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Abstract

In this note, we summarize current research at CMU aimed at extending constraint-based

scheduling frameworks and heuristics to enable e�ective integration of resource allocation and

plan synthesis processes. Similar to prior work in opportunistic scheduling, our approach as-

sumes the use of dynamic analysis of problem space structure as a basis for heuristic focusing

of problem solving search. This methodology, however, is grounded in representational assump-

tions more akin to those adopted in recent temporal planning research, and in a problem solving

framework which similarly emphasizes constraint posting in an explicitly maintained solution

constraint network. We summarize recent experimental results that indicate that such problem

formulation assumptions can in fact lead to better heuristic solutions than have been obtained

with more-classical assignment problem formulations on benchmark problems previously stud-

ied within both the Arti�cial Intelligence and Operations Research communities. We conclude

with a brief discussion of some important open research questions in this area.

1 Introduction

Many important practical problems require e�cient allocation of resources to competing goal activ-
ities over time in the presence of complex state-dependent constraints. Synchronizing the on-board
activities of a space mission, coordinating the movement of personnel and supplies to support disas-
ter relief e�orts, and managing the ow of materials through an automated manufacturing facility
are all examples of this type of problem. Such problems are typically categorized as scheduling
problems, where resources must be allocated so as to optimize overall performance objectives (e.g.,
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maximizing scienti�c return of space missions, initiating relief e�orts as soon as possible, maximiz-
ing product throughput). At the same time, since the executability of a given goal activity in such
problems also depends on conditions of the predicted world state other than resource availability
(e.g., spacecraft vibration level, the locations of transport or material handling vehicles), solution
feasibility can only be guaranteed by dynamically generating and synchronizing the auxiliary activ-
ities necessary to bring about and preserve enabling state conditions. In short, e�ective solutions
to these problems must integrate resource allocation and plan synthesis capabilities.

2 Scheduling and Planning Approaches

Existing scheduling and planning technologies provide inadequate solutions to this class of prob-
lems. Scheduling research has generally focused on the question of \When" activities should be
executed: Given a set of activities to be scheduled and their associated temporal constraints (e.g.,
the production plans for a set of jobs to be scheduled), how should required resources be allocated
over time so as to satisfy process and resource capacity constraints, and simultaneously optimize
some objective criterion (e.g., minimizing tardiness, minimizing overall schedule duration, etc.).
This perspective leads naturally to formulation of scheduling problems as assignment problems (i.e.,
a problem of assigning resources and start times to goal activities)[Bak74]. Unfortunately, such
formulations do not acknowledge the general presence of state-dependent constraints nor the need
to generate \state changing" activities in order to satisfy them. Recent work in constraint-based
scheduling e.g., [SOMM90, ZDG90]) has extended classical formulations to support treatment of
special classes of state-dependent constraints other than resource availability (e.g., sequence depen-
dent machine setups, enforcement of enabling conditions other than resource availability). However,
this work has relied on representations that support restricted, localized forms of disjunction in
goal activity speci�cation (e.g., alternative production processes/technologies for a given manufac-
turing step), which can be introduced while retaining an assignment formulation of the problem. In
many domains, these representations have proved su�cient. However, in many other domains, the
complexity (e.g., non-locality) of state-dependent constraints makes such approaches impractical.

AI planning research, alternatively, has focused principally on the question of \What" activi-
ties to execute, developing mechanisms for con�guring activity networks to achieve goals from
more basic descriptions of how various domain actions a�ect the world. In these representa-
tional frameworks, there are no a priori restrictions on the complexity of state descriptions, and
more recent work in temporal planning [AK83, DM87] has removed the impoverished assump-
tions of classical planners (e.g., [FHN72]) concerning representation of actions in time. How-
ever, with few exceptions (e.g., [Lan88]) this work has ignored the issue of problem/domain
structure (e.g., representing state instead as an unstructured set of predicates). Use of prob-
lem structure has been central in scheduling research and a key to developing e�ective opti-
mization heuristics in large-scale domains. Recent work in opportunistic scheduling [SOMM90,
Sad91] provides a good example. By assuming that the dynamic state of the world is structured as
a set of resource availability \state variables", estimation of resource contention can be exploited to
pro�tably direct the solution process. While there are some examples of AI planners that have suc-
cessfully tackled realistic applications (e.g., Wilkins88), there are just as many examples where lack
of emphasis on problem structure has led to insurmountable search di�culties (e.g., the Voyager
mission planning experiences with DEVISER [Ver83]).
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3 Integrated Planning and Scheduling Architectures

Our work toward synthesizing the respective strengths of planning and scheduling frameworks has
led to the development of HSTS: an integrated planning and scheduling architecture [MSCD92,
Mus93b]. There are three distinguishing characteristics of the HSTS framework:

1. A representational framework that decomposes the state of the world into a �nite set of
\state variables" which vary over time, and describes domain dynamics (e.g., activity pre
and post conditions) in terms of temporally \compatible" state variable value con�gurations.
The modeling framework thus integrates the problem/domain structure inherent in schedul-
ing representations with the expressiveness of modern temporal planning frameworks. This
enables the speci�cation of scheduling algorithms that exploit problem decomposability and
provides the necessary structure for optimizing resource utilization.

2. A exible representation of solutions (i.e., possible executions) as an explicit temporal con-
straint graph, extending the temporal data base concept of [DM87] to incorporate state
variable structure. Within this solution model, the occurrence of events (e.g., activity start
times) can be allowed to \oat" within the temporal constraints imposed by the problem and
the problem solving process. This avoids the problems of over-commitment inherent in \�xed
times" scheduling frameworks and contributes directly to increased scheduling e�ciency (see
Section 4 below).

3. A uniform view of planning and scheduling processes as an iterative constraint posting process.
Flexibility is provided to accommodate a range of problem solving strategies (e.g. forward
simulation, back chaining, etc.) and to support dynamic interleaving of goal sequencing and
goal expansion actions. This allows the incorporation of algorithms that opportunistically
exploit problem structure to consistently direct problem solving toward the most critical
tradeo�s that need to be made.

The HSTS problem solving architecture was originally developed and applied in the context of the
problem of constructing short-term observation schedules for the Hubble Space Telescope (HST),
motivated by the limitations of the current solution and, more generally, by the insu�ciency of
classical planning and scheduling approaches in this problem context. In the HST domain, several
results with the HSTS problem solving architecture have been demonstrated. The leverage provided
by HSTS's emphasis on decomposable domain descriptions was demonstrated through experiments
with a sequence of domain models that increasingly captured more and more of the telescope's op-
erational constraints. The observation scheduler was shown to scale to the full problem, producing
observation schedules complete with all necessary enabling activities such as instrument recon-
�guration, telescope repointing, data communication, etc. in a time frame acceptable for actual
application. [MSCD92]. Complementary results demonstrated the ability of \multi-perspective"
scheduling techniques to produce better quality schedules, in terms of balancing conicting mis-
sion objectives, than a variant of the short-term scheduling algorithm currently being used in HST
mission operations [SP92].

HSTS has subsequently been applied in other complex scheduling domains. It has been applied to
the problem of planning the development of a new air base to support crisis-action personnel and
equipment deployment [FM92]. Most recently, it has been used to develop of scheduler for actual
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application to a second orbiting telescope, the Small Wave SubMillimeter Astronomy Satellite
(SWAS), currently due to be launched in early 1995. [MS93].

4 Constraint Posting Scheduling

As indicated earlier, research in constraint-based scheduling has typically formulated the problem
as one of �nding a consistent assignment of start times for each goal activity. The HSTS framework,
in contrast, advocates a problem formulation more akin to least-commitment planning frameworks:
the problem is most naturally treated as one of posting su�cient additional precedence constraints
between pairs of activities contending for the same resource so as to ensure feasibility with respect
to time and capacity constraints. Solutions generated in this way typically represent a set of
feasible schedules (i.e., the sets of activity start times that remain consistent with posted sequencing
constraints), as opposed to a single assignment of start times.

While frameworks such as HSTS do not prohibit the use of \�xed time" scheduling techniques,
there are several potential advantages to a solution approach that retains solution exibility as
problem constraints permit. From the standpoint of solution use, the generation of sets of feasible
schedules provides a measure of robustness against executional uncertainty, allowing determina-
tion of actual start times to be delayed and minimizing the need for solution revision. From the
standpoint of solution development, a constraint posting formulation of the problem can provide a
more convenient search space in which to operate. During schedule generation, alternatives are not
unnecessarily pruned by the need to (over) commitment on speci�c start times. When the need
for schedule revision becomes apparent, modi�cations can often be made much more directly and
e�ciently through simple adjustment of posted constraints.

Given these potential advantages, much of our recent research has focused on development and
evaluation of constraint-posting scheduling techniques. One line of research, generalizing directly
from previous work in opportunistic scheduling but without the \�xed times" assumption, has
led to development of a procedure called Conict Partition Scheduling (CPS) [Mus93c]. CPS
utilizes previously developed techniques for estimating resource contention[MS87] and is driven by
recognition of resource capacity bottlenecks - time periods where there is contention among goal
activities for the same resource capacity. CPS proceeds by iteratively identifying resource capacity
bottlenecks (which is accomplished through use of a stochastic simulation technique) and acting to
lessen the level of contention by posting ordering constraints among the activities competing for
capacity at the most severe bottleneck. The iterative process continues until no capacity conicts
remain, at which point a �nal schedule has been determined. The search is simply restarted in
the event that an infeasible solution state is reached. An experimental analysis of the performance
of CPS on a set of benchmark constraint satisfaction scheduling problems demonstrated superior
problem solving performance to two currently dominant "�xed-times" scheduling approaches -
micro-opportunistic scheduling [Sad91] and min-conict iterative repair [MJPL92]. The reader is
referred to [Mus93c] for details. More recent work on CPS has aimed at the evaluation of di�erent
alternative CPS con�gurations (e.g., micro vs macro decision making, focused on capacity conicts
vs randomly focused) to establish the relative importance of di�erent steps of the procedure and
the performance trade-o�s [Mus93a].

A second line of research has investigated the possibility of simpler, computationally cheaper al-
ternatives to contention-based problem analysis when a constraint posting framework is assumed,
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leading to development of a procedure called Precedence Constraint Posting (PCP) [SC93]. PCP
couples the use of previously developed dominance conditions for incremental pruning of the set of
feasible sequencing alternatives[EV76] with a simpler look-ahead analysis of the temporal exibility
associated with di�erent sequencing decisions. At each step of the search, a measure of \residual
temporal slack" is computed for each sequencing decision that remains to be made; the decision
with the smallest residual slack is chosen as the most critical, and a precedence constraint is posted
in the direction that retains the most exibility. Whenever posting a constraint leaves other se-
quencing decisions with only a single feasible ordering, these unconditional decisions are also taken
(i.e. the implied precedence constraints are also posted) before recomputing estimates of residual
slack. Unlike CPS, which posts constraints only until all resource contention has been resolved,
the PCP procedure terminates when either all pairs of activities contending for the same resource
have been sequenced, or an infeasible state has been reached. Experimental results with PCP on
the same suite of constraint satisfaction scheduling problems have shown comparable problem solv-
ing performance to contention-based scheduling approaches with orders of magnitude reduction in
computational time[SC93].

More recent work with PCP has examined its use in more frequently encountered, optimization-
based scheduling contexts (i.e., where the goal is not simply a feasible solution but a feasible solution
that minimizes/maximizes some objective criterion). We are exploring two general approaches to
adapting PCP for this purpose:

� discrete relaxation search, where PCP is embedded as a solution feasibility evaluator within
a larger search through a space of possible constraint relaxations de�ned by the objective
criteria, and

� upper-bound improvement search, where the PCP procedure itself is modi�ed to directly
incorporate the objective criteria (e.g., using estimates of \residual tardiness cost" as opposed
to residual temporal slack), and a dynamically adjusted upper-bound solution provides the
basis for search space pruning.

The utility of each of these approaches depends on characteristics of the speci�c optimization crite-
rion that is considered. For example, the common manufacturing problem of minimizing weighted
tardiness is better formulated as an improvement search, since there is no structure to support an
e�ective search through the possible due date relaxations of all jobs. One criteria that is straight-
forwardly formulated as discrete relaxation search, however, is minimizing makespan (or overall
duration of the schedule). We have developed a procedure, referred to as MULTI-PCP, which �rst
establishes lower and upper bounds on the overall completion time of the schedule (using a critical
path method and a simple dispatch heuristic respectively), and then searches for the minimum fea-
sible \common due date" by repeatedly applying PCP to various dates within these bounds. We
have contrasted the performance of this procedure with that of the shifting bottleneck procedure
[ABZ88] (the current standard with respect to heuristic solutions to the makespan problem) on
a set of previously studied benchmark problems. In these experiments, MULTI-PCP was shown
to produce competitive solutions (more often than not closer to the optimum than the solutions
obtained with the shifting bottleneck procedure) in equivalent or less computation time [CS93].

Finally, we are investigating the utility of constraint posting approaches in the context of schedul-
ing experiments for an automated robotic chemistry workstation constructed within the Chemistry
Department at CMU. This problem di�ers signi�cantly in character from the benchmark manu-
facturing scheduling problems discussed above. In particular, experiment plans are characterized
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by an initial set of activities which initiate the desired chemical reaction, followed by a sequence
of sampling activities to monitor the progress of the reaction. In all cases, there are absolute
temporal separation constraints between activities (e.g., consecutive sampling activities must be
minimally separated by an hour and not more than 2 hours). The presence of separation constraints
in all goal activity sequences diminishes the e�ectiveness of techniques which focus on individual
activities at each step, and calls instead for \macro" scheduling techniques which simultaneously
consider all activities of a given job (experiment), and incrementally add unscheduled jobs into the
schedule. This is, in fact, the manner in which the \�xed times" scheduler currently used to drive
the workstation operates. To consider the utility of a constraint posting formulation in this context,
we implemented a variant of the current scheduler that di�ered only in that it posted sequencing
constraints between activities (as opposed to of assigning activity start times) when scheduling a
selected experiment. Comparative performance analysis over a range of realistic workstation loads
indicated that this change alone yielded a 10-20% improvement in overall utilization of the facility,
with a corresponding reduction in overall schedule makespan. Further details of this work can be
found in [AS93].

5 Issues in Integrating Planning and Scheduling

The work summarized above indicates the promise of constraint posting approaches to scheduling,
which co-exist naturally with the assumptions of temporal planning frameworks and promote the
development of integrated planning and scheduling capabilities. We conclude by briey identifying
a few important open issues with respect to integration of scheduling and planning processes, and
the further investigation of constraint-posting scheduling approaches:

� Opportunistic interleaving of goal sequencing and goal expansion - Our work to date in in-
tegrating planning and scheduling (e.g., in the HST domain) has assumed an integration
framework where sequencing (scheduling) decisions drive the overall problem solving process;
each goal sequencing decision de�nes a localized goal expansion (planning) subproblem and
solution of this subproblem in turn provides more precise timing constraints to focus subse-
quent sequencing choices. Depending on problem characteristics, this integration assumption
may be more or less valid. What is desired more generally are procedures which dynamically
interleave expansion and sequencing decisions as a function of the perceived criticality of each
in productively furthering the search.

� Dealing with aggregate capacity representations - One di�cult problem in constraint posting
scheduling is treatment of aggregate representations of shared resource capacity (typically a
necessity in large-scale domains). Since constraint posting approaches avoid contention by
posting precedence constraints among competing activities, consistent simultaneous allocation
of aggregate capacity to multiple activities implies that activities must be implicitly allocated
to speci�c atomic resources summarized by the aggregate resource (i.e., parallel sequences
must be con�gured). This is the approach taken in [FM92]. But, such rigorous consistency
enforcement defeats much of the advantage of introducing the abstraction in the �rst place.

� Reactive scheduling - The more exible schedules produced by constraint posting schedulers
appear to o�er inherent advantages in managing executional uncertainty, in responding to
unexpected events that invalidate aspects of the solution, and in incrementally revising sched-
ules to accommodate changing goals and requirements. However, mechanisms for exploiting
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these potential advantages and their relationship to the now substantial body of reactive
scheduling techniques developed under \�xed times" representational assumptions remain
largely unexplored.

� System generality versus system performance - Much of the work in scheduling and plan-
ning system development has emphasized generality (i.e. the ability to handle a larger class
of problems or a broader set of constraints). This was a principal objective, for example,
in the design of HSTS. However, the design goal of generality is quite often at odds with
system performance objectives. HSTS, with its emphasis on structured domain models that
exploit problem decomposability, pays some attention to this issue. But, at a broader level,
it is often the case that speci�c types of constraints tend to dominate in particular domains.
Not only are more general functional capabilities unnecessary in these cases, but their un-
conditional support at the architectural level is often the obstacle to meeting performance
requirements. Greater emphasis needs to be placed on the development of system architec-
tures that directly promote specialization (or customization) of component functionality for
use in various application domains [SL93].
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