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Introduction

Large-scale planning must employ many disparate
planning and decision-making systems, operating over
disparate databases to solve many disparate problems.
The problem of coordinating so many systems and so
many users over so many different sites is immense.

The fundamental conclusion we have arrived at as a
result of our research on deployment transport plan-
ning is that Case-Based Reasoning (CBR) offers a vi-
able lingua franca for large-scale planning.

User// ¯ Non-Linear Planner ¯ DB
User 7 CBR ¯ Bayesian Network ¯ DB 5-2.

User 0,, ¯ Reason Maintenance ¯ DB O

Occupying a place between groups of users and the
many specialized planning and decision-making sys-
tems and databases, the case-based reasoner provides
the best interface for coordinating large-scale planning
efforts. This paper is organized around this central
idea.

There are a number of broad aspects unique to case-
based reasoning that make it a desirable lingua franca
for large-scale planning:

¯ CBR as Gatekeeper. The core idea of case-based rea-
soning is the re-use of plans by relating past expe-
rience to present problems. This makes CBR ideal
as the "gatekeeper" between users and specialized
problem solvers in two ways: the retrieval of past
solutions, and the retrieval of past solution strate-
gies.

¯ CBR as Guide. With the complex constellation of
problem solvers and information sources available in
large-scale planning, guiding users among available
resources becomes of crucial importance. By retriev-
ing solution strategies, case-based reasoning can pro-
vide structure even in the absence of acceptable past
solutions.

CBR as Editor. Specialized problem solvers make
use of specialized problem representations, incom-
prehensible to those unfamiliar with the technology.
With its traditional focus on higher-level abstrac-
tions, case-based reasoning can serve as an "editor"
of this specialized "jargon," presenting results a~td
options in terms that axe clear and useful to users.

CBR as Opportunist. It is an axiom of large-scale
planning that solutions must always be partial and
approximate, to be further developed over time.
Case-based reasoning’s focus on anticipation, expec-
tation, and repair make it well-suited to organizing
the incomplete work of specialized problem solvers
and recognizing when new data is relevant to a par-
ticular computation.

These aspects are the organizing points of this paper.
As we discuss individual research projects, we will re-
late them to these aspects and point out how the re-
search contributes to our overall understanding of CBR
as lingua franca for large-scale planning.

Background: Large-Scale Planning

Large-scale planning, including deployment transport
planning, has certain characteristics which pose chal-
lenges and opportunities for traditional AI planning
and decision-making approaches.

Scale. The size of large-scale plans are many orders
of magnitude larger than those dealt with histori-
cally by traditional AI techniques.

Similarity. The broad outlines of large-scale plan-
ning problems are highly similar to previous and
prototypical situations.

Difference. The specific details of large-scale plan-
ning problems are radically different from previous
and prototypical situations.
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¯ Timeliness. Solutions to large-scale planning proh-
lems must often be presented within a specific win-
dow of response time.

¯ Uncertainty and Failure. In large-scale planning
there is always uncertainty about the world and al-
ways failures in execution.

¯ Dependencies. Operations of large-scale plans typ-
ically contain mutual dependencies and cannot be
decomposed into independent subgoals.

¯ Historicity. Solutions to large-scale planning prob-
lems nmst be consistent with the standard operating
procedure of the planning organization and individ-
uals within it.

¯ Opacity. Users of large-scale planning systems can-
not be aware of all the details that go into particular
scheduling decisions.

¯ Clarity. Despite tile opacity of large-scale planning
systems, they must be able to clearly explain their
decisions to their users.

¯ lnteractivity. Large-scale planning systems must be
responsive to user input, modi~’ing plans and sched-
ules to meet user-defined criteria.

These characteristics of large-scale planning define the
requirements of large-scale planning systems.

A Vision of Large-Scale Planning

It is self-evident that there can be no single all-purpose
panacea for large-scale planning. Instead, a host ol"
planning at,d decision-making techniques from artifical
intelligence and operations research must be brought
to bear where they are most applicable. Some prob-
lems are the province of scheduling algorithms, while
others may be most amenable to linear programming,
Bayesian network analysis or non-linear planning.

Each such technique poses its own requirements on
the structure of inputs and outputs; each solves a dif-
ferent kind of problem. Even within one paradigm,
there may be many different applications of a technol-
ogy, each requiring different databases, each with its
own format and structure. In effect, they all speak
different languages.

These teclmiques attd applications can be brought
together to buihl large-scale planning systems, but
they require a common language, a iingua franca, to
avoid a ’"tower of Babel" problem. We believe that
case-based reasoning can provide such a connnon lan-
guage.
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A lingua fvanca for large-scale planning Pro-
posals for common languages and environments have a
poor history of acceptance. For example, the Knowl-
edge Interchange Format proposal of a few years ago
failed miserably, and the Cormnon Prototyping Envi-
ronment has had only lukewarm support from the re-
search teams of the ARPI community.

This should not be unexpected. Forcing technolo-
gies to adopt a specific representation paradigm can
only hamstring the advantages that technology has to
offer. In some cases, the representation paradigm is
the technology in question.

Our vision of case-based reasoning as a iingna franca
is quite different. We propose that CBR be considered
as a technology that stands between the users of large-
scale planning systems and the host of technologies
used in specific applications. The architectural aspects
of this view include:

¯ Specific technologies are "black boxes," and
do not change. No requirements are put on the
representations, algorithms, and implementations
used for specific technologies (e.g., scheduling, non-
linear planning). These are simply "black boxes"
from the point of view of the case-based reasoning
syste,n.

¯ Each technology defines its interface with the
main system. For each specific techuology, there
must be a specific input and output format.

¯ Interfaces are mapped into case-based repre-
sentations. For each technology, the interface im-
posed by that technology nmst be mapped into the
knowledge structures used by the case-based reason-
ing system. This will usually require ,row CBR rep-
reseutations for each specific technology.

¯ The case-based interfaces are integrated with
memory. This is the primary representational task.
Given the representation of a specific, technology’s
interface, the knowledge engineer must evolve spe-
cific case-based representations and abstract cases
that allow the technology to be integrated into the
larger case-based system.

Guide to the paper

The paper is organized around three research paths
towards this goal:

¯ Airline lrre#nlar Operation.~. To develop an un-
derstanding of the requirements of large-scale plan-
ning, we examined how sched.lers for United Air-
lines identi~" and repair scheduling problems in real
time.
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¯ Case-Based Interfaces. To develop an understanding
of how case-based reasoning can provide a unified,
powerful, and intuitive interface, we examined the
problem of using CBR to integrate natural language
with specialized systems for planning and vision.

¯ Planning and Execution. To develop case-based rea-
soning along the lines required by large-scale plan-
ning, we examined the problems of case-based rea-
soning in a number of dynamic environments with
real-time plan execution, failure and repair, infor-
mation gathering, and opportunism.

In the sections that follow we will describe the results
from each of these research paths.

Airline Irregular Operations
Summary
The Chicago research group identified airline irregular
operations (or IOPS) as a domain that shares many
significant features with deployment transport plan-
ning. In order to exploit this similarity, we formed a
cooperative research relationship with United Airlines.
Owens, assisted by John Borse, a graduate student on
leave at the time from the Operations Research group
at United, spent time at United’s operations center
studying the techniques used by experienced sched-
ulers to identify, diagnose and repair schedule problems
triggered by bad weather, equipment breakdown, traf-
fic congestion and similar inevitable but unpredictable
occurrences. They also built software to allow oper-
ating data from the airline to be incorporated into a
planning testbed.

The primary scientific focus of this work is on repre-
sentation. Specifically, we are determining how to rep-
resent schedules, schedule failures, and repair strate-
gies so as to enable the IOPS advisor to:

¯ Identify and characterize schedule problems so as to
determine the applicability of prior solutions or spe-
cific quantitative techniques.

¯ Acquire new descriptive features as they become
necessary to discriminate among otherwise indistin-
guishable situations.

¯ Compare the applicability of multiple, competing so-
lutions to the same problem.

The results of this work were threefold:

¯ An analysis of failure and dynamic repair in a
complex transportation planning environment. The
analysis is based on real-world failures and repairs as
diagnosed and implemented by skilled experts. The

analysis contributes to a machine-manipulable vo-
cabulary for representing failures and repair strate-
gies.

¯ Software that makes it possible to capture real op-
erating data from the airline, to represent and rea-
son about the downstream consequences of schedule
modifications, and, in limited measure, to graphi-
cally display and interactively manipulate schedul-
ing information.

¯ A research relationship with an organization that
has demonstrated expertise in solving complex dy-
namic rescheduling problems every day. Such a
source of real-world (as opposed to realistic but sim-
ulated) data is critically important to the Chicago
group’s theoretical approach to learning from expe-
rience.

The problem domain

An operating schedule for an airline the size of United
involves roughly 400 aircraft making approximately
2000 flight operations per day. The individual com-
ponents of a schedule (i.e. flight segments) are densely
interconnected by a network of dependencies. An out-
bound flight may depend upon the arrival of a prior
inbound flight because the outbound flight may use
the same aircraft, because it may use the same cockpit
or cabin crew, because there may be connecting pas-
sengers or cargo, or because the inbound flight may be
carrying necessary repair parts for the aircraft to be
used on the outbound flight.

Because of this densely interconnected nature: air-
line operating schedules are highly sensitive to pertur-
bation. Even a single point failure, such as an aircraft
delayed for 30 minutes due to a flat tire, can cause a
cascade of downstream problems.

It is this dynamic repair that is of relevance to the
task domain of the Planning Initiative. In a large-
scale deployment transport environment, uncertainty
is high, and dynamic recovery from failure is essen-
tial. Assets may become temporarily or permanently
unavailable due to weather or military action, require-
ments may change, and scheduling errors born of in-
experience with the particular routes being flown are
likely. Scientific knowledge gained by studying the ir-
regular operations problem in civilian air transport is
very likely to be useful in building systems to support
dynamic rescheduling and replanning in the large-scale
military deployment transport domain.

Irregular Operations Scheduling (IOPS)

Airline schedules are highly complex, structured ob-
jects, with large numbers of internal interdependen-
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ties. Airlines nmst confront the consequences of un-
certainty in the execution of their daily schedules -
uncertainty stemming from inclement weather, sick
calls from crew members, mechanical problems with
aircraft, constraints on airport resources, and other
problenas. A snowstorm at a key airport, for example,
can have devastating consequences on the operations
of an airline, effects from which it may take days to re-
cover. The interdependencies among factors like crew
scheduling, maintenance routing, and congestion at
airports add further complication to the daily planning
problem. Because of these interdependencies, even a
single disruption and the consequent attempts at re-
covery typically involve widespread and long-lasting
downstream effects. The search space of possible re-
coveries to a schedule disruption is enormous.

Airlines employ schedule planners who attempt to
mitigate the effects of schedule disruptions. Their main
goals are to minimize both passenger inconvenience
and the cost of implementing the repair, while account-
ing for crew work rules, aircraft maintenance schedules,
and other factors. An additional goal is to mininfize
the overall complexity of a repair.

Controllers attempt to balance the trade-offs and un-
certainties of irregular events, typically using informa-
tion provided by various decision support systems such
as real-time scheduling displays and passenger book-
ing data. However, very few, if any, of these systems
provide the planner with decision-making advice in the
form of strategies or specific recommendations to coun-
teract the adversity of a particular event. The goal of
our research is to develop the scientific foundations for
a new class of decision support tool to address this
problem.

Prom the viewpoint of Artificial Intelligence plan-
ning and decision support, the key features of the ir-
regular operations planning task are:

¯ Airline schedules are large, complex, and highly in-
terdependent.

¯ Solving schedule problems by exhaustive search is
generally infeasible.

¯ C.urrent situations typically share more with past
situations than they differ from them.

¯ While they may be similar, no two situations are ever
entirely identical. This means that simply storing
and reusing a "’library" of solutions will not suffice.

The size of tile search space, together with the re-
curring nature of typical problems, suggests a solution
based on the re-use of plans. Our approach to plan
repair, then, is to provide qualitative expertise in the
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form of a case library linking descriptions of stereotyp-
ical problems with appropriate recovery strategies, and
quantitative expertise in t he form of optimization tech-
niques drawn from the Operations Research (OR.) com-
munity. The IOPS Advisor couples the experiential
knowledge of schedulers, which is essential in generat-
ing strategies for solving a schedule problem, with the.
quantitative power of operations research techniques,
which are effective in comparing the costs and effec-
tiveness of the potential solutions generated by those
strategies. Furthermore, the quantitative models may
be responsible for optimizing the details missing from
a sketchy solution suggested by a qualitative s!rategy.
For example, if a strategy is "stop to refuel", a quan-
titative analysis lnay indicate where to stop and how
much fuel to take on.

The IOPS Advisor is intended to represent sched-
ules, failures, and repairs so that both sets of tech-
niques can cooperate using the same representational
constructs.

Field study

Real data (as opposed to realistic but simulated data)
are essential to building systems that reason from ex-
perience. A key theoretical aspect of the Chicago ap-
proach is that a system should reduce the otherwise
intractable complexity of plan repair by representing
and reasoning about some core set of stereotypical plan
failures and corresponding repairs, with the core set
chosen to cover the plan failures that typically occur in
real situations, as opposed to attempting to cover the
entire distribution of theoretically possible failures.

Accordingly, an importan! part of the work was to
study experienced operations controllers as they solved
real schedule problems as encountered in the day-to-
day operation of the airline.

The space of planning operators available to sched-
ule controllers is limite.d. They can cancel, reschedule,
or reroute flights. They can skip or add intermediate
stops. They can substitute one aircraft or crew for an-
other. It. is these operators that would form the basis
of a simple generative planner operating in the domain
of airline irregular operations.

From our study, however, it appears that controllers
consciously and deliberately use abstract problem solv-
ing strategies built up out of the primitives to, for ex-
ample:

¯ Distribute the effects of a problem over a broad
geographic area so that no one point in tile route
system suffers severely, for example by introducing
minor delays in a large nnmber of incoming flights
to prevent major congestion at a hub.
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¯ Localize a problem to prevent it from propagating
to other portions of the route system. For example,
if an airport is expected to be closed due to bad
weather~ route aircraft around it to prevent them
from being stranded there and delaying their future
assignments.

¯ Defer the effect of a problem in the expectation that
an opportunistic or cheap solution will ultimately
present itself. For example, if an aircraft is late ar-
riving at a hub, cover the outbound flight to which
that aircraft had been assigned by borrowing an air-
craft from a later flight, which can in turn be covered
by borrowing from a still later flight, by which time
the original aircraft will have arrived and can be re-
introduced into the schedule.

It is also clear that the applicability of these strate-
gies depends upon the presence of abstract features
that characterize situations. Certain strategies, for ex-
ample, might be applicable at hub airports during peak
travel times. Other strategies might be applicable to
infrequently-flown routes to remote cities at the end of
the day. These features, while not explicitly present in
the schedule data, can in general be inferred from it.

These higher level strategies, and the mechanisms for
detecting their applicability and utility, would form the
core of a planner built upon the results of this study.

The abstract characterizations of situations and
problems that we learn by observing controllers solv-
ing real problems, becomes the core of a marhine-
manipulable representation vocabulary useable for
building plan repair systems.

Knowledge Representation Issues: The main
knowledge representation issue, and the primary focus
of our current activity, is to categorize and represent
the heuristic knowledge used by controllers and Oper-
ations Research analysts, specifically:

¯ How problems are detected and described.

¯ What problem-solving strategies exist.

¯ What aspects of a problem indicate the applicability
of one strategy over another.

In order to gather a realistic set of failures and re-
pairs, we have been observing controllers as they de-
tect, diagnose, and repair schedule problems. Our ini-
tial study has suggested to us that controllers build
and use sophisticated, high-level repairs from a small
number of primitive operators. The primitives form
the basic representation vocabulary used to describe
actions, and it is anticipated that the list will be sta-
ble over time. The higher-level strategies, on the other

hand, are more dynamic, and one of our tasks is to
model the acquisition of new high-level strategies.

Typical primitive operators represent concrete ac-
tions like:

¯ Cancel a segment

¯ Delay a segment

¯ Divert a flight to a different airport

¯ Substitute one aircraft for another

¯ Substitute one crew for another

¯ Ferry an empty aircraft from one airport to another

Higher-level strategies, on the other hand, may in-
volve both primary actions and secondary actions de-
signed to mitigate the side-effects of the primary ac-
tions. Or, they might involve a series of steps taken to
defer the impact of a problem, in the expectation that
an opportunistic solution may present itself in the in-
tervening time. Other high-level strategies include ge-
ographically localizing the impact of a problem or, con-
versely, diluting thc impact of a problem by spreading
a minor delay across several geographic points.

Software development

We have developed a set of software tools that allow
us to:

¯ Copy electronic operating and schedule data from
the airline to our own systems.

~I~anslate the data into a representation language
enabling automated reasoning about dependencies,
temporal constraints, and the downstream conse-
quences of schedule perturbations and attempts at
repair.

¯ Graphically display various aspects of the data, in-
cluding calculated dependencies and constraints.

This suite of software tools exists as a potential
building block of fnture systems. Unfortunately, due in
part to personnel changes, it is no longer synchronized
with changes in the way United represents its internal
data, so additional engineering effort is required in this
area.

We have also conducted a preliminary study of
the applicability of the Honeywell implementation of
Dean’s Time Map Manager (Boddy & Dean 1989) 
a platform for temporal inference.
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Knowledge acquisition While the list of primitives
is expected to remain relatively static, an important
aspect of the IOPS Advisor is that it will be able to
acquire new descriptive features as it is used. If the
system erroneously suggests a prior case as being a
good match to the current situation, the user can cor-
rect this by supplying a descriptive feature that would
differentiate the current situation from the case stored
in memory. The error might have occurred either be-
cause the discriminating feature was not mentioned in
the description of the current situation, or because it
was not mentioned in the stored case. In the latter
scenario, it can be added.

Case-Based Planning Issues While case-based
planning addresses many of the qualitative problems
in the irregular scheduling domain, much work must
be done before a practical system could be put in tile
hands of a human scheduler, l’brtunately, tile core idea
in case-based planning, that of incremental modifica-
tion, is one aspect of the technology that could be use-
fnlly applied in the near term as a way to deal with
the type of changes that have to be made to schedules
during execution.

One of the recurring problems of automated plan-
ning is the issue of the repairs that have to be made
during execution as a result of unforeseen circum-
stances. There are always unexpected problems that
arise. Weather, crew sickness, and equipment failures
cannot he predicted. Bottlenecks show up where none
was suspected. Each of these classes of problems can
be recognized using a specific set of symptoms, and
each requires a specific type of repair.

Run-time repair and optimization, while useful, has
to be traded-off against the overall stability’ of an exist-
ing plan. If a single aircraft is unexpectedly grounded,
one form of optimization might be to rebuild the en-
tire system schedule, minus that aircraft. But even
if such a repair were computationally feasible, imple-
nlenting it would be preposterous. A planner that
deals with unexpected changes in the state of the world
by completely replanning will be constantly" creating
new plans that will do little more than confiase the
people that ar4, using them. What is needed instead
is incremental, local plan repair, coupled with local
optimization. One wants to perturb the schedule as
little as possible in the achievement of an acceptable
response to an unexpected occurrence.

Much of the eml)hasis of CBR research to date has
been on issues of plan indexing, retrieval and modifi-
cation. While these issues are clearly present in this
domain, our emplmsis is primarily on plan evaluation
through objective analytical (e.g., OR) tools which are
also under development. Specifically, we are focusing
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on how to direct tile search for relevant cases based on
the OR model’s assessment of the feasibility or "util-
ity" of previously proposed solutions. Because the two
sets of techniques tend to characterize the problems
differently, integrating them is a challenge.

Operations Research Issues Operations research
analysts tend to think in terms of opportunities for
optimization. One of our preliminary findings is that
schedule planners do not readily identify these oppor-
tunities. Accordingly, an important aspect of tile in-
tegrative research is to identify classes of situations
in which particular optimization techniques are appro-
priate, and to select descriptive features that allow the
system or planners to differentiate among these classes.
We intend to cediS" this knowledge in the form of cases
which couple the relevant optimization teclmiques with
characteristic fcatures of the appropriate class of situ-
ation.

Case Study

The following hypothetical case study is based on ob-
servations of airline planners. The case illustrates the
interplay" between qualitative and quantitative reason-
ing tha was the focus of our work. Airports are desig-
nated by the following three letter codes: SFO = San
Francisco, EUG = Eugene, and MED = Medford.

A runway construction project at, EUG has im-
posed a weight restriction on departing flights. A
departing flight EUG-SFO is over thc weight limi-
tation by approximately 20 passengers. The flight
is scheduled to depart on time. however, inbound
flow control is in effect at SFO (due to fog) and
is imposing a 53 minute pre-takeoff delay on the
EUG-SFO flight.

The planner generates some alternative solutions:

I. Move the excess passengers to a later EUG-SFO
flight.

2. Have a flight enroute to SFO passing m,arby EUG
stop to pick up the excess passengers.

3. Remove enough fuel to carry the excess passengers.
and stop at an intermediate point to refuel.

At this stage, the alternatives are qualitative: they
simply match a problem with a strategy. Although in
many cases this step of the solution process is triv-
ial (e.g.: weather-related lOP forces canccllations), 
believc that in general this step is non-trivial and it is
one aspect of the planner’s job whictl distinguishes an
experienced planner from an inexperienced one.

"[’he next step of the planning process involves evalu-
ating tile relative merits of each proposed strategy with
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respect to the planner’s goals. In this case the planner
chose not to solve the problem using strategy (1) be-
cause pushing the problem to a later flight would most
likely cause weight restriction problems downline and
would disservice the excess passengers. Strategy (2)
was not chosen since it would involve delaying a large
number of passengers on a different flight to accommo-
date a relatively small number of connecting passengers
on the EUG-SFO flight. On further analysis of strat-
egy (3), the controller determined that, since SFO air
traffic control had already imposed a 53-minute delay
on the inbound flight for reasons of airspace crowding,
the flight could in fact refuel at MED and carry all
passengers to SFO as planned without incurring ad-
ditional delays. The cost of landing and departing at
MED was considered negligible in comparison to the
alternative costs of delaying passengers and causing
misconnections of aircraft and people (although this
calculation was not performed explicitly).

Notice that the planner’s analysis in choosing among
alternatives remains highly qualitative. The planner
uses various sources of information to determine the
viability of each approach, however, he rarely explicitly
calculates the cost impact of various strategies.

Future directions

This work has established several building blocks us-
able in future work on planning systems:

* A taxonomy of stereotypical, recurring failure types,
(e.g. single-aircraft delay during peak hour at a hub
airport or weather delay at non-hub airport at the
end of the day) and associated repair strategies (e.g.
borrow aircraft on a rolling basis from later scheduled
/tigh~s)

¯ Major building blocks of a software environment for
representing, displaying, and manipulating complex
schedules and for inferring the consequences of per-
turbations.

These failure types and repair strategies will con-
stitute the high-level operators of an automated plan
repair system. Initially, the system would need to ask
the user for assistance with the task of diagnosing the
failure (i.e. by selecting the appropriate failure cate-
gorization from a displayed list). Future research will
identify a set of diagnostic features that make it pos-
sible for the system to autonomously identify the ap-
plicable failure type in many cases.

The software enviroment brings in house a rich
repository of real-world data, which can be used as
a testbed for a variety of planning tasks.

Case-Based Interfaces
The research on case-based interfaces has been directly
aimed at examining how case-based reasoning systems
can provide the interface between users and specialized
technologies for large-scale planning. There are two
types of interfaces required:

¯ The user interface, for which we have concentrated
on natural language as the most general (and diffi-
cult.) user interface modality.

¯ The system interface to specialized technologies, for
which we have used reactive planning and active vi-
sion as test cases.

In both cases, the research has addressed three char-
acteristics of large-scale planning:

¯ Opacity. Users of large-scale planning systems can-
not be aware of all the details that go into particular
scheduling decisions.

¯ Clarity. Despite the opacity of large-scale planning
systems, they must be able to clearly explain their
decisions to their users.

¯ Interactivity. Large-scale planning systems must be
responsive to user input, modifying plans and sched-
ules to meet user-defined criteria.

Since natural language has been the focus of the user
interface, the research in case-based interfaces is based
on a case-based parsing technology called Direct Mem-
ory Access Parsing (DMAP) and a specialized technol-
ogy for reactive execution called Reactive Action Pack-
ages (gAP).

The DMAP system is designed to function within a
large body of already-represented knowledge; rather
than determine the meaning of a text, it uses the text
to recognize relevant existing knowledge structures and
modify them to represent what is unique about a par-
ticular communicative act. It is fundamentally case-
based in its theoretical design, though its implemen-
tation differs dramatically from traditional case-based
systems.

The RAP system provides a coherent means of repre-
senting planning and execution knowledge; its seman-
tics of interpretation are simple and do not require
maintaining complex dependency structures. For these
reasons, it provides an ideal framework upon which to
build a DMAP-style natural language system.

We have developed a hybrid system in which the
structures and algorithms of DMAP are used to repre-
sent the model of planning and execution expressed in
the RAP system. In addition, the system represents
the knowledge of how to talk about its own model of
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planning and execution, allowing the system to learn
by taking advice.

The resulting system is capable of etfective real-time
response due to the underlying reactive system, but is
capable of reasoning about and modifying the reactive
system in response to natural language input.

Challenges

In large-scale planning, specialized technologies play
a critical role in integrating the disparate elements of
large plans. These technologies, such as scheduling,
non-linear planning, and others, are akin to the "prilni-
tive actions" of the overall planner. They are separate.
each with its own t)urpose and ability, and together
they enable large-scale planning.

Unfortunatcly, the interaction of users with large-
scale planning systems will bear little resemblance to
the the requirements of such specialized technologies.
User interaction is, in general, defined by more global
concerns that focus on critical objectives rather than
minute details.

Once these objectives pass to the large-scale planner,
they must be represented in exactly that minute detail
so that specialized technologies can be brought to bear
on the objectives. The challenge is to determine how
the high-level objectives that characterize users’ inter-
actions with the case-based reasoner can be mapped
into the detailed specifications that. characterize spe-
cialized technologies.

We believe the same can be (lone for the many tech-
nologies that make up the large-scale planning initia-
tive. When brought together under the aegis of case-
Im.sed reasoning, these technologies can present a com-
mon, intuitive, case-based face to the user while main-
taining their own efficient, special-purpose technoh)gi-
cal advantages.

Planning and Execution
Our work in planning and execution is based primarily
in CBR but also incorporates ideas from relatively new
areas of AI such as active vision and situated activity as
well as more established technologies a,ssociated with
non-linear plamfing and reason maintenance. In all of
tlae systems that follow, the CBI-t core is used as the
lingua franca that allows the collections of somewha!
disparate planning and execution components to to be
used together within COml)lete systems.

¯ In ROENTGEN, tile CBR. system acts as a intelligent
buffer between the user an(I the details of dose distri-
butions, data retrieval, and plan moditication. This
project examines tile (leveloptncnt of new indexing
aml repair techniques for traditional planners. See
(Berger 1995) for a detailed description.
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¯ In RUNNER. the CBR architecture enables the in-
tegration of high-level declarative plans with low-
level reactive opportunism. This project examines
the development of execution, modification, and re-
pair techniques for real-time planning and execu-
tion systems. See (Converse ,L." Hammond 1991;
llammond, Converse, & Grass 1994; Converse &
Itammond 1992) for a detailed description.

¯ In SHOPPER, the same architecture coordinates the
abstract search plans of the agent with a variety of
knowledge sources, both internal and external to the
system. This project examines tile development of
an integrated model of planning arid sensing for real-
time execution. See (Fu, Hammond, & Swain 1994)
for a deatiled description.

All of these systems are hybrids in which the technolo-
gies best suited for specific tasks are integrated by the
C, BR architectures at their cores.
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