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Abstract

The paper presents results of modelling and solving a large industrial combinatorial
problem with Constraint Logic Programming (CLP) in cooperation with Linear Program-
ming (LP). The problem at hand is scheduling the maintenance of the power units in the
power plants of Flanders. Using finite domain solvers ROPE [VD94] and SICStus [Swe97]
we were never able to derive an optimal solution. Most of constraints used in the model
are linear inequations over integer variables. A number of experiments have been done at
IC-Parc by running the Finite Domain solver in ECLiPSe [Eur98] using CPLEX to work
on the linear constraints. Unfortunately, the solver was inefficient for the given problem.
We have modified the existing model to a model with only linear constraints over boolean
variables. Most of these constraints are uni-modular constraints. The same solver has
derived significantly better results on the modified model. We describe both models and
compare the empirical results.
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1 Maintenance of Power Plants

A Belgian electricity company has a number of power plants organised per geographic
area. Each power plant has a number of power generators, in the sequel units, each of
which must have a given number (usually 1 or 2) of preventive maintenances during the
year. These preventive maintenances enhance the reliability and life-time of the units.
Such maintenances have a known duration. Planning these maintenances of electricity-
units is a general problem for all electricity companies. The key issue is that electric
energy cannot be stored. At any time enough capacity must be available to supply for
the demand. The computational problem is to schedule these maintenances according to
some constraints and optimality criteria. Constraints are of the following form:

• Some time-slots can be prohibited for maintenances of some units.
• For each power plant, there is an upper limit to the total number of units in main-

tenance per week for reasons of availability of personnel.
• Some of the maintenances are fixed in advance.
• Some maintenances must be non-simultaneous because too few people or machinery

is available.
• Some maintenances must be scheduled simultaneous because specialised people from

abroad are needed.
• For each area, there is an upper limit to the total capacity in maintenance per week.

Otherwise, energy flow between areas may exceed network capacity.

The objective of the optimisation problem is to maximise the minimal weekly reserve,
i.e., the difference between the total operational capacity (not in maintenance) and the
expected weekly peak load.



2 Using Plain Finite Domain Constraint Logic Pro-

gramming

The first CLP-program was written to run with the solver ROPE[VD94]. This program
first creates a number of variables, then creates a number of constraints on these variables
and finally calls the ROPE-solver (the enumeration predicate) with an optimality function
for finding solutions. Later on the program was slightly adapted to work with SICStus
and ECLiPSe.

2.1 The First Model: Finite Domain Variables and Constraints

For this application, it was particularly difficult to come up with a ”correct” model. In
the first model we have used the following finite domain variables:

• Availijk: a boolean variable for the maintenance k of unit j in week i.
• Availij : a boolean variable for unit j in week i.
• Startjk: an integer variable for the start week of maintenance k of unit j.
• WeekCapaci: an integer variable for the total available capacity in the country.

The representation above is actually a double representation. The set of variables Startjk

contains all information on the resulting schedule, and so does the set of variables Availijk.
These two sets of variables are desirable as it eases the expression of constraints. Of course
these two sets of variables must be tightly connected, such that all information on one
set of variables is propagated to the other and vice versa. Next to these constraints we
have the actual constraints from the problem:

• a constraint between the start date Startjk of maintenance k and the availability
Availijk of unit j. Value djk represents the duration of maintenance k of unit i.

Availijk = (i < Startjk or i >= Startjk + djk) (1)

• a unit i is available in week j and no maintenances of i may be simultaneous:

Availij + n − 1 =

n∑

k=1

Availijk (2)

• a maintenance for unit j is prohibited in week i. In other words, unit j must be
available in week i:

Availij = 1 (3)

• the number of units of power plant p in maintenance in week i must be less than a
given maximum maxp: ∑

j∈p

1 − Availij ≤ maxp (4)

• a fixed maintenance for unit j on week i:

Availij = 0 (5)

• the non-simultaneity of certain maintenances. Indexical constraints were used to
avoid a real disjunction. Assume that maintenances for unit j1 and j2 should not
be performed simultaneous:

Startj1k1
in 1..(max(Startj2k2

) − dj1k1
− pre) : (min(Startj2k2

) + dj2k2
+ post)..52

(6)

Startj2k2
in 1..(max(Startj1k1

) − dj2k2
− pre) : (min(Startj1k1

) + dj1k1
+ post)..52

(7)



The constants pre and post are resting periods between the non-simultaneous con-
straints. Indexical constraints [Swe97] are both propagation rules and computation
rules. The first constraint should be activated whenever the bounds of Startj2k2

change. Then the righthand-side of the in-constraint is evaluated by replacing
max(Startj1k1

) by the upper bound of Startj2k2
and min(Startj2k2

) by the lower
bound. N1..N2 represents an interval from N1 to N2, I1 : I2 represents the union
of intervals I1 and I2. The resulting domain is intersected with the current domain
of Startj1k1

.

• simultaneous maintenances. For units j1 and j2, dj1 > dj2 , to be maintained simul-
taneously the following constraints are generated:

Startj1k1
≤ Startj2k2

≤ Startj1k1
+ dj1 − dj2 (8)

• the total capacity on maintenance in one area a should not exceed a certain threshold
maxa: ∑

j∈Areaa

(1 − Availij) ∗ capj < maxa (9)

• given set Units of all units, and capacity capj of unit j in Megawatt, the following
constraint defines week capacity in week i:

WeekCapaci =

m∑

j∈Units

Availij ∗ capj (10)

2.2 Optimisation Function

To maximise minimal reserve energy, a variable Level is introduced on which the following
constraints is defined, for each week i:

Level ≤ WeekCapaci − peaki

where peaki represents the expected peak load in week i. To find the optimal solution,
the solver must maximise the variable Level.

2.3 Results

The solutions generated by our program are graphically represented in Figure 1. The
area with grey lines represents the expected consumption (peak loads) for each week of
the year. The black lines show the amount of Megawatts on maintenance that week.
The thin dotted lines is the remaining amount of Megawatts, the reserve. This last area
spanned by the dotted lines should be divided as equally as possible over the different
weeks. The solution in Figure 1 is quite bad, most of maintenances are planned in the
beginning of the year. This yields few reserve in the beginning of the year and much
unused capacity in the end of the year.

In a first attempt, a solution with a Level of 1600 Megawatt as shown in Figure 2 was
found and was proven optimal by the system. Given the data we actually expected an
optimum around 2000 Megawatt. A closer look showed that a fixed maintenance in week
4 was responsible for this low optimum; in this week, fixed maintenances were scheduled
which did not allow a larger reserve level.

But still the reserve over the remaining weeks could be maximised. Then a new version
of the optimisation-function was developed which allowed to maximise the reserve for a
given subset of weeks. This version could find a reasonable solution of 2080 Megawatt in
all weeks, except weeks 4 and 50, both of which had respectively a reserve of 1600 and
2000 Megawatt (see Figure 3). Looking at figure 3 we can clearly see the exceptional week
4 with a lot of maintenance and the week 50 with an exceptional amount of consumption.
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Figure 1: An initial (bad) solution (Level=390)
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Figure 2: The first (optimal) solution (Level=1600)
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Figure 3: The best solution found (Level=2080)

Also remarkable is the large reserve on weeks 29, 30 and 31. These follow from the
constraint that the amount of Megawatts on maintenance in one area should not exceed
a certain threshold. Given the very low expected consumption on weeks 29, 30 and 31,
no more maintenances can be planned than given on the picture.

Finding the solution of 2080 took several hours and the system could not prove that
the solution was optimal. A solution of 2030 was found in several minutes. This is
acceptable as the optimum could never be larger than 2100.

3 Obtaining Better Results by Combining Finite Do-

main CLP and Linear Programming

It is true that in a lot of Finite Domain CLP applications a large amount of linear
constraints is involved combined with a small amount of non-linear combinatorial con-
straints. Not only the non-linear constraints make it difficult to solve the problem with
pure Linear Programming, usually one also wants an integer solution. Both Finite Do-
main technology and Linear Programming methods have ways to handle these problems.
As already mentioned the non-linear combinatorial constraints and the desire for an in-
teger solution is a problem for Linear Programming. On the other hand Finite Domain
CLP is, in comparison with Linear Programming, quite bad at handling large amounts
of linear constraints. Combining these two methods could have several advantages. (i)
Information deduced by one method could be used by another, both CLP(FD) and Linear
Programming could e.g. narrow the bounds of domains using different methods. (ii) Enu-
meration could be guided by non-integer solutions found by a Linear Programming tool
[Eur98]. People from the ECLiPSe-team, during the experiment hosted at IC-Parc, were
also interested in that topic. They build a library for ECLiPSe that besides adding the
constraint to the CLP(FD) engine also forwarded the linear constraints to the commercial



Linear Programming Package CPLEX. We used this library to perform our experiments.

3.1 Some First(failing) Experiments

In a first attempt the existing application running on ROPE and SICStus was ported to
ECLiPSe. Then this program was run on the version of ECLiPSe using CPLEX. This
did not yield better results. Then the program was slightly rewritten by transforming
disjunction, originally handled by user-defined constraints, towards linear constraints as
described in [RWH98]. Unfortunately this did not yield a better result either.

3.2 The Second Model

The model used in the pure CLP-approach, based on the set of Finite Domain variables
chosen in section 2.1, could be the reason for the bad results. It might be better to have
constraints over boolean variables with most coefficients equal to 1 (this would lead to
SOS1, SOS2, or uni-modular constraints).

In the second model, for each maintenance m of unit i, 52 boolean variables Mm,i,w

are created for w ranging from 1 to 52. Mm,i,w becomes one if maintenance m of task i
starts in week w.

This leads to the following linear constraints:

• Basic Constraints. The representation of 52 boolean variables for each mainte-
nance allows incorrect states. In a correct solution exactly one of these variables
must be 1, the others 0:

∀i : 1 ≤ i ≤ u, ∀m : 1 ≤ m ≤ mainti

52∑

w=1

Mm,i,w = 1 (11)

• End of the year. All maintenances should be finished by the end of the year. In
the first model this is achieved by initialising the domains of the Startjk variables
such that the maintenances do not start to late. We have to set the booleans at the
end of the year:

∀i : 1 ≤ i ≤ u, ∀m : 1 ≤ m ≤ mainti∀w : 52 − dm,i + 1 ≤ w ≤ 52, Mm,i,w = 0 (12)

• No overlap. When there is more than one maintenance for one unit, they should
not overlap. In the first model this is done with constraint (2).

∀i, ∀m1, m2 : 1 ≤ m1 < m2 ≤ mainti, ∀w1 : 1 ≤ w1 ≤ 52, (13)

∀w2 : w1 − dm1,i + 1 ≤ w2 ≤ w1 + dm2,i − 1, Mm1,i1,w1
+ Mm2,i2,w2

≤ 1 (14)

• Prohibited period. Similar to constraint (3) in the first model we have to express
that certain periods are prohibited for maintenance. Suppose the period [start, end]
is forbidden for every maintenance on unit i.

∀m : 1 ≤ m ≤ mainti : ∀w : start − dm,i + 1 ≤ w ≤ end, Mm,i,w = 0 (15)

• Maximum number of units on maintenance in one plant. Suppose that
maxp is a bound on the units on maintenance in plant p.

∀w : 1 ≤ w ≤ 52,
∑

i∈plantp

mainti∑

m=1

w∑

v=w−dm,i+1

Mm,i,v ≤ Maxp (16)

This constraint in the second model should be compared with constraint (4) in the
first model.



• Fixed maintenances. Given maintenance m for unit i at week w then Mm,i,w = 1
as a consequence Mm,i,v = 0 with v 6= w. This is similar to the constraint (5) in
the first model.

• Non-simultaneous maintenances. Given maintenance m1 for unit i1 and main-
tenance m2 for unit i2 should be performed non-simultaneously with rest-period of
rest between the maintenances.

∀w1 :1 ≤ w152,

∀w2 :max(1, w1 − d2 − rest + 1) ≤ w2 ≤ min(52, w1 + rest + d1 − 1),

Mm1,i1,w1
+ Mm2,i2,w2

≤ 1 (17)

This restriction on maintenances was expressed by constraints (6) and (7) in the
first model.

• Simultaneous maintenances. Given maintenance m1 for unit i1 and mainte-
nance m2 for unit i2, di1 < di2 , should be performed simultaneously (expressed by
constraint (8) in the first model).

∀w1 : 1 ≤ w1 ≤ 52, Mm1,i1,w1
≤

w1∑

w2=w1−diff

Mm2,i2,w2
and

Mm2,i2,w1
≤

w1+diff∑

w2=w1

Mm1,i1,w2
(18)

with diff = di2 − di1

• Area Constraint. Restriction on the number of Megawatts on maintenance in
area k

∀w : 1 ≤ w ≤ 52,
∑

i∈areak

mainti∑

m=1

w∑

v=w−dm,i+1

Mm,i,v ∗ megawatti ≤ maxAreak (19)

This was expressed by constraint (9) in the first model.

3.3 Objective Function

Assume for unit i and week w that

MaintWeekw =

u∑

i=1

mainti∑

m=1

w∑

v=w−dm,i+1

Mm,i,v ∗ megawatti (20)

Then a new variable Consumed should satisfy

∀w : 1 ≤ w ≤ 52, e(w, spare) /∈ exceptional, Consumed ≤ MaintWeekw + peakw (21)

∀e(w, spare) ∈ exceptional : maxCapacity − spare ≤ MaintWeekw + peakw (22)

where (maxCapacity − Consumed) is the amount of spare energy in non-exceptional
weeks.

3.4 Discussions

The resulting program was executed at IC-Parc using ECLiPSe, using the special finite
domain library connected to CPLEX. At an initial stage, it looked as if the program was
performing not really better than the original approach. Then it turned out that two types
of constraints were responsible for the poor results, because they are not uni-modular:
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Figure 4: A solution for the relaxed problem (Level=2100)

• the restriction on the number of Megawatts on maintenance in one area (constraint
(19)) and

• the limit on the maximum number of units on maintenance in one plant (constraint
(16)).

The first constraint because the coefficients of the booleans are the number of Megawatts
produced by the unit connected to the boolean. In the ideal case they should be 1 all
of them. In the second variant the constant is not 1 (was also the case for the first
constraint). So these constraints, though linear, did not have the properties needed to
use fast specialised algorithms in the linear solver. Relaxing the problem, by removing
all the constraints of the mentioned type, led quite quickly (10 minutes) to a solution
with a reserve-level of 2100 as can be seen in figure 4. It is not straightforward how these
constraint could be transformed to constraint of the proper type (especially the first one).
From the picture we can easily see that the solution violates the restriction on the number
of Megawatts on maintenance in one area during the summer. On all correct solutions
there is an unusual amount of reserve during weeks 29, 30 and 31. This is because the
energy-consumption is very low during these months. During these months the restriction
on the number of Megawatts on maintenance in one area becomes active. This is not the
case in the relaxed solution.

4 Conclusions

Our experiments show that the combination of finite domain Constraint Logic Program-
ming with Linear Programming is very powerful. The powerful modelling facilities of
CLP, with multiple solvers and flexible search control, the encoding of a correct model
of the program can indeed be a guaranteed step towards an efficient running program.
The consequences can be revolutionary - with programmers actually taking modelling



seriously.
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