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6.1 Introduction

In this chapter1 we will give an overview of real-life applications developed
with constraint logic programming. Constraint logic programming (CLP)
combines declarative logic based programming with specialised constraint
solving methods from artificial intelligence, Operations Research (OR) and
mathematics. It allows the clear and concise expression of a wide class of
combinatorial problems together with their efficient solution. In parallel with
ongoing research in this field, CLP is now increasingly used to tackle real
world decision making problems. In a first part of the chapter, we will briefly
present the methods and tools used for CLP and describe typical application
areas. We introduce the concepts of global constraints, meta-heuristics and
constraint visualisation, which are central to large scale constraint solving.

A second part of the presentation will give a classification of problem
domains suitable for the constraint programming approach and discusses va-
rious large scale applications which have been developed using the CHIP CLP
system. These applications were co-developed by COSYTEC with specialists
in the respective application domain.

• The ATLAS application is used at the Monsanto plant in Antwerp for
the scheduling of a herbicide production and bottling plant. It is a typical
example of a semi-process industry scheduling problem with constraints
due to limited storage capacity at all levels.

• The FORWARD-C system is used in 5 oil refineries world-wide for short-
and medium term planning of the production sequence. A graphical user
interface is used to describe the refinery and generate the constraint mo-
del. The constraint program is coupled with a non-linear simulation tool
written in FORTRAN.

• The TACT system is an integrated transport planning and scheduling
system developed for a large food-industry company in the UK. The
system plans the delivery of raw materials to different processing factories
with a fleet of lorries and a variety of other resources.

? Supported by the ESPRIT working group CCL-II, ref. WG # 22457.
1 This paper is an extended version of reference [Sim95a].
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 Springer-Verlag Berlin Heidelberg 2001
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The last part of the presentation will concentrate on lessons learned from
this application development, showing interesting new research fields and
practical problems in developing state-of-the-art decision support systems.

6.2 Constraint Programming

In this section we give some background on constraint programming, the type
of problems that are handled and the techniques that are used.

6.2.1 Characteristics of Problems

We now briefly introduce constraint satisfaction problems and discuss the
motivation for the use of constraint logic programming (CLP). We explain
which type of problem is best suited for the CLP approach and where these
problems occur in practice. They all share a set of characteristics, which
make them very hard to tackle with conventional problem solving methods.
A more general introduction to constraint logic programming can be found
in [JM93] [FHK92] [MS98].

Combinatorial problems occur in many different application domains. We
encounter them in Operations Research (for example scheduling and assign-
ment), in hardware design (verification and testing, placement and layout),
financial decision making (option trading or portfolio management) or even
biology (DNA sequencing). In all these problems we have to choose among
many possible alternatives to find solutions respecting a large number of
constraints.

We may be asked to find an admissible, feasible solution to a problem or
to find a good or even optimal solution according to some evaluation criteria.
From a computational point of view, we know that most of these problems
are difficult, since they belong to the class of NP-hard problems. This means
that no efficient and general algorithms are known to solve them.

At the same time, the problems themselves are rapidly evolving. For ex-
ample, in a factory, new machines with unforeseen characteristics may be
added, which can completely change the form of the production scheduling
problem. New products with new requirements will be introduced on a regu-
lar basis. If a scheduling system can not be adapted to these changes, it will
rapidly become outdated and useless.

Another aspect is that the complexity of the problems is steadily increa-
sing. This may be due to increased size or complexity of the problem, or may
be caused by higher standards on quality or cost effectiveness. Many problems
which have previously been handled manually now exceed the capacity of a
human problem solver.

At the same time, humans are typically very good at solving these complex
decision making problems. They have a good understanding of the underlying
problem and often know effective heuristics and strategies to solve them. In
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many situation they also know which constraints can be relaxed or ignored
when a complete solution is not easily found. For this reason, it is necessary to
build systems which co-operate with the user via friendly graphical interfaces
and which can incorporate different rules and strategies as part of the problem
solving mechanism.

Developing such applications with conventional tools has a number of
important drawbacks:

• The development time will be quite long. This will increase the cost,
making bespoke application development very expensive.

• The programs are hard to maintain. Due to their size and complexity, a
change in one place may well require other changes in different parts of
the program.

• The programs are difficult to adapt and to extend. As new requirements
arise during the life cycle of the program, changes become more and more
difficult.

The use of constraint logic programming should lead to a number of impro-
vements:

• The development time is decreased, as the constraint solving methods
are reused.

• A declarative problem statement makes it easier to change and modify
programs.

• As constraints can be added incrementally to a program, new functiona-
lity can be added without changing the overall architecture of the system.

• Strategies and heuristics can be easily added or modified. This allows to
include problem specific information inside the problem solver.

6.2.2 Main Concepts

Constraint programming is based on the idea that many interesting and dif-
ficult problems can be expressed declaratively in terms of variables and con-
straints. The variables range over a (finite) set of values and typically denote
alternative decisions to be taken. The constraints are expressed as relations
over subsets over variables and restrict feasible value combinations for the
variables. Constraints can be given explicitly, by listing all possible tuples
or implicitly, by describing a relation in some (say mathematical) form. A
solution is an assignment of variables to values which satisfies all constraints.

Constraint propagation is the mechanism which controls the interaction
of the constraints. Each constraint can deduce necessary conditions on the
variable domains of its variables. The methods used for this constraint rea-
soning depend on the constraints, in the finite domain case they range from
general, rather syntactic inference rules to complex combinations of algo-
rithms used in global constraints. Whenever a constraint updates a variable,
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the constraint propagation will wake all relevant constraints to detect furt-
her consequences. This process is repeated until a fixpoint is reached, i.e. no
further inference is possible.

For many interesting constraint systems, the constraint reasoning and
constraint propagation is incomplete, i.e. it can not detect inconsistency at
all times. Propagation must be combined with search, which is used to assign
values to variables. After each assignment step constraint propagation re-
stricts the possible values for the remaining variables, removing inconsistent
values or detecting failure. If a failure is detected, the search returns to a
previous decision and chooses an alternative. Search in constraint program-
ming is usually under user control, heuristics and strategies can be easily
programmed as search routines.

Constraint programming can be expressed over many different domains
like linear terms over rational numbers, Boolean algebra, finite/infinite sets or
intervals over floating point numbers. Very interesting development is possible
for most of these domains or even more general, domain independent con-
straint solvers. But in this paper we only discuss finite domain constraint pro-
gramming, currently the most developed constraint domain. At the moment,
probably more than 95% of all industrial constraint applications use finite
domains. Most examples in this paper are using the CHIP [DVS88] [VH89]
system and its finite domain solver.

6.2.3 A Combination of Ideas

We will now review some of the background techniques which are used inside
CLP. Figure 6.1 shows the basic influences on constraint logic programming.
In the next paragraphs, we will discuss these different influences.

CLP can be seen as a natural extension of logic programming. Pro-
blems are expressed declaratively in Horn clause form, and the built-in se-
arch mechanism provides a simple way to generate solutions. Most of the
theoretical results about correctness and completeness can be extended to
CLP [JL87] [JM93] [MS98].

Constraint propagation and consistency checking are techniques origina-
ting in artificial intelligence. These methods provide the underlying frame-
work for the constraint solvers in CLP tools.

Many of the actual methods to solve particular constraints come from
the areas of finite mathematics and of Operations Research. Often classical
algorithms can be changed to work within the constraint framework. They
usually must be made incremental, i.e. avoiding repeated work when more
information becomes available during the search and backtrackable, i.e. re-
membering the state of the propagation so that we can return to this state
later during our search.
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Fig. 6.1. Techniques behind constraints

6.2.4 The Emergence of Global Constraints

Much work on finite domain constraints in recent years was centred on the
introduction of global constraints [AB93] [BC94] and partial search techniques
[BBC97] [HG95]. We will briefly describe these topics before giving some
examples of their use in a number of constraint applications.

The first versions of finite domain constraint systems were using rather
simple propagation techniques. Consider the example shown in figure 6.2.
Four variables are constrained by pair-wise disequality constraints. The con-
straint propagation for disequality is using forward-checking [VH89], which
will solve the constraint as soon as one variable is assigned. With the given
domains, no propagation is possible. Starting assignment with variable X,
the values 1, 2, 3 are tested and lead to a failure, before the consistent value
4 is found for the variable X. We can avoid this useless search by applying
better reasoning. The four variables must be pair-wise different, they must be
alldifferent. Considering this one constraint, we can reformulate the problem
as a bi-partite matching problem between variables and values and apply clas-
sical graph algorithms to solve it. We can deduce that the value 4 must be
used by the variable X and the value 1 by the variable Z. The values 2 and
3 can be used for the variables Y and U .

This reformulation is the key to the understanding of global constraints.
Instead of expressing a problem by many primitive, binary constraints we
describe it with a few global constraint which work on sets of variables. Using
this higher abstraction has two main advantages:

• Problems can be expressed more easily and with fewer constraints.
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Fig. 6.2. The need for global reasoning

• The abstraction allows us to use more complex algorithms inside the
constraints.

Obviously, it is not advisable to create a new global constraint for each ap-
plication that we solve. They should satisfy the following criteria:

• The constraint can be used for many different applications.
• The abstraction is as general as possible.
• It can be used together with other constraints.
• Efficient methods for constraint reasoning are known or can be developed

for this constraint.
• The algorithmic complexity of the methods is acceptable.

In CHIP, the development of global constraints is based on the constraint
morphology shown in figure 6.3. There are five basic concepts (shown at the
bottom) for constraints. The different concept states that items are different
from each other, the order concept states that items are (partially) ordered.
The resource concept expresses that items use limited resources, The tour
concept states that items in different locations must be visited in some se-
quence and the dependency concept states that some item depends on some
other items.

In the first versions of finite domain solvers, primitive constraints for
each of these concepts were introduced (shown in the second line from the
bottom). A binary inequality constraint could be used to express a partial
order between variables, for example. The propagation methods for all these
constraints are quite simple and can be described with only a few syntactic
inference rules [VH89].

A number of constraints can be introduced to solve particular problems
with global reasoning (shown in the center), but which are not sufficiently
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Fig. 6.3. Global Constraint Morphology

general to be considered as global constraints. A disjunctive constraint for
example can be used to express resource constraints where each resource has
capacity one and each task uses one resource.

But we can generalise the constraint to the case where the resource ca-
pacity can be arbitrary as well as the resource requirements for each task.
This leads us to the cumulative [AB93] constraint, which is one of the CHIP
global constraints (shown at the top). Connections between constraints show
that the one below can be expressed by the one above.

The precedence [BBR96] constraint (at the top) is a further abstraction.
It combines several cumulative constraints with a precedence graph between
tasks. Considering these constraints together allows us to deduce even more
information.

A number of other constraint systems include variants of global con-
straints. Variants of the cumulative constraint can be now be found for exam-
ple in Sicstus Prolog [COC97], Eclipse [WNS97], IF Prolog and Oz [Smo95].
They differ not only in the parameters and side constraints that can be expres-
sed, but also in methods and the mix of these methods inside the constraint
reasoning.

6.2.5 Understanding Search

An important advantage of constraint programming over for example integer
programming is the ease with which the programmer can control the search
process. Most constraint systems have pre-defined search primitives, which
can be easily extended for a particular program. The use of logic program-
ming with its embedded backtracking search provides a particularly simple
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framework. Two complementary developments have significantly improved
search methods in the last years.

One is the development of partial search techniques as meta-heuristics.
Chronological depth-first search is often limited in exploring only a small
part of the search tree. Decisions which are made early in the tree are not
reconsidered since too many alternatives for variables below must be explo-
red. Partial search methods allow to overcome this problem by limiting the
number of alternatives explored in different nodes. Schemes like limited di-
screpancy search (LDS) [HG95] or credit-based search [BBC97] can consider
many different paths in the search tree, without excessive implementation
overhead. These meta-heuristics can be combined with the usual heuristics
and strategies based on variable and value selection, and so provide problem
independent tools to improve search.

The visualisation of the search tree with tools like the Oz Explorer [Sch97]
or the CHIP search tree tool allow a much deeper understanding of the pro-
blem solving process. Developed within the DiSCiPl Esprit project (22532),
the CHIP search tree tool [SA00] (shown in figure 6.4) adds functionality to
analyse propagation and the state of the domain variables in each node. This
can be combined with the visualisation of global constraints [SAB00], which
show the reasoning inside the constraint for each propagation step.

Fig. 6.4. Search tree tool and constraint visualisation

6.3 The CHIP System

While constraints are the centrepiece of the CHIP application environment,
a number of other components play an important role in developing applica-
tions. We now give an overview of this environment.
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6.3.1 System Components

The CHIP system consists of a number of different components which to-
gether greatly simplify the development of applications. The tool extends the
functionality of a host language with constraints and other sub systems. Two
host languages are supported at the moment.

• The Prolog based version of CHIP uses intrinsic language features like
unification and backtracking search to achieve a deep integration of the
constraints with the host language. Constraints and search procedures
can be easily defined and extended in the base language.

• The C/C++ version of the CHIP system takes the form of a constraint
library which can be used inside application programs. Since search and
variable binding are not part of the host language, the integration is not
as seamless as in the Prolog version.

Other modules of the CHIP environment include XGIP, a graphical library
based on Xwindows, QUIC, an SQL interface to relational databases and
foreign language interfaces CLIC and EMC. The different modules can be
used together with an object modelling system based on the object layer
CHIP++ to build large scale end-user systems [KS95].

6.3.2 History

CHIP [DVS88] was one of the first CLP systems together with PROLOG
III [Col90] and CLP(R) [JL87]. It was developed at the European Computer-
Industry Research Centre (ECRC) in Munich during the period 1985-1990
[DVS88] [DVS87] [DSV90]. Different constraint solvers were developed and
integrated in a Prolog environment. At the same time the technology was
tested on a number of example applications. The CHIP system is now being
marketed and developed by COSYTEC. The early versions of CHIP were
also the basis for a number of derivatives by ECRC shareholder companies.
BULL developed CHARME, a constraint based system with a C like syn-
tax, ICL produced DecisionPower based on the ECRC CHIP/SEPIA system
and Siemens is using constraints in SNI-Prolog (later IF-Prolog). ECRC has
also continued research on constraints, which led to the Eclipse system, now
maintained by IC-PARC. COSYTEC’s current CHIP version V5.2 differs
from the earlier constraint system by the inclusion of powerful global con-
straints [AB93] [BC94], partial search methods [BBC97] and visualisation
tools [SA00] [SAB00].

6.3.3 Behind the Scene

The CHIP system consists of around 220000 lines of C code. Table 6.1 gives
an overview of the size of the different modules. The Prolog kernel accounts
for less than 10%, the different interfaces and the graphical system use 20%.
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The constraint kernel uses another 10% of the code. The remaining 60% of
the system are used in the code of the global constraints, which combine
multiple (up to 40) algorithms and constraint methods for each primitive.

Table 6.1. CHIP system lines of code

Module Size (lines of code)
CHIP kernel 175000

Prolog 15000
Core Constraints 20000
Global Constraints 140000

Interfaces (CLIC,EMC,QUIC) 5000
XGIP graphics and libraries 37000

This distribution shows the importance of both the graphical interface
XGIP and in particular the global constraint handling methods inside CHIP.

6.4 Application Studies

From the beginning, the development of CHIP was linked to application requi-
rements. A large number of application studies showed the practical interest
of constraint technology. Many of these studies were benchmark comparisons
with either conventional, special purpose programs or Operations Research
(OR) tools. Three initial areas of interest were covered, combinatorial pro-
blems from OR [DVS87] [DVS88] [VC88] [DSV90] [VH89] [DSV92] [DSV88]
[DS91], circuit design applications [SND88] [SD93] [GVP89] and financial
decision support [Ber90].

An overview of early application studies can be found in [DVS88a] [VH89].
Other application studies with CHIP (outside COSYTEC) are for exam-
ple [BDP94] [BLP95]. Results on benchmark problems can also be found
in [VSD92] [AB93] [BC94] [BBR96]. A general classification of problems sui-
table for the constraint approach is given in [Sim96], while different types of
constraint applications are listed in [Wal96].

6.5 Industrial Applications

In this section we present some large scale, industrial systems developed with
CHIP. These examples show that constraint logic programming based on Pro-
log can be used efficiently to develop end-user applications. The constraint
solver is a crucial part of these applications. Other key aspects are graphical
user interfaces and interfaces to data bases or other programs. Some back-
ground on how such applications can be developed with logic programming
is given in [KS95].
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We have grouped these applications in different categories (following the
classification from [Sim96]) according to the types of constraints which are
included.

6.5.1 Assignment Problems

Assignment problems were the first type of industrial application that were
solved with the emerging constraint tools. A typical example is the stand
allocation for airports, were aircraft must be parked on the available stands
during their stay at the airport. Different from scheduling problems, the (pro-
visional) arrival and departure times are fixed in this type of problem. Ad-
ditional constraints further restrict which resources can be used for which
activity.

HIT (ICL). Probably the first industrial CLP application was developed for
the HIT container harbour in Hong Kong [Per91]. The program was written
in an early version of ECRC’s CHIP, later adapted to DecisionPower from
ICL. The objective was to allocate berths to container ship in the harbour, in
such a way that resources and stacking space for the containers are available.

APACHE (Air France). The APACHE system [DS91] was a demonstrator
for stand allocation at Roissy airport in Paris. Here the objective was to re-
plan the allocation whenever a change of arrival/departure times occurred.
A detailed model of this program is described in [Sim97]. An operational
version of such an application is running in Korea.

Refinery Berth Allocation (ISAB). Another instance of this application
type is refinery berth allocation. Arriving crude oil tankers and barges for the
transport of finished products must be loaded/unloaded at different jetties.
Due to the high operating cost of crude oil tankers, ships must be processed
immediately after arrival.

6.5.2 Network Problems

Applications in this group deal with generalised versions of the warehouse as-
signment problem already studied as a constraint problem in [VC88]. Limited
capacity of warehouses or multiple product lines add new types of constraints
to this otherwise well-understood problem from OR.

Locarim (France Telecom, Telesystemes, COSYTEC). This appli-
cation lays out the computer/phone network in large buildings. Telephone
connections in different rooms must be linked together via concentrators,
which have limited capacity. Cables must be run according to the building
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layout, which is scanned in from architectural plans. The system is used by
France Telecom to propose a cabling and to estimate cabling costs for new
buildings. This application was developed by the software house Telesystemes
together with COSYTEC.

Distribution Planning (EBI). The Turkish company EBI has build a
distribution planning system which determines the placement of different
products in selected warehouses. Customers for multiple products are ser-
ved from these warehouses. The objective is to minimise storage cost while
achieving customer satisfaction with small delivery delays.

PlaNets (Enher, UPC/CSIC). This application controls the reconfigu-
ration of an electrical power network in order to perform repairs and main-
tenance on some segments of the network. The system re-routes energy in
order to minimise end-user problems respecting multiple electrical and other
constraints. The program was developed at the university of Catalonia in
Barcelona for the power company Enher [CGR95].

Banking Network (ICON). ICON, an Italian software house, has develo-
ped a system for facilities and load distribution in the Italian inter-banking
network [CF95]. The program distributes applications over a network of main-
frames in order to provide services to customers while balancing and mini-
mising network traffic.

CLOCWiSe. The Esprit project CLOCWiSe (IN 10316I) is using CHIP for
the management and operational control of water systems. A first implemen-
tation is under way at Bordeaux in France. The constraint model is being
developed by the university of Catalonia in Barcelona.

6.5.3 Production Planning/Scheduling

Production planning and detailed scheduling are major application areas of
the CHIP constraint system. Typical constraints are temporal sequences and
limits, resource capacity limits and resource allocation problems. For a more
detailed view on scheduling with constraints see for example [Sim95] [Sim97]
[Sim98].

Plane (Dassault Aviation). Dassault Aviation has developed several ap-
plications with CHIP. PLANE [BCP92] is a medium-long term scheduling
system for aircraft assembly line scheduling. The objective of the program is
to decide on changes of the speed of production for the assembly line, cal-
led the cadencing of production. By changing the speed often, production
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can follow varying demand more closely, decreasing inventory costs. On the
other hand, each change in speed incurs a large cost for assigning/reassigning
personnel and material.

Made (Dassault Aviation). Another application developed by Dassault,
MADE [CDF94] is a detailed scheduling system for a complex work-cell in
the factory. The program controls a cutting press and related machines in a
work-shop. As part of the scheduling, the system has to find a 2D placement
of different products on sheets of metal, corresponding to different orders
which are processed at the same time on the press.

Coca (Dassault Aviation). The COCA system of Dassault is used for
production step planning. The program decides which operations on one mo-
dule of the aircraft can be performed together, depending on the rotational
orientation of the aircraft and the place on the module where the operations
are performed. Precedence constraints and safety rules must also be taken
into account.

Production Schedule (Amylum/OM Partners). This program schedu-
les production lines for a glucose producing factory in Belgium. Main con-
straints are the set-up restrictions, which exclude certain product sequences,
and machine choices, which change production rates. The objective is to find
a compromise between achieving due-dates for orders and using long produc-
tion runs to minimise operating cost.

SAVEPLAN (ATOS). The French software house ATOS has redeveloped
an existing, FORTRAN based scheduling and inventory control system with
the help of the CHIP constraint solver inside an object based development
environment.

MOSES (COSYTEC). The MOSES application has been developed by
COSYTEC for an animal feed producer in the UK. It schedules the produc-
tion of compound feed for different animal species, eliminating contamination
risks and satisfying customer demand with minimal cost. This system was
developed in 1997 and is now operational in 5 factories, parts of its constraint
model are described in [Sim98].

6.5.4 Transport

The transport area contains many different types of interesting constraint
problems. A major concept is tour planning, finding for example the optimal
sequence of deliveries for a set of lorries which transport goods from factories
to customers. The CHIP cycle constraint [BC94] was especially developed to
model this type of problem.
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EVA (EDF/GIST). EVA is used by EDF (the French electricity company)
to plan and schedule the transport of nuclear waste between reactors and the
reprocessing plant in La Hague. This problem is highly constrained by the
limited availability of transport containers and the required level of availabi-
lity for the reactors. The program was co-developed by EDF and the software
house GIST.

Transport planning (EBI). As a second stage of the project described
in section 6.5.2, EBI has developed a tour planning system for multiple wa-
rehouses/customers with capacity constraints on the lorry fleet. Each lorry
can transport a limited amount of goods from some warehouses to customers.
The sequence of deliveries is controlled by the urgency of the order and the
objective to minimise travel costs.

DYNALOG. The DYNALOG Esprit project (26387) studies the use of
constraints and high-performance computing for general logistics and distri-
bution problems. Research there is focused on large-scale problems and the
use of parallelism to speed up constraint reasoning.

COBRA (NWT/PA Consulting/COSYTEC). Another type of trans-
port problem is solved with COBRA [SC98]. This program generates dia-
grams (work plans) for train drivers and conductors of North Western Trains
in the UK. For each week, around 25000 activities must be scheduled in nearly
3000 diagrams, taking a complex route network into account. On benchmark
problems, improvements of 2-3 % were obtained compared to the previous
solution.

LCCR (Eurocontrol/COSYTEC). Yet another transport planning pro-
blem is handled in the LCCR system. Eurocontrol is responsible for allocation
air-traffic control sectors to all flights in the European airspace. Due to severe
capacity limitations, flights must be allocated start and landing times such
that the capacity of the sectors is not exceeded. This demonstrator is still
under development, using the C++ version of CHIP.

6.5.5 Personnel Allocation

Another important application group are personnel assignment problems.
Applications in this domain are characterised by the variety of rules and
restrictions which must be taken into account. These constraints arise from
government regulations, union contracts or technical limits, and can become
very complex.
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EPPER (Servair). The EPPER [DD96] system developed for the catering
company SERVAIR by the software house GSI performs personnel planning
and assignment for the French TGV train bar/restaurant personnel. It creates
a four week planning, assigning agents of the correct qualification to different
catering jobs in the trains. The assignment respects travel times, rest periods
and other hard constraints and tries to balance the overall workload for all
agents.

TAP-AI (SAS Data/COSYTEC). TAP-AI [BKC94] is a planning system
for crew assignment for the airline SAS. It schedules and reassigns pilots and
cabin crews to flights and aircraft respecting physical constraints, government
regulations and union agreements. The program is intended for day-to-day
management of operations with rapidly changing constraints.

DAYSY (Lufthansa, SEMA, COSYTEC, U. Patras). Another Esprit
project, DAYSY (8402), aims at developing a personnel re-assignment system
for daily operations of an airline. It reacts to delays, cancellation or addition
of flights or changes in the availability of personnel by changing the existing
crew assignment to satisfy the new constraints. The project was undertaken
by Lufthansa, Sema Group, COSYTEC and the university of Patras, Greece.

OPTISERVICE (RFO/GIST/COSYTEC). The system [Col96] gene-
rates a personnel assignment for each of the TV stations of RFO in the
French overseas departments. It allocates qualified personnel to each of the
tasks in the station, from reporting events to providing 24h service for techni-
cians. The constraint system is combined with a rule-based module to identify
working-time limits based on the different types of working contracts.

Gymnaste (UJF/PRAXIM/COSYTEC). The Gymnaste [CHW98] sy-
stem produces rosters for nurses in hospitals. An important aspect in this
application is the possibility to modify rules and regulations interactively, as
well as taking multiple social factors into account. The program is operational
in multiple hospitals in France.

MOSAR (Ministère de la JUSTICE). The MOSAR application gene-
rates the roster of prison guards in France in 10 regional sites for 200 prisons.
It generates provisional plans for a one year period and helps to determine
personnel needs. It was developed by Cisi and COSYTEC. The objective
of the system is a reduction of overtime cost and an increase of personnel
satisfaction by a more balanced, impartial rostering process.
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6.5.6 Others

There are quite a number of CHIP applications for other application areas,
ranging from database query optimisation to military command and control
systems. One of the first large scale CHIP systems in daily use was the SEVE
application described in the next paragraph.

SEVE (CDC). SEVE is a portfolio management system for CDC, a major
bank in Paris, developed in-house. It uses non-linear constraints over rationals
and finite domain constraints to choose among different investment options.
The system can be used for ”what-if” and ”goal-seeking” scenarios, based on
different assumptions on the development of the economy.

DSP Design. Another area where finite domain constraint can be used to
advantage is the design of digital signal processing (DSP) hardware. The pro-
blem is to implement some filtering algorithm with the right mix of hardware
modules. The trade-off between speed/size/cost leads to multiple scheduling
and resource allocation problems which have to be solved in order to find a
good design compromise. Very impressive results with CHIP are described
in [SGK99].

6.6 Case Studies

In this section we present several case studies in more detail. The first appli-
cation is a production scheduling system in a chemical factory in Belgium,
the second a scheduling and simulation tool for oil refineries, the third an
integrated transport planning and scheduling system for a food company in
the UK.

6.6.1 ATLAS

The ATLAS system is a scheduling application for one part of the MON-
SANTO plant in Antwerp. The program schedules the production of different
types of herbicides. The production process is shown in figure 6.5. Produc-
tion basically consists of two steps, a batch formulation part and a continuous
packaging (canning) operation. In the formulation part, batches of several ten
thousand litres of chemical products are produced. Each formulation batch
takes several hours. Several processors with different characteristics are avai-
lable. After the formulation, the product is kept in buffer tanks with a very
limited capacity. Exceptionally, it can be stored in movable containers for a
limited time period. From the buffer tanks, products are fed to the different
canning lines where the products are filled in bottles and cans of different
sizes. The canning lines differ in speed, manpower requirements and the type
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of products that they can handle. The bottles and cans are packed in cartons
and palettes and stored in a holding area before delivery. Both the storage
area for packaging material and the holding area are limited in size, which
imposes constraints on the production process.

Besides many constraints associated with machine choice, set-up times
and cumulative manpower constraints, producer/consumer constraints [SC95]
play a major role in the problem solver. Intermediate products must be pro-
duced in the right quantity before they can be used on the packaging lines,
and packaging material must be available in the warehouse before a task can
be started.

Fig. 6.5. ATLAS production process

The system works with data sets of several dozen intermediate products
and more than one thousand packaging materials. A typical schedule may
contain several hundred batches and canning tasks split into many sub-tasks
to handle the stock level constraints with an eight hour resolution. In addi-
tion, several thousand constraints are needed to express other parts of the
scheduling problem.

There is a production planning problem for the batch formulation part,
where the system determines the correct number of batches for intermediate
products and their optimal sizes. Since the storage tanks for intermediate
products are limited in number and size, the correct amount of each product
must be formulated to avoid left-overs which would block the storage tanks.

In figure 6.6, we show an example screen dump of the ATLAS application.
The schedule is shown both in the form of a Gantt chart and as a textual list.
The user can interact with the program via direct manipulation of items on
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the screen. A number of different views is provided to manipulate schedules,
resource availability or stock levels.

The system is used by several users with different responsibilities. The
scheduler for the factory works together with people responsible for schedu-
ling the formulation and the inside and outside packaging lines. Other persons
control the inventory and are responsible for ordering packaging materials.
These users continuously exchange information via the system. An overview
of the dynamic scheduling environment is given in figure 6.7. Orders and sales
forecasts are added to the data base from external sources. Information ab-
out stocks of packaging material and deliveries are also available, shop floor
data is entered to update the current situation on the manufacturing side.
The current production schedule is updated on demand and is then used
to determine new requirements of raw materials and packaging materials.
The program can be used on a ”what if” basis in order to see the impact of
accepting new orders or changing delivery due dates.

Fig. 6.6. The ATLAS application

The system architecture of the ATLAS system is shown in figure 6.8. The
application runs on a UNIX workstation together with an Oracle data base.
The different users connect to this application via their personal computers
running an Xwindows emulation. The workstation is also connected to diffe-



6 Building Industrial Applications 289

Fig. 6.7. The scheduling process

rent mainframe computers which keep information about orders, stock levels
and deliveries. The master schedule is kept inside the data base, but each
user can create and store local scenarios in file form. These scenarios can
be ”what-if” type evaluations, or alternative production plans, which can be
exchanged between users.

Fig. 6.8. ATLAS system architecture

The ATLAS system is operational since July 93, the complete project
ended in spring 94. As an end-user system, the constraints are not visible
to the user, all interaction is via the Gantt chart and stock level diagrams.
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The user can move tasks manually and override the automated scheduler or
change its strategy.

The system shows the type of complex scheduling problem which is well
suited to the constraint approach. It is a real-life, not a pure problem, and
does not fit easily into existing OR problem classifications. On the other
hand, solutions which satisfy most constraints are hard to find. There are
many forms of interaction between constraints and conflicts between different
constraint types which can not be resolved automatically. The system is used
as a decision support system, which helps the human scheduler, but does not
replace him.

In important aspect during development was the possibility to incremen-
tally express the constraints of the program. Rather than starting with a
complete set of conditions, constraints were added by groups to understand
the effect and requirements of each constraint type.

We discuss some implementation aspects below in section 6.8. A signifi-
cant development effort was required to model and solve the problem and to
generate the integration and graphical interface parts. A major revision of
the application was performed in 1998 to provide an interface with SAP/R3.

6.6.2 FORWARD

The second case study is the FORWARD [GR97] system, a scheduling and
simulation tool for oil refineries. It is used to plan refinery operations for
production changes on a rather detailed level for next three days and at an
overview level for the next three weeks. The system is currently in use at three
sites in Europe and two refineries in Asia. Each refinery has its own particular
features and operation procedures. This means that the program must be
extensively customised for each site. The first installation is operational since
September 94. FORWARD is a joint development of the engineering company
TECHNIP and COSYTEC. It combines a non-linear simulation tool written
in FORTRAN with a scheduling and optimisation part, which were developed
in CHIP together with the graphical user interface.

To explain the function of FORWARD, we present an (idealised) overview
diagram of a refinery in figure 6.9. Crude oils arrive by tanker or pipeline and
are stored in large tanks in the tank farm. Different types of crude may be
mixed to feed the process part of the refinery, starting with the crude distil-
lation unit (CDU). A large number of other units are connected to different
branches of the CDU output. They are used to maximise the percentage of
light (valuable) products, which are obtained from the crude oil. The mixture
of crude oils determines the throughput of the processing units and thus the
economic efficiency of the refinery.

At the end of the process part semi-finished products are stored and
then blended together to obtain commercial products like gasoline of defined
qualities. Up to 12 different components can be used to generate gasoline
for example. The ratio of the different products determines the cost of the
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Fig. 6.9. Refinery schematic diagram

finished product and therefore the margin of the refinery against the market
price. At the output side of the refinery, the off-lift of the finished products
must be scheduled to satisfy customer demand and optimise resource use
(pumps, berths, etc).

A refinery will have perhaps 30 different types of processing units, 250
tanks of different sizes in different parts of the refinery, connected by thou-
sands of pipes and pumps which allow many, but not all product movements.

Fig. 6.10. FORWARD system modules

Oil mixes with non-linear blending laws for many properties. The FOR-
WARD system tracks around 70 measured values and uses up to 1000 data
points for each oil mix in the system. There is a library of several hundred
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crude oils, defining their properties in detail. The FORTRAN part of the
FORWARD system uses these data and complex non-linear models of pro-
cessing units to calculate flow-rates, yields and properties for each unit in the
refinery. Different operating modes determine the type of behaviour expected
from the unit.

The system modules in the FORWARD system are shown in figure 6.10.
The simulation part in FORTRAN handles the calculation of unit yields and
flow rates. It exchanges information about the refinery structure with the
scheduling control system. This event processing system written in CHIP is
also linked to the other parts of the system. The refinery description module
is a graphical editor to enter and modify refinery descriptions interactively.
All units, tanks and pipes in the refinery are entered using this module. In the
initial status module, data from the refinery data base are loaded to initialise
the simulation. An automatic comparison with the results of previous simu-
lation runs detects inconsistencies and unforeseen events. On top of this data
management part, there are several problem solvers, written in CHIP. One
module controls the mix of crude oils in order to maximise the throughput of
the CDU. A large non-linear optimisation module is responsible for blending
optimisation. It is implemented on top of the linear rational solver of CHIP.
For each blend, it calculates the optimal recipe to produce end products with
very strict quality limits at minimal cost. As this optimiser is used inside the
simulation tool, we often encounter overconstrained problems, which allow
no solution. A special explanation tool, written as a meta program on top
of the problem solver, applies constraint relaxation in a variable, four-level
hierarchy. It either finds the maximal achievable quantity or determines the
missing component.

Another problem solver is responsible for the scheduling of ship arrivals
at the refinery. This has to take the limited berthing capacity at the refinery
into account as well as the storage limits for finished products.

On top of these modules, an expert rule system allows to recognise and
react to standard situations in the refinery. These rules explain for example
which tank to use next when a crude oil tank becomes empty or full. The
rules are entered graphically using a special rule editor, which guarantees
syntactic correctness of the rules.

The FORWARD system clearly shows the flexibility obtained by the CLP
approach. The five current users belong to different companies, with different
management styles and slightly different objectives in running their refinery.
Each site requires custom modifications to take new units or special physical
properties into account. At some sites, pipeline operations must be scheduled
concurrently with the refinery operations. Different users use different blen-
ding laws which directly affects the blending optimiser. This problem solver
is customised for each user to reflect their different view point. The interfaces
to other tools and to the data base are customised as well. As a large part of
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the system is developed in CHIP using CHIP++ objects, it is easy to extend
or modify the function of different modules.

6.6.3 TACT

The TACT application was developed for a food-industry company in the
UK [SCK00]. The problem can be described in a simplified form as follows
(see figure 6.11): In the food industry, birds (chicken and turkeys) are grown
on a large number of farms. When the birds reach a certain age, they are
transported to the factories, where they are killed and processed for different
types of products. For each day, an order book describes the different farms
to be visited, the number of birds of different types to be collected and the
order in which the birds must be delivered at the factories. The arrival of the
lorries at the factories must be scheduled carefully, in order to avoid either
running the factory out of stock or to deliver the birds too early, which would
be unacceptable for quality control reasons.

Fig. 6.11. TACT problem

In addition, other transport must be scheduled between breed and grow-
out farms to distribute the next generation of birds at the correct time.

The order book is usually known well in advance, but often changes at
the last minute in order to react quickly to some new event. Reaction time is
crucial, since the affected personnel must be notified in time of any changes
in the plan.

The company uses its own fleet of vehicles for the transport, but someti-
mes must hire in extra drivers or vehicles to handle the work load. The farms
are at a distance of between 5 minutes and 3 hours driving time from the
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factories, so that geographical locations play an important role in the sche-
duling. Some farms can only be reached by small lorries, since they are at
the end of difficult roads. For a number of farms, environmental constraints
limit the time when lorries can drive to the farms.

The actual transportation process requires a number of interdependent
resources:

• bird catching teams
• drivers
• lorries
• trailers
• fork lifts
• fork lift trailers

We will now describe some of the constraints attached to the different types
of resources.

Catching teams. The catching team is a group of persons which on the
farms catches the birds and collects them into crates. The rate of work, their
working time and their preferred work (catching turkeys or chicken, male or
female) varies for each team. The teams start work at the depot, drive to
a farm with a mini-bus, collect a number of birds there and either continue
to another farm or return to the depot. For sanitary reasons, it may be
necessary to return to the depot to change before going to another farm. The
total working time and the number of crates collected by day are limited,
and between two working days the teams must have a certain rest time. This
means that a team which works late on Monday can not be used very early
on Tuesday. If the work load can not be handled by the given number of
teams, it is possible to hire in outside help at a significantly higher cost.

Drivers. The drivers will always clock on at the depot, collect a lorry and
make some trips to farms and from there to the processing sites. At the end
of the day, the driver must drop the lorry at the depot and clock off there.
In a normal day, they will make between two and five trips (depending on
distances, etc). After delivery at a factory, the lorry is cleaned and can be
used for another trip. The driver may change lorries several times during a
day, he is not assigned full-time to one particular vehicle. They also do not
have fixed clock-on and clock-off times, but follow a roster, which for each
week gives the sequence in which drivers must clock-on. The usual working
rules apply, i.e. maximal number of hours working, maximal number of hours
consecutive driving, maximal mileage per day are all limited. While a lorry is
loaded on a farm, the driver can take the legally required rest period. At the
end of a trip, the driver may be required to change the lorry configuration,
i.e. drop a trailer or change the large crates for turkey with smaller crates for
chicken. This may require an empty trip to another factory in order to pick
up these new modules.
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Lorries. The factory fleet consists of different types of vehicles, some single
lorries of 24 ton weight, lorries with trailers with a total weight of 32, 35,
38 or 42 ton total weight plus some articulated trailers which can be used
with outside haulage. Not all lorries are available at all times, there are times
reserved for maintenance or inspections. The birds are transported on the
lorries in crates which are placed in modules. These modules are loaded and
unloaded with fork lifts.

The number of lorries available is given. If for some reason more lorries
are required, they can be rented, but at a significant extra cost.

Previous solution. Before the introduction of the system, the scheduling
of the transport problem was done by hand. The scheduler started in the
morning using the current order book for the next day. Usually, it took about
6-8 hours to find a solution. If the order book was changed in a significant way,
much of the work had to be redone, delaying the publishing of the schedule.
The two experts in the company could produce a very good schedule in most
situations, but it was nearly impossible for an outsider to understand the
process. Often, some rule would be bent in order to find a solution more
quickly or to patch a solution after some change in the input data. As a
result, it would be often unclear which constraints were actually handled
correctly in a given schedule.

Solution Approach. Given the complexity of the transportation problem,
it is understandable that only a decomposition can lead to manageable sub-
problems of feasible size. In the manual solution, the scheduler were cutting
the problem into three sub parts. In TACT, we follow the same approach (see
figure 6.12).

Trip Cut. In a first step, called trip cut, the number of trips and the different
lorry types for each entry in the order book is determined. This creates a set
of trips, each transporting a given number of birds on a particular type of
vehicle. The solver of this step is a small integer programming module written
in CHIP. The constraints consist in a number of equations and inequalities
and we are interested in a solution which utilises an integral number of lorries
of each type while generating the smallest number of trips possible.

Line Balancing. The second step, called line balancing, is to schedule the trips
generated in the first steps in such a way that the supply for the factories
is guaranteed and that operational constraints of the loading and transport
are taken into account. The main constraints in this problem are produ-
cer/consumer constraints for the different bird types. The birds should arrive
just in time at each factory, too early and the limited storage space in the
factory is exceeded, too late and a factory with several hundred employees
grinds to a halt. Figure 6.13 below shows a typical constraint curve for one
bird type over the period of a day.
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Fig. 6.12. Solution Approach

Fig. 6.13. Producer/consumer constraint for factory intake

Assignment. The third step consists in assigning individual resources to all
activities. Depending on the type of resource, the timing may have to be re-
evaluated at the same time. The constraint model is a typical multi-resource
scheduling and assignment problem. The main resource constraint is handled
by diffn constraints, variable transport (set-up) times are handled with the
cycle constraint and overall resource limits are expressed with (redundant)
cumulative constraints.

After each step, the results are presented to the user in the graphical user
interface, where he can react to the system. Quite often, the user may decide
to re-run the trip cut (first step) with some changes in the parameters before
continuing with the second phase.

Each of these phases are run for the orders of a single day, although the
generated schedules (30 hours) overlap in time. For each day, the schedule of
the previous day is considered as fixed work in progress. Only the fork lift
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planning is made for one week at a time, in order to minimise the transport
required.

Handling over-constrained problems. An important aspect in the re-
source assignment is the handling of over-constrained problems. If the re-
source assignment doesn’t find a solution in a reasonable time this can either
mean that there is no solution or that the heuristic is not good enough to find
it. If there is no solution, this can be because there are not enough drivers, or
not enough lorries of some type or not enough catching teams. It is important
for the user to find the real cause of the problem, in order to avoid costly
mistakes like renting another lorry when more drivers for the existing lorries
are required.

In order to provide some form of automatic explanation, the system au-
tomatically relaxes different types of constraints if no solution can be found.

Another specialised method is the calculation of lower bounds for some
type of resource in independent solvers. This method covers the given amount
of work with work profiles of a given duration, ignoring all other constraints.
A detailed description together with the constraint model of this lower bound
calculation is given in [Sim96a]. Note that the latest version of CHIP includes
these lower bound calculation as options for the global constraints cumulative,
diffn and cycle.

The user can modify the schedule interactively and then check if the
modifications satisfy the constraints. In some situations, the user may wish
to violate a constraint in the system in order to solve a particular problem.
The automated solver, for example, does not allocate over-time to catching
teams. The scheduler, on the other hand, can decide to use over-time for
some team and to discuss this with the affected persons, rather than calling
in outside contractors for this work. This negotiation process can not be
automated, but is crucial to finding a good compromise between different
objectives.

Evaluation. The system has been operational since beginning of 1995 and
has completely replaced the manual scheduling process. While a manual so-
lution required up to 8 hours of work, it is now possible to find solutions in
as little as 15 minutes (about 5 minutes of constraint solving). This gives
more flexibility to the scheduler who can devote more time reacting to sud-
den changes in the order book or to compare different scenarios balancing
contradictory objectives.

The TACT application is not used as a black-box problem solver, but rat-
her as a decision support tool for the scheduler. It speeds up the generation
of schedules and ensures that constraints and regulations are taken into ac-
count. The scheduler can control the different solvers by enabling/disabling
constraints or selecting different heuristics.
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It is difficult to compare resource utilisation results before and after the
introduction of the system as business in general has changed significantly.
But it is clear that the tool allows to analyse a problem earlier and in much
more detail so that expensive last minute changes are avoided.

A return on investment in 6 month has been quoted by the customer, in
particular due to reduced capital expenditure on new lorries.

In five years of operation, a number of changes were introduced into the
system to handle new constraints or restrictions. The company has updated
its lorry fleet, so that constraints on capacity and farm access had to be
changed. The contractual status of the catching teams changed, so that work-
rules, time limits and overtime pay had to be revised. The loading constraint
balancing full and partially empty vehicles was completely revised. All these
changes could be implemented quite rapidly without affecting other parts of
the constraint model.

6.7 Application Framework

We now briefly discuss some aspects of the application framework used for
many of the applications shown above. A typical decision support application
consists of different parts. A central data model is used to drive the graphical
user interface, the problem solver and reporting modules. The data are stored
in a data base which exchanges data with the internal data model. Libraries
are used for many of these functions in order to minimise application specific
code.

The application framework for CHIP provides such building blocks for
the data management and graphical user interface. Based on a central data
model as a data description file, it automatically creates CHIP++ class de-
scriptions, generates data base tables and code to upload and download data
from the data base. In the same way, it is used to manipulate graphical in-
terface modules like lists or dialog panels. All these components share the
data description which is a single point of reference for the data model of the
application.

The framework also contains libraries for often required graphical tools
like Gantt charts or diagrams.

The system is general enough for different application domains, it has been
used for problems of manufacturing, transport, chemical industry production
scheduling, or human resource management. There are obvious benefits in the
code size and development speed, but also improved quality and a decrease
in maintenance requirements.

6.8 Analysis

In this section we want to evaluate some aspects of the application deve-
lopment with constraints. We first look at an analysis of the different parts
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of the ATLAS application and then compare a number of large scale CHIP
applications.

6.8.1 Needs of an Industrial System

Table 6.2 shows the percentage of the overall size of different parts of the
ATLAS application. The largest amount is taken up by the data base and
integration parts, which are developed using SQL*Forms and Reports from
Oracle. Of the CHIP part, the application specific graphics and graphical
libraries on top of XGIP take a third of the overall program size. The problem
solver only accounts for 9%, while the remainder is split between fixed parts
for I/O, data management and dialogs.

Table 6.2. Percentage of application size

Part of application Percentage of overall size
Data base/integration 46%
Graphics 19%
Graphics libraries 14%
Problem solver 9%
Static program parts (I/O, dialog description) 6%
Others 6%

The table only gives the percentages of code size of the finished applica-
tion. In terms of development effort, a larger percentage must be attributed
to the constraint solving part. Prototyping and experimenting with different
strategies leads to re-writes or modifications of major parts of the constraint
module. In terms of overall effort on the application, the solver accounts for
perhaps 20% of the overall development time.

The problem solver is also the part with the high development risk. Very
often, it is not clear at the beginning of the project which aspects of the
system can be integrated in the solver. Yet without a problem solver, the
overall application does not perform its job. This means that prototyping
and risk reduction are key aspects to a successful CLP project.

But even taking this into account, the table clearly shows the importance
of the integration and data manipulation parts of the finished system. With
the application framework, we are working on reducing the amount of special
purpose code required for this part of the system in the same way as the
constraint system has reduced the amount of work on the problem solver.

6.8.2 Application Comparison

The following table 6.3 compares a number of large scale CHIP applications
co-developed by COSYTEC. The entries are given in temporal sequence of



300 H. Simonis

their project start. The table shows the name of the system and the constraint
solver used inside the program (F means the finite domain solver, R the linear
rational solver). The next two columns state whether the program contains a
graphical user interface and data management parts. The number of lines of
the complete application is given next. An asterisk means that the complete
system contains parts written in other languages, which are not counted here.
The last two columns give the number of lines in the constraint solving part
of the application and the elapsed project time. This number is not the total
size of the project in man months.

Table 6.3. Application comparison

System Solver GUI Data Management Total Lines Lines solver Duration
Locarim F yes yes 70000 3000 24 month
Forward R,F yes yes 60000(*) 5000 24 month
ATLAS F,R yes no 15000(*) 4000 18 month
TAP-AI F no no 7000(*) 6000 6 month
TACT F yes yes 36000 7000 10 month

It is interesting to see that graphical user interfaces and data management
modules account for a large percentage of the overall code size. Building a
complete end-user system also requires a significant time period for specifica-
tion and changes of the business process to use the new system to advantage.
The TACT application shows how the use of the application framework in-
creasingly reduces both project time and code size.

The constraint solver parts are of a rather similar size. As new global
constraints are added to the system, we can handle more and more complex
problems which were unmanageable before. We therefore see an increase of
complexity in more recent applications which has no significant impact on
the project duration.

6.8.3 Why Use Prolog for CLP?

All applications mentioned above use the PROLOG version of the CHIP
system. While the declarative structure of logic programming is often advo-
cated as a main advantage of Prolog, we find other aspects of at least equal
importance.

For application development, the interpreting environment of Prolog is
very important. Changes and revisions can be loaded without recompiling
and linking the complete system by reconsulting small parts of the system.
This speeds up the development of the problem solver as well as the coding
of the graphical user interface.

The built-in relational form of Prolog is also very convenient to store data
and parameters inside the application.
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The backtracking mechanism of Prolog is most important for developing
complex assignment strategies in the problem solver. While predefined search
procedures can give satisfactory results on small problems, they are not suf-
ficient to solve large, complex problems. Developing such search strategies in
a conventional language like C or C++ dramatically increases complexity.

Another useful aspect of logic programming are meta-programming facili-
ties which can analyse programs and generate new code dynamically. Several
of the presented applications use model generator programs or diagnosis en-
gines as explanation facilities. Expert rule systems written in Prolog (with
suitable graphical interfaces) allow end-user programming for example in the
FORWARD or OPTISERVICE systems.

On the other hand, there are several problems which must be overcome
when using logic programming for large scale application programming. The
largest problem clearly is the lack of acceptance of PROLOG in the industry,
which creates both commercial and technical problems. Writing efficient lo-
gic programs is clearly possible, but requires training and experience. This
problem is aggravated for constraint programming where there is no strict
separation between modelling and implementing tasks.

Other problems are of a more technical nature. Prolog does not imme-
diately support a graphics model based on callbacks. This requires exchange
of global data between queries, which is normally not well supported in Pro-
log. It also lacks proper data abstraction tools. Symbolic terms are rather
weak data structures, which cause problems for re-use and specialisation of
existing code. These problems are overcome in CHIP with the help of the
CHIP++ object layer, which adds feature-terms, objects and class structure
to PROLOG.

6.9 Does CLP Deliver?

In section 2.1, we mentioned several key advantages which were claimed for
constraint logic programming. Short development time was the first of these
advantages. This is clearly true for many of the prototypes which have been
developed very rapidly in CHIP in order to understand and define the pro-
blem to be solved. For large scale applications, time limits are usually given
by the project framework and possible changes to the business environment.
Basically constraint systems enable us to remove the problem solver from the
critical path in the project planning. Compared to a standard approach, con-
straint applications also use much less code than conventional programs. The
use of the application framework increases this tendency by also shrinking the
amount of custom programming for other parts of a system like graphics or
data management. The programs are also quite easy to modify and to extend.
A good example is the FORWARD system, which has been quite easily adap-
ted to four different users and problems as described above. The performance
of the problem solver is typically not the limiting factor in the application.
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Answers are achieved from within seconds to within a few minutes for the
complex constraint problems. This is usually quite acceptable compared to
the time required to enter data or to make manual modifications.

6.10 Limitations

The list of applications shown above indicates that constraint programming
is already used for a large variety of application domains. But this experi-
ence with application development also indicates a number of limitations and
shortcomings of the current tools.

6.10.1 Stability

The most common problem stated by users of the constraint systems is the
sometimes unpredictable behaviour of constraint models. Even small changes
in a program or in the data can lead to a dramatic change in the performance.
The process of performance debugging, designing and improving constraint
programs for a stable execution over a variety of input data, is currently not
well understood.

6.10.2 Learning Curve

Related to this problem is the long learning curve that novices have experien-
ced. While simple applications can be build almost immediately, it can take
much longer to become familiar with the full power of the constraint system.

6.10.3 Problem Size/Complexity

Another problem aspect is the conflict between problem size and complexity.
For many small, but very hard problems the constraint systems must perform
as much propagation as possible in order to avoid expensive, blind search. For
larger, but simpler problems this propagation is too expensive. Much time
is spent in the constraint reasoning when a simple enumeration would be
more efficient. If a large problem contains a number of smaller, but difficult
sub-problems, the difficulties in problem solving increase.

6.10.4 Cost Optimization

A particular problem in many constraint models is the cost optimisation.
Depending on the cost function, in particular for additive costs with many
contributing factors, constraints may find rather weak lower bounds of the
cost. In optimisation problems this often leads to difficulties to improve an
initial solution, which is found with a heuristic. Systematic exploration of the
whole search space is not possible due to the large number of choices to be
explored.
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6.11 Future Trends

In this section we will present some ideas for the further development of finite
domain constraint techniques. These ideas are intended to be non-exclusive,
there are obviously many other interesting approaches (for example the com-
bination of modelling with global constraints and stochastic search methods,
or other hybrid methods). We group the ideas in four areas, starting with mo-
delling issues, followed by constraint reasoning and a section on search and
optimisation. The important aspect of usability and ease of use is discussed
in the last section.

6.11.1 Modeling

Current constraint languages like CHIP already use a rather powerful set
of constraint primitives and global constraints. Further development will be
driven by two main factors:

• Requirements for particular applications often lead to new constraints,
which are then extended to satisfy the rules for global constraint expres-
sed above.

• A general analysis of possible constraint types may lead to a novel and
more systematic classification of constraint pattern. Some early research
in that direction can be found in [SAB00] [Bel00].

A more general question concerns the modelling language used to express con-
straint problems. At the moment, most constraint systems are either exten-
sions of a programming language (often Prolog) or libraries which are used to-
gether with conventional programming languages (C, C++). Currently there
is work on introducing constraint modelling languages [VH98] similar to al-
gebraic modelling languages known from Operations Research [FGK93].

Another approach to modelling is the use of visual tools to express and
generate constraint programs. A wide range of methods is possible, starting
from application specific visual tools to dedicated visual constraint program-
ming languages. In the FORWARD refinery scheduling [GR97] system for
example, the model of the refinery is entered in a graphical drawing tool and
the constraint model is generated from the layout. In [Lab98], a graphical tool
to express search methods has been presented. A first version of a graphical
specification tool for CHIP was presented in [Sim97a].

6.11.2 Constraint Reasoning

As mentioned above, for many large scale problems we must find a compro-
mise between the use of expensive, but powerful methods and the need to find
a solution rapidly for simple problems. In a typical global constraint, up to
40 propagation methods are working together. The study of the interaction
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of these methods and their possible control is one of the most challenging
problems in constraint development.

Another current topic is the integration of constraint programming with
integer programming techniques [BK98]. This integration can take very diffe-
rent forms. One possibility is the introduction of a global constraint concept
in integer programming and its use in a branch-and-cut scheme [Kas98]. A
second approach is a redundant modelling with both global constraints and
integer programming methods. A difficult question in this approach is the in-
tegration of the search techniques of both methods which are quite different.

6.11.3 Search and Optimization

Controlling search is probably the least developed part of the constraint pro-
gramming paradigm. For many problems the choice of a search routine is
crucial to performance, but it is generally developed on a ad-hoc basis. The
possibilities of partial search and local search methods as alternatives to
depth first chronological backtracking are also not full understood.

The difference to integer programming is quite striking. In integer pro-
gramming, cost and cost estimation are driving search to the exclusion of
most user control. In constraint programming, the cost estimation often is
very weak and does not guide the search, so that user defined heuristics are
needed to find solutions. A combination of both techniques, improved cost
reasoning and user control over the search should provide dramatic improve-
ments in solution quality for many hard problems.

6.11.4 Ease of Use

The most limiting factor for a more wide-spread use of constraint program-
ming at the moment is probably the difficulty of understanding and maste-
ring the technology. Part of this difficulty is the inherent complexity of the
problems tackled, but much further development is also needed in metho-
dology [Ger98] and ease of use. Visualisation and debugging tools like the
ones developed in DiSCiPl [SA00] [SAB00] [SCD00] can help understand the
crucial problem of performance debugging.

6.12 Conclusions

We have shown in this paper a number of large scale applications develo-
ped with CHIP, a constraint logic programming system and have seen that
complex end-user systems can be built with this technology. On the other
hand, constraint logic programming does not offer a ”silver bullet” for pro-
blem solving. There is a significant learning period before the technology can
be mastered. This also requires application domain knowledge to model pro-
blems and to express solution strategies. Other aspects, like integration and
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graphical user interface, form a significant part of the overall development re-
quirements. Clearly, constraint logic programming is now an industrial reality
which can be applied to many domains where high quality decision support
systems are required.
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