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Abstract

In many real-world situations, a planner is part
of an integrated problem-solving environment and
must operate concurrently with other planners and
special purpose inference engines. Unlike the tra-
ditional AI planners, planners operating in such
concurrent environments have to contend with an
evolving problem specification, and should be able
to interact and coordinate with the other modules
on a continual basis. This in turn poses several
critical requirements on the planning methodology.
In this paper we identify the ability to incrementally
accommodate the changes necessitated by the ex-
ternally imposed constraints into the existing plans,
and the ability to understand and reason about
the rationale behind externally imposed constraints
at an appropriate level of detail as two crucial
requirements for planning in such environments.
We then explore directions for extending classical
hierarchical planning framework to handle those
requirements.

1 Introduction

In many real-world situations, a planner is part of an inte-
grated problem-solving environment and must operate con-
currently with other planners and special purpose inference
engines (collectively referred to as sdms in this paper). The
sdms concentrate on different specialized considerations and
interact with the planner to post various feasibility and opti-
mality driven constraints on the evolving plan. Consider, for
example, the problem of generating process plans in concur-
rent design environments [Cutkosky and Tenenbaum, 1990,
Kambhampati and Tenenbaum, 1990, Kambhampati and
Cutkosky, 1991].1 A goal of concurrent design is to do
as much manufacturing planning and analysis as possible
during design evolution, rather than waiting for the design
to be complete. A typical planner in this environment will
have to operate concurrently with sdms specializing in such
considerations as geometric analysis, fixturing, tolerancing

�We acknowledge the support of Office of Naval Research under
contract N00014-88-K-0620.

1A process plan specifies the sequence of setup, fixturing and
machining operations for manufacturing a given part (typically
described as a set of machinable features).

etc., all of which influence planning. Another example is the
darpa logistics planning scenario where several disparate
specialized planners (such as evacuation planners, mission
planners etc.) are required to cooperate with each other to
make a global transportation plan.

Planning in these environments a continual rather than one-
shot process as the constraints imposed by the sdms on the
plan force the planner to contend with a continually evolving
problem specification. The planner needs to respond to the
specification changes in a continual rather than batch driven
mode (i.e., the planner cannot wait for all the changes to be
complete) as the feedback from the planner often guides the
behavior of the other modules in the environment. Further
more, the planner needs to understand the rationale behind
the externally imposed constraints so that it can play an active
role of coordinating its actions with the sdms .

The classical planning paradigm [Chapman, 1987] fails to
adequately handle the requirements of these environments
as it considers planning as a one-shot task of constructing a
partially ordered sequence of actions for achieving a given
set of goals. The planner works under the assumption that
it is an isolated module with all knowledge relevant to plan
generation at its disposal. This paradigm only accounts for the
intra-plan interactions, and ignores the interactions between
the planner and the other modules of a problem-solving
environment.

To deal with the special requirements of planning in con-
current environments, the planning methodology needs to be
extended to provide the following capabilities:

� Incrementality and accommodating external constraints
The planner needs to respond to the changes in its specifi-
cation and externally imposed constraints by updating its
plan efficiently and conservatively. During this update
process, it needs to be incremental and reuse as much
of its existing plan as possible, as starting from scratch
every time some constraint changes can be prohibitively
expensive. Thus, to function effectively in a concurrent
environment and interact with other modules efficiently,
a planner needs to be incremental in its operation.

� Coordinationand understanding rationale behind exter-
nally imposed constraints
To anticipate external interactions and to coordinate
its actions with other modules in the environment, a
planner in a concurrent environment needs to be able
to understand and reason about the rationale behind



the externally imposed constraints. To facilitate this, a
systematic interface methodology between the planner
and the other heterogeneous modules of the environment
needs to be developed.

Intuitively, the planner needs to be incremental in order
even to survive as a passive module in a concurrent envi-
ronment, while it needs the ability to coordinate its actions
with the sdms to play an active role in guiding the global
problem-solving activity.

To facilitate incremental modification of plans in response
to evolving specifications, the planner should be able to
analyze the plan at multiple levels of detail and focus modi-
fication at the appropriate level. Further, it should use least-
commitment strategies during planning, as over-constrained
plans do not lend themselves well for flexible reuse [Kamb-
hampati, 1989, Kambhampati, 1990a]. The criterion for
accommodating external constraints is for the planner to be
able to incorporate the changes imposed by those constraints
while reusing as much of the existing plan as possible and pre-
serving the correctness of the overall plan.2 This requires the
planner to reason about the effect of the external constraints
on the correctness of the existing plan and make minimal
modifications to it to regain correctness.3 To analyze the
effect of external constraint on the correctness of the plan, as
well as to modify the plan conservatively, the planner needs
to represent and reason about the internal dependencies of its
plans in a systematic fashion.

Since, hierarchical nonlinear planning (e.g. noah [Sacer-
doti, 1977], nonlin [Tate, 1977], sipe [Wilkins, 1984]) is
the prominent method of abstraction and least commitment in
domain independent planning, in this paper we will explore
ways of extending it to handle the incrementality require-
ments of concurrent domains. In section 2, we will develop
a precise characterization of the correctness of the plan in
terms of a representation of its causal dependency structure
called the validation structure and introduce a framework of
incremental modification based on it. In section 3, we will
present techniques to accommodate the external constraints
which compute the ramifications of those constraints on the
validation structure of the plan, and repair the plan to regain
correctness.

Enabling the planner to reason about the rationale behind
the constraints imposed by the sdms poses special problems
because of the heterogeneous nature of the modules in a
concurrent environment. Previous research in distributed
planning (e.g. [Durfee and Lesser, 1988, Corkill, 1979]),
black board systems (e.g. [Hayes-Roth, 1987]), embedded
systems (e.g. [Georgeff, 1990]) and multi-agent planning
architectures (e.g. [Lansky, 1988]), mostly addressed the
issues of coordinating the actions of homogeneous planners
working on different aspects of a single problem where
each planner can understand and reason about the rationale
behind the constraints imposed by other planners. Thus

2This is in contrast to approaches such as [Hayes, 1987], that
allow externally imposed constraints to enter the plan, but do not
reason about the effect of those constraints on the correctness of the
plan.

3It should be emphasized here that we are not concerned with the
absolute correctness of the plan,but rather its correctness with respect
to the planner’s own model of the domain (see [Kambhampati,
1990a]).

they are not well-suited to real world concurrent domains
with heterogeneous modules. In section 4, we propose
a methodology of interfacing the planner and the sdms that
relaxes the strong assumptions made by these approaches. Our
approach is to enable the planner to understand the rationale
at some appropriate level of abstraction. Accordingly, the
external constraints will be accompanied by explanations that
constitute ‘‘sufficient’’ (rather than necessary and sufficient)
conditions under which the constraint can be guaranteed to be
required by the sdm imposing it. We will discuss the issues
involved in generating and coordinating with such window of
applicability explanations.

2 Incrementality

In this section we discuss the issues involved in making plan-
ning ‘‘incremental’’. We will start with a characterization of
correctness of plans in the hierarchical planning paradigm in
terms of the plan validation structure. This characterization is
used to develop a methodology for modifying a plan to regain
correctness. The resultant incremental modification frame-
work forms the basis for accommodating various externally
imposed constraints into an existing plan (see next section).

2.1 Validation Structure and Plan Correctness

Hierarchical planning can be seen as a process of reduction
of abstract tasks into more concrete subtasks with the help
of domain specific task reduction schemata, and resolving
any harmful interactions by introduction of additional partial
ordering relations among tasks or backtracking over previous
decisions [Tate, 1977, Sacerdoti, 1977]. Given a planning
problem [I;G] where I is the specification of the initial state
and G is the specification of the desired goal state (given
as conjunction of literals to be satisfied), we use a structure
called hierarchical task network (htn ) to represent the status
of the plan at any moment. A htn is a 3-tuple

h P : hT;O;Vi ; T � ; D i

where P is a partially ordered plan such that

� T is the set of tasks of the plan (with two distinguished
tasks tI and tG to denote the input and goal state
specifications respectively)

� O defines a partial ordering over T (with elements of
the form ‘‘ti ! tj’’, signifying that ti is a predecessor
of tj)

� V is a set of conditions with specification about the
ranges where those conditions should be held true, and
the applicability conditions of tasks of P, or goals
of the overall plan those conditions are supporting.
Individual elements of V are called validations. They
are represented by 4-tuples v : hE; ts; C; tdi, with the
semantics that the condition E, which is an effect of
ts, should be held true from task ts to td to support the
applicability condition C of task tj.

� T � is the union of tasks in T and their ancestors

� D defines a set of parent, child relations among the tasks
ofT � ( if tp is the parent of a task t, then twas introduced
into the htn because of the reduction of tp)



We define the correctness of the plan P in terms of its set
of validations in the following way:
A partially ordered plan P is considered a correct plan for a
problem [I;G] iff

� For each goal g 2 G of the plan, and each applicability
condition of a task t 2 T , there exists a validation
v 2 V supporting that goal or condition. If this condition
is not satisfied, the plan is said to contain ‘‘missing
validations.’’

� None of the plan validations are violated. That is,
8v : hE; ti; C; tji 2 V, (i) E 2 effects(ti) and (ii)
6 9t 2 T s.t. 3(ti � t � tj) ^ effects(a) ` :C (where,
the relation ‘‘�’’ is the transitive closure of the relation
‘‘!’’). If this constraint is not satisfied, then the plan is
said to contain ‘‘failing validations.’’

In addition, we introduce a condition of non-redundancy
as follows

� For each validation v : hE; ts; C; tdi 2 V, there exists
a chain of validations the first of which is supported by
the effects of td and the last of which supports a goal of
the plan.4 If this constraint is not satisfied, then the plan
is said to contain ‘‘unnecessary validations.’’

A plan that is correct by this definition is said to have
consistent validation structure. The missing, failing and un-
necessary validations defined above are collectively referred
to as inconsistencies in the plan validation structure.

Notice that this definition of correctness is concerned
exclusively about the validations that the planner has estab-
lished. The plan may be correct by this definition and still
be inapplicable from the point of view of some sdm . This
is in consonance with the philosophy that the planner in a
concurrent environment should primarily be concerned about
keeping the plan correct from its perspective. When changes
are necessitated by the externally imposed constraints, the
planner should preserve correctness with respect to its vali-
dation structure while accommodating those changes.

2.2 Annotating Validation Structure

To facilitate efficient reasoning about the correctness of the
plan, and to guide incremental modification, we represent
the plan validation structure as annotations on the individ-
ual tasks constituting the htn [Kambhampati, 1990c]. In
particular, for each task t 2 T�, we define the notions of
e-conditions , e-preconditions and p-conditions as follows:
The e-conditions of a task represent the set of validations
that it or its descendents in the htn provide to the rest of
the plan. If R(t) represents the set of tasks consisting of t
and its descendents in the htn (also called sub-reduction)5,
e�conditions(t) is given by the set

fv j v : hE; ts; C; tdi 2 V ^ ts 2 R(t) ^ td 62 R(t)g

4More formally, 8v : hE; ts; C; tdi 2 V there exists a sequence
[v1; v2 : : : vk] of validations belonging to V , such that (i) vk :
hEk; tks ; C

k ; tGi supports a goal of the plan (i.e, Ck 2 G) (ii)
vk�1 : hEk�1; tk�1

s ; Ck�1; tksi supports an applicability condition
of tks , vk�2 supports an applicability condition of tk�1

s and so on,
with vk�1 supported by an effect of td.

5note that R(t) = ftg if t 2 T

The e-preconditions represent the set of validations that the
task or its descendents consume from the rest of the plan.
e�preconditions(t) is given by the set:

fv j v : hE; ts; C; tdi 2 V ^ ts 62 R(t) ^ td 2 R(t)g
Finally, the p-conditions represent the validations that should
necessarily be preserved by the effects of the task and
its descendents to guarantee the correctness of the plan.
p�conditions(t) is given by the set�

v

���� v : hE; ts; C; tdi 2 V ^ ts; td 62 R(t) ^
9ti 2 T s:t: ti 2 R(t) ^ 3(ts � ti � td)

�

The e-conditions , p-conditions and e-preconditions (re-
ferred to collectively as task annotations) encapsulate the role
played by each task in the htn of the plan in ensuring the
correctness of the plan.

2.3 The priar Modification Framework

Based on the notion of validation structure,we have developed
a framework for flexible modification of plans in hierarchical
planningcalled priar [Kambhampati, 1990c, Kambhampati,
1989]. In priar framework, a plan is modified in response
to inconsistencies in its validation structure. The repair
actions depend on the type of inconsistency, and the type
of validation involved in that inconsistency. They involve
removal of redundant parts of the plan, exploitation of any
serendipitous effects of the changed situation to shorten the
plan, and addition of high level (refit) tasks to re-establish
any failing validations. For example, if the inconsistency is
a failing validation v : hE; ts; C; tdi, then depending upon
whether or not C can be achieved by the planner, priar
either adds a task tr to the htn re-establish the failing
validation, or replaces the reductions that are dependent on
C. The annotations on the individual tasks of the htn

(defined in section 2.2) provide a systematic framework
for locating the parts of the plan that need to be removed
or replaced. Finally, any refit-tasks introduced during the
repair process are reduced by the hierarchical planner, which
employs various validation structure based control strategies
to localize this reduction [Kambhampati and Hendler, 1989,
Kambhampati, 1990b].

3 Accommodating External Constraints
In this section, we discuss how the planner accommodates
various types of changes necessitated by by externally im-
posed constraints. Without loss of generality we will assume
that the planner has an initially correct plan which it wants
to modify to accommodate the changes and while preserving
the correctness of the plan. We will also assume at this
point that the changes imposed by the external constraints
are non-negotiable, in that they would have to be necessarily
accommodated by the planner. In the previous section, we
have shown that the planners notion of correctness of its plan
is intimately tied to the consistency of the plan validation
structure. Thus, the general strategy followed for accommo-
dating changes necessitated by externally imposed constraints
is to compute the inconsistencies in the validation structure
that result from those changes and use the priar framework
to modify the plan to remove the detected inconsistencies. In
the following sections we discuss how changes in the speci-
fication the problem, and ordering relations among the plan
steps are handled through this strategy.



3.1 Changes in Input and Goal Specifications

Often during planning the specifications of the planing prob-
lem are modified to reflect the changes in the state of the
world and the overall goals of the system. From the definition
of correctness of the plan in section 2.1, it should be clear that
the changes in problem specifications may give rise to miss-
ing, failing or unnecessary validations in the plan validation
structure. For example if some of the goals of the plan become
unnecessary as a result of changes in the specifications, the
validations supporting those goals become unnecessary; if the
changes necessitate new goals for the plan, that would lead
to a missing validation and finally if the changes delete some
assertions of the initial state then the validations supported
by the effects of tI will fail. These inconsistencies in the
validation structure can be located by simply examining the
validations supported by the assertions in the initial state, and
goal state. Any detected inconsistencies are then repaired
with the help of priar modification operations.

3.2 Changes in ordering relations

Often external constraints translate into addition or deletion of
ordering relations among the steps of the plan. Such changes
may be a result of feasibility considerations (for example, in
process planning, the geometric modeler might rule out some
infeasible feature orderings [Hayes, 1987]), or of optimality
considerations (eg. sdms may group several steps of the plan
together for efficient execution etc., and such groupings may
be inconsistent with the existing ordering relations [Kamb-
hampati and Philpot, 1990]). In the following we provide
methods for efficiently analyzing the ramifications of addi-
tion and deletion of ordering relations on the correctness of
the plan.

3.2.1 Deletion of Ordering Relations

Suppose an ordering relation od : ta ! tb is to be deleted
as a consequence of some externally imposed constraint. This
leads to a change in the partial ordering of the plan and some
of the tasks which were previously ordered with respect to
each other will now become unordered (parallel).

From the definition of correctness in section 2.1, it should
be clear that failing validations are the only type of incon-
sistencies that can result from the deletion of an ordering
relation.6 Since checking each validation v 2 V for failure is
expensive, we use the following method to check only those
validations which can fail because of the deletion of od.

First od is removed from O and the ‘‘�’’ relation on the
tasks of the plan is recomputed. The predecessor-successor
fields of the tasks of P before and after the deletion are
compared. For each task ti 2 T of P, we collect the tasks of
the plan that become unordered with respect to it. Suppose
ti becomes unordered with respect to tasks fti1; ti2 : : : timg.
From the definitions of section 2.2, we can show that when
previously ordered tasks become parallel to ti, the annotations

6Deletion of ordering relations increases the parallelism in the
plan and this may lead to violation of some established validations
of the plan.

of those tasks will also become p-conditions of ti.7 In other
words, the new p-conditions of ti are given by

p�conditionsold(ti) [
[
j

annotations(tij )

By definition p�conditions(t i) comprises the validations
of the plan that must be preserved by the effects of ti,
Thus, to locate the validations that are violated by the effects
of ti it is sufficient to check the annotations of the tasks
fti1; ti2 : : : timg. If any validations are actually found to be
violated, the priar modification methodology is again used
to suggest repair actions. Similar analysis is done for each
task in the plan that becomes unordered with respect to other
tasks because of the deletion of od.

3.2.2 Addition of Ordering Relations
Suppose the externally imposed constraint leads to the

addition of a new ordering relation on : ta ! tb. We have
two possibilities in this situation:
Case 1. The added ordering is consistent with the current
orderings. As long as tb 6� ta in the current plan, we can
add ta ! tb without causing any inconsistencies. From the
definition of the correctness P, we can see that a consistent
new ordering will not affect the correctness of the existing
plan. Thus nothing need be done in this case.
Case 2. The added ordering is not consistent with the current
ordering. That is tb � ta in the current plan. In this case,
there are some ‘‘cycles’’ in the ordering O on P. Let

tb ! ti1 : : : tim ! ta
on! tb

be a cycle 8. Since on has to be necessarily accommodated,
the only way of regaining correctness is to break such cycles
by removing some other previously held ordering relations
in this cycle. Removal of an ordering relation may cause
inconsistencies in the validation structure and those need to
be located and repaired as discussed in section 3.2.1. The
analysis of section 3.2.1 can also be used to decide which
ordering relation will necessitate least amount of repair work
upon deletion, and choose to delete that ordering relation.

4 Coordination through reasoning about the
rationale behind externally imposed
constraints

The techniques discussed in the previous two sections enable
the planner to play a passive role of efficiently accommodating

7If a validation v : hE; ts; C; tdi 2 V belongs to the annotations
of a task tj 2 T , then, given that 8t 2 T R(tj) = ftjg, we have
(see section 2.2)

3(ts � tj � td) _ (ts = tj) _ (td = tj)

Now suppose tj became unordered with respect to ti 2 T . We have

3(tj � ti) ^ 3(ti � tj)

From the two relations above, we can see that if v : hE; ts; C; tdi
belongs to the annotations of tj then it will also satisfy the relation

3(ts � ti � tj )

which in turn means that v is a p-condition of ti.
8cycles can be found by scanning the ‘‘!’’ and ‘‘�’’ relations

of the tasks of the plan



changes necessitated by any externally imposed constraints
on its plan. As the specifications and the plan evolve, the
external constraints also evolve and it might be possible
to relax some of them under the new situation. Rather than
waiting for sdms to take the initiative, the planner should play
an active role in guiding the global problem-solving activity
anticipating external interactions and coordinating its actions
with the sdms . The simplest approach for this would require
the planner to request all the modules about all the constraints
imposed by them, when ever anything changes. However,
this could be quite inefficient especially since the analyses
performed by some SDMs may be computationally expensive.
In addition, this approach also seriously undermines the
autonomy of the planner as it cannot take any decisions
without having them approved by all the modules.

To take an active role in the global problem-solving activity,
the planner needs to understand and reason about the rationale
behind the externally imposed constraints. This requirement is
symmetric: when the planner makes any decisions that affect
the outside modules, it should be able to associate a rationale
for that decision. In other words, a major requirement for a
module to work in a concurrent environment is to be able to
provide rationale for the decisions that can be understood by
other modules in the environment, and to be able to reason
with the rationales provided by the outside modules.

Though the issue of coordination have been addressed
previously in distributed planning and blackboard based
approaches to planning, they generally assume that the
individual planners are all identical and share a com-
mon representation (e.g. [Durfee and Lesser, 1988])
and that there is a single central knowledge base shared
among all modules and planners [Hayes-Roth, 1987,
Durfee and Lesser, 1988]. Because of these assumptions,
coordination is accomplished in those architectures by al-
lowing each planner to directly reason about the constraints
imposed by other modules. This is controlled either through a
central black-board mechanism [Hayes-Roth, 1987], a hierar-
chical organization of planners or through the use of localized
representations that explicitly circumscribe the effects of the
agent’s actions [Lansky, 1988].

In concurrent domains, the assumption of homogeneous
modules holds only in situations whose where the mod-
ules of a concurrent environment constitute a ‘‘vertical’’
decomposition of the domain, where each module takes all
the specialized considerations independently. However, in
concurrent domains, the environment typically consists of
heterogeneous modules which specialize in various sub-tasks
of the overall task. For example, in a domain like process
planning where there are several specialized considerations
(such as geometric, fixturing etc.) that need to be taken
into account, if the planner itself were to take them all into
account during planning, plan construction could become
prohibitively expensive [Simmons and Davis, 1987]. Further
more such an architecture will often be inconsistent with the
natural structure of the domain. In process planning, even if
the planner is designed to take into account all the geometric
considerations during planning, duplicating all the geometric
knowledge and inference formalisms into the planner would
be very wasteful.

Because of this heterogeneity among the modules , it is not
feasible to have each module understand the rationale behind

the decisions of the other modules, even if it were provided
to them. For example in process planning, it is infeasible for
the planner producing machining sequence to understand all
the details of constraints posted by modules specializing in
fixturing and geometric reasoning etc.

Suppose an external constraint ce (say an ordering relation)
is imposed on the plan by the geometric modeler to ensure that
there will be a clear access path to make a feature feature1.
There is no straightforward way for the geometric modeler
to communicate to the planner that the the constraint ce is
imposed to ensure clear access path to feature1 since the
planner’s domain model may not give it the ability to reason
about the notion of ‘‘clear access path.’’ In the absence
of any rationale accompanying ce, the planner would have
to rely on the geometric modeler to correctly update the
constraints in the event that constraint is no longer needed.
This approach, in as much as it requires frequent geometric
checks, is inefficient.

Thus, for computational tractability and functional auton-
omy of individual modules, planner in a concurrent envi-
ronment should be able to understand the rationale behind
external constraints at some appropriate level of detail.

4.1 Window of Applicability (woa ) Explanation

Since the individual modules cannot reason about the rationale
behind the externally imposed constraints directly,we propose
that the rationale be presented as a set of sufficiency conditions
called ‘‘woa (Window of applicability)’’ explanation for
the external constraint. These sufficiency conditions do
not constitute the complete set of conditions leading to the
imposition of the external constraint, but rather only an
abstraction of those conditions that the planner can reason
about.

Thus, each externally imposed constraint will be associated
with a 3-tuple

hce;woace ; sdmcei

where ce is the constraint (changed specification or ordering
relation) that the planner needs to accommodate into its plan,
sdmce is the sdm that is imposing that constraint, and woace
is the woa explanation associated with ce. The semantics are
that

� woa consists only of predicates that the planner can
reason about 9

� As long as woace is holding, ce should necessarily be
accommodated into its plan

� If the planner finds at any point of time that woace
is not holding, then it is possible that ce is no longer
required. The planner can then request the sdmce to
check if the constraint is still required. 10 (If the

9A proposition f is considered reachable if the planner can
reason about the ramifications of its actions on the truth of the
proposition. Thewoa should only consist of reachable propositions.
Intweak representation, which does not allow any domain axioms,
a proposition is reachable iff f codesignates with some proposition
in the add or delete lists of some operator template of the planner.

10The external constraints may have been voluntarily imposed
by the external modules or may have been posted to satisfy some
request by the planner. In the process planning example, either
the geometric modeler may have imposed ce because it wanted to
ensure clear access path, or alternatively the planner requested it to



sdmce were to retract the constraint ce, then the planner
can use the methodology developed in sections 2 and
3 to appropriately modify the plan to accommodate the
change.)

Note that this allows the planner to essentially ignore
outside modules unless the woa of the constraint posted by
them are affected. This provides functional autonomy to the
planner, by obviating the need to poll each and every sdm

for every change in the environment.
In the process planning example discussed above, the

planner might be given the woa explanation

a � length(featurei) � b

for the constraint ce, with the semantics that as long as
the length of the feature featurei is in the range [a b], the
constraint ce would be required by the geometric modeler.
When the woa is violated, it does not mean that the ce
is automatically retracted. Instead, the corresponding sdm

(in this case geometric modeler) will be requested to repeat
the computation to see if ce is still required in the current
situation.

4.2 Classes of woa Explanations

A critical issue about the woa explanation concerns their
level of detail: as mentioned above, they should be at such a
level as to allow the planner to reason with the explanation,
and they should constitute sufficient conditions for assuming
that ce is still needed. There may be a spectrum of such
conservative sufficiency conditions for any given external
constraint, with tradeoffs between the informedness of the
woa and the ability of the outside modules to reason with it.

For instance, in the process planing example above, the
geometric modeler could return as the woa of the ordering
constraint a representation of the configurationspace in which
the ClearAccess(h1) predicate will remain. However, that
woa is likely to be at too low a level of detail to be directly
useful to the planner. On the other hand it could return as the
woa a list of quantities whose values it used in arriving at
ce as the constraint to be imposed. In this case, the planner
would have to reinvoke the geometric modeler any time any
of those quantities change.

While the former woa is expressive but difficult to reason
with, the latter is easy to reason with, but very conservative.
The correct level of abstraction of woa depends ultimately
on the degree of similarity between the domain models and
the inference strategies of the planner and the sdms . For
example, if all the modules are identical, as in distributed
planning, the woa can include both the necessary and suf-
ficient conditions for ce. While in complex environments
with heterogeneous modules, even a woa that specifies the
quantities on whose values ce depends, would be of utility.

A promising strategy is to provide woa explanations that
are at multiple levels of abstraction. This will allow the
planner to choose the abstraction that it can handle, while still

ensure clear access path. In the latter case, the planner may model
clear access path as precondition ClearAccess(feature) of some
task of P whose truth needs to be computed by an outside module
(cf. ‘‘compute-conditions’’ of nonlin [Tate, 1977] ). When asked to
make such a condition true, the geometric modeler may then impose
some constraints (such as ce) on the current plan. For the purposes
of our current discussion, this distinction is immaterial.

allowing some other sdm to reason with the woa at a deeper
level of detail.

Careful investigation will be needed to find classes of ex-
planations that satisfy the conservative (sufficiency) property
of the window of applicability explanations, while at the same
time allowing reasoning at a level suitable for other modules.

5 Summary

Planning in many real world situations requires concurrent
operation between the planners and other modules of the
environment. This poses several requirements that are not
supported by the existing approaches to automated planning.
In particular, we identified the ability to incrementally ac-
commodate changes necessitated by the externally imposed
constraints into the existing plans, and the ability to un-
derstand and reason about the rationale behind externally
imposed constraints at an appropriate level of detail as two
crucial requirements for planning in such environments. We
have then explored ways of extending the hierarchical plan-
ning framework to handle these requirements. In particular,
we discussed the techniques for making the planning in-
cremental and for accommodating the externally imposed
constraints by reasoning about their effect on the correctness
of the plan. Next we proposed a methodology for coordi-
nation between planners and external modules that depends
on attaching a set of sufficiency conditions rather than nec-
essary and sufficient conditions as justifications to various
externally imposed constraints. We have discussed the issues
of generating and reasoning with such conditions.
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