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A KEY REQUIREMENT OF THE 
ARPA/Rome Planning Initiative is that the 
research and technology development must 
address critical aspects of the overall ARPI 1 
vision. The envisioned planning system re- 
quires strong capabilities for course-of-action ~ 

generation, plan refinement, plan analysis, 
and to a lesser extent, plan briefing. These ~ 

capabilities in turn require strong techno- 

T H I S  SURVEY HlGHLlGHTS SOME OF THE MANYAPA 
R&’D PROGRAMS THAT ARE FOCUSliVG ON TECHNOLOGY 

ZSSUES IN PLAN GENERATION, SCHEDULRVG AND TEMPORAL 
REASONZNG, PLAN ANALYSIS, AND THE OVERALL SUPPORTliVG 

INFRASTRUCTURE 
logical support in several areas: 

Course-of-action development involves I planning process, and then explains andjus- 
building and evaluating a set of possible ~ tifies the generated, refined, and analyzed 
responses to an emerging crisis. This ~ plans. It is supported by plan visualization. 
process is supported by generative and 
case-based planning, temporal reasoning, I This article briefly describes some of the 
and plan visualization. ARPI R&D programs that are focusing on 
Plan refinement intertwines initial plan technology issues in plan generation, sched- 
evaluation with plan expansion. It is sup- I uling and temporal reasoning, plan analysis, 
ported by temporal reasoning, algorith- 1 and the overall supporting infrastructure. Al- 
mic and constraint-based scheduling, de- though we focus on individual research ef- 
cision-theoretic analysis, rule-based 1 forts, ARPI has encouraged researchers to in- 
reasoning, and plan visualization. tegrate their work with others to provide 
Plan analysis evaluates and compares integrated capabilities. (See the applications 
plans along different dimensions, such as ~ sidebar and related articles in this issue.) 
omrational feasibility, transportation, lo- 1 

I 

We anticipate that deployed planning sys- 
tems in complex environments will rely to 
varying degrees on several plan-generation 
techniques: generative planning to provide 
a new, novel solution for those parts of the 
plan for which existing cases provide no in- 
sight; case-based planning to build a new 
plan by adapting and combining previous 
plans or plan fragments; and a distributed 
group of human planning experts with di- 
verse, sometimes competing goals, to guide 
the entire process. 

Plan generation is crucial to t h e m 1  vision, 
and the initiative’s research has yielded both 
theoretical and practical advances in the tech- 

l nology. A few examples are described below. 

Technology for plan generation IS at the , Cypress. SRI Intemational has developed cy-  
~ heart of the requirements for realizing the press,’ a planning system designed to cope 

Plan briefing allows the user to initiate the , ARPI vision. i with the inherent complexity and requirements 
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Plan generation gistics, or command and control. It is sup- ’ 
ported by simulation, decision theoretic 1 
analysis, case-based reasoning, and plan 
visualization 
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of real-world domains, including uncertain 
information, real-time response, intelligent 
application of standard operating procedures, 
integration of multiple plans, dynamic plan 
modification, and interaction with a human 
planner. Most input to Cypress comes from 
military databases and includes threat as- 
sessments, terrain analysis, apportioned 
forces, transport capabilities, planning goals, 
key assumptions, and operational constraints. 
Cypress includes state-of-the-art subsystems 
for planning (SIPE-2), reactive execution 
(PRS-CL), and evidential reasoning (Gister- 
CL). For example, in one prototype, SIPE-2 
generated employment plans and expanded 
deployment plans to get combat forces, sup- 
porting forces, and their equipment and sup- 
plies to their destinations on time. 

During planning, Gister-CL was used to 
select military forces based on uncertain in- 
formation about both friendly and enemy 
units. The plan was then translated for exe- 
cution by PRS-CL, which responded to un- 
expected events with standard operating 
procedures. When the plan became com- 
promised, PRS-CL invoked SIPE-2 to dy- 
namically modify the plan while continuing 
execution. 

0-Plan. The 0-Plan system developed at the 
University of Edinburgh is a command, plan- 
ning, and control architecture with an open 
modular structure that allows experimenta- 
tion on or replacement of various compo- 
nents2 The researchers are trying to deter- 
mine which functions are generally required 

in different applications and across different 
command, planning, scheduling, and control 
systems. The project’s aim is to show how a 
planner, using extensive domain knowledge 
and situated in a task-assignment and task- 
execution (command and control) environ- 
ment, can allow for better flexible, distrib- 
uted, collaborative, and mixed-initiative 
planning. The researchers hope to verify this 
total systems approach by studying a sim- 
plified three-level model with separable task 
assignment, generation, and execution lev- 
els. 0-Plan has been applied to logistics tasks 
that require flexibility of response for chang- 
ing situations. 

Dipart. The Distributed, Interactive Plan- 
ner’s Assistant for Real-Time Transportation 
Planning (Dipart) allows human planners to 
simulate and assess altemative strategies for 
distributed, real-time planning, including 
those derived from operating systems re- 
~ e a r c h . ~  Dipart consists of a network of plan- 
ning nodes and a simulator. Each node helps 
a human planner perform some subset of the 
overall mission objectives; the node forms 
plans to satisfy the user’s goals, coordinates 
communication with other planners, and 
alerts the user to reports from agents in the 
(simulated) world. The nodes also issue com- 
mands to the agents in the simulated world, 
which are then executed. Dipart is thus a very 
small-scale simulation of an actual crisis- 
action situation. 

Trains. The Trains project at the University 

Applitations of program synthesis technology 
The Airlift Operations Center at Pacific Air 

Force Headquarters schedules a fleet of 26 C- 
130 cargo aircraft over the Pacific region. 
Kestrel Institute applied its AWI-supported 
program-synthesis technology to develop the 
center’s first computer-based tools for in- 
theater scheduling. After building a formal 
model of the scheduling domain and specifying 
a scheduler in terms of constraints and problem 
features, Kestrel personnel synthesized a 
scheduler in about two hours using the Kestrel 
Interactive Development System (KIDS, dis- 
cussed in the body of the article). 

Researchers from BBN packaged the Kestrel 
schedulers into the In-Theater Airlift Scheduler 
(ITAS), a system with a graphical user interface 
and a standard database package. ITAS runs on 

an Apple Powerbook laptop computer, making 
it useful for operations in the field and in a 
command center. Users supply ITAS with a list 
of movement requirements and available 
assets, such as aircraft, air crews, ground crews, 
and ports. From this information ITAS gener- 
ates a schedule, taking into account a variety of 
constraints on each class of asset. For example, 
if a port has only two ground crews for unload- 
ing, then ITAS will carefully regulate the flow 
into the port so as not to overload those crews. 
ITAS displays the generated schedule in a 
Gantt chart-lie form and allows the user to 
modify various aspects of the situation and 
schedule. When the user is satisfied that a ‘‘fly- 
able” schedule has been generated, then ITAS 
produces a set of “air tasking orders.” 

of RochesteI-l has focused on the process of 
interactive human-machine plan construc- 
tion. To have effective collaborative plan gen- 
eration, a system must be able to perform 
many other tasks than plan construction. In 
particular, the system must be able to identify 
the implicit information behind a human’s 
suggestions (plan recognition) and must ef- 
fectively communicate information about 
plans. To support such generalized plan rea- 
soning, the representation of actions and 
plans must extend beyond the traditional 
models used in the planning literature. The 
effort at Rochester has focused on several 
crucial plan representation problems. These 
include the use of explicit temporally-based 
representation of action and events, allowing 
external events and simultaneous actions, a 
representation of plans that captures the key 
aspects of the plan that are important for 
communication (such as justification of steps 
and identification of key assumptions), and 
an implemented architecture that combines 
plan construction, recognition and commu- 
nication to enable mixed-initiative collabo- 
rative plan specification. 

CAFS. The CAFS system, being developed 
at GE‘s Research & Development Center, ap- 
plies case-based planning techniques to 
guide force selection for military  mission^.^ 
In one prototype., CAFS receives probes from 
SRI’S Socap planning system. These probes 
consist of information about a military task, 
its location, and the expected threat. CAFS 
uses these probes to retrieve a set of possible 

Another application of Kestrel’s synthesis 
technology is underway in a joint effort with 
the Electric Power Research Institute, Kaman 
Sciences, and Rome Laboratory. The project 
focuses on the scheduling of maintenance ac- 
tivities during an outage period at nuclear 
power plants. Kestrel’s progm-synthesis tech- 
nology is being used to model the problem and 
to generate high-performance schedulers for 
maintenance activities. Current schedulers used 
by the utility industry are slow and handle only 
a small subset of the problem’s important fea- 
tures. Safety constraints are extremely impor- 
tant, as well as the efficiency of the schedule, 
since an outage period can costs millions of 
dollars per day. 

- D o u g h  R. Smith, Kestrel InslitUte 
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matching cases from its case library, and then 
develops a set of force suggestions based on 
those cases. Where there is an exact match, 
CAFS tries to find an available force of the 
same type used in the retrieved case. If such 
a force is unavailable, CAFS looks for a sim- 
ilar available force that could also complete 
the task. Where there is no exact match, 
CAFS first tries to adapt the retrieved case 
using the differences between the probe and 
the retrieved case. Then, starting with the so- 
lution from the retrieved case, CAFS tries to 
find a suitable available force. Ultimately, 
CAFS returns to Socap the available forces 
best suited to the task. Once Socap completes 
the plan, new force selection cases can be ex- 
tracted from the plan and added to the case 
library for future use. 

demonstrated in a wide range of applica- 

Caper. Researchers at the University of 
Maryland at College Park and the Mitre 
Corporation are working together to extend 
the retrieval mechanisms of Caper,” a case- 
based planning system developed at the 
University of Maryland, to support the For- 
mat system being developed by Mitre. 
Caper uses high-performance-computing 
techniques to retrieve plans quickly from a 
large memory that is not preindexed. This 
approach makes it relatively inexpensive to 
access memory frequently, and allows 
memory to be probed flexibly during case 
retrieval. Caper can issue a variety of 
queries that result in the retrieval of one or 
more plans (or parts of plans). These plans 
can then be merged to solve the problem at 
hand, and harmful interactions among them 
can be resolved using annotations on a plan 
that capture interdependencies among its 
actions. 

This section discusses two ARPI researc 

Progress and results. Generative planning 
has been an active area of AI research for 
decades, but only recently have such systems 
been able to tackle the large, complex prob- 
lems found in military planning. For in- 
stance, the SIPE-2 subsystem uses about 100 
plan operators to describe military operations 
that can achieve specific employment or de- 
ployment goals. The input has around 250 
classes and 500 objects, 15-20 properties per 
object, and around 2200 predicate instances, 
and the final plans contain about 200 primi- 
tive actions. 

Significant progress has also been made 
toward integrating planning and execution, 
thereby allowing effective replanning. For 
example, Cypress supports asynchronous 

12 

runtime replanning with a general-purpose 
generative planner: when a problem is de- 
tected during execution, the system can re- 
plan just the affected parts of the plan, while 
the rest continues to execute. The 0-Plan sys- 
tem also provides an architecture that allows 
the plan-generation and -execution levels to 
interact. 

Progress is also being made toward mixed- 
initiative planning systems. SIPE-2, for in- 
stance, uses a graphical knowledge editor 
to generate employment plans and expand 
deployment plans. The Trains system goes 
furthest in providing such an interface. 

Several of these systems have been 

Temporal reasoning and 
stheduling 

Temporal reasoning and scheduling a 
critical to the planning process. Temporal re 
soning tools let planners capture and refii 
temporal dependencies in the early phases 
plan development. The abstract represent 
tion of temporal relationships between can0 
ical elements also helps users build plans th 
can be effectively scheduled from their i 
ception. Once a plan is sufficiently detaile 
scheduling tools then become vital to a 
sessing the plan’s feasibility, building it, a 
maintaining it through the execution phas 

TEMPORAL R E A S O W G  TOOLS 
LET PLANNERS CAPTURE 

AND REFINE TEMPORAL 
DEPENDENCZES IN THE 
EARLY PHASES OF PLAN 

DEWLOPMEm. 

been used to plan the actions of a mobile 
robot, plan the movement of aircraft on a 
carrier deck, plan the response to oil spills, 
schedule the production of products, sched- 
ule construction tasks, perform project man- 
agement, perform mission sequencing and 
control of space probes, and generate task- 
ing for air objectives in air campaign 
planning. 

On a more theoretical level, the Dipart 
project has improved our understanding of 
certain strategies for controlling planning 
in dynamic and distributed settings. ARPI 
research has also produced plan formalisms 
that remove some of the inadequacies of tra- 
ditional state-change-based models. For in- 

TMM) and two projects in scheduling (E 
tops and KIDWKTS). 

Tachyon. Tachyon is a general-purpose CO 

straint-based system for temporal reasonin 
Developed by GE’s R&D Center, Tachyc 
provides a powerful and flexible model 
events and inter-event constraints. It is cap 
ble of reasoning about both qualitative a 
quantitative aspects of time, and provides su 
port for reasoning over both and systems 
constraints. The latter are considered to be i 
herently complex, but arise often in practic 
planning and scheduling domains where CO 

tention for limited resources is importai 
Tachyon provides both optimal and heurisi 
solution techniques for such systems. Tachyi 
can be used as an embedded temporal re 
soning system, as a stand-alone file-drivl 
system, or via a graphical user interface. 

Tachyon has been applied in ARPI to t 
refinement and feasibility tracking of t 
temporal aspects of courses of action (pr 
jecting critical steps in a deployment plan 
ensure proper interaction between them), a 
to preserving temporal consistency durii 
force-package structuring and deploymei 
Also, in a recent ARPI Technology Integi 
tion Experiment, Tachyon was integrat 
with CAFE, GE’s case-based reasoning s) 
tem for constraint-directed force expansit 

stance, Ferguson and Allen have developed (a companion article in this issue explai 
a plan representation, based on argument the Technology Integration Experiment 
structures, that is structurally similar to tra- Tachyon has also been applied elsewhere 
ditional plan formalisms but allows actions 1 plan recognition tasks, to scheduling f 
and states to be described in interval tem- plastics and power systems manufacturir 
poral logic.’ Ginsberg has developed a and to retrieval and situation refinement 
model of approximate planning as a SUC- ~ a spatio-temporal data management syste 
cession of better and better approximations, 1 
rather than the construction of provable cor- ’ TMM. Honeywell’s implementation of the 
rect plans.8 , Time Map Manager improves its robustness, 



user interface, and documentation.’0 The new 
TMM also gives planners and schedulers ex- 
tended functionality, including metric and or- 
dering constraints between any two time 
points, causal reasoning (using the “persis- 
tence assumption,” projection, and overlap 
chaining), database monitors (temporal con- 
ditions and protections), and optimizations 
for large temporal databases. 

One of TMM’s first ARPI applications 
was a Doctrinal Constraint Checker, a system 
that tested and (if possible) applied a set of 
“doctrinal constraints” to a high-level plan 
for force movements generated by Socap. 
Constraints that could not be applied were 
reported to the user, who could relax or ig- 
nore the constraint or modify other con- 
straints in an attempt to enforce this one. 
TMM has also been the basis for planning 
and scheduling systems in manufacturing, 
spacecraft operations, distributed image 
analysis and archiving, and avionics proces- 
sor and communications scheduling. The 
avionics application was a particular success: 
TMM was used to solve a critical schedul- 
ing problem for Boeing’s 777 aircraft, a 
multi-billion-dollar project. This application 
was large, complex, and hard to solve: it con- 
tained almost 20,000 activities, several ac- 
tivity types, periodic behavior, and assorted 
types of temporal constraints. 

Ditops. Carnegie Mellon University devel- 
oped Ditops as a tool for generating, analyz- 
ing, and revising crisis-action logistics sched- 
ules. Ditops is a mixed-initiative decision- 
support tool, similar in spirit to spreadsheet 
programs: the user manipulates sets of sched- 
uling decisions and solution constraints at 
levels consistent with user-task models. At 
each step, Ditops applies appropriate sched- 
uling procedures to impose the changes spec- 
ified by the user, and provides localized con- 
sequences of each change. Look-ahead 
analysis and heuristic scheduling techniques 
further help the user identify principal causes 
of observed solution deficiencies, analyze 
options, and assess a solution’s sensitivity to 
various executional circumstances. The sys- 
tem can repair a schedule in response to un- 
expected events while minimizing disruption 
to other parts of the schedule. The mixed- 
initiative spreadsheet model of operation also 
makes Ditops well suited to “what if’  exper- 
imentation. Ditops can relax constraints in 
several dimensions, allowing it to be used ef- 
ficiently when scheduling is tightly coupled 
with planning. 
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Ditops was implemented using object- 
oriented representation and programming, 
which makes it easier to customize the sys- 
tem for different scheduling domains. In par- 
ticular, Ditops has been easy to integrate with 
ARPI planning systems. In a Technology In- 
tegration Experiment with SRI, Ditops was 
integrated with the Socap planner to perform 
resource capacity analysis for higher level 
course-of-action planning. Some Ditops 
functionality was also embedded in BBN’s 
Target planning system to perform feasibil- 
ity checking and to diagnose plan conflicts 
(Target was part of ARPI’s third Integrated 
Feasibility Experiment; see the article on 
page 27). 

ONE OF ARPl’s GOALS IS TO 
DEVELOP TECHNIQUES T O  
HELP PLANNERS COMPARE 
ALTERNATIVE COURSES OF 
ACTZON FOR SUCH PROPERTZES 
AS ROBUSTNESS, ECONOMI; 
AND RISK. 

KIDSXTS. Kestrel’s ARPI project explores 
the transformational development of high- 
performance transportation schedulers. The 
researchers used a prototype program- 
transformation system called the Kestrel In- 
teractive Development System (KIDS) to de- 
rive a variety of scheduling algorithms for 
several military scheduling problems. The 
transformational approach involves several 
steps: develop a domain theory, specify a 
planninglscheduling problem, apply a design 
tactic, apply optimizations, apply data type 
refinements, and compile. 

After developing a domain theory of mil- 
itary scheduling and various problem spec- 
ifications, KIDS was used to derive and op- 
timize a variety of global search scheduling 
algorithms. The resulting code, generically 
called the Kestrel Transportation Scheduler 
(KTS), has been run on force-deployment 
lists generated by planners at the US Trans- 
portation Command and other sites. With 
one such list, KTS scheduled 15,460 indi- 
vidual air movement requirements in 71 
CPU seconds; the schedule used relatively 

few resources and satisfied all specified con- 
straints. (Current scheduling systems would 
require more than 36 hours to solve a typical 
deployment list of this size.) KTS performed 
this well for two reasons: First, the derived 
pruning and constraint propagation tests are 
surprisingly strong, which reduces the size 
of the runtime search tree; although these 
tests are derived as necessary conditions on 
feasibility, they are so strong as to be virtually 
sufficient conditions. Second, the system’s 
specialized representation of the problem 
constraints, and its specialized and highly op- 
timized constraint operations, allow KTS to 
explore the runtime search tree at a rate of 
several hundred thousand nodes per second, 
almost all of which are quickly eliminated. 

Plan analysis 

One of ARPI’s goals is to develop tech- 
niques to help planners compare alternative 
courses of action for such properties as ro- 
bustness, economy, and risk. The decision- 
support tools developed toward this end as 
part of ARPI include the Course-of-Action 
Selection Tool (Coast), the Expect COA 
Evaluator, and a set of tools based on belief 
nets and influence diagrams. 

Coast. Coast, developed at NRaD, is de- 
signed to help the process of evaluating and 
selecting courses of action (COAs) by struc- 
turing and documenting the process.” The 
user first selects a set of criteria for evaluat- 
ing the COAs, such as least risk, lowest cost, 
or force availability; users can select these 
from a library, or enter their own. The user 
then assesses the relative importance of the 
selected criteria, after which the system per- 
forms painvise comparisons on the highest 
ranked items to ensure consistency. The user 
then evaluates the possibility of success for 
each COA with respect to the chosen crite- 
ria; users can also document the rationale be- 
hind their rankings via textual attachments, 
which can then be used to brief the recom- 
mended COA. Once all the success ratings 
have been entered, Coast uses fuzzy logic 
techniques to combine each rating with the 
importance of each criterion. The result is a 
normalized overall evaluation of each COA 
with respect to each criterion. 

Earlier tools for evaluating COAs used 
weighted-sum techniques to combine im- 
portance and success evaluations. While this 
had the advantage of simplicity, the scores 
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were not normalized, so it was difficult to lo- 
cate a CONS strong and weak points. Coast’s 
normalized scores make it easier to compare 
the relative strong and weak points of a plan 
across categories. 

Expect COA Evaluator. Researchers at 
USCAnformation Sciences Institute have de- 
veloped a COA evaluator using Expect, a 
knowledge-based-system framework. I 2  The 
Expect COA Evaluator partly automates the 
development of staff estimates for alterna- 
tive COAs. It takes as input a high-level de- 
scription of a COA that specifies the force 
modules involved, the actions they will per- 
form, and when and where the actions will 
occur. It uses this information to evaluate 
heuristically a particular COA from a logis- 
tics perspective. This evaluation estimates 
several factors that are not part of the COA it- 
self, such as the number of logistics person- 
nel required to perform the operation and 
how long it will take to complete the opera- 
tion. The current prototype has a graphical 
user interface with a COA summary window, 
an evaluation window (that presents the lo- 
gistics evaluation), and a map that can be 
clicked on for detailed information. 

It is difficult to anticipate all the situations 
in which a tool like the Expert COA Evalu- 
ator might be used, so the framework pro- 
vides a knowledge-acquisition tool that en- 
ables users to modify the system in a timely 
way: Expect automatically derives a knowl- 
edge-based system from abstract domain 
knowledge and problem-solving methods. 
During the derivation process, abstract prob- 
lem-solving methods are specialized by 
using domain knowledge, and links between 
domain knowledge and problem-solving 
knowledge are recorded. These links are then 
used to form the expectations that guide 
knowledge acquisition. 

Decision-theoretic tools. Rockwell Intema- 
tional’s Palo Alto Lab has focused on the use 
of decision-theoretic tools to generate, ana- 
lyze, and execute plans. DT techniques help 
planners: 

cope with uncertainty about true states of 
the world through use of belief nets and 
influence diagrams to express risk and 
uncertainty using subjective probability 
assessments gathered from planners and 
decision makers, 
express and reason about the multiple 
obiectives and DersDectives that shaDe 

.. 

strategies using utility/preference mod- 
eling; 

B develop techniques for identifying the 
most relevant or essential factors in a 
plan: what uncertainties contribute most 
to the fragility of their plans. This knowl- 
edge will help them focus their efforts to 
reduce risk and uncertainty. Rockwell has 
developed new, powerful algorithms for 
probing large models to compute sensi- 
tivities. 

Rockwell has developed several large- 
scale decision support systems for military 
transportation planning. One of these mod- 
As, called NEO-COA (Course of Action 
Analysis for Noncombatant Evacuation 
Operations), was built in cooperation with 
[SX, BBN, and the US Pacific Command 
Crisis Action Planning team. NEO-COA 

descriptive content by adequately describing 
the concems and trade-offs of decision mak- 
ers. The recommendations of the model 
thereby provide a more convincing basis for 
action. Finally, sensitivity analysis allows 
planners to focus attention and to navigate 
through massive state spaces by identifying 
the variables and factors that matter most to 
their decisions. 

Supporting infrastructure 

As ARPI-developed technology moves to- 
ward fielded systems, rigorous evaluation is 
critical. ARPI has sponsored several activi- 
ties to help in the evaluation of both individ- 
ual systems and integrated prototypes. 

A working group for “evaluation and crit- 
ical experiments,” with help from other ARPI 

The Demos environment has proven to be 
effective for developing large decision mod- 
els such as NEO-COA. It includes several 
Monte Carlo-based algorithms for propa- 
gating uncertainty, and a simple graphical 
user interface for building Hierarchical In- 
fluence Diagrams. HIDs allow users to nav- 
igate models at varying levels of abstraction 
and detail, and to specify and view variables 
multidimensionally. Such facilities prove es- 
pecially effective for iterative and collabora- 
tive model-building, and for efficient sensi- 
tivity analysis needed to enable decision 
makers to evaluate the impacts of various 
risks on available courses of action. 

Building uncertainty, utility/preference, 
and sensitivity analysis into a methodology 
for planning yields several payoffs. Explicit 
models of uncertainty provide planners with 
a sense of the risks, opportunities, and ranges 
of outcomes they face. Decision theory 
provides an axiomatic basis for choosing 
courses of action that perform provably well 
in the face of uncertainty. Including prefer- 
enceshtilities in models lends them greater 

- 
tions they want to ask. Collectively, these 
case studies offer a framework for evaluat- 
ing the integration of multipleARP1 projects, 
whether they combine practical system com- 
ponents or integrate theoretical results with 
practical systems. 

ARPI has also funded the development of 
various evaluation tools. For example, the 
Common Prototyping Environment includes 
tools for instrumenting Common Lisp pro- 
grams, running experiments, and analyzing 
the results statistically. It also includes em- 
pirical analysis tools specifically designed 
for the evaluation of AI planning systems. 
(The article on page 17 offers more details 
on the Common Prototyping Environment.) 

ARPI has also encouraged ad hoc groups 
of researchers from related projects to de- 
velop specific evaluation criteria to further 
mutual research goals. For example, a com- 
mittee of researchers recently developed a 
set of features to evaluate transportation lo- 
gistics in civilian evacuation plans. These cri- 
teria will be used by an automated planner 
and a knowledge-based plan-evaluation sys- 
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tern to guide the generation of multiple, qual- 
itatively distinct alternative plans. 

Finally, Rome Laboratory has been evalu- 
ating ARPI technologies as they are devel- 
oped. For example, the first such evaluation 
compared SIPE-2 and 0-Plan2 on a cus- 
tomized set of test problems and on a classic 
AI planning problem: the “missionaries and 
cannibals” puzzle. The second exercise was 
intended to uncover the strengths and weak- 
nesses of each planner. 

Uniform access to heterogeneous data 
sources. Effective planning often depends 
on identifying and accessing relevant infor- 
mation in distributed heterogeneous data 
stores. Even after information sources have 
been identified, there can still be enormous 
effort and cost involved in dealing with dif- 
ferent organizations, access and query lan- 
guages, and data formats. Furthermore, the 
data in different sources may use different 
encoding standards and may require different 
keys to identify the same people, objects, or 
locations. Collecting all the necessary infor- 
mation often requires a large amount of time 
and effort that otherwise would be spent on 
more productive analysis tasks. Often, the 

informution source models that describe both 
the contents of the information sources and 
the relationship between those models and 
the domain model. Also, the system collects 
information about the contents of informa- 
tion sources as it executes queries against 
them; this information is abstracted as se- 
mantic rules, which are later used to improve 
the efficiency of the plans generated for new 
user queries. 

SIMS can currently handle Oracle and 
Mumps databases and Loom knowledge 
bases. In principle, the SIMS approach sup- 
ports access to databases, knowledge bases, 
or even certain application programs. 

upon by both Loom’s assertional language 
and its rule language. 

CoBase. The CoBase project at the Univer- 
sity of California at Los Angeles is building 
a knowledge-based extension to standard re- 
lational query languages (such as SQL) to 
provide intelligent access to heterogeneous 
knowledge and data sources.16 This includes 
approximate answers when exact answers are 
not available, summary answers grouped by 
category, and answers to high-level concep- 
tual queries. CoBase uses a type abstraction 
hierarchy to provide a structured and scal- 
able approach to query modification, and 
three types of explicit cooperative operators 
(context-free, context-sensitive, and control) 
to support query relaxation. This provides 
multilevel object representation, which is not 
adequately captured by conventional se- 
mantic network and object-oriented database 

The policy for relaxation control depends 
on many factors, including user profile, query 
context, control operators, relaxation level, 

Am1 HAS SPONSORED 
SEYERAL ACTMTIES TO HELP approaches, 

IN THE EVALUATION OF BOTH 
N D M D U A L  SYSTEMS AND 

and the number of answers, as well as rules 
to combine these factors over multiple at- lRrTEGRATED pRoTomEs* 
tributes. A relaxation manager combines 

difficulties involved prevent helpful infor- these rules via certain policies (minimizing 
mation from being found in time to be useful. ~ LZM. Many current planning systems use 1 search time or nearness, for example) to re- 

strict the search for approximate answers. Integrated AYdatabase technologies will 
play a significant role in overcoming these 
problems. ARPI research efforts in this area 
include Services and Information Manage- 
ment for Decision Systems (SIMS), LIM, 
and the Cooperative Database (CoBase). 

SIMS. USC/ISI’s SIMS is an information 
mediator that provides an interface between 
users (or application programs) and the dis- 
tributed, heterogeneous information sources 
to which they need access.14 SIMS accepts 
queries in a uniform language (Loom) that is 

~~ 

independent of the distribution of informa- 
tion over sources, the various query lan- 
guages, the location of information sources, 
and so on. SIMS determines which data 
sources to use, how to obtain the desired in- 
formation, how and where to temporarily 
store and manipulate data, and how to main- 
tain an acceptable level of efficiency in per- 
forming its task. 

large, heavily encoded records; the plan for 
even a moderate-sized operation is enormous, 
containing up to hundreds of thousands of 
records, effectively precluding any purely 
memory-resident storage scheme. One of 
these, at the US Transportation Command, 
was recently extended to use a relational data- 
base - and object-oriented databases in 
some cases- in place of flat files for some 
applications. However, the designers of the 
relational database schema had to adhere 
fairly closely to the original data format for 
the plan records, since the planners are quite 
familiar with the data’s current structure. 
Paramax’s LIM project15 addresses such 
dilemmas by providing a flexible interface 
between a knowledge-representation system 
and a heterogeneous collection of legacy data- 
bases that lack a unified semantic schema. 
LIM uses the Loom knowledge-qmentation 

language to represent both the semantic 
schema for a relational database and appli- 

SIMS applies and extends a variety of AI 1 cation domain models. LIM augments 
modeling, planning, and learning techniques Loom’s terminological component with data- 
and systems to build an intelligent and dy- 1 base mapping constructs, and extends 
namic interface to information sources, in Loom’s assertional component with infor- 
contrast to the traditional approach of build- i mation retrieved from databases. Instances 
ing custom systems. For example, SIMS uses 1 retrieved from databases can be operated 
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~~ 

When an approximate answer is returned, the 
user may want an explanation of how the an- 
swer was derived, or may be presented with 
an annotated relaxation path. A context- 
based semantic nearness will be provided, 
allowing the system to rank the approximate 
answers (in order of nearness) against the 
specified query. 

CoBase can also provide additional infor- 
mation relevant to, though not explicitly 
stated in, a user’s query. It does so using a 
case-based approach to build a case library 
of associative links and their terminations 
among the attributes of previous queries. 
When a new query is processed, similar 
query cases and their associative links are re- 
trieved from the case library and modified to 
provide additional and relevant information 
to the new query. CoBase has been applied 
to ARPI and to Medical Image Database, 
which provides approximate answers to med- 
ical queries. 

An integrated infonat ion access infrastruc- 
ture. At a 1993 workshop, a Technology In- 
tegration Experiment (TIE) between CoBase, 
SIMS, and LIM was carried out as a knowl- 
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edge server for the transportation plan- 
ner, capable of handling imprecise and dis- 
tributed ARPI transportation queries. In  a 
1994 workshop, another TIE demonstrated 
CoBase, SIMS, and LIM in a network envi- 
ronment. In this TIE, CoBase provided ap- 
proximate and conceptual query answering, 
SIMS planned and coordinated access to the 
databases, and LIM served as the distributed 
knowledge source. 

significant progress toward developing the 
necessary planning and scheduling tech- 
nologies for the initiative’s visionary system. 
Crisis action planning still presents a chal- 
lenging set of problems, however, and fur- 
ther success depends on continued progress, 
including both theoretical results and tech- 
nological advances. 

For example, mixed-initiative systems re- 
quire better techniques for plan justification, 
plan explanation, plan reuse, contingency 
and adversarial planning, managing plan- 
ning’s dynamic nature, managing inconsis- 
tent or incomplete information, and devel- 
oping and implementing detailed models of 
mixed-initiative interaction. 

Also, both plan development and reactive 
planning and scheduling could also benefit 
from improved techniques for real-time sen- 
sitivityhobustness analysis. 

Finally, new techniques for managing the 
huge amounts of data generated during plan- 
ning and execution will be critical to the next 
generation of systems, even though some re- 
lated areas - such as data fusion and data 
access - may be beyond the initiative’s 
scope. 
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Further reading 
The proceedings of the 1994 ARPI workshop 

(published by Morgan Kaufmann) covers many 
of the research endeavors not discussed here, 
including plan reuse to avoid repeated plan fail- 
ures, rational resource allocation during plan re- 

vision, a new backtracking technique (a relax- 
ation of dynamic backtracking) to search among 
possible planning solutions, advances in mixed- 
initiative planning, case-based schedule evalua- 
tion, time-critical scheduling, techniques for 
leaming planning knowledge, case-based sys- 
tem development from existing archives, case- 
based plan adaptation, and approximate query 
answering. 
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