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Abstract

Effective control of large-scale enterprises requires a combi-
nation of long-range planning to idéfy appropriate strate-
gies for meeting objectives and efficient scheduling of re-
sources to ensure timely completion of tasks associated with
those strategies. Given the highly dynamic operating envi-
ronment of many enterprises, planning and scheduling must
both be adaptive to unexpected events and tightly linked to
ensure responsiveness andli#dg This paper discusses key
issues in integrating planning and scheduling technologies to
support ongoing management of enterprise operations in dy-
namic environments. It outlines a series of models for inte-
grating planning and scheduling technologies, and discusses
their strengths and weaknesses with respect to continuous
operations management for complex enterprises. The paper
also describes a new research effort that seeks to develop a
dynamic integrated planning and scheduling system that can
support a broad range of interactions and control strategies
for the domain of air operations.
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schedules are developed and managed without knowledge of
objectives and dependencies. Without such information ex-
change, reaction to unforeseen problems and opportunities
necessarily proceeds in amdirected and hence inefficient
manner.

A second, somewhat related obstacle to responsiveness
and agility in dynamic environments is a lack of incremen-
tality in planning and scheduling processes. In large-scale
enterprises, where executing units are distributed and semi-
autonomous, it is important to maintain stability and conti-
nuity in the planning and scheduling decisions that are made
over time, and to minimize the impact of changes that are
required to realign to current environmental circumstances.
Many planning and scheduling tools/processes are not de-
signed with incrementality in mind.

This paper considers issues related to the integration of
planning and scheduling to support ongoing management of
enterprise operations in a dynamic environment. By plan-
ning, we refer generally to the process of decidimgat
to do; i.e., the process of transforming strategic objectives

The effective operation of large-scale enterprises poses into exeputable task (or actlv_lty) networks. We use the term
significant planning and scheduling problems. Complex Scheduling generally to designate the process of deciding
and frequently conflicting organizational objectives must be Whenandhow; i.e., which resources to use to execute vari-
translated into coordinated sets of executable actions, and fi- 0US activities and over what time frames.
nite resources of the enterprise must be assigned to these ac- In this paper, we outline a series of models for integrating
tions to enable their execution in a timely and cost-effective Stand-alone planning and scheduling processes, and summa-
fashion. The dynamics of the operating environment fur- rize the merits of each from the spoint of agile enterprise
ther complicate matters. As execution proceeds, unantic- control (Section 2). Each model progressively increases the
ipated and evolving circumstances quickly and regularly level of information flow between component processes and
force changes to strategic objectives, to planned activities, hence the degree of coupling between them. In Section 3,
and to established resource assignments. The effectivenesgve consider issues that arise when planning and scheduling
of the enterprise is ultimately a function of its ability to re- must operate over extended periods of time. Such contin-
spond to change, which in turn depends on the enterprise’s UOUS operation requires the ability to perform incremental
ability to efficiently and appropriately adapt and manage extensions to plans and schedules, as well as to instigate re-
plans and schedules over time. pairs in response to good or bad partial execution results and
One recognized obstacle to organizational responsivenessunexpected events.
to change is poor integration of “planning” and “schedul- While there have been previous attempts to build inte-
ing” processes. In manufacturing organizations, this prob- grated planning and scheduling technologies for complex
lem has been characterized as the “wall between engineeringenterprise control (as described in Section 4), the question of
and manufacturing”. Similar sorts of barriers can be foundin how best to design such systems remains open. In Section 5,
other large-scale enterprises. The crux of the issue is lack of we briefly describe a research effort focused on developing
communication; plans are developed with no consideration an integrated planner/scheduler framework in which to ex-
of resource availability and operational status, and likewise, plore these issues further. The integrated system will build



with respect to scheduling requirements [9]; otherwise, the
differences between successive solutions may be insufficient
to eliminate the sources of resource and/or time infeasibility.
In providing a loosely coupled form of integration, the

simple waterfall model promotes compartmentalized rea-
soning. This approach can lead to inefficient and ineffec-
tive performance in domains where tasks are resource con-
strained. There are two contributing factors:

Plan
Planner V4

Scheduler

Schedule

¢ Low frequency of interactionln the basic case, complete
plans are generated before any consideration is given to
resource availability concerns, and hence significant effort
can be spent expanding strategic process alternatives that
could be quickly dismissed due to shortages in required
resources.

Figure 1: Waterfall Model for Integrated Planning and
Scheduling

Low information exchange Compounding the problem
caused by infrequent interaction, there is also a mini-
mal level of information exchange and feedback between

on component planning [8] and scheduling [14] technolo- *®
gies developed previously by the authors. Both technologies
were designed to support incremental change capabilities,

and hence are well-suited individually to the requirements
of agile enterprise control.

2 Integration Models

The integration of planning and scheduling can proceed
along a spectrum frortooseto tight coupling, where cou-
pling can be characterized both in terms of the frequency of
interaction and the amount and type of information commu-
nicated or shared between them. In this section, we consider
several alternative integration models, in order of increased

planner and scheduler within the iterative waterfall model.
In the simplest case, there is no “upward” flow of in-
formation from scheduler to planner in cases where a
resource-feasible (or otherwise acceptable relaxed) sched-
ule cannot be found, and hence no guidance is provided
for producing a set of tasks that feasier” to sched-
ule. Likewise, no information is passed from planner to
scheduler regarding the flexibility (or lack thereof) asso-
ciated with satisfying various constraints associated with
planned tasks. Without such knowledge of input con-
straints, any relaxation decisions that the scheduler must

degree of coupling. For each, we describe the basic integra-
tion model, requirements imposed by the model on planning
and scheduling technologies, and the advantages and disad-
vantages of each.

make to achieve resource feasibility (e.g., slipping dead-
lines of various tasks) are similarly unfocused from the
standpoint of plannexicceptallity.

2.2 Feasibility Checking

2.1 lerative Waterfall Feasibility checkingconstitutes one method for increasing
The simplest approach to integrating planning and schedul- the likelihood that generated plans are viable with respect
ing technologies is through aiterative waterfallmodel, to available resources can be increased. Feasibility check-
very much akin to the classical organizational separation ing involves the use of scheduling actions to filter the strate-
of planning and scheduling mentioned above. Under this gic decisions under consideration by the planner, based on
scheme, the planner and scheduler operate in sequential,characterizations of the resource requirements that those de-
lock-step fashion (see Figure 1). The planner produces a cisions entail. In short, the scheduler is invoked at inter-
complete set of tasks for achieving a set of objectives (i.e., mediate decision points during plan generation to provide
a complete plan) and then passes them to the scheduler forestimates of resource feasibility of different planning alter-
time and resource assignments. Of course, not all generatednatives.
plans will be schedulable. Depending on resource availabil-  In standard hierarchical planning approaches [3, 16],
ity, some tasks may not be executable within satisfactory strategic choices (which encapsulate high-level tasks or pro-
time frames or likewise some tasks may need to be dropped cesses) are refined into increasingly more detailed task net-
from the plan to achieve time and resource feasibility. In works as the planner’s search proceeds. Incorporation of
such cases, it is necessary to reinvoke the planner to producefeasibility checking into this sort of planning process re-
an alternative set of tasks. In, general this process will repeat quires a number of extensions. Thperatorsused to en-
until an acceptable solution (plan/schedule) is obtained. code planning strategies at different levels of abstraction
Realization of an integrated planning and scheduling sys- must be extended to include explicit estimates of resource
tem based on the iterative waterfall model requires little be- requirements. In addition, it must be possible to configure
yond standard capabilities found in current planning and the scheduler to reason at comparable levels of abstraction.
scheduling systems. Other than the basic plan and sched-Finally, the planner must be capable of utilizing resource
ule generation capabilities, the only requirement is that the feasibility results produced by the scheduler to discriminate
planner be able to generate alternative solutions. Ideally, the among decision options. In general, the problem of generat-
planner would produce plans that arealitatively distinct ing effective abstractions of detailed resource requirements



used by various tasks. Resources might be apportioned at
different levels: splitting resource pools among high-level
objectives, designating particular resource types for specific
tasks, or distributing resources among designated sets of
tasks.

is quite difficult. However, even conservative approxima-
tions can provide a basis for significant early pruning of al-
ternatives in specific circumstances.

Feasibility checking can be performed at different levels
of granularity and precision. A&apacity analysiprofiles
the demand for various resources over time, identifying pe-  Resource apportionment can be seen as a strategy for bud-
riods of definite, possible or likely resource contention or geting sets of resources or resource levels to various portions
oversubscription. Capacity analysis reasons at the level of of a plan. In doing so, resource interactions in the plan are
resource aggregates, rather than individuals, and may alsolocalized, making it possible to consider independently the
ignore other resource allocation constraints. In cases where resource feasibility of various plan fragments. Resource ap-
relaxed versions of the scheduling problem are solved (i.e., portionment can be incorporated in a straightforward man-
selected constraints are omitted), any detected conflicts arener into the integration models discussed above. It can be

guaranteed to be conflicts in the full problem; however, there
is no guarantee that all conflicts have been found. Similarly,
itis possible to efficiently compute periods where some pos-
sibility of resource contention exists. Depending on the na-
ture of the problem constraints and their interactions, how-
ever, neither relaxed formulations nor computation of possi-
ble conflicts may provide sufficient basis for conflict detec-
tion. In such cases, approximate computation of resource
demand profiles may provide a more effective approach.
However, this form of capacity analysis introduces the pos-
sibility of detecting false resource conflicts.

Capacity analysis provides a quick but possibly incom-
plete or inaccurate estimation of the resource féfitsibf a
given plan (or plan fragmentResource allocatioralterna-
tively, provides a more detailed approach by assigning indi-
vidual assets to specific activities, thus precluding their use
by other activities within designated time windows. While
resource allocation provides a more accurate assessment o
resource feasibility, it is more costly to perform than capac-
ity analysis. The choice of which strategy to use for fea-
sibility checking will depend on the characteristics of the
underlying domain.

The key control decision when adopting feasibility check-
ing is the frequency of interaction. Tighter integration
(i.e., more frequent feasibility checking) will lead to ear-
lier recognition of infeasible planning decisions, but as
the frequency of feasibility checking is increased, both the
computational cost and the likelihood of redundant (i.e.,
non-informative) results also increases. The computational
tradeoff can be improved if capacity analysis and resource
allocation processes anecrementalin that they reuse par-
tial results from earlier invocations rather than starting over
from scratch for each feasiity check.

2.3 Resource Apportionment

Complex planning tasks usually involve multiple objectives
that impose conflicting demands on resource usage. In gen-
eral, users will have preferences for how resources should

be allocated among the tasks selected to achieve those ob-

jectives. These preferences might reflect the relative impor-
tance or priority placed on different objectives or tasks, as
well as their expected consumption requirements. The term
resource apportionmerg used to describe this type of high-
level partitioning of resources among tasks. Resource appor-
tionment need not completely assign resources, but rather

th

used, for example, to decompose and decouple the problem
of checking the feasibility of various plan fragments associ-
ated with different high-level objectives.

Overall, the use of resource apportionment simplifies the
resource allocation problem. However, given that it makes
certain commitments for resource usage, it limits the range
of obtainable solutions and may eliminate otherwise valid
(and perhaps superior) solutions.

2.4 Scheduler-Driven Plan Modifications

Resource feasibility checking enables increased efficiency
of plan generation through earlier detection of resource con-
flicts. Thea priori apportioning of resources provides a
complementary benefit, by localizing resource interactions
in the developing plan and compartmentalizing resource al-
location concerns. While improvements over the waterfall
odel, neither method exploits information gained during
e scheduling process. Rather, the inability to schedule a
given plan triggers a restart of the planning and scheduling
process, with some internal mechanism of the planner re-
sponsible for appropriately redirecting the plan generation
process.

Here, we consider models of interaction that are driven
by the resource allocation concerns of the scheduler. Within
these models, information about resource availability and
sources of resource infeasibility is used to redirect the plan-
ning process. Although not a prerequisite, this form of in-
teraction is greatly enhanced by an incremental replanning
capability. In this circumstance, scheduler/planner interac-
tion can proceed by identifying problematic or sub-optimal
aspects of a plan from a resource allocation perspective and
suggesting localized modifications to the plan that eliminate
the source of these problems.

Problematic aspects of plans can be characterized in two
ways.

¢ Task-orientectharacterizations identify a set of tasks that
cannot be scheduled with respect to current time and ca-
pacity constraints. When notified of such tasks by the
scheduler, the planner would perform plan revisions to re-
place them in the current plan with alternatives. Informa-
tion about additional (perhaps higher priority) tasks that
are competing for the same resources could also be com-
municated by the scheduler, as a way to provide the plan-
ner with additional revision guidance.

may simply impose constraints on the resources that can bee Resource-orientedcharacterizations identify those re-



sources/intervals that are oversubscribed. Given a list of portions of the plan and schedule that are currently under
such resources, the planner could seek to develop plansexecution, both to ensure continuity and to avoid potentially
that reduce their usage over intervals where they are cur- high costs of redirection. Characterizing what it means to
rently oversubscribed. be minimally disruptive is challenging within an integrated
planner/scheduler because changes that the planner views as
insignificant may prove to be highly disruptive for the sched-
uler (and vice versa). For example, the insertion of an addi-
tional task may be straightforward for the planner to accom-
modate, but could result in significant rearrangement of re-
source assignments that could otherwise have been avoided.

Scheduler-driven plan modifications of this type could
also be used to support a form of plan/schedule optimiza-
tion, with the scheduler requesting plan modifications that
would improve the overall effectiveness of resource usage.
For example, information about excess (or underutilized) re-
source capacity could provide useful guidance to the plan
revision process (as a basis for prioritizing task aepment

choices). 4 Integrated Planning/Scheduling Systems
4.1 Characteristics of Planning/Scheduling
3 Continuous Planning and Scheduling Problems

For most complex enterprises, planning and scheduling must It is difficult to identify problem domains that do not require
proceed on a comniious, open-ended basis. New goals and some level of integration of planning and scheduling capa-
requests require extensions to existing plans and schedules pilities. At the same time, differing domain and problem
while unexpected events may require repairs to previously characteristics will dictate varying degrees of emphasis on
planned and scheduled tasks, possibly including partially €ach capabty, and in many cases, one will tend to domi-
executed activities. Once execution has commenced, time nate the problem-solving process.
for decision-making is often limited, making it essential that ~ Consider, for example, the problem afanufacturing
plan and schedule modifications are performed efficiently. managementwhich involves assigning available resources
Furthermore stability of the plan/schedule is critical, thus  to produce a set of products that satisfy a set of customer or-
requiring that modifications minimize changes. For these ders. For any given set of products to be produced, planning
reasons, incremental methods for extending and repairing is required to transform high-level specifications into man-
plans and schedules are essential. ufacturing process plans. However, assuming that this set
Changes to high-level objectives and guidance will re- 0f products is to be produced regularly to fill various cus-
quire modifications to the plan, which in turn will generally ~ tomer orders over time, scheduling will be the critical deter-
require modifications to the schedule produced for that plan. Minant of manufacturing system performance (i.e., how well
The planner should succinctly characterize plan changes for resources are allocated over time). This probleressurce-
the scheduler. Thus, rather than having the scheduler restartdriven in the sense that the principle concern is to optimize
from scratch on the modified plan, it should modify the the use of resources to satisfy current demands for known
schedule incrementally based on the change in task require- products. ) )
ments derived from the plan revisions [13, 17]. In contrast, problems such as travel planning, project
Changes to resource availability (either capacity increases Mmanagement, or air operations planning have a rgoes-
or decreases) may necessitate schedule revisions or suggesdriven flavor, in that they emphasize the development of
opportunities for more effective resource usage. Certain re- resource-feasible strategies for satisfying a fixed set of high-
source changes can be accommodated by revisions to thelevel goals. While effective use of resources is important,
schedule alone. However, more significant changes in re- the driving motivationis to identify and schedule actions that
source availability could bring the viability of previously ~ Will ensure attainment of stated objectives. Accordingly, in
planned tasks into question. In such situations, the plan- Such domains, planning capabilities will tend to play a more
ner will need to modify the plan, with the scheduler in turn  dominant role.
making corresponding changesaccommodate the revised i )
plan fragment. The decision of whether (and when) to aban- 4.2 Survey of Planning/Scheduling Systems
don a search within scheduler space for alternative resource There have been relatively few efforts to develop integrated
assignments and instead request plan changes constitutes aplanning/scheduling systems, with those that have been built
important control problem for planner/scheduler integration. motivated primarily by resource-driven applications. Here,
Unexpected events in the operating environment (e.g., the we describe a set of systems that are representative of ap-
onset of bad weather) can also impact the viability of both proaches pursued to date.
plans and schedules. In general, planners and schedulers in- The early Hubble Space Telescope scheduling applica-
corporate assumptions about both the initial world state, and tion of the HSTS system [6] serves as a good example
how the world will change (both naturally, and as a result of of a resource-driven approach to integrating planning and
executed activities). In the event that such assumptions are scheduling. A set of observation requests for the telescope
violated, plan and schedule revision may be necessary. must be accommodated, each of which requires a number of
To ensure stability, plan and schedule revision processes actions for setup, observation, and clean-up. Within HSTS,
must be sensitive to the impact that they have on overall ac- an abstract scheduling model is used to optimize the se-
tivity. Ideally, changes should minimize disruption to those quence of observations to be taken, and a planner is used



to work out the detailed network of activities for taking plans do not exist. The system exploits feasibility checking
each picture. A central contribution of HSTS is a common during process plan development to obtain visibility into the
representational framework that supports both planning and current shop load and to generate process plans that avoid
scheduling processes. current resource bottlenecks. The system is also designed to
The DCAPS [10] and ASPEN [11] systems, like HSTS, support incremental management of plans/schedules as up-
provide integrated planning and scheduling environments dated status information is received. For example, a ma-
for transforming high-level goals for spacecraft operations chine failure resulting in unavoidable resource contention
into low-level command sequences. A planning component can trigger a replanning process, in which alternative ma-
transforms individual goals into sets of activities that are chining processes and resources are explored.
subsequently scheduled. DCAPS and ASPEN both employ
an iterative repairmodel, in which repair methods are ap- 5 JFACC Planner/Scheduler
plied repeatedly to scheduled activities to improve schedule
quality. In addition to effecting direct schedule modifica-
tions, repairs can also result in the addition or deletion o

We have recently embarked on a project to develop an in-

¢ tegrated planning and scheduling system that supports gen-

activities to be scheduled: in this sense, it can be considered €"ation of plans and schedules as well as adaptations in re-
sponse to changing tasks, resource availability, or world con-

to be a form of scheduler-driven plan modification. The ap- >t ; : ; )
plication domains for these two systems share the charac- _d|t|ons. The integrated system will accept information relat-

teristics that (a) the plans are relatively decoupled, and (b) ing to feedback from execution assessment, evaluate impact
domain constraints have a strong temporal character. As a " the current plan/schedule, interleave schedule and plan
result, they both focus on efficient resource allocation and €VISION actions as necessary to resolve detected problems
scheduling. and exploit opportunities, and identify/prioritize factors for
The FORBIN system [2] is an early example of an in- continued monitoring of the revised plan/schedule. This cy-

cle will emphasize flexible, human-in-the-loop repair, al-
tegrated planner/scheduler. FORBIN adopts a more goal- A . X i
oriented approach built on a model of tightly-coupled fea- lowing incorporation of robust types of user guidance, con

sibility checking. The action representation language for straints and control over the scope, magnitude and types of

planning within FORBIN supports a rich model of resource change. Ki . h | f .
requirements and deadlines. For each planning operation, . OUr Work is motivated by the problem of supporting a

a temporal simulation is run to test schedulability of the jomtl Forces AlrdCOmponent ?:o_mmande_r (‘JFA_l(_:hC) 'E the
plan that would result. Only planning steps that satisfy the e\_/e_opmfenht_ arcll execution ot air Cam_palg?s. ec arlac-
schedulability constraints are considered. FORBIN provides Le/Stics Of this domain are representative of many complex
one-time plan/schedule generation capabilities only (i.e., it CHIETPrises: tasks are complex and open-ended, resource

does not support extension or repair of plans and schedules).Mmitations impact the strategies that can be employed for
! : : : -~ ""achieving tasks, and the operating environment is both dy-
The planning and scheduling system described in [5] is

; . ; - namic and hostile. Sicessful air campaign operations re-
built on an iterative waterfall model, but employs a unique . - :
form of feedback from the scheduler to the I;J)Ia)r/mer Bgsed quire a mixture of strategy development and accompanying
on a probabilistic state model, the planner gene .rol deployment of resources, with tight Imkqge bet\_/veen them.
plansthat are designed to direct behavior of a device to pre- bal-gg sgggg;\rj‘g [iczlr]ngofrrl gme&)grﬂ](eor'%%%%'?& igﬁ;it '_S
vent runtime transition to failure states. Plans are generated uring reactive and mixéd-itiative scheduling systems Thge
relative to a specified probability threshold on states, with 9 g sy :

X L . ; lanning and execution monitoring capabilities are based on
higher thresholds resulting in consideration of fewer eventu- b . : :
alities and hence simpler plans. Actions within these plans the Continuous Planning and Execution Framework (CPEF)

have associated hard deadlines that must be satisfied. The[8]'
scheduler attempts to generate a periodic schedule for ac-5 1 OZONE
tion execution that ensures satisfaction of associated dead-~"
lines (and hence avoidance of failure states). In the event OZONE is based on a model of scheduling as an ongoing
that a satisfactory schedule cannot be produced, the sched-change process, and is designed explicitly to promote mini-
uler provides feedback to the planner in the form of a recom- mally (or selectively) disruptive, incremental scheduling ca-
mended higher probability threshold, which results in plans pabilities. At its core is a customizable, constraint-based
that are easier to schedule. Similarly, when schedules are modeling framework and search architecture, based around
produced in which resources are underutilized, the sched- three principal components [13]:
uler suggests a lower probability threshold for the plannerto
enable the incorporation of additional activities. The plan-
ning/scheduling process then repeats for the new threshold.
IP3S, a blackboard-based system, integrates a generative
process planner with a finite-capacity production scheduler
[12]. The approach is designed to support a custom, make- ¢ constraint analysis - to estimate the critical tradeoffs and
to-order manufacturing facility, where approximately half of opportunities for solution revision (or extension) implied
the received orders entail newaalucts for which process by the current state of the schedule, and

e constraint propagation - to incrementally update solution
constraints and recognize inconsistencies as changes (ex-
tensions, additions, external updates) are made to the
schedule,



e a set of heuristic scheduling procedures for carrying
specific schedule revisions (or extensions), providing
ferential optimization and/or conflict resolution capal

ties. Plan
. . Pl A ) /e Vo
The OZONE modeling and scheduling framework ¢ annet oo M M M
solidates the results of application development experi . N .
in a range of complex, dynamic scheduling domains. Scheduler A A s s
recent application effort has used OZONE tmguce i Schedule

scheduling tool for continuous, day-to-day manageme
airlift and tanker missions at the USAF Air Mobility Co
mand (AMC) [1]. This “Barrel Master” scheduler is be
incorporated into Version 2.0 of AMC’s Consolidated
Mobility Planning System (CAMPS), which is scheduled
operational release in February, 2000.

More recently, we have developed a prototype syste!
dynamic allocation of munitions and aircraft to air cc....
paign operations which will provide one starting point for
our investigation into development of an integrated plan-
ner/scheduler.

Figure 2: Mixed-initiative Model for Integrated Planning
and Scheduling

feasibility testing, resource apportionment, scheduler-based
plan revisions, and execution-time plan and schedule repair.
Our work will involve investigation and development of
several novel strategies for implementing those interactions.
One such strategy involves the use of the advice-taking ca-
52 CPEF pabilities of the CPEF planner to effect schedule-based plan
' ) _ _ revisions. With this approach, the analysis of scheduling
CPEF embodies a philosophy of plans as dynamic, open- problems will produce a set aépair advicedesigned to
ended artifacts that must evolve in response to an ever- gliminate the source of the scheduling problems from the
changing environment. CPEF provides a range of opera- cyrrent plan. For example, given an air campaign plan that is
tions required for continuous plan management, including ynschedulable due to a shortfall in available F-117s for neu-
plan creation plan executionmonitoring andplan repair. tralizing enemy air defences within a given sector, advice

CPEF has been applied successfully to generate, execute,sych as the following would be produced by the scheduler.

and repair complex plans for air operations within a simu- .
P pexp P Avoid unnecessary use of F-117s for attacks on enemy

lated operating environment.

Plan creation within CPEF is based on a combination of
SIPE-2[16] and the Advisable Planner [7]IFE-2is a gen-
erative planner based on thierarchical task networknodel
of planning [3]. The Advisable Planner provides an advice-
taking layer on top of ®E-2that enables a user to guide and

air defences within Sectorl.

The CPEF planner would modify those portions of the plan
that relate to the content of the repair advice produced by
the scheduler. In this particular case, the planner would re-
consider all decisions that resulted in the use of F-117s for

direct the plan generation so that solutions are customized the designated attacks, selecting alternative strategies to the
to his or her individual preferences. Advice enables users extent possible to reduce reliance on the overconstrained re-
to express preferences for strategies with certain character- source.
istics, or that use or avoid specified entities (such as certain  In addition to building novel interaction methods between
resources) in designated situations. the planner and scheduler, we are interested in develop-
CPEF provides timely adaptation of planned activities ing rich mixed-initiative models of control for the planner
based on monitoring of critical events within its operating and scheduler that would enable each to make requests of
environment. Conditions to monitor are extracted automat- the other to modify their problem-solving strategies, change
ically through a causal analysis of generated plans. A cen- their current solutions, or provide information about the
tralized process manager determines when to perform modi- space of possible changes (see Figure 2). We intend to use
fications to plans based on monitored conditions and execu- the resultant system as a framework in which to conduct ex-
tion results. Plan repair operations are guaranteed to mimize periments for evaluating different models and control strate-
changes to the original plan, and are grounded in the analysis gies for planner/scheduler integration.
of plan dependency structures [15, 4]. The system also sup-
portsadvice-based repajiin which changes in advice lead
to minimally disruptive modifications to the plan that reflect
the advice changes.

6 Summary

The ability to integrate planning and scheduling is criti-
cal for enterprise control in dynamic environments, where
L unpredictable change®oessitate rapid adaptations to both
5.3 Research Objectives prc?blem-solving strgtegies and resgurce agsignments. This
Our goal is to produce an integrated planner/scheduler that is paper has outlined a series of models for the dynamic inte-
highly responsive to the dynamics of the operating environ- gration of planning and scheduling and provided a discus-
ment. This framework will support a range of core interac- sion of their relative strengths and weakness. Previous work
tions between the planner and scheduler, including resource on integrating planning and scheduling technologies was



discussed and situated relative to these models. The paper{11]
also briefly described a project that seeks to provide tightly
coupled planning and scheduling for a highly dynamic and
continuous operating environment.
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