneously produced by the
producing action and consumed by the consumer. For an initial set of
resources I = {road(A : loc,B : loc), cycle(1 : id,A : loc), crate(3 :
id, A : loc)} and goal resources G = {crate(3 : id,B : loc)}, the tuple
(I, P,G) is adequate since (I, P,0,G) is adequate for a substitution
oc={f—At—B,i; — 1,ip — 3}.

cycle(iz, t2) road(fa,t2)

2 cr(iz, t)
dependency
function d cylcle(ig , f2) road(fa,t2)

v
road(f1,t1) cycle(i1,t1) clin,t) es(f£)  crlia, f)

1
road(f1,t1)  cycle(i1, f1) r(f,t)  c(iv, f)
a. The example plan P b. Simplified representation of P

Figure 2. An example plan. The dashed arrow denotes the dependency relation d.

An initial sub plan P’ of P is a plan P’ = (O',d',0") where (i)
O’ C O and O’ is downward closed with respect to <4, (ii) d’' is the
restriction of d to cons(O’) and (iii) 6 is a most general unifier (mgu)
for all dependent pairs (r,d'(r)) € d'.5

The following proposition summarizes some properties of the plan-
ning relation =p induced by P:

PROPOSITION 1. Let P = (0,d,0) be a plan, I and R be disjoint
sets of resources and G a set of goals. Then we have

1. If I Ep G then I |=p G’ for every G' C G and I' Ep G for every
I' O I, that is |=p is anti-monotonic in its right argument and
monotonic in its first argument.

2. For every ground substitution o with dom(c) 2D res(P), In(P)o |=p
Out(P)o.

3. Let S1+S2 denote the disjoint union of S1 and Sa. Then, if In(P)o+
R is defined In(P)o + R |=p Out(P)o + R.

5 Downward closed means that for every o <4 o', if o’ € O’ then also 0 € O'.
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4. If P is applicable to I then for every independent subset S C
prod(P) of general resources produced by P, P contains an initial
sub plan P’ such that I =pr S.

Proof. See Appendix.

The following observation is an easy consequence of the preceding
proposition (part 3):

OBSERVATION 1. IfI E=p G and R is a set of ground resources such
that IN R =0, then for every R* C R, (I + R') =p (G+ R').

Ezample. FOO’s initial state I has three components: (i) the cycles
that are available: cycle;(1 : id,Home : loc), cycles(2 : id,Home :
loc) C I, (ii) the road network that is given in Figure 1: roads(A :
loc,B : loc), roads(A : loc,C : loc),... C I, and (iii) the current location
of the goods that have to be transported. Today, FOO has only two
orders: crateipo(1 : id,B : loc), and cratejp1(2 : id,D : loc) C I. Tts
goal state G has two components: (i) the carrier cycles have to return
home at the end of the day: cycleigy(1 : id, Home : loc), cycleigs(2 :
id,Home : loc) C G and (ii) the goods have to be transported to their
final destinations: crateioo(1 : id, B : loc), crateio1(2 : id, C : loc) C G.

2.3. PLANS WITH GAPS

The plans discussed above are perfect plans: whenever an instance of
In(P) has been determined, an instance of Out(P) is guaranteed to
be produced if P is executed. Sometimes, however, we have to deal
with less perfect plans. In these cases plans contain undefined actions.
An undefined action u specifies, like a real action, a relation between
a set of its inputs in(u) and its output resources out(u). It is called
an undefined action with respect to a set of actions O if there is no
single action o € O and a substitution 6 such that in(u) O in(0)f and
out(u) C out(o)f. We call such an undefined action a gap.

DEFINITION 4 (Plan with gaps). A plan P = (O + U, d,0) is a plan
with gaps over O if every action u € U is undefined with respect to O.

The idea of a plan with gaps is that it can be extended to a plan
without gaps by substituting (other) plans for undefined actions. To
this end we need the notion of fitting into a plan.

DEFINITION 5. Let P = (0O+U,d,0) be a plan with gaps over O and
P = (0',d,0) be a plan. If, for some u € U and a substitution o,
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P’ realizes out(u)o using (a subset of) in(u)o, then P’ fits into P and
P"=(0+4+ 0"+ (U —-u),d",00'0) is a plan with gaps over O using P’
as a sub plan, where d’ is defined as follows:

d(r) ifr eres(P)—res(u)
d'(r) if r € cons(P'") and d'(r) # L
d'(ry=1< 1" ifr € Out(P'), d(r) € out(u) and r'oc = d(r)o
' ifreIn(P), v €in(u) and o =ro and d(r') = 1"
1L otherwise
Remark. In Section 3.3 we define a general operator that is capable
of replacing some part of a plan by another plan. Substituting plans
for gaps then is a special case of the application of this replacement
operator.

This concludes the introduction to ARF and its extension to plans
with dependency functions and plans with gaps. In the next section
we use the (extended) ARF framework to discuss planning and replan-
ning problems, showing that both can be defined as subproblems of
a more general plan transformation problem, and we show how such
transformations can be done.

3. Planning and replanning

Using the ARF terminology, traditional planning problems can be eas-
ily defined. A planning problem is a tuple II = (O, I, G) where

1. I is a finite set of ground resources specifying the initial situation,
2. O is the set of possible actions an agent is capable to execute, and
3. GG is a finite set of general resources specifying the goals.

A solution to Il is a plan P = (O, d, 0) such that
1. O C O, i.e., it contains actions the agent can execute, and
2. (I, P,G) is adequate, i.e., I =p G.

Typically, traditional planning approaches implement various ways
of searching for a (partially ordered) sequence of actions that leads
the agent from a state I to a state that fulfills G. As remarked in the
introduction, the search for a plan from scratch should be considered
a limiting case of planning. For in most cases, agents start from some,
although not completely adequate plan P’ instead of starting from the
empty plan ¢, and then try to transform it into an adequate plan.
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Therefore, we consider planning to be an activity where existing plans
are transformed and combined into adequate plans. This perspective
also enables us to consider planning and replanning as almost identical
problems.

A replanning problem occurs if an agent is able to achieve a set of
goals G using a plan P with initial resources I, i.e., the triple (I, P, G)
is adequate, but due to changes the agent discovers that its actual set
of available resources is I’, the realizable part of its plan is P’, and the
actual set of goals is G’ and the triple (I’, P, G’) is no longer adequate.
Hence, its current plan P’ has to be adapted.

Note that now instances of both the planning and the replanning
problem can be defined by

(i) the availability of an adequate triple (I, P, G),
(ii) the existence of an inadequate triple (I’, P, G’), and
(iii) the goal of obtaining an adequate triple (I', P”,G").

In a planning problem, (i) denotes the availability of a plan P that
has been used previously in a resource context (I,G). This plan (P’ =
P) is proposed in the current resource context (I’,G’) as a starting
point (ii). However, by (iii) P has to be transformed to an adequate
plan P”.

In a replanning problem, (i) means that there exists a valid plan
for the initial resource context (I, G), but due to changes in the initial
state, the action set and/or the goal specification, we end up with an
invalid plan P’ that has to be transformed into a valid plan P” in the
(changed) context (I’,G").

Obviously, in most cases, such a transformation consists of several
smaller transformation steps. Therefore, both planning and replan-
ning can be described as constructing sequences of plan transformation
steps. Of course, such plan transformation steps are guided by the
available knowledge of the agent. Here, we propose to represent this
knowledge by a set of available free plans in the form of a plan library
that can be used by the agent to transform existing plans. A transfor-
mation step then involves the application of some plan transformation
operators on the existing plan and some free plan selected from the
plan library to compose a new plan.

In the next subsections we first discuss a number of plan transfor-
mation operators and we show that this set of operators is complete
with respect to (re)planning using a plan library. Thereafter, we discuss
some details of the plan library.
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3.1. PLAN OPERATORS

We introduce two simple plan operators (addition and deletion) that
are used to transform a plan P using some set {P;}7_; of given plans
(the plan library). We show that assuming some simple properties
of the plan library they form a complete set, that is every (source)
plan P can be transformed into a target plan P’ applying only the
plan operators. Then we introduce a new plan transformation operator
(replacement) and we show that this operator is able to simulate the
two operators already introduced. Moreover, we provide a lower bound
L for the number of plan transformations required given a source plan
P, a target plan P’ and a plan library {P;}j—, and we prove that there
always exists a sequence of transformations requiring no more than 2L
applications of the replacement operator.

3.1.1. Addition

Analogously to the action concatenation operator used in traditional
planning to construct a plan by composing actions, the addition op-
erator @ is an operator that glues two plans together by connecting
input resources to output resources. Clearly, & needs the specification
of a glue function g, like the dependency function d we used in a plan,
to specify how exactly the new dependencies between in- and output
resources in both plans are created. This gluing function g is a partial
function overriding the specifications of the existing dependency func-
tions dq and d in both plans.® More precisely, if P; and P, are two plans
to be added, whenever r € In(F;) occurs in dom(g), g(r) € Out(FP;) for

i,j€{1,2}.

DEFINITION 6 (Addition). Let P = (Ol, d1,91) and Py = (OQ, da, 92)
be plans and g : Out(Py) + Out(Py) — In(P1) + In(P2) a partial de-
pendency function mapping input resources to output resources. Then
Py @4 P, is defined as the plan P = (O1 + O2,d,0) where

1. O = 01 + O,
2. d = (dy +d3) 1 g is a valid dependency function, and”

3. 0 = 01020, where 0, is the mgu of the set of pairs
{(r6162,9(r)6162) | r € dom(g)}.

We discuss two extreme cases:

5 Formally, the result of overriding f by g, denoted as f1g is the function h where
h(z) = g(z) if z € dom(g) and h(z) = f(z) else.
T That is, <q4 is a strict partial order.
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1. If dom(g) = 0, P is the simple concurrent combination of P; and
P, that is Py @y Po» = (01 + Oa,d1 + da, 01 + 62);

2. If dom(g) # 0 and P, = ¢, the resulting plan P is a sequential
refinement of Py, that is <4 extends the partial order <y, .

Note that we always assume that whenever two plans P, and P» are
combined, var(P;) Nvar(Pz) = 0.

Ezxample. We continue our running example. FOO needs to find a
plan for the problem discussed in the previous example. Since there
is no current plan to work on yet, the first step is to select a proper
starting plan. Suppose that the planner selects the plan P depicted
in Figure 2.% The starting plan is shown in Figure 3.a. To embed the
plan P in the context (I, P) we create a substitution o binding goals
from G to output resources Out(P) of the plan and input resources
In(P) to the initial resources I. The result of this substitution could
be the plan of Figure 3.b. Here, we have chosen to use the resources
cycle(2 : id,Home : loc) and crate(1l : id,Home : loc) to satisfy the
input resources of the plan. Also, we have satisfied the goal crate(1 :
id, B : loc).

—— —
e(1,H) er(2,0) ¢(2,H) er(1,B) c(1,H) cr(2,C) ¢(2,H) cr(1,B)
e(i, B) es(f,B) cr(l,f) c(2,B) es(H,B) cr(l,H)

r(£.B) <G, f) T, B) o2 )
a. Before binding to input resources b. After binding to input resources.

Figure 3. Partial plan after one planning step. Resources linked to an initial resource
are denoted by —~, whereas ~ denotes a resource that is used to satisfy a goal.

To continue our example, suppose that the next resource that we
try to satisfy is the cycle(2 : id, Home : loc) resource. Obviously, we
can satisfy this goal by riding the bike from B to Home. So, let’s
suppose that our planner has a plan P; available that contains just
the cycle action. The connection relation g then contains one link from
the cycle(2 : id, B : loc) resource of the current partial plan to the cycle
resource that is an input to plan Pj.

We state a simple property of the addition operator:

8 Deciding which plan to add is of course the hard part, this is discussed later on
in the paper.
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c(1,H) cr(2,C) cs(B, H) er(l B)

KR

c(2, B) cs(H, B) cr(l H)

r(H,B) ¢(2,H)
Figure 4. Partial plan after two planning steps.

PROPOSITION 2. If P, = (O1,d1,61) is a subplan of P = (O,d,0)
then there always exists a dependency function g such that P = Py &y P
for some subplan Py, = (O — Oy,da, 05 of P.

Proof. Note that do can be specified as the restriction of the depen-
dency function d to the set O — O;. Then g is the partial dependency
function consisting of those pairs (r,7’) that do occur in d but not in
dy or do. O

3.1.2. Deletion

Addition extends a plan, e.g., in order to obtain new (goal) resources
available in an other plan from the plan library. Sometimes, however,
the resources we need are already available in a plan P, but are not
available as output resources because they are consumed by some ac-
tion. In that case we like to free those resources and even are prepared
to delete some actions depending on these resources.” We therefore
define an operator & that is able (i) to free resources and (ii) to delete
actions by updating the dependency function using a partial depen-
dency function g in a plan P and by specifying the set of actions to be
removed from P.

More specifically, © takes two plans P; and P, where P» is a subplan
of Py specifying the actions to be removed from P;, and a partial de-
pendency function g. The purpose of g is to specify which dependencies
occurring in d have to be removed additionally, in order to free resources
in P;. Hence, the domain of g consists of resources occurring in the
input set in(o) of some actions in the given plan P;, mapping them to
1 and thereby overriding the definition of d.

DEFINITION 7 (Deletion). Let P = (O1,d1,61) be a plan and Py =
(Og2,dg,02) be a subplan of Pi. Let g be a partial function such that

9 The deletion operator can be applied to a plan in the plan library, or directly
to the current plan to be transformed.



Framework for planning and replanning 17

(r,1) € g and dom(g) C dom(dy). The plan P = Py ©4 P> then is
defined as the plan P = (O,d,0) where

1. O = Oy — O9; that is all actions in Oy are removed.

2.d = ((di —d2) T h) t g where h is the dependency function defined
as h(r) = L whenever d(r) € res(O2)

3. 0 is the mgu of all pairs (r,d(r")) occurring in d.

We distinguish two extreme cases:

1. P, = ¢. Then &, acts as an operator only freeing up resources by
removing dependencies between resources in plans, without remov-
ing actions from P.

2. When g is the empty function and P, # ¢, the resulting plan is
the plan P; after removing the actions and dependencies from Ps.

As expected, there exists a partial duality between the operators @
and ©. Formally, the relation between &y and the operator @& can be
described as follows.

PROPOSITION 3. Suppose that a plan P consists of two sub plans Py
and P such that P can be written as P = Py ®4 P> for some gluing
function g. Then it holds that P &y P, = Py.

Proof. Immediately from the definitions of & and ©. a

Ezample. Let P be the (partial) plan that we constructed in the
previous example. Suppose that we remove the pedal; action again that
was added during the last step. The subplan P’ of P that we then have
to remove from P is P’ = ({pedals},D,0). To free the resources that
pedals consumes, the connection function g maps those resources that
are produced by other actions and which the pedals; action depends on
to L: g={r — L|d7(r) € in(pedals)} = {cycle(2 : id,B : loc) — L}.
Then, P &4 P’ results in the plan with the pedals action removed (i.e.,
the plan of Figure 3.b).

3.2. COMPLETENESS OF THE ADDITION AND DELETION OPERATORS

An important question is whether the two plan operators we just dis-
cussed are complete in the sense that every existing (inadequate) plan
can be transformed into an adequate plan by applying the plan addition
and the plan deletion operators.
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Clearly, this completeness property is relative to the properties of
the plan library that can be used to perform addition and deletion.
We assume the following properties to hold for the set of plans {P;}
occurring in the plan library:

Assumption 1
Every plan is completely accessible, that is, for every plan in the
plan library, its complete structure is available to the planner and
the planner is always capable to retrieve any subplan from it.

Assumption 2
Every action o that belongs to the capability of a planning agent
A occurs in some plan occurring in its plan library.

We show that if these two assumptions are met, every existing plan
P can be transformed into an adequate plan P’ using only the addition
and deletion operators.

First we show a simple result stating that by using a series of deletion
operators we always can extract from any plan P containing an action
o a subplan P, containing only the action o.

PROPOSITION 4. Let P be a plan containing an action o. Then there
exists a sequence of plan operators resulting in the plan P, containing
exactly the action o.

Proof. Since P contains o, P can be written as the composition of
three plans:

1. The subplan P; = (O1,d;y,01) of P generated by all the actions
the input resources occurring in in(o) are dependent upon, i.e., the
subplan below o;

2. The subplan P» of P generated by all the actions in(o) is not
dependent upon i.e., the plan generated by O — O; — {o}.

3. The plan P, exactly consisting of the action o.

By Assumption 1, these plans can be specified if P is an existing plan,
since P, P, and P, are sub plans of P. By Proposition 2, there exists
some g1, g2 C d such that P can be written as P = (P, D¢, P,) Dgo Po.
But then, by Proposition 3, P, = (P &y P2) &p P1. O

The following corollary is an immediate generalization of the pre-
ceding proposition:
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COROLLARY 1. Let P = (0,d,6) be a plan and If O' C O an arbi-
trary subset of actions. Then there exists a sequence of plan deletion
operators that applied to P results in a plan P’ just containing O’ as a
set of independently executable actions, that is P' = (O',0,id).

Using this proposition and corollary it is not difficult to prove the
result that the set {®, S} is a complete set of plan operators under the
assumptions stated:

PROPOSITION 5. Suppose (I, P,G) is inadequate. If there exists an
adequate plan (I, P',G) and there exists a plan library {P;j}j—y such
that every action o occurring in P’ also occurs in some P;, then there
exists at least one series of plan transformations which, when applied
to P and the set {P;}, results in the plan P'.

Proof. [Sketch] Let P = (0,d,0) and P’ = (O',d’,0). Let O5 =
O N O'. By the previous corollary, there exists a series of deletion
operators which, applied to P, result in a plan P, = (O, 0,id). By
the previous proposition, there also exists a series of applications of
deletion operators to plans resulting in a set of plans P, for every
o € O' — O. Finally, using the addition operator, assemble the plan P’
from the plans P, and {P,},co—0- O

3.3. REPLACEMENT

Instead of using two separate plan operators, we would like to combine
both operators into one single plan operator that is able to simulate
them both. To this end we introduce the replacement operator ® that
serves to replace a subplan of a plan P by some other plan P’. Like
the deletion operator, the replacement operator needs an additional
parameter specifying the subplan to be replaced. In addition, the re-
placement operator also needs a parameter specifying how the new
plan is attached to the existing plan. We therefore use an operator ®
with three parameters: the subplan to be deleted from P, a dependency
function g to free up additional resources and a dependency function A
specifying how the new plan P’ should be glued to free resources in P.

DEFINITION 8. Let P, = (01, dy, 91) and Py = (OQ,dQ, 02) be plans,
P| a subplan of Py and g,h be partial dependency functions. The plan
P =Py ®p; g I is defined as the plan P = (0,d, 0) where:

1. O = (Ol — Oi) + 02;

2.d=((((r,r") edy [ r,r" Eres(P)}) T9) +da) Th
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3. 0 is the unifier of the dependency pairs in d.

We show that ® is able to simulate both the addition and the deletion
operator.

PROPOSITION 6. The replacement operator is able to simulate both
the plan addition as well as the plan deletion operator.

Proof. Let P = P; ®; P>. Then by definition of the replacement
operator, P = P ® do.g P,. Note that here g is used to glue the

replacement for the emplcy plan to Pj.
Let P =P, 6y P. Then P = P ®p, 49 ¢. That is, plan deletion is
the same as replacing a subplan by an empty plan. O

Ezxample. Suppose that the carrier cycle that FOO was going to use
to transport the first crate brakes down, i.e., the resource cycle(2 :
id, Home : loc) is no longer available. Quickly, they hire a van and
modify the domain to include a van resource and a drive action. The
van resource is defined analogously to a cycle resource, whereas the
drive is identical to a pedal action, except that the former consumes
and produces a van resource.

In order to repair the partial plan P of Figure 4, the pedal actions
have to be replaced by drive actions. Let P,,, be the plan that consists
of executing two drive actions in sequence, moving a van two steps.
Furthermore, let P, .. be the plan P restricted to the set of cycle
actions. Then, we can replace the pedal actions by drive actions by
executing P ®p, . gie.gaga Foan, Where ggey = {cargospace p, (Home :
loc,B : loc) — 1} and gu9q = {cargospace,(Home : loc,B : loc) —
cargospacec, (Home : loc,B : loc)}.1°

3.4. A STRONGER COMPLETENESS RESULT FOR REPLACEMENT

As an immediate corollary of Proposition 6 we have that the replace-
ment operator is a complete operator. In fact, we can show a somewhat
stronger result stating that the minimum number of applications of the
replacement operator needed to transform a plan P into another plan
P’ using a plan library P = {P;}_; is about twice the minimum
number of plan transformations that are needed in any case. !

To determine this lower bound, let us first define some additional
notions. Let P’ = (0',d’,¢') be a plan and {P; = (0j,d;,0;)}7_; a set

10 Here, we denote a resource r that is input or output of the action o by 7.
1 Here, we assume that whenever a plan P; from the plan library is involved in
composing P’ at least one transformation step is needed.
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of plans. A labeling for P’ using {P;} is a function A : 0" — |J; O; such
that

1. A(0') = o; implies that 0’0 = 00 for some substitution 6, i.c., the
actions with their input and output resources are compatible;

2. A(0) = A(0") implies o' = 0", i.e. an action o; cannot be used twice
as a label for different actions in O’ (hence A is injective).

The size size(\) of a labeling A is the cardinality of the set {P; | 3o’ €
O'[A(0") € Oj]}. Intuitively, size(A) is a lower bound for the number of
operations needed to obtain P’ from the plans used in the plan library
if size(\) different plans are used from this library to compose P’.

The labeling A for P’ is said to be minimal with respect to a subset
T C {P;}}— if a minimum number of plans in T" is used to label the
actions in P’. That is, as few plans from T as possible are involved
in composing P’ using {P;}. Now we can define a lower bound on the
number of transformations needed to transform a plan P to a plan P’
as follows.

PROPOSITION 7. Let P be a source plan, {P;} be a plan library and
P’ a target plan. Then the minimum number of transformation steps
needed to transform P to P' using plans in {P} + {P;} equals at least
size(\) — 1 where X is a minimal labeling of P’ with respect to {P;}
using plans in {P} + {P;}.

Proof. [Sketch] Since X is minimal with respect to {P;}, if an action
in O’ is labeled with an action in some Pj, the plan P; used at least
once in a transformation step. Therefore, there are at least size(\) — 1
(the number of plans required besides P) different transformation steps
needed. a

Now our completeness result can be stated as follows;

PROPOSITION 8. Let P be a source plan, {P;}7_; be a plan library
and P' a target plan. Let A be a minimal labeling with respect to {P;},
using {P} + {P;}. Then there exists a transformation from P to P’
using at most 2size(\) — 1 applications of the replacement operator.
Proof. [Sketch] Consider the actions o in P’ such that A(o') € O.
Apply a replacement operator on P replacing the set of actions o not
occurring in ran(A) by ¢ and returning a plan consisting of a set of
independent actions. Then, for each plan P; used in A apply the re-
placement operator once to remove all actions not used in the labeling
and once to insert the remaining actions into the current plan. This
requires 1 4 2(size(\) — 1) = 2size(A) — 1 transformation steps. O
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3.5. THE PLAN LIBRARY

Note that the plan operators we introduced require a current plan P
to be transformed and another plan P’ used to transform P. Hence,
for an agent to be able to use these plan operators it must have access
to a set of such plans P’. For this purpose, we assumed that the agent
has a knowledge base containing plans to choose from. We called this
knowledge base the plan library. We now discuss some aspects of such
a plan library into more detail.

In its simplest form, a plan library can be conceived as a simple
collection of plans. Often, however, it occurs that a number of plans
share the same subplan or two plans are exactly equal except for some
subplan in which they differ. In both cases, we could easily reduce the
size of the plan library by using plans with gaps instead of complete
plans. For example, suppose that Pj,... P, share a common subplan
P’, we might replace every occurrence of P’ in each P; by an action
u € U and add the subplan P’ to the library, effectively reducing its
size with (k — 1)(||P'|]| — 1).

If the plan library may contain plans with gaps, we need additional
constraints to hold for the library in order to guarantee that valid plans
can be created out of plans with gaps. An intuitive constraint is that
for each gap w that is present in a plan P from the library, another
plan P’ in the library must fit in the gap, i.e., a plan P’ such that
in(u) Epr out(u). The resulting plan is the result of replacing u by P’
in P and is written as P ®,, P’.

This requirement, however, does not solve our problem: for example,
take a library with a plan A with a gap u, and a plan B with a gap
up where B fits u, and A fits uy. If there are no other plans that fit in
either u, or uy, then it is not possible to create a valid ground plan out
of these plans. The following requirement prevents such infinite regress
to occur:

DEFINITION 9. A plan library L is groundable if for each plan P
with a nonempty set Up of gaps it holds that there there exists a finite
subset of plans Py, Ps, ... Py from L such that

1. for everyi=1,2,...,k—1 the plans Py = P, P/ | = P{ ®,, P; are
well-defined, where each w; is a gap occurring in Upi/ ;

2. [Up| < |[Up| =Up
Ezxample. Figure 5 shows the plan library of FOO. It includes plans
to reach 3 goals: P; can be used to satisfy a cycle goal (i.e. having a
cycle at a certain location) by using a pedal action. The second plan,
Ps, can satisfy a van goal using a drive action. Finally, the last goal,



23

Framework for planning and replanning

a crate resource at a specific location, can be satisfied by two plans P
and P,. The former uses a pedal action to deliver the goods by cycle, the
latter uses a drive action to deliver using a van. Note that this library
does not contain plans with gaps. Therefore, this is a groundable plan
library. A more interesting example can be found if we introduce the

c(i,t)

i

v(i,t)

i

cr(i, t)

N

(i t) es(frt)) (v(int) cs(f,t) cr(ia, t) cr(ia, t)

r(f,t) <@, )| | r(fit) vl f) | |e(int) es(f,t)  er(ia, f)] [v(in,t) es(f,t)  cr(ia, f)
Py P

\r(f.t) (i, f) Py) \r(f,t) v f) Py

Figure 5. FOO’s plan library.

following action:

combine :  cargospace(a : loc,b : loc), cargospace(b : loc, ¢ : loc) =

cargospace(a : loc, ¢ : loc)

This action simply states that if it is possible to transport cargo from a
to b and from b to ¢, then it is also possible to transport cargo from a to
c. Now, we can add the plans of Figure 6 to our plan library. Assuming
the availability of road(l,[) resources, this library allows us to combine
an arbitrary number of cargospace resources created by pedal actions
into a single cargospace resource, since both P5; and Fy fit into the gap
of P5. Note that this is a groundable plan library, since Ps has no gaps.

4. A refinement (re)planning framework

To create and/or improve plans using the addition and deletion oper-
ators (or the replacement operator) and the plan library presented in
the previous section, we have two options: Either we can design new
algorithms to implement these operators, or we can show how existing
algorithms and heuristics can be used to implement them. Choosing
for the last option, in this section we reformulate and generalize the
classical refinement planning template algorithm [22] in order to use it
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c(i,c) es(b,c)

r(b,c) c(1,b) cs(a,b)

r(a,b)r(b,c)r(c,d)c(z,a) r(a,b) c(z,a)
N P\ Ps)

Figure 6. A more interesting plan library. We use < to denote a gap.

in the ARF-replanning framework including the use of plan libraries.
Hereafter, we present two examples of existing planning techniques that
can be seen as instances of this new refinement template algorithm.

An important distinction between the ARF refinement framework
and the classical planning framework is that in the ARF framework
replanning is included. Consequently, if a replanning step is performed
(during a refinement step), the set of possible candidates may be en-
larged, while classically it is required that the size of the set of possible
candidates monotonically decreases.

4.1. A TEMPLATE ALGORITHM

As Kambhampati [22] argued, planning approaches do not only have
in common the data structures they use, but they also share a common
algorithmic structure. This common part, reformulated in ARF frame-
work, is presented in the REFINE algorithm (Algorithm 1). The part
that is different for each existing planning algorithm and depends on
the specific planning method used is represented by the REFINESTEP
(Algorithm 2).

The REFINE algorithm specifies how a solution result can be ob-
tained from a partial plan P. Each time the function REFINE is executed
and P is not a solution, one or more refined versions of this plan are
produced in a refinement step. Then repeatedly a component of the
resulting set P is selected, and the function REFINE is called recursively
using this component. Once a solution has been found, this process
stops, and the result is returned.

Algorithm 1 (REFINE ((I, P,0,G), L))
Input: An embedded plan (I, P,o,G) and a plan library L
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Output: A plan to attain G with I or ‘fail’.

begin
1. if I = In(P)o and Out(P)o = Go and P does not have any gaps then
1.1. return P;

2. else
2.1. result := fail;
2.2. P := REFINESTEP ((I,P,0,G),L);
2.3. while P # () and result = fail do
2.3.1. select a plan P; of P;
2.3.2. P:=P—-{PR};
2.3.3. determine a suitable o; for P;;12
2.3.4. result := REFINE((I, P;, 04, G), L);
2.4. return result;

end

The REFINESTEP that is called in line 2.2 is described in Algo-
rithm 2. Because this part of the planning algorithm is different for
each existing planning method, we present a common template for these
methods. Some instances (i.e., planning methods) may skip some of
these steps, and others pay much more attention to one or more other
steps. Different choices for each of the steps lead to different algorithms.

In the template algorithm we treat gaps in a plan identically to
missing resources. The subgoals R are selected from all resources that
need to be obtained: goals, missing input resources and gaps. For these
selected subgoals one or more possible plans are selected from the plan
library to attain these subgoals. The selected plans are combined with
the original plan P. The result of one plan step is a set of one or more
combinations of a selected plan with P.

Algorithm 2 (REFINESTEP ((I, P,o,G), L))

Input: An embedded plan (I, P,o,G) and a plan library L
Output: A set of possible refinements P
begin
1. select subgoals R C (Go — Out(P)o) U (In(P)o —I) UJ,cp out(u);
2. select one or more subplans P; € L to attain R;
3. for each P; do
determine a subplan P} of P and functions g; and h; to combine P
and P;;
4. P .= {P®P{,gi,hi Pl PZ},

5. return P;

end

12 For the sake of clarity, we omitted further details here.
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4.2. EXAMPLES OF INSTANCES OF THE REFINE STEP TEMPLATE
ALGORITHM

To illustrate that existing planning methods can be reformulated in the
ARF-framework, we describe two planning algorithms as instances of
the REFINESTEP template algorithm.

4.2.1. Fast Forward

The planning algorithm Fast Forward (FF) [20] starts with the initial
state and an empty plan. Repeatedly, the plan is extended with some
actions, always adding to the end of the plan. For each of the possible
extensions of the plan (first with one action, then with two actions,
etc.), a heuristic value for the current state is calculated. The first
possible extension leading to a state with a lower heuristic value is
chosen.

The heuristic uses a relaxation of the planning problem to calculate
a heuristic value efficiently: it is assumed that actions reproduce their
consumed resources (in(o) — out(o) U in(o)). Therefore, a so-called
relaxed plan can be constructed where all actions with satisfied inputs
are added (possibly even in parallel) until the goal state is reached. The
heuristic value is the cost of all actions that are needed to reach the
goal state.

Although FF does not use the presented refinement framework, and
is not about producing resources, it is in fact a form of refinement plan-
ning with the following refinement step. Given a plan that represents
a set of possible solutions, a new plan is constructed by extending this
partial plan at the end. The extension is selected using the heuristic
described above. In Algorithm 3 this algorithm is presented as an in-
stance of the template given in Algorithm 2. As a proof-of-concept, this
algorithm has also been implemented [25].

Algorithm 3 (REFINESTEP-FF ((I,P,0,G), L))

Input: An embedded plan (I, P,o,G) and a plan library L
Output: A set of possible refinements P

begin
1. take all subgoals R = (Go — Out(P)o) U (In(P)o — I);
2. use the following heuristic to compute a plan Pi:
2.1. h := the heuristic costs of producing R from the current end state;
2.2. W := oo;
2.3. while h’' > h do
2.3.1. breadth-first select a sequence of actions P, from L to
extend P;
2.3.2. determine a sub plan P| of P and functions g; and h; to
combine P and P;;
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2.3.3. K’ := the heuristic value of the end state of P ®pgih Pr;
2.34. P:= {P QP! g1,k Pl}{

3. select the functions g1 and hy, as computed in the previous step;

4. P = {P@Fi;,gi,hi P Pi};

5. return P;

end

4.2.2. Plan adaptation

As a second example, we show that the SPA [19] algorithm for plan
adaptation can also be reformulated in the ARF. This system is based
on the least commitment approach [29].

After retrieving an initial plan from their plan library, the SPA
system starts an adaptation routine that can either extend the plan
(adding further constraints or actions), or retract decisions that have
been made. This adaptation algorithm performs a breadth-first search.
The lists of nodes that has to be expanded is kept in a list of the form
(P, 1) or (P, ), meaning that a plan may be further refined (in case of
a |) or that a decision may be retracted (signified by a 7). Figure 7
shows what happens when a node is further refined or retracted from.

Ny
P

a. Extension b. Retraction

Figure 7. Extension and retraction as search in plan space. Extension replaces a
plan tagged | (represented by ¥) by its children, tagged |. Retraction replaces a
plan tagged T (A in the figure) by its parent (tagged 1) and its siblings (tagged |).

Note that the refinement strategy of SPA does not necessarily reduce
the set of candidate plans in every step. Actually, the set of candidate
plans may grow during the refinement. The refinement strategy for SPA
is shown in Algorithm 4. There is a twofold difference with the standard
template: (i) depending on whether the plan is tagged T or | SPA can
remove parts of the plan or add them; (ii) in the case of plan retraction,



28

step 4 includes an extra call to REFINESTEP-SPA. Since SPA requires
the generation of sibling plans, we first calculate a set P’ containing
the parents (step 4.1), and calculate the children of these parents in
step 4.3 (using a recursive call). Finally, step 4.4 combines the parents
and their children, excluding the plan P as this is already processed.

Algorithm 4 (REFINESTEP-SPA ((I, P,0,G), L))

Input: An embedded plan (I, P,o,G) and a plan library L
Output: A set of possible refinements P

begin
1. select subgoals R C (Go — Out(P)o) U (In(P)o — I);
2. select one or more subplans P; € L to attain R if P is tagged T, or the
empty plan $if P is tagged | ;
3. for each P; do
determine a subplan P} of P and functions g; and h; to add P; # ¢

?
to P or determine subplans P} of P that can be removed from P to

free R; 1
4. if P is tagged T then
4.1. P = { (P ®pr g, Bis T>‘ Pi};
4.2. determine a suitable o; for each P; € P’;
4.3. P" :=p/cp REFINESTEP-SPA((I, (P}, |),04,G), L);
4.4. P =P UP"\{P |};
5. else
51. P:= { (P ®ps g0 Bi l)’ Pi};
6. return P;

end

Remark. The refinement planning framework [22] for planning prob-
lems using propositional logic is strongly related to the algorithms
presented in this section. The main difference lies in the distinct rep-
resentation of the data structure that is used to represent partial so-
lutions. In Kambhampati’s [22] framework, so-called partial-plans are
introduced to be able to represent all (dependency) constraints required
for the many planning algorithms. These constraints can be divided into
three categories.

1. Precedence constraints specify that one action should be included
before another action in the eventual sequence of actions.

2. Interval preservation constraints specify that a formula should hold
during a certain interval between two actions. Currently, the only
used instantiations of such constraints are so-called causal links,
used by least-commitment planners [29].
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3. Point truth constraints specify that a formula should hold at a
certain point before an action. In current planners these constraints
are only used to specify open preconditions of actions.

All these different types of constraints are modeled by the dependency
relation in the ARF. The dependency relation specifies why one action
should be executed before another. This is equivalent to a causal link.
The transitive closure of this relation can be used to model the prece-
dence constraints. Finally, the fact that for an input resource of an
action no dependency is specified yet, describes the open preconditions
of actions.

5. Multi-agent aspects

So far, we have discussed planning and replanning from a single-agent
perspective. In this section we show how the framework can be used to
deal with multi-agent planning. To this end, we first proof that every
(re)planning problem can be reduced to a missing resources problem.
Next, we show how such missing resources problems can be solved
(i) by using services other agents offer (service-based coordination),
or (ii) by requesting missing resources from other agents (task-based
coordination).

The following proposition shows that every (re)planning problem
can be reduced to a (minimal) set of missing resources.

PROPOSITION 9. Let (I, P,G) be an inadequate tuple and let R}, qin,
be a smallest set of resources such that P’ can be applied to I' =

TUR) icsing Using a substitution o, i.e., In(P)o C I'. Furthermore, let
G' C G be the largest subset of G such that G’ is satisfied by the result
of applying P' to I', i.e., G't1 C I'—In(P)oUOQut(P)o for a ground sub-

stitution 7. Finally, let R? be a smallest set of resources satisfying

missing
the remaining set of goals G —G', i.e., R in, = (G —G')T0 for some
ground substitution 0. Then the triple ((IU R}, uing U Riissing)> Pr G)
1$ adequate.

Proof. Since P is applicable to I' = T U Rinissmg using o, it follows
that I' Epr I' — in(P")o U Out(P)o. By monotony, I"” U R?m’ssing E=p
I'—in(P)o UOut(P)o U RZ ;. ... But then, since G'r € I' — In(P)o U
Out(P)o, and R?mssmg = (G — G')16, we immediately derive that

Grd=G'70U(G-Gro0CI'U R?nissing —in(P")o U Out(P)o.
Hence? Iy R}nissing U Rznissing =I'U Rgnissz'ng ):P G. O
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For a single agent, missing resources can only be provided by its
initial resources or be produced from the initial resources by some
actions. In a multi-agent context, other agents can provide resources.
For example, because other agents are capable of doing other actions.
A multi-agent planning problem for a set of agents A is defined as a set
of planning problems I1, = (O,, I,, G,), one for each agent a € A.

We distinguish two ways to coordinate the exchange of resources
in a multi-agent system. First, we discuss service-based coordination
where an agent can use services offered by others. This approach has
some strong similarities to the use of a plan library with plans provided
by other agents. Secondly, we propose a method where agents request
specific resources from others. This latter approach is a form of task
allocation and we argue that it is a generalization of plan merging [7].

5.1. SERVICE-BASED COORDINATION

Service-based coordination is based on the idea that an agent can use
the capabilities of other agents as if these are included as additional
plans in its plan library. Depending on the environment, we distinguish
two kinds of services. On the one hand, when agents trust each other,
services are free plans that are offered to others. These plans can be
included directly in the plan library of these other agents (requesters).
Subsequently, these free plans can be treated in the same way as the
other plans in the plan library. On the other hand, in a less secure
environment, a service is a free plan of which only the input and output
resources are published to other agents. In other words, this plan is not
accessible to the requester.

In both cases, when an agent wishes to use a service from another
agent (the provider), the agents have to agree on the actual resources
that are produced. When the requester has completed its plan, it tells
the provider that it wishes to include the provider’s service .S to produce
a certain set of resources R using a set of resources R;.'3 It is required
that in(S) &= Ry and out(S) = Rg. The provider then verifies that it
can indeed produce Rg from R using the underlying plan Pg and adds
Rj to its available input resources, Rg to its goals and Pg to its plan.

By extending the plan library with services from other agents, we
create a natural extension of single-agent planning to multi-agent plan-
ning. The only extension to the (re)planning algorithm is that it is now
possible that an agent may have to contact other agents after creating a
plan to inform them that services have been used (i.e., contracting the
services). This form of multi-agent planning is an instance of the refine-

13 Tn fact, for an plan that is not accessible, S is added as an (unknown) action in
the requester’s plan with a reference to the provider.
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ment planning algorithm from the previous section (see Algorithm 1).
The only difference is that in line 1.1 for each service that is used, the
corresponding provider has to be informed that (part of) its service is
used.

Whether serviced plans are accessible, does not change the basic
outline of the algorithm but (at the cost of privacy) this method is
more powerful: it allows agents to use only a subplan of the service.
This way, they can combine parts of various services, when a single
service (or plan of their own) cannot achieve the desired effect. This
gives requesters greater control and flexibility.

An alternative to exchanging services is to let an agent inquire
whether other agents can provide the resources it needs, without know-
ing which agent is able to provide these. This is a case where task-based
coordination is needed.

5.2. TASK-BASED COORDINATION

An even more flexible solution to (re)planning problems can be offered
in a multi-agent environment if agents are able to request missing re-
sources from others without knowing beforehand which other agents
are able to provide them these resources.

In this case, the contract net protocol [6] can be used to coordinate
the communication between requesters (managers) and providers (con-
tractors). As can be seen in Figure 5.2, this protocol uses three types
of messages.

— Task(I1,Gy) is sent by the requester agent to announce a task to
get from a state I; to a state G1. The agent (a; in Figure 5.2) that
sends this message is called a provider (for this specific contract).
Usually, such an announcement is sent to many other agents.

— BID(I2, Py, Go, ¢) contains information about in what way an agent
(ag) can deal with (part of) the task: an alternative initial state
I, an alternative goal Gy, for which holds that Go NG # 0, and
a plan P to attain this goal from this initial state. This message
can also include the costs the requester has to pay if it awards this
agent ag the task (I2, G2). In multi-agent systems where agents do
not trust each other, the plan P> may be omitted, just like in the
service-based approach.

— AwARD(I3, P3,G3) is sent only to an agent from which the re-
quester previously has received a BID([2, Py, Ga,c). This means
that the requester is prepared to pay the costs ¢ for a sub plan Ps
of PQ.
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Figure 8. The messages that are exchanged between a requester and a provider to
coordinate a task delegation.

Ezxample. A task announcement can be done by an agent that has
some missing resources in the sense of Proposition 9. Given an inade-
quate tuple (I, P,G), the initial state I; and the goals G of the task
can be found as follows. I; = I — In(P)# and G1 = R}, ging URgmssmg.

When a requester has received enough bids (12, P», G2) to attain its
goals, it needs to find a selection of these bids, and a series of operators
such that the combination is an adequate plan. One possible way to
do this, is by putting all received bids in a plan library, and using a
refinement planning algorithm. For each bid where a (part of its) plan
is used, the agent should receive a corresponding REWARD message.

Once a requester has awarded one or more agents with parts of the
task, these results can be incorporated in the plan of the requester with
the found plan operators. For the providers, the award (I3, P3,G3) is
added to their initial resource, their plan (using the addition operator),
and their goals, respectively.

This method has a strong relation with the plan-merging algorithm
[7]. In this previous work, we showed under which conditions resources
of one agent can be used by another. The plan-merging algorithm itself
describes that a request for resources G can be dealt with by asking
all agents for (a subset of) these resources. This is equivalent to a task
announcement of ((), G1). Furthermore, in the plan-merging approach
no plan is included in the bids and awards.

6. Conclusions and future work

For an agent to be autonomous, it must be able to decide which actions
to take to accomplish its goals. Therefore, planning is a key aspect of
agents. We started this paper by noting that there exists a number
of objections to the way planning is conceptualized in a lot of plan-
ning systems. These planners work off-line, have no memory of what
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problems they have solved in the past, or cannot be used to create
multi-agent plans. While there are systems that tackle some of these
problems, we are not aware of a consistent integrating approach. In this
paper we have discussed a conceptually rather simple framework, the
Action Resource Formalism (ARF), where on-line planning is combined
with a history of past experience (in the spirit of case-based planning)
and cooperative planning.

In the ARF actions are seen as processes that consume and produce
resources. A plan in this framework specifies the dependencies between
these consumed and produced resources. This explicit notion of depen-
dencies between actions is required for almost any planning algorithm.
Another advantage of this formalism is the fact that the result of an
action is seen as a set of products (i.e., resources). This makes it easier
to reason about exchanging results in a multi agent context.

Using the ARF, we described how plans can be combined using an
addition operator @, and how we can remove parts from a plan using a
deletion operator ©. The combination of these operators ® was shown
to be complete, provided that the right plans are available to the agent.
We also showed that this operator work with constant overhead, i.e., it
is able to describe plan transformations rather efficiently.

An agent not only needs this kind of plan operators, it also needs to
store plans that are successful or domain knowledge given by a human
expert. Slightly extending the ARF, we have discussed a way of dealing
with past plan experience using a plan library.

The last part of the framework is an extension to Kambhampati’s
[22] refinement planning. This extension makes it possible to describe
replanning algorithms as well. The strength of the framework was il-
lustrated by showing how a planning, a replanning, and a multi-agent
planning technique fit into the framework. Such a uniform way to de-
scribe different types of planning algorithms is very useful for finding
new variants and combining existing approaches. Furthermore, such a
framework can help to compare different methods in a fair way.

To use the ARF for any task reduction approach, we need to extend
the formalism with disjunctions of resources (super-resources). These
disjunctions model the fact that a task sometimes can be fulfilled by
producing very distinct resources. This allows a plan library like the
one depicted in Figure 9. Here, the gap is not completely specified to
allow both the P; and the P, plan to fit in the gap.

Task reduction (HTN) planning can also be integrated into the clas-
sical refinement planning approach [21, 28]. A refinement step can then
also be a task reduction using one of the methods given in the plan
library. In fact, this is quite similar to filling a gap in the plan. Using
disjunctions of resources as described above, we hope to be able to show
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Figure 9. A more efficient way of storing the plan library of Figure 5.

that HTN planning can also be seen as a special case of our refinement
template.

Future work focuses on three main issues: (i) extending the current
framework to allow a more efficient plan library representation such
as was just discussed, (ii) developing a continual algorithm, that uses
the framework to fully integrate planning, replanning and execution,
and (iii) developing a method to fill the plan library and maintain it.
Further topics of interest are to show the relation with a disjunctive
operator such as used in Graphplan [2].

It would also be interesting to see whether the planning template can
be extended to allow the combination of several refinement strategies.
This would, e.g., allow different planners to cooperate on solving the
same problem.
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Appendix

A. Proofs

PROPOSITION 10. Let P = (0,d,0) be a plan, I and R be disjoint

sets of resources and G a set of goals. Then we have

1. If I =p G then I =p G’ for every G C G and I' =Ep G for every

I' O I, that is E=p is anti-monotonic in its right argument and
monotonic in its first argument.

For every ground substitution o with dom(o) 2 res(P), In(P)o |=p
Out(P)o.

Let S1+ Sy denote the disjoint union of S1 and Sa, that is S1+Se =
S1USsy if S1N Sy = 0 and undefined otherwise. Then, if In(P)o+ R
is defined In(P)o + R =p Out(P)o + R.

. If P is applicable to I then for every independent subset S C

prod(P) of general resources produced by P, P contains an initial
subplan P’ such that I =p/ S.



Framework for planning and replanning 37
Proof. Each of the items of the proposition is proven in turn:

. If I =p G, then there exists a substitution o such that In(P)o C
I and Go C (I — In(P)o U Out(P)c). But then for all I’ D I,
In(P)o C I C I’ and thus I’ =p G. Similarly, for G’ C G, G'o C
Go C (I — In(P)o U Out(P)o), then I =p G'.

. Note that in general, for a set of ground resources R and a substitu-
tion o such that In(P)o C R we have R =p R—In(P)oUOut(P)o.
Taking R = In(P)o gives the required result.

. Note that P is applicable to I — R, since there clearly exists a sub-
stitution # such that In(P)0 C (I — R) = In(P)o. Upon execution
of the plan, it produces the set of resources I — In(P)oU Out(P)o =
(In(P)o + R) — In(P)o U Out(P)o = R U Out(P)o and thus,
In(P)o + R =p Out(P)o + R.

. Let S be an independent subset of prod(P) for a plan P = (O, d, 0)
then the set of producing actions is producers = {o| 3Ir € S -r €
out(0)}. Let O" = Upeproducersi9’10” <a o}, then P' = (O, d',0') is
an initial subplan to P, if d’ is the restriction of d to cons(O’) and
6 is an mgu for all dependent pairs r,d'(r) € d’, since O’ C O and
O’ is downward closed with respect to <4. For all resource r € S,
d'~1(r) = L, since S is an independent subset of prod(P). Hence,
S C Out(P') and thus I Ep S. 0






