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ABSTRACT 

This paper is about an approach to the flexi- 
ble utilization of old plans called adaptive plan- 
ning. An adaptive planner can take advantage of 
the details associated with specific plans, while 
still maintaining the flexibility of a planner that 
works from general plans. Key elements in the 
theory of adaptive planning are its treatment of 
background knowledge and the introduction of a 
notion of planning by situation matching. 

1. Introduction 

A planner that has access to genera! plans (alternately 
abstract or high-level plans) is flexible because such plans 
will apply to a large number of situations. A problem for a 
planner working exclusively with general plans is that many 
of the details associated with more specific plans (e.g. 
sequencing information and causal relationships) must be 
recomputed. For a planner that works from more specific 
plans the situation is reversed: There is a wealth of detail, 
but there are problems with flexibility. I will refer to 
planners with the capacity to use a mix of old specific plans 
and general plans as adaptive planners [l-3]. Adaptive 
planners foreground specific plans, but gain flexibility, in 
situations where the old plan and the planner’s current cir- 
cumstances diverge, by having access to more general plans. 

The adaptive planning techniques that will be 
described in this paper are sufficiently robust to handle a 
wide range of relationships between an old specific plan and 
the planner’s current circumstances. For example, suppose a 
planner is about to ride the NYC subway for the first time, 
and attempts to treat an old plan for riding BART (Bay 
Area Rapid Transit) as an example to guide the current 
planning activity. Consider the steps involved in riding 
BART. At the BART station the planner buys a ticket from 
a machine. Next, the ticket is fed into a second machine 
which returns the ticket and then opens a gate to let the 
planner into the terminal. Next the planner rides the train. 
At the exit station the planner feeds the ticket to another 
machine that keeps the ticket and then opens a gate to allow 
the planner to leave the station. Compare that to the steps 
involved in riding the NYC subway: buy a token from a 
teller, put the token into a turnstile and then enter, ride the 
train, and exit by pushing thru the exit turnstile There are 
a great number of differences between the BART Plan and 

the plan that the planner must eventually devise for riding 
the NYC Subway. 

. In the BART case a ticket is bought from a machine, 
in the NYC subway case there is no ticket machine 
and instead a token is bought from a teller. 

. In the BART case the ticket is returned after enter- 
ing the station, in the NYC subway case the token is 
not returned after entry. 

. In the BART case the ticket is needed to exit, in the 
NYC subway case the token is not needed to exit. 

This paper will describe an adaptive planner called 
PLEXUS that can overcome these differences and in an 
effective manner use the BART Plan as a basis for construct- 
ing a plan for the NYC subway situation. Two versions of 
PLEXUS have already been constructed. This paper gives 
an overview of adaptive planning and PLEXUS. It includes 
a discussion of adaptive planning in relation to the litera- 
ture, descriptions of four key elements of adaptive planning, 
and some details of PLEXUS’ adaptation mechanism. 

2. Adaptive Planning 

There are four keystones to the adaptive planning posi- 
tion on the flexible utilization of old plans. 

. An adaptive planner has access to the background 
knowledge associated with an old plan. 

. In adaptive planning the exploitation of the back- 
ground knowledge is accomplished by a process of 
situation matching. 

. An adaptive planner foregrounds specific plans. 

. Adaptive planners treat the failing steps of a plan as 
representative of the category of action which is to 
be accomplished. 

Adaptive planning makes the background 
knowledge associated with an old specific plan explicit. 
Previous approaches to re-using old plans have dealt with an 
old plan in relative isolation and therefore the task of re- 
using an old plan has been considerably more complicated. 
By making the content and organization of the background 
knowledge explicit, it becomes possible to re-use an old plan 
in a wider variety of situations. Background knowledge 
includes general plans, categorization knowledge, and causal 
knowledge. 

Exploitation of the background knowledge is accom- 
plished by a process of situation matching. Adaptive plan- 
ning uses the position of the old plan in a planning network 
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as a starting point for finding a match to the planner’s 
current circumstances. The interaction of planning 
knowledge and the current situation determine a plan which 
fits the current context and realizes the goal. The interac- 
tion works in both directions. In the direction of planning 
knowledge to situation, the old plan serves as a basis for 
interpreting the actions of other agents and the various 
objects in the new situation. Moreover, it provides the 
planner with a course of action. In the direction of situation 
to planning knowledge, it is the situation which provides 
selection cues that aid the planner in determining an alter- 
nate course of action when complications arise. 

Adaptive planning foregrounds specific plans. It has 
been previously argued by Carbonell [4] that the importance 
of being able to plan from more specific plans is that many 
times a more general plan is not available But there are 
other reasons why the capacity to work from more specific 
examples is important. Many times a more specific plan is 
tailor-made for the current planning situation Further- 
more, the more specific plans make availahle to the planner 
previously computed causal and ordermg relationships 
between steps. For a more general plan these can not be 
determined until that steps are instantiated. Consequently, 
even in the cases where the more specific plan must be re-fit, 
many times the cost of such changes are much less than the 
cost of dealing with the subgoal and suhplan interactions 
inherent in a process that works by instantiating more gen- 
eral plans. 

Adaptive planning treats the failing steps of the old 
plan as representative of the category of action which is 
to be accomplished. In the case of the BART-NYC planning 
problem, each of the failing steps is representative of the 
category of action the planner eventually wants to take. An 
adaptive planner uses the category knowledge, as 
represented by the failing step, to access more general ver- 
sions of that step and also to determine its eventual course of 
action. For example, the first step of the BART Plan, ‘buying 
a BART ticket’, is representative of the planner’s eventually 
course of action - adapting a plan to ‘buy a theatre ticket’. 

3. PLEXUS - An adaptive planner 

For PLEXUS the background knowledge associated 
with an old plan is determined by the old plan’s position in a 
knowledge network. The network includes taxonomic, par- 
tonomic, causal, and role knowledge: the network acts as a 
structural backbone for its contents. PLEXUS uses the taxo- 
nomic structure not only for the purposes of property inheri- 
tance. but also as a basis for reasoning about categories 
The partonomic structure (i.e. step-substep hierarchy) is used 
to aid in determining the pieces of network which need to be 
refitted in a given situation. The causal knowledge serves 
several functions: The purpose relation identifies the 
abstraction which maintains the purpose of a step in a plan. 
The precondition, outcome, and goal relations act as 
appropriateness conditions. The reason relation provides 
dependency links between a step and its justification rc.f 
Stallman & Sussman, 1977) [5j. Roughly, in PLEXUS, pur- 
pose is synonymous with ‘intent’, goal with ‘aim’, and rea- 
son with )istification’. The purpose of ‘buying a BART 
ticket’ is to ‘gain access’, the goal associated with it is to 
‘have a ticket’, and the reason for doing it is that it makes it 
possible to ‘enter the BART station’ (see figure 1) ASSOCI- 
ated with roles are type constraints on the types of objects 
which can fill them The role relations are used by 
PLEXUS for both cross indexing purposes and to control 
inferencing. For further arguments on the importance of 

background knowledge see Alter-man (1985), and for more 
details on the representation of the background knowledge 
see Alterman (1986) [3]. 

PLEXUS uses the old plan to interpret its course of 
action in its current circumstances. It considers the steps, 
one step at a time, in order. If a step is not an action it 
adapts substeps in a depth-first fashion before moving onto 
the next step in the plan. When a given step of the old plan 
has been adapted to the current circumstances, PLEXUS 
simulates a planner taking action on that step before moving 
onto the next step in the plan - thus, as did NASL (McDer- 
mott, 1978 Es]), PLEXUS interleaves planning and acting. 

Associated with each step (substep) in a plan are 
appropriatness conditions. The appropriatness conditions 
are intended to be suggestive that a particular course of 
action is reasonable to pursue. Before a step is applied, 
PLEXUS treats the preconditions and goals of the old plan 
as appropriateness conditions. After a step has been applied, 
PLEXUS treats the expected outcomes as appropriateness 
conditions. Appropriateness conditions are checked by test- 
ing the type constraints associated with each of the roles 
attached to the appropriateness condition. The type con- 
straints are interpreted in terms of the network. 

A rough outline of the top-level decision procedure is 
shown below: 

1) Are any of the before conditions associated with the 
old plan failing? 

a) Is this a case of step-out-of-order? 
b) Is this a case of failing precondition? 

2) Has the current circumstances aroused a goal not 
accounted for by the current step? 

a) This is a case of differing goals. 
3) Is the current step an action? 

a) If yes, perform the action. 
b) If no, proceed to adapt substeps. 

4) Are any of the outcomes associated with the current 
step failing? 

a) This is a case of failing outcome? 
5) Adapt next step. 

If one of the before appropriatness conditions fails, or the 
current circumstances indicate a goal not accounted for by 
the old plan, one of three different types of situation 
difference is occurring: failing precondition, step-out-of- 
order, or differing goals. There is a fourth kind of situation 
difference, failing outcome, that occurs when one of the 
expected outcomes of a given step fails to occur. Associated 
with each of the types of situation difference are varying 
strategies that will be briefly described in the fifth section of 
this paper. PLEXUS does not always consider the steps in 
order, under certain circumstances it looks ahead to the 
latter steps of the plan and adjusts them in anticipation of 
certain changes - thus PLEXUS has an element of oppor- 
tunism (Hayes-Roth & Hayes-Roth, 1979) [7l. 

The core of PLEXUS are the matching techniques it 
uses for finding an alternate version of a step once it deter- 
mines that the step needs to be refit. To find an alternate 
matching action for a given situation, PLEXUS treats the 
failing step as representative of the category of action it 
needs to perform, and then it proceeds to exploit the back- 
ground knowledge in two ways. 

By a process of abstraction PLEXUS uses the back- 
ground knowledge to determine a category of plans in 
common between the two situations. 
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By a process of specialization PLEXUS uses the back- 
ground knowledge to determine an alternate course of 
action which is appropriate to the current cir- 
cumstances. 

PLEXUS accomplishes abstraction by moving up the categor- 
ization hierarchy until it finds a plan where all the before 
appropriatness conditions are met. PLEXUS accomplishes 
specialization by moving down the categorization hierarchy 
until it finds a plan that is sufficiently detailed to be action- 
able. 

4. Core of the Matcher (Managing the Knowledge) 

There are at least two important considerations con- 
cerning the control of access to knowledge. One considera- 
tion is that there is a danger of the planner becoming 
overwhelmed by the wealth of knowledge (cf. saturation, 
Davis 1980 [8]) that is available. The problem is that there 
are potentially too many plans that the planner might have 
to consider, and consequently, the planner could get bogged 
down in evaluating each candidate plan. Somehow the 
planner needs to be able to selectively consider the various 
alternatives available to it. 

Another consideration in the control of access to 
knowledge comes form the cognitive science literature and is 
referred to as the problem of enumeration (e.g. Kolodner, 
1983 [91). The problem of enumeration is that humans do 
not appear to be capable of listing all the instances of a 
category without some other kind of prompting. When asked 
to list the states of the union, human subjects do not accom- 
plish this by simply listing all the members of the category 
of states. For the concerns of adaptive planning the problem 
of enumeration comes in a slightly different guise. Given an 
abstract plan it is not reasonable to assume that a human 
planner could enumerate all of the specializations of that 
abstract plan. 

The first of these considerations dictates that PLEXUS 
be selective in its choice of planning knowledge to use. The 
second of these considerations acts as a sort of termination 
condition: sometimes the planner knows the right plan but 
circumstances are such that it cannot find it. As a result of 
these considerations, PLEXUS abstraction and specializa- 
tion processes must be constrained. While moving up the 
abstraction hierarchy PLEXUS maintains the function of the 
step in the overall plan. Movement down the abstraction 
hierarchy, towards more detailed plans, is controlled by the 
interaction between the planner’s knowledge and the current 
circumstances. 

4.1. Abstraction 

The way to think about abstraction of a plan is that it 
removes details from that plan: if a particular plan fails to 
match the current situation, some of the details of that par- 
ticular plan must be removed. Moving up the abstraction 
hierarchy removes the details that do not work in the 
current situation while maintaining much of what is in com- 
mon to the two situations. Effectively, the movement of 
abstraction is discovering the generalization which holds 
between the old and new situations given that a difference 
has occurred. 

A given plan step can have any number of abstractions 
associated with it. Choosing the wrong abstraction can lead 
to the wrong action. The planner can avoid this problem by 
applying the following general rule: 

Ascend the abstraction hierarchy that maintains the 
purpose of the step in the plan that is being refitted. 

By moving up the abstraction hierarchy that maintains the 
purpose of the step, PLEXUS attempts to maintain the func- 
tion of the step in the overall plan and thereby mitigate the 
propagated effects of changes. 

In general PLEXUS uses two techniques for moving up 
the abstraction hierarchy. 

. If a plan is failing due to the existence of a particular 
feature of a plan, move to the point in the abstraction 
hierarchy from which that feature was inherited. 

. Incremently perform abstraction on a failing plan 

The first technique applies in situations where there is a 
specific feature in the old plan that does not exist in the 
current situation. The second technique of abstraction 
applies in situations where there is no identifiable feature 
which has to be removed. In such cases, PLEXUS incremen- 
tally moves up the abstraction hierarchy. In either case, for 
each abstraction it tries to find a specialization that will 
work in the current context. If it fails to find a specializa- 
tion for a given abstraction, it moves to the next abstraction 
in the abstraction hierarchy. 

4.2. Specialization 
I 

Via the process of specialization PLEXUS moves from a 
more abstract plan towards more specific examples. PLEXUS 
navigation thru the network is dependent on the planner’s 
current circumstances. PLEXUS descends down the 
classification hierarchy one step at a time, PLEXUS tests 
the applicability of a specialization by checking the before 
appropriateness conditions; if one of these conditions fails the 
movement is rejected. At each point in the hierarchy 
PLEXUS is faced with one of five options: 

1) Is the plan sufficiently detailed to act on? 
2) Is there a feature suggested by the type of situation 
difference which cross indexes some subcategory of the 
current category of plan? 
3) Is there an observable feature which cross indexes 
some subcategory of the current category of plan‘? 
4) Is there an observable feature with an abstraction 
that cross indexes a subcategory of the current 
category? 
5) Is there a salient subcategory? 

PLEXUS stops descending the categorization hierarchy when 
it gets to a leaf node (option 1). If the node is not a leaf it 
continues to descend (options 2-5). Sometimes the type of 
situation difference suggests cues for subcategory selections 
(option 2). Sometimes ‘observable features’ act as cues for 
subcategory selection (options 3-4). These ‘observable 
features’ can either directly cross index some subcategory of 
plan (option 3), or have an abstraction which cross indexes a 
subcategory of plan [option 4). Certain subcategories are 
salient regardless of context and can always be selected 
(option 5). 

Many of these techniques are employed in the following 
example: Suppose a planner wants to transfer between 
planes at the Kennedy Airport in NYC. The planner’s nor- 
mal plan for transferring between planes is to walk from the 
arrival to the departure gate. But when the planner arrives 
at Kennedy Airport the arrival and departure gates turn out 
to be in different terminals. Suppose the planner decides 
that the walk between terminals is too strenuous, and thus a 
new goal is aroused: preserve energy. The detection of this 
goal has no correspondent in the old plan and it is deter- 
mined that the plan must be adjusted to account for this 
goal; this is a case of the differing goals type of situation 
difference. By a process of abstraction, PLEXUS moves up 
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the categorization hierarchy from the plan to ‘walk’ to the 
more general plan of ‘travelling’. Next PLEXUS must 
determine an alternate plan, within the category of ‘travel- 
ling’, from which to act. The newly aroused goal acts as a 
cue for selecting ‘vehicular travel’ as a potential subcategory 
of plan from which to act (option 2). Suppose the planner 
has never used a shuttle before at an airport, but it sees 
(observable feature) a sign concerning ‘airport shuttles’. An 
abstraction of ‘shuttle’ acts as a cue for selecting ‘mass tran- 
sit travel’ as a subcategory of ‘vehicular travel’ (option 4). 
Moreover, ‘shuttle’ is a cue for selecting ‘shuttle travel’ as a 
subcategory of ‘mass transit travel’ (option 3). ‘Shuttle 
travel’ is sufficiently detailed for PLEXUS to attempt to 
adapt (option 1). See Alterman (1986a) [31 for further details 
and a trace of PLEXUS handling this planning problem. 

5. Four Types of Situation Difference 

PLEXUS currently recognizes four kinds of situation 
difference: failing precondition, failing outcome, different 
goals, step-out-of-order. 

A failing precondition situation difference occurs 
when one of the preconditions of a step (plan) fails. For fail- 
ing preconditions PLEXUS moves up the abstraction hierar- 
chy, according to the purpose of the step, to a point at 
which the failing condition has been abstracted out. In the 
event that PLEXUS cannot find a specialization of that 
category of plans, it continues to incrementally move up the 
abstraction hierarchy indicated by the purpose relation. 
For failing preconditions either of PLEXUS specialization 
techniques are appropriate. 

A failing outcome situation difference occurs, if after 
applying a plan (step) PLEXUS discovers that one of the 
expected outcomes of that plan was not achieved. There are 
three courses of action available. The obvious course of 
action is to try the plan again. A second course of action, is 
to use the reason relation to determine the other steps of 
the plan which are effected by the failed outcome, and deter- 
mine, via abstraction and specialization, if the planner can 
continue on its course action because there is an alternate 
interpretation of the latter step which does not require the 
failed outcome. If all else fails, the third option available to 
the planner is to find and perform an alternate version of the 
failing step. For failing outcomes, if the current plan step is 
being re-interpreted, abstraction occurs incrementally. If 
PLEXUS is trying to re-interpreted a step related to the 
current step by a reason relation, abstraction occurs using 
the failing outcome as a feature to abstract out of the plan. 
For the second and third cases PLEXUS uses both of the spe- 
cialization techniques available to it. 

A differing goal situation difference occurs if the 
planner’s current circumstances arouse a new goal not 
accounted for by the old plan. For this kind of situation 
difference, abstraction occurs incrementally, and specializa- 
tion requires that the new plan be indexed under both old 
and new goals, 

A stewout-of-order situation difference occurs, when 
PLEXUS encounters a situation where it needs to apply a 
step out of order. There are two adjustments that are possi- 
ble when a step-out-of-order situation difference occurs, 
PLEXUS can either delete the intermediate step(s), or re- 
order the steps of the old plan. If a step can be applied out 
of order, PLEXUS uses abstraction and specialization in an 
attempt to find an alternate version of the plan with the 
correct ordering of steps. Under such a situation, PLEXUS 
can use the new ordering constraint as an index for speciali- 
zation purposes. In the event an alternate plan with a 
dif%erent ordering of steps can not be found, PLEXUS per- 

forms the step-out-of-order, removes it from the sequence of 

steps, and proceeds with attempting to apply the failing step. 

6. An example 

The BART-NYC subway planning problem provides 
examples of three of the types of situation difference (see 
figure 1). 

Adapting buy a BART ticket. 
The first step of the BART plan fails in the NYC subway 
situation because there is no ticket machine. This is a case 
of failing precondition, and therefore PLEXUS abstracts 
out the failing condition, ‘exist ticket machine’, and special- 
izes, using the salient subcategory, to ‘buy theatre ticket’, 
which it proceeds to adapt to the NYC subway situation. 
During the process of adapting this step ‘ticket’ gets bound to 
‘token’. 

Adapting enter BART station. 
The second step of the BART plan involves entering the sta- 
tion. The first substep of this step is to insert the token into 
the entrance machine, which the planner successfully accom- 
plishes. The next step of ‘BART enter’ is that the ticket is 
returned by the machine. But in the NYC subway situation 
the ticket is not accessible, but it is possible to push thru the 
turnstile (the third step of ‘BART enter’). Hence this is a 
case of step out of order. Having accomplished the last 
step of ‘BART enter’, PLEXUS must determine whether it 
should act on the intermediate step or instead delete it. 

Re-interpreting BART exit. 
In order to delete intermediate steps PLEXUS must treat the 
outcomes of each intermediate step as a case of a failing 
outcome and test to see if the latter steps in the plan 
effected by the failing outcome can be adapted. In this case 
there is only one intermediate step, ‘ticket returned’. The 
outcone associated with this intermediate step is that the 
planner ‘has the ticket’ (or in this case ‘token’). PLEXUS 
applies the second strategy associated with the situation 
difference type failed outcome: Find an alternate interpre- 
tation of the situation where that outcome is no longer 
necessary. PLEXUS uses the reason relation associated with 
‘ticket return’ to determine which of the latter steps are 
effected by the failing outcome. In this case, the reason that 
the ticket is returned is so it can be used when exiting the 
station. PLEXUS must try to re-interpret ‘BART-EXIT’ in 
such a manner that it can exit without a ticket. This leads 
to a situation of failed precondition for the step ‘BART- 
EXIT’. Via abstraction PLEXUS extracts that ‘exiting an 
institution’ ia what is in common between the old plan and 
the new situation. PLEXUS ‘observes’ the exit turnstile and 
uses it as a cue for determining ‘exit-building’ as an alter- 
nate plan for ‘exiting the station’, where ‘exit turnstile’ plays 
the role of ‘locking door’. Since it can find an alternate 
interpretation to ‘exiting the station’ that does not involve 
using a ticket, PLEXUS treats the step-out-of-order situa- 
tion that occurs during execution of the plan ‘BART enter’ 
as a case of deletion. For a more detailed discussion of this 
problem and a trace see Alterman (1986) [31. 

7. Discussion 
Like the early general problem solving planners [lo,111 

adaptive planning is concerned with the problems of gen- 
erality and flexibility. Unlike them it explores these issues 
in the context of increased amounts, and larger chunks of, 
knowledge. Where the early general problem solvers accom- 
plished generality and flexibility by working with a small 
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number of atomic operators, adaptive planning works with 
increased amounts of knowledge and achieves these twin 
goals by exploiting the structure of that knowledge. Like 
the work on MACROPS [12], adaptive planning is concerned 
with larger chunks of actions, but adaptive planning extends 
their utilization to planning problems like the BART-NYC 
subway problem, Adaptive planning is concerned with tasks 
[61 and commonsense planning [131 problems. It is 
knowledge-based in that its approach to refitting old plans 
is baaed on the accessibility of the structure and content of 
the background knowledge associated with an old plan. 
As in the case of other knowledge-based planning approaches 
[8,14,15], adaptive planning is concerned with control of 
access to knowledge; its approach is dependent on the 
interaction of the planner’s knowledge with the planner’s 
current circumstances. Like the work on analogical plan- 
ning [4,16,17], adaptive planning attempts to re-use old 
specific plans, but its strategies take greater advantage of 
the available knowledge, exploit categorization knowledge, 
and its processing is novel in that it takes the form of situa- 
tion matching. Where other researchers have emphasized 
the problem of initial retrieval of old plans [18-211, the work 
on adaptive planning balances that view by investigating 
issues concerning flexibility and usage. Although knowledge 
acquisition is not the focus of the current research, adaptive 
planning does provide a framework for dealing with these 
issues. It promises to promote additivity because its pro- 
cedures are largely based on the structure of the knowledge 
and not its content. Moreover, as a by-product of abstraction 
and specialization, PLEXUS discovers the generalizations 
over the steps of the old plan and the steps of the new plan, 
and consequently it provides a framework for the planner to 
do automatic re-organization and generalization [22-251. 
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Figure 1: BAFtT Plan witb some background knowledge. 
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