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Abstract

In this paper, we advocate a view of scheduling
application development as a differential and in-
cremental process. We describe DITOPS, a flexible
constraint-based transportation scheduling system
that is designed to explicitly support this view, and
has been used to provide a wide range of logistics
support functionality.1

I. INTRODUCTION

During recent years, considerable progress has been
made toward the development of more accurate
and flexible knowledge-based tools for practical
scheduling environments [15]. The advantage of
heuristic scheduling procedures directly based on
knowledge-rich models has been demonstrated in
several domains. Development of techniques for
incremental schedule revision [12, 14, 22] has pro-
vided scheduling functionality closely paralleling
the inherently reactive nature of scheduling in com-
plex domains.

Despite many promising results, widespread use
of these scheduling techniques in operational set-
tings has not occurred. The source of strength of
knowledge-based scheduling tools (the incorpora-
tion of knowledge specific to the constraints and
objectives of the target domain) also complicates
system development. Though there are certainly
degrees of commonality in the characteristics of dif-
ferent application domains, there is also variation.
Diversity exists in the structure of different schedul-
ing environments, in the constraints that dominate,
in the important performance objectives, etc., all of
which imply deviation with respect to decision sup-
port requirements, modeling assumptions, solution
procedures and required knowledge and heuristics.
Since different scheduling domains and application
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requirements invariably present unique challenges
and complexities, efforts to apply knowledge-based
scheduling technology operationallyhave remained
time-consuming, ad hoc design and development
projects.

In this paper we describe research aimed at ad-
dressing the difficulty of application development.
We have developed a system called DITOPS, an in-
teractive constraint-based tool for the generation,
analysis and manipulation of military crisis-action
transportation schedules. Though customized to
specifically support user decision-making require-
ments and tasks in this domain, the DITOPS soft-
ware technology base is at the same time explicitly
designed for reconfigurability and reuse in other
application domains. A general, constraint-based
model of scheduling is used to provide an archi-
tectural structure for composing scheduling tools,
which leads to a hierarchy of component proto-
cols and the specification of functional components
with varying degrees of inter-domain transferabil-
ity. Through use of object-oriented implementa-
tion techniques, existing components (and proto-
cols) are straightforwardly adaptable to match the
specific characteristics of any given application do-
main. Before considering this software architecture
in more detail, we first provide some perspective
on our approach and summarize the capabilities of
the DITOPS transportation scheduler.

II. RECONFIGURABILITY PROBLEM

Our approach to the rapid development of flexi-
ble scheduling systems derives from previous work
with the OPIS scheduler [18]. OPIS implemented a
reactive approach to scheduling, based on use of
a set of solution procedures with differential op-
timization and conflict resolution capabilities. In
OPIS, solution procedures are dynamically selected
and applied to best respond to current (re)schedu-
ling needs and opportunities. Scheduling (or re-
scheduling) proceeds iteratively, utilizing constraint
management techniques to reflect the consequences
of newly imposed (or changed) solution constraints



at each step and look-ahead analysis techniques to
estimate critical tradeoffs and flexibilities. Com-
parative experimental studies conducted with OPIS
in the context of specific manufacturing schedul-
ing environments have verified the performance
advantages of this constraint-based scheduling ap-
proach with respect to both predictive and reactive
scheduling criteria [11, 14].

OPIS also defined a system architecture to support
this opportunistic scheduling methodology, inten-
ded to enable the definition of customized appli-
cation models and the introduction of application
specific scheduling methods. From this standpoint,
which relates directly to issues of reconfigurabil-
ity, some design deficiencies can be retrospectively
identified:

� The original design of the OPIS constraint mod-
eling and management subsystem [9] traded
off generality in the types of constraints that
could be represented and managed, to achieve
sufficient efficiency for the manipulationof full-
scale production schedules. Although this func-
tionality was quite satisfactory for most pro-
duction scheduling applications, more recent
work in adapting the scheduler to crisis-action
deployment scheduling necessitatedsignificant
extensions to the constraint management infra-
structure.

� As indicated, reactive scheduling was based
on matching current rescheduling needs and
opportunities to the differential capabilities of
constituent revision procedures and heuristics.
In providing a structure for specifying and co-
ordinating reactive scheduling strategies, the
supporting control architecture made several
specific assumptions as to the mechanics of this
process. Many aspects of this architecture re-
flect the original system design orientation to-
ward providing incremental, reactive response
to unexpected executional circumstances. Ar-
chitectural commitments like this are much too
strong, however, when viewed from a larger
perspective of responding to ill-structured ac-
tions formulated by users.

The identified shortcomings highlight the need for
stronger emphasis on configurability and extensi-
bility in scheduling system design. Specializing
component functionality (such as constraint prop-
agation) is not a bad idea per se – it is often crucial
to achieving efficiency – but the real problem lies
in organizing system functionality so that compo-
nent services appropriate to a given domain can be
easily substituted and configured (for example, the

work described in [10] achieves something to this
effect). It is very difficult to anticipate all future
needs for system extension; instead, a technique
must be used that allows specialization, modifica-
tion and extension of any component of the system.
Within OPIS, frame-based representation techniques
were used to provide both a repository of primitives
for modeling domain constraints and a framework
for specifying strategic control knowledge. These
representational formalisms provided the structure
to define flexible and expressive scheduling mod-
els, but no explicit mechanisms for encapsulation
and information hiding. Pragmatically, this greatly
complicates specification of, and adherence to, a
layered model semantics, which is essential to the
development of reconfigurable and extensible soft-
ware systems.2 As has been previously observed
[3, 6, 7], modern object-oriented programming tech-
nologies provide a more direct and effective ap-
proach to specifying model semantics, through ex-
plicitly defined protocols for interaction with model
components.

III. RECONFIGURABLE SCHEDULING SYSTEMS

The observed difficulties in thedevelopment of high-
performance scheduling applications suggest that a
considerable simplification of the application con-
struction process is required. Despite the need for
potentially highly specialized solution procedures
and heuristics to achieve sufficient performance in
any given decision-support context, our claim is
that the solution structures required in various ap-
plications can be seen as more or less similar if they
are viewed compositionally, and exploitation of this
fact is the key to achieving broad applicability. It is
possible to transform application construction into
a differential and incremental process, emphasiz-
ing customization and reuse of component func-
tionality. This leads to the notion of a reconfig-
urable scheduling system: An application develop-
ment framework combining a “toolbox” of basic
modeling and scheduling primitives with explicit
protocols for assembling, aggregating and special-
izing these primitives to configure the decision sup-
port services [16]. The general philosophy of con-
structing applications is to build increasingly com-
plex and specialized services, ultimately resulting
in an application. New services, as they are com-
posed, are encapsulated as additional tools and
are available for subsequent reuse (an application
designer may accumulate a library of specialized

2In particular, if all the slots of a frame are accessible, no
encapsulation is achieved; this results in fragile implementations
that are difficult to modify and maintain.



classes, making his task easier as the library grows).

Along these ideas we have constructed a reconfig-
urable framework for the development of schedul-
ing applications, based on object-oriented program-
ming techniques and software reuse. The frame-
work allows the application construction process
to be differential and incremental in nature, pri-
marily focusing on the differences between existing
software and the system being constructed. Object-
oriented programming techniques potentially pro-
vide high reusability of software, but only if the sys-
tem design project places special emphasis on the
design of reusable components (e.g., [21]). The de-
sign of these components must be carried out with
generality and extensibility in mind. The recon-
figurable framework introduces a general schedul-
ing ontology which serves as the starting point for
a more detailed analysis of the target domain. The
framework offers the scheduling system designer a
class library of general scheduling concepts, such as
activities, resources, products and orders. In addition
to a classification of concepts, the library provides
functionality for these concepts, effectively defining
their operational semantics. Constructing a sched-
uler using this approach consists of the following:

� Selecting suitableclasses from the library, match-
ing features of the target system with those of
the library.

� Combining the selected classes into more com-
plex services, using both conceptual – multiple
inheritance – and structural – aggregation and
delegation – techniques.

� Extending the existing classes for domain-spe-
cific functionality when necessary, typically by
specializing or overriding methods provided
by the library.

The core library provides a general scheduling on-
tology. This ontology is specialized for specific do-
mains. To give an example, we have built a trans-
portation domain ontology for the construction of
transportation-related applications. The general
and the domain-specific ontologiesare used to build
organization-specificontologies and actual schedul-
ing applications. Our system focuses only on sche-
duling and planning, yet in the context of manu-
facturing organizations this approach is in many
ways similar to that of the CIM-OSA -architecture
[4] (c.f. its Generic Level, Partial Models and Particular
Models).

IV. THE DITOPS TRANSPORTATION SCHEDULER

DITOPS is a flexible, interactive tool for the gen-

eration, analysis and manipulation of transporta-
tion schedules in the military crisis-action plan-
ning domain. Its software architecture uses a flex-
ible and general model of scheduling as an itera-
tive, constraint-directed process. The implementa-
tion of DITOPS uses the reconfigurable framework:
through the use of the class library, it provides an
extensible modeling and constraint management
framework which enables straightforward incor-
poration of the dominant constraints of a given
scheduling application, a basic set ofconstraint anal-
ysis primitives, a set of incremental scheduling me-
thods that provide differential optimization and
conflict resolution capabilities, and an explicit set
of protocols for integrating their use in different
decision-support contexts.

DITOPS has been configured to provide a wide range
of functionality:

� Generation of high-quality “TPFDD” (Time-
Phased Force Deployment Data) schedules –
DITOPS is capable of generating large-scale de-
ployment schedules that account for a wider
range of constraints than do current simulation-
based tools (improving the reliability of re-
sults), while producing better performance pro-
files (e.g., schedules with fewer late arrivals)
and extending the range of decisions that are
made (e.g., to include determination of travel
mode – sea or air) [19].

� Reactive revision of deployment schedules –
DITOPS is also capable of incrementally revising
schedules in response to changed constraints.
These capabilities provide a basis for mixed-
initiative analysis and improvement of large
scale schedules as well as efficient, coordinated
response to unexpected events (e.g., port clos-
ings due to weather conditions).

� Resource capacity analysis – DITOPS has been
used to analyze and detect resource capacity
bottlenecks in conjunction with higher level
Course of Action (COA) planning.

� Plan feasibility checking – DITOPS has also been
configured to perform interactive COA em-
ployment plan feasibility checking and con-
flict diagnosis (the reader is referred to Ap-
pendix A for an example of how the recon-
figurable framework was used to implement
this).

In large-scale crisis-action planning (or in plant-
wide manufacturing management, for that matter),
it is unreasonable to expect planners to comprehend
schedules – and meaningfully interact with a sched-
uling system – at the level of the system solution



model; there are far too many decisions and details,
most of which are unimportant from the stand-
point of user tasks and goals, and the complex-
ity of decision-making at this level is overwhelm-
ing. Users must necessarily operate at higher, task-
oriented levels, while decision-support tools must
bridge the gap between user and system models of
schedules and decision-making, and “manage the
details” in accordance with user goals and inten-
tions.

In DITOPS, interaction between a user and the sys-
tem occurs through a direct manipulation interface
which emphasizes visualization and manipulation
of schedules in terms of resource capacity utiliza-
tion over time. Based on a hierarchical resource
model, the user can create resource capacity views
at various levels of aggregation:

� The user can select temporal intervals by “box-
ing” the area of interest with the mouse. Any
querying and manipulation of schedules and
solution constraints is based on these time se-
lections. For example, if the resource is an indi-
vidual craft asset the transport activities sup-
ported by scheduled trips are accessible. At
aggregate resource levels, graphical displays
of various properties of the solution can be re-
trieved. This provides a basis for identification
of solution deficiencies.

� User manipulation of schedules and problem
constraints also centers around a selected re-
source profile interval. A resource can be made
unavailable over a selected interval, causing
any resulting inconsistencies in the schedule to
be highlighted. Conversely, resource capacity
of a given group of resources can be increased
for a specified interval by moving to the appro-
priate aggregate resource display (this trans-
lates to adding craft to a fleet).

� Default rescheduling biases can be adjusted
through a “slider” display which represents
the relative importance to be attributed to each
system known preference. In imposing any
given change to the current schedule, there is
no obligation to the user to provide additional
revision constraints and guidance; in general,
user decisions along these lines are considered
to be defaults until they are changed.

The flexible environment provided by DITOPS closely
matches the characteristics and requirements of de-
cision making in complex scheduling domains. DI-
TOPS handles the details of the user’s higher-level
actions by applying appropriate rescheduling pro-
cedures at each step to impose the changes spec-

ified by the user, and provides localized conse-
quences of each change. Look-ahead analysis and
scheduling techniques enable identification of prin-
cipal causes of observed solution deficiencies, anal-
ysis of decision-making options and assessment of
solution sensitivity to various events. More details
about the decision support capabilities of DITOPS
can be found in [17].

V. SOFTWARE ARCHITECTURE

Developers of scheduling systems are faced with
decisions on two different levels of software archi-
tecture: (1) the internal architecture of the schedul-
ing kernel and (2) the relationship of the scheduling
kernel to other components of the system, especially
in terms of interfaces (user interfaces, database in-
terfaces, etc.). The internal software architecture of
a typical scheduling system constructed using the
reconfigurable framework has a layered structure,
shown in Figure 1 (correspondingly, this is also the
way the class library of the reconfigurable frame-
work has been organized). From the bottom up,
these layers are:

� An Object System – the lowest level consists
of an object-oriented language and an object
system (currently, we use CLOS, the Common
Lisp Object System [20], augmented with fea-
tures that make the construction of complex
hierarchical models easier [8]).

� Basic Services are built using the object sub-
strate. These are more like a general purpose
class and function library and are not specific
to scheduling.

� Scheduling Class Library, providing representa-
tion and modeling primitives, as well as classes
and primitives for control. The representation
classes consist of concepts like resources, opera-

Scheduling Methods and Services

Control
Classes

Representation
Classes

Basic Services

Object System

Figure 1: Kernel software architecture



tions, orders etc.
� Actual Scheduling Methods and Services are built

using the lower-level layers. These services
consist of different scheduling algorithms as
well as support modules (such as bottleneck
analyzers, for example).

A. Class Library Design

Different schools of thought exist as to how the
object-oriented design process should be structured
(e.g., [1, 21]). Mainly these differ just in details, the
overall process consisting of two main steps: First,
the proper concepts have to be identified, clearly
specifying the structural and behavioral roles of
each concept, and encapsulating them as classes.
Second, a protocol of interaction between the classes
has to be identified and specified. In the design of
a class library, a protocol consists of a set of meth-
ods which are chosen to allow system extension.
In other words, the protocol must be as general as
possible, without compromising performance.

By specifying and documenting the protocol of in-
teraction between different objects, the implemen-
tation of the class library (and thus the implemen-
tation of the scheduler) is “opened up” (allowing
client programmers to extend it as they see fit),
thus departing from the traditional “black box” ap-
proach to modular software. In other words, we
allow limited visibility inside the library. This ap-
proach is similar to the metaobject implementation
techniques of CLOS [5], where the objects of the
implementation (also called metaobjects) allow the
behavior of the system to be controlled and modi-
fied. If we think of traditional software reuse (e.g.,
[2]), this clearly goes beyond the simple function
library approach.

The classes in our library have various roles and
functions. A large number of classes is intended for
modeling production systems, but will also func-
tion as providers of important services in a schedul-
ing application. Some classes provide control func-
tions, and serve as the building blocks of control
architectures. Finally, instances of some classes are
“pure” metaobjects: their role is to provide certain
services (e.g. time and calendar services, error han-
dling) and exist as vehicles for system extension
(the client programmer can substitute them with
objects from his own classes to provide modified
or extended functionality). In general, most classes
can be roughly divided into three main categories:

� Base Classes are (usually) not instantiable; they
establish protocols and provide base and de-

fault functionality ofa particular concept. They
are easy to understand and use, since they each
implement a limited, reasonably well defined
set of functionality. Complex concepts have
been broken into several classes.

� Specialized Classes can be instantiated, i.e. used
without specialization. They typically refine
and extend the protocols of the base classes.
Many classes in the domain-specific ontologies
belong to this category.

� Mixin Classes cannot be used alone, they must
always be “mixed” with base and specialized
classes. They typically implement functional-
ity, completely or nearly orthogonal to the base
classes, or provide simple refinements to the
base behavior.

Currently our core library has over 200 classes avail-
able for the client programmer. The specific model
of military transportation planning, which is used
in our transportation scheduler, has 70 additional
classes, all specializations of the core classes.

The reconfigurable framework and its class library
establish a full hierarchy of protocols implementing
a model of constraint-based scheduling. They pro-
vide a starting point for a scheduling application
developer, who will replace abstract classes with
more specialized classes that suit the problem at
hand. This approach is analogous to modern ap-
plication user-interface development frameworks
(such as MacApp [13], for example), which provide
the basic functionality of a complex user-interface in
the form of an application “skeleton”. In our case,
the “skeleton” is an empty, generic constraint-based
scheduling system. Solutions and classes defined in
the framework will probably suit the majority of ap-
plication needs. However, there is always the possi-
bility to replace any component of the system with
a different or more specialized component. This
flexibility is directly attributable to the abstract lay-
ering of object interaction protocols provided by the
framework.

To replace a certain component in the abstract frame-
work, it is necessary to (1) decide which protocols
the new component will commit to, and (2) define
or specialize an appropriate new class. Considering
the structure where primitive classes and services
are combined into increasingly complex services,
there are two choices in replacing a component:

� The component commits to both upper and
lower level protocols; in this case only the com-
ponent itself needs to be replaced. This is pos-
sible since the internal protocols of the frame-
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Figure 2: Alternate system architectures

work are documented.
� The component only commitsto the upper level

protocol; in this situation the lower levels of the
service are either implemented from scratch or
possibly with the help of some of the existing
lower level services.

By providing a complete scheduling system frame-
work we provide a structural backbone for schedul-
ing system (re)configuration. Application develop-
ment becomes a differential process, since all the
basic services already exist, and only differences
to the target scheduler need to be addressed. Ap-
pendix A gives concrete examples of the use of the
class library.

B. Scheduler Interfaces

As observed with DITOPS, the need for a schedul-
ing system to flexibly support the user’s decision
making process gives raise to the requirement of
efficient user interaction. Currently, DITOPS imple-
ments the user interface as a layer on top of the core
scheduling functionality. An alternate approach,
which we have started to pursue, is to separate
the user interface into its own process; this way,
the scheduling kernel can be seen as a server. The
“mixed-initiative” philosophy forces us to depart
from a classical client-server architecture – a more
symmetric relationship between the scheduler and
the user interface is required.3 Different approaches
to system architectures are depicted in Figure 2.

As noted, interfaces to other system components
are also needed in a full-fledged scheduling system
and decision support tool: these interfaces, such as

3Obviously, “mixed initiative”implies that also the scheduler
can initiate actions, and may thus require the services of the user
interface without any initiative from the user.

interfaces to databases, can be implemented using
object-oriented techniques to allow a high degree of
configurability.

VI. CONCLUSIONS

In this paper thedifficulty of developing knowledge-
based scheduling systems for decision support has
been addressed, advocating the concept of a recon-
figurable scheduling system as a means of simplifying
the application development process in different
scheduling domains. A constraint-based schedul-
ing model as a basis for future scheduling systems
provides a structure for reconfiguration. Modern
object-oriented techniques enable reconfigurability
and allow “design for reuse” – in the long run
this makes it possible to rapidly deliver reliable
decision-support applications.

Starting application development from a “skeletal”
scheduling system and using object-oriented con-
struction techniques – specialization of base classes
for problem-specific functionality, for example – al-
lows development to be transformed into a differ-
ential and incremental process. The components
of the development system, however, have to de-
signed with extension requirements in mind to ach-
ieve a sufficiently open implementation.

The modular implementation technique can also be
taken a step higher by viewing different compo-
nents of a complete information system (a produc-
tion management system, for example) as reconfig-
urable components. The same principles for design
(an open, extensible implementation with detailed
specification of interaction protocols)as used for the
basic software components can also be used here.
Since the higher-level components are more com-
plex in nature (and thus more specific) than individ-



ual object classes of the implementation, it can be
expected that direct possibilities of reuse are fewer.
With an open implementation technique, however,
even highly specialized components can be recon-
figured and thus possibly reused.
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A EXAMPLES OF CLASS LIBRARY USAGE

Use of the scheduling framework is best demon-
strated through examples, demonstrating the “dif-
ferential” construction process: The library pro-
vides concepts and mechanisms common to schedul-
ing applications; to construct a specific application
only differing concepts and behavior have to be de-
fined and implemented. Reusability of the library
components enables us to construct scheduling ap-
plications rapidly and reliably.

As the first example we describe a module imple-
mented for a Course of Action planning application.
Its purpose is to perform feasibility checks on COA
employment plans generated by human planners.
Both temporal feasibility as well as resource avail-
ability are verified. This system roughly consists of
three parts:

� An input module, responsible for parsing the in-
put from the planning application and instanti-
ating a model of the plan. Plan instantiationis a
three-stepprocess: (1) appropriate resource ob-
jects are created, (2) activities are created (nam-
ing the resources that support these activities)
and (3) the activities are linked using temporal
relations. All objects are created either from
the core library classes directly or from classes
derived from the core classes.

� A checker module, responsible for checking the
feasibility of the plan. This module employs
the Time Bound Propagator, one of the services
of the core library, to detect any cycles in the ac-
tivity graph and to establish temporal bounds
for each activity. The propagator kernel is a
constraint path-consistency algorithm for con-
straint graphs consisting of activities and tem-
poral relations.

� An output module, responsible for gathering the
results of the feasibility check and communi-
cating them to the planning application. It col-
lects the conflicts created by the propagator, and
filters these to provide a description of the po-
tential infeasibilities. It translates both the con-
flicts and the time bounds of all activities into
an format understood by the client application.

Activities in the plan have both a maximum and
a minimum duration, both of which are not neces-
sarily known. To support this we define a specific
activity class, based on one base class (a base class
for activities) and one mixin class (which allows the
storage and use of fixed lower and upper bound
durations). The resulting class plan-activity
(shown in Figure 3) behaves like the basic opera-

(defclass plan-activity
(operation min-max-duration-mixin)

() ; no new slots
(:default-initargs

:setup-duration 0)) ; no setups needed

Figure 3: Definition of the plan-activity class

tion class, but is capable of storing (and interpret-
ing) both a minimum and a maximum duration.
Here the specialization is achieved by selecting ap-
propriate base classes and combining them through
multiple inheritance into a problem-specific class.
More complex specializations are possible by ex-
tending the behavior of the objects (by overriding
or specializing methods of the objects’ protocols).

As another example, we consider a simple trans-
portation model. Typically movement activities
have a duration that depends on the distance cov-
ered and the speed of the transportation resource.
The example implements this by overriding the
default duration methods of the operation class
(source code definitions for this simple transporta-
tion model are shown in Figure 4). The class library
provides a base class,location, which can be used
for objects of the origin and destination. The protocol
also specifies how distances between two locations
is computed, allowing for specialization in different
location classes (for example, locations of seaports,
cities, etc.) This somewhat simplified example pro-
vides an insight into how specialization can take
place.

(defclass movement-activity (operation)
((origin

:initarg :origin
:reader operation-origin)

(destination
:initarg :destination
:reader operation-destination)))

(defclass transportation-resource
(batch-resource)

((velocity ; in distance units per hour
:initarg :velocity
:reader resource-velocity)))

(defmethod operation-compute-run-duration
((op movement-activity)
(res transportation-resource))

(* (/ (location-distance-between
(operation-origin op)
(operation-destination op))

(resource-velocity res))
(/ (time-units-per-day) 24)))

Figure 4: Definition of a “transportation” model


