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Abstract: ILOG SCHEDULE is a C++ library aimed at simplifying the development of
industrial scheduling applications. SCHEDULE is based on SOLVER, a generic tool for
object-oriented constraint programming. SCHEDULE includes three categories of
predefined constraints. temporal constraints, capacity constraints, and resource utilization
constraints. Three distinct mechanisms are available to deal with resource utilization
constraints. The first mechanism relies on explicit time-tables to maintain information
about the variations of resource utilization and resource availability over time. The second
mechanism relies on a generic digunctive constraint which ensures that incompatible
activities (for example, activities which require acommon resource of capacity 1) cannot
overlap in time. The third mechanism, known as edge-finding, considers arbitrary tuples
{A1 ... An} of activitiesto prove that some activity Aj must execute first, or must execute
last, among {A1 ... Ap}. The edge-finding mechanism is a priori more CPU-time
consuming than the two other mechanisms, but results in the assignment of more precise
earliest and latest start and end times to activities. Each of the three mechanismsis useful,
as the time-table and digjunctive mechanisms enable the expression of wider classes of
constraints, while edge-finding is in general the most effective in pruning the search
Space.

1. I ntroduction

Scheduling is the process of assigning activities to resourcesin time. Basicaly, the three
main things to consider when building a scheduling system are:

. The complexity of the scheduling problem. Most scheduling problems are known to
be NP-hard. NP-hard problems are problems for which it is conjectured that there
exists no algorithm enabling to optimally solve the problem in an amount of time
bounded by a polynomial function of the size of the data. In practice, this means
that one must design robust approximate algorithms, to generate appropriate
(possibly optimal but often sub-optimal) solutions in a bounded amount of time.

. The specificity of the problems to address. Different manufacturing environments
induce different scheduling constraints, some of which may be very specific to the
problem under consideration.

. The integration with the overall manufacturing system. A scheduling system must
get its data from the information system globally in use in the factory, and must
return its results (i.e., the constructed schedule) for factory-floor execution.

Scheduling problems are very different one from the other:

. First, three broad families of scheduling problems can be distinguished depending
on the degrees of freedom in positioning resource supply and resource demand
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intervalsin time. In pure scheduling problems (e.g., job-shop machine scheduling),
the capacity of each resource is defined over a number of time intervals and the
problem consists of positioning resource-demanding activities over time, without
ever exceeding the available capacity. In pure resource allocation problems
(e.g., alocation of personnel to planes or trains), the demand for each resource is
known beforehand and the problem consists of allocating resources in time to
guarantee that the supply always equals or exceeds the demand. In joint scheduling
and resource alocation problems, degrees of freedom exist for deciding both which
activities to perform and when, and which resources to make available for these
activities.

. Different environments are subjected to different constraints which more or less
contribute to the complexity of the problem. For example, a factory scheduling
problem may involve only machines as resources, while another may, in addition,
require the consideration of the abilities of human operators.

. The size of a scheduling problem may vary from a few dozens activities to
thousands of activities. For complexity reasons, the scheduling algorithms that
work well for the small problems may not be applicable to the bigger problems.

. Depending on the environment, the suitable response time for the construction of a
schedule may vary from a few microseconds to a few days. Also, it may be
necessary to incrementally modify the schedule, either as a response to
environmental changes, or because it is more appropriate for a human to “make the
decisions.”

In response to the important variety and variability of scheduling problems, ILOG initiated
the development of ILOG SCHEDULE, a C++ library enabling the representation of awide
collection of scheduling constraints in terms of resources and activities [Le Pape 94].
SCHEDULE is itself based on SOLVER, the generic software tool for object-oriented
constraint programming developed and marketed by 1LOG [Puget 94]. This enables users
of SCHEDULE to benefit from the functionalities of SOLVER to develop specific types of
constraints and implement specific problem-solving procedures, in response to the
requirements of each particular application.

2. Constraint propagation

The interest of constraint programming lies in using constraints to reduce the
computational effort needed to solve combinatorial problems. Constraints are used not
only to test the vaidity of a solution, asin conventional programming languages, but also
in a constructive mode to deduce new constraints and rapidly detect inconsistencies. For
example, from “X <Y” and “X > 8", we deduce, if X and Y are integer variables, that the
value of Y is at least 10. If later we add the constraint “Y < 9”, a contradiction is
immediately detected. Without propagation, the contradiction would not be detected
before the instantiation of X and Y.

For complexity reasons, constraint propagation is usually incomplete. This means that
some but not all the consequences of posted constraints are deduced. In particular,
constraint propagation cannot detect all inconsistencies. Consequently, heuristic search
algorithms must be implemented to explore possible refinements of the constraints
(e.g., order any two activities that require the same unary resource) and exhibit solutions
that are guaranteed to satisfy the constraints.

Backtracking is a mechanism used to implemement such algorithms: the algorithm is said
to backtrack when it returns to a previous problem-solving state. SOLVER includes a set
of non-deterministic control primitives that alow its users to implement backtracking
search algorithms. These primitives rely on the concept of a non-deterministic goal which
can be decomposed into a conjunction or a digunction of subgoals.



For example, the following program states that to satisfy goal f , one must satisfy either
the conjunction of goalsf 1 and f 2 or the conjunction of goalsf 3 and f 4.

CTGOALO(f) {
QO (QAnd(f1(), f2()),
} QAnd(f3(), f4()));

Goals may receive parameters as arguments. The syntax for calling agoal isidentical to
the syntax used to call regular C++ functions.

SCHEDULE is an add-on to SOLVER, used to develop finite capacity scheduling
applications. SCHEDULE implements a natural object model for representing schedules in
terms of activities that share and use resources. The model consists of a set of C++
classes, methods, and functions that implement the concepts of “resource” and “ activity”
in terms of SOLVER variables and constraints. The algorithm building and search
programming primitives of SOLVER can then be used for solving the represented
problem.

SCHEDULE includes three categories of predefined constraints: temporal constraints,
capacity constraints, and resource utilization constraints.

. Temporal constraints. Users may link any two activities together by any type of
precedence constraint (A starts after START(B), A starts after END(B), A ends after
START(B), A ends after END(B)). In addition, minimum and maximum delays
between activities can be imposed. When only temporal constraints are considered,
constraint propagation is complete. This means that constraint propagation suffices
(a) to determine whether a set of temporal constraints is consistent and (b) to
compute the earliest and latest start and end times of activities [Le Pape 88].

. Capacity constraints. SCHEDULE offers many different ways to express that a
resource is available in finite amounts over time: unary resources to represent
resources of capacity one (like a specific person); volumetric resources to represent
resource pools of many, non-differentiated resources (like a group of people with
the same capabilities); state resourcesto represent situations where an activity usesa
resource only under specific conditions (like waiting for an appropriate oven
temperature). In addition, the capacity of a resource can be constrained either at
each time unit (number of people available each day) or over given time periods
(number of people-days available over one week).

. Resource utilization constraints. An activity may require, consume, provide and
produce resources, in an amount represented either as a constant or as a constrained
variable. This alows the representation of the case where the duration of the activity
varies with the amount of resources assigned to the activity. The propagation of
resource utilization constraints results in adjusting the earliest and latest start and
end times (time bounds) of activities.

3. Propagation of resource utilization constraints

The problem of determining whether a set of resource utilization constraintsis consistent
is NP-hard. The propagation of resource utilization constraints is consequently
incomplete. This means that, except in afew particular cases, it is necessary to explore
the search space to generate a solution to the scheduling problem under consideration.
Constraint propagation is useful in this process as it allows the pruning of many
impossible decisions.

Three distinct mechanisms are available to propagate resource utilization constraintsin the
current version of SCHEDULE (version 1.1).



The first mechanism relies on explicit time-tables to maintain information about the
variations of resource utilization and resource availability over time. Resource constraints
are propagated in two directions: from the resources to the activities, in order to update
activity time bounds according to the availability of the resources; and from the activities
to the resources, in order to update resource utilization and availability according to the
time bounds of activities. For example, when the latest start time LST of an activity is
smaller than its earliest end time EET, it is sure that the activity will use the resource
between LST and EET. Over this period, the corresponding resource amount is no longer
available for other activities. The main advantage of the time-table mechanism for
propagating resource constraints is that it applies to any type of resource [Le Pape 94].
Users of SCHEDULE can rely on time-tables to represent unary, volumetric, and state
resources. Time-tables also enable to specify that at least some amount of resource
capacity must be used over a given period or that the capacities of two or severa
resources must satisfy a specific constraint at any point in time. For example,
[Le Pape 94] shows how to represent a constraint stating that a polyvalent operator, able
to operate two types of machines, e.g., lathes and milling machines, must remain
assigned to the same type of machine during each shift. The propagation of the constraint
guarantees that, if at a particular time during the shift N polyvalent operators must be
assigned to lathes, then during the shift they cannot be assigned to a milling machine, and
viceversa.

The second mechanism can be applied to unary resources and state resources. It consists
of ageneric “digunctive’ constraint which ensures that the time intervals over which two
activities require a unary resource (or require different states of a state resource) cannot
overlap in time. For instance, if aresourceisrequired (or provided) by two activities A
and B throughout two time intervals [START(A) END(A)) and [START(B) END(B)), the
digunctive constraint states that either END(A) is less than or equal to START(B), or
END(B) is less than or equal to START(A). Such a disjunctive constraint representation
has been used in the scheduling domain for years [Erschler 76] [Carlier 84] [Esquirol 87]
[Le Pape 88] [Varnier et a 93] [Smith and Cheng 93] [Laborie 94]. The propagation of
the digunctive constraint consists in reducing the set of possible values for the start and
end times of the activities under consideration: whenever the smallest possible value of
END(A) exceeds the greatest possible value of START(B), A cannot precede B; hence B
must precede A; the time bounds of A and B can consequently be updated with respect to
the new temporal constraint “END(B) < START(A)”. Similarly, when the earliest possible
end time of B exceeds the latest possible start time of A, B cannot precede A. When
neither of the two activities can precede the other, a contradiction is detected. Thisway of
propagating constraints enforces arc-B-consistency as defined by [Lhomme 93].

Extensions of the digunctive constraint [END(A) < START(B) OR END(B) < START(A)]
are discussed in [Baptiste and Le Pape 95]. Thisincludes (1) activities that may or may
not require the resource, (2) disjunctive constraints applied to state resources, and
(3) setup times between activities that require the same resource. These extensions are dl
provided in ILOG SCHEDULE.

The third mechanism considers arbitrary tuples { A1 ... Ap} of activities to prove that
some activity Aj must execute first (or must execute last) among {A1 ... Ap}. In
SCHEDULE 1.1, this mechanism is applied to unary resources only. Extensions to
volumetric resources are considered for the next version (based on [Nuijten and Aarts 94]
[Nuijten 94] [Nuijten and Aarts 95]). The algorithm implemented in SCHEDULE 1.1 is
described in [Nuijten et a 93]. This agorithm implements the “edge-finding” (immediate
selection of digunctive constraints) technique of Carlier and Pinson [Pinson 88] [Carlier
and Pinson 89] [Carlier and Pinson 90] [Carlier and Pinson 94] with O(N2) time and O(N)
space complexity, where N denotes the number of activities requiring the unary resource
under consideration. This method is a priori more time consuming than the two others,
but resultsin the assignment of more precise time bounds to the activities.



Each of the three mechanismsis useful. Indeed, as explained above, the time-table and
disunctive mechanisms enable the expression of many types of constraints, while the
edge-finding mechanism is limited to the ordering of a set of activities requiring the same
unary resource. On the other hand, edge-finding is in general more effective in pruning
the search space.

For example, the following table provides the number of backtracks and the CPU time
needed to optimally solve a bridge construction scheduling problem described in
[Van Hentenryck 89]. The optimization algorithm consists of a branch-and-bound
backtracking search, with constraint propagation being performed at each node of the
search tree. Columns “BT” and “CPU” provide the total number of backtracks and CPU
time needed to find an optimal solution and prove its optimality. Columns “BT(pr)” and
“CPU(pr)” provide the number of backtracks and CPU time needed for the proof of
optimality. Column “CPU(one)” provides the time needed to find a first problem
solution, including the time needed for stating the problem and performing initia
constraint propagation. Column “TM” provides the total amount of memory used to
represent and solve the problem (in kilobytes). CPU times are expressed in seconds on a
HP715/50 workstation, rounded to the closest tenth of a second. Details about the
problem and the optimization algorithm are available in [Baptiste 94].

Propagation method | CPU(one) BT CPU| BT(pr) [ CPU(pr) ™
Time-table 1 563 1.3 209 4 96
Digunctive constraint A 176 .3 149 A 76
Edge-finding A 14 .5 12 A 72

On this experiment, we see that the number of backtracks significantly decreases when
more propagation is being performed. Also, we see that on such a problem, the algorithm
based on arc-consistency performs better than the others in terms of CPU time: the cost of
additional constraint propagation is not balanced by the reduction of the search effort.

Such is not the case for other problems. For example, the use of the edge-finding
mechanism enabl es the resolution of “hard” job-shop scheduling problem instances such
as those used by Applegate and Cook in their computational study of the job-shop
scheduling problem (cf. [Applegate and Cook 91]). The following table shows the results
obtained on ten “hard” instances of the job-shop scheduling problem. CPU times are
expressed in seconds on a RS6000 workstation. The algorithm used to solve the problem
isdescribed in [Bapstiste et al 95]. The total number of backtracks over the ten instances
is 215256 for the SCHEDULE algorithm, while the total number of nodes explored by
Applegate and Cook's algorithm is 674128.

We were unable to solve these problem instances to optimality using the time-table or the
digunctive constraint mechanism without edge-finding [Baptiste 94].

Problem instance CPU(one) BT CPU|[ BT(pr)| CPU(pr) ™
MT10 2| 13684 184.8 4735 52.8 227
ABZ5 2| 19303] 226.6 4519 49.7 216
ABZ6 2 6227 80.3 312 3.8 198
LA19 3| 18102 219.2 6561 4.7 235
LA20 2| 40597  407.3| 20626 186.9 220
ORB1 2| 22725 3237 6261 85.3 243
ORB2 2| 31490 416.4| 14123 189.3 210
ORB3 3| 36729 488.4| 22138 277.6 262
ORB4 2| 13751 169.9 1916 19.0 210
ORB5 2| 12648 168.5 2658 29.7 232




4. Summary and conclusion

In this paper, we have described three generic mechanisms, which are used in ILOG
SCHEDULE to propagate resource utilization constraints. These mechanisms are
complementary. Each of the time-table and the digjunctive constraint mechanism enables
the propagation of constraints which cannot be expressed in the context of the two other
mechanisms. The edge-finding mechanism is, in the current version, limited to the
ordering of a set of activities which require the same unary resource. It is, on the other
hand, more effective in pruning the search space. Its integration in SCHEDULE allows
usersto enjoy the flexibility inherent to constraint programming, with performancein the
same range of efficiency as specific operations research agorithms, such as the one
reported in [Applegate and Cook 91].

SCHEDULE is based on SOLVER, an extensible tool for constraint programming. Thisis
quite important from an industrial point of view: users can extend the scheduling model
and define solution search strategies with respect to the requirements of a specific
application. The fact that SOLVER and SCHEDULE are C++ libraries (and not new
programming languages) is also very important. The use of standard programming
languages like C and C++ simplifies the integration of constraint-based scheduling
algorithms with other parts of a scheduling application, such as a Gantt chart graphical
editor, a database management system, or arule-based execution monitoring system. The
use of other C++ tools provided by ILOG, such as ILOG VIEWS for the implementation of
graphical interfaces, ILOG DBLINK for communication with relational databases, 1LOG
RULES [Albert and Fages 92] for the development of an execution monitoring system,
and ILOG SERVER and BROKER [Ceugniet et a 93] for the development of distributed
scheduling applications, may even facilitate the development of these “other parts.”
However, it is not compulsory; any other software tool can be used provided that it
communicates easily with C++ or C. In this respect aso, users of SCHEDULE can de
facto perform the extensions needed for their application.
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