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Abstract
This paper presents a new application of logic programming to a real-life problem in hydraulic engineering. The work is developed as a collaboration
of computer scientists and hydraulic engineers, and
applies Constraint Logic Programming to solve a
hard combinatorial problem. This application deals
with one aspect of the design of a water distribution
network, i.e., the valve isolation system design.
We take the formulation of the problem by Giustolisi and Savić [2008] and show how, thanks to
constraint propagation, we can get better solutions
than the best solution known in the literature for the
Apulian distribution network.

1

1 v1,2

0

5l/s

v2,3

v1,6
3l/s

8l/s

3
v3,2

15l/s
v5,6

6

3l/s

2

7l/s

v5,4
5

6l/s

4

Figure 1: A schematic water distribution system with valves
However, placing two valves in each pipe is often not a
viable option, because each valve has a cost; the cost is not
only due to the manufacturing and physical placing of the
valve, but also to the fact that the pipe is more fragile and
deteriorates more quickly near valves. In case there are not
two valves in each pipe (the usual case in real distribution
networks), de-watering a pipe can imply the closure of more
than two valves and the isolation of more than one pipe. In
this case, more users other than those connected to the broken pipe will remain without service during pipe substitution.
Suppose that the pipe e3,4 connecting nodes 3 and 4 is damaged. In order to de-water it, workers have to close valves
v3,2 and v5,4 ; as a result edge e5,4 will be de-watered as well,
and the clients that take water from it will have no service
as well. Valves partition the network in the so-called sectors,
that are those parts of the distribution network enclosed by a
set of valves: edges e3,4 and e4,5 are in the same sector, so
they cannot be de-watered independently one from the other.
The usual measure of the disruption in the service is the undelivered demand, i.e., the demand (in litres per second) that
is not fulﬁlled during the repair operations; in the case there
is need to de-water edge e3,4 , the disruption is the demand
of the edges e3,4 and e4,5 , i.e., 7 + 6 = 13l/s. However,
the undelivered demand does not always coincide with the
sector the damaged pipe belongs to. For example, pipe e2,5
belongs to the sector consisting of the edges e1,2 and e2,5 , that
is surrounded by valves v1,2 , v2,3 , v5,4 , and v5,6 ; however by
closing these four valves, edges e2,3 , e3,4 , and e4,5 will be dewatered as well, even though they are not in the same sector
of the broken pipe. This effect is called unintended isolation
[Jun and Loganathan, 2007].

Introduction

A water distribution network is often represented by hydraulic engineers as a labeled graph, in which pipes are represented as undirected edges. In the network, there is at least
one special node that is the source of the water (node 0 in
Figure 1). Each user has a demand (in litres per seconds) and
is connected to some edge of the graph. Each edge is labelled
with the total demand of the users linked to it. For example,
in Figure 1, the edge connecting nodes 2 and 5 (let us name
it e2,5 ) has a demand of 15l/s (that may be due, e.g., to ﬁve
clients each requesting 3l/s on average).
When designing a water distribution network, one of the
steps is designing the isolation system: in case a pipe has to
be repaired (e.g., because of a break), a part of the network
has to be disconnected from the rest of the network, in order
to allow workers to ﬁx the broken pipe. The isolation system consists of a set of isolation valves, that are placed in the
pipes of the network, usually near one of the two endpoints;
this means that in each pipe at most two valves can be placed.
If in some pipe there are two valves, this means that this single pipe can be isolated by closing both the valves. In the
example of Figure 1, the edge e2,3 connecting nodes 2 and 3
has two valves, so in case this pipe is damaged, valves v2,3
and v3,2 will be closed, isolating only e2,3 .
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Given a number Nv of valves, the objective is to position
the valves in the network such that:

The design of the isolation system consists of placing in
the distribution network a given number of valves such that,
in case of damage, the disruption is “minimal”. Of course,
the level of disruption depends on which pipe has to be ﬁxed.
In Figure 1 we have four sectors: if e2,3 is damaged, the undelivered demand is 3l/s, if one of {e3,4 , e4,5 } is broken, the
undelivered demand is 13l/s, if the broken pipe is e1,6 or e5,6
the undelivered demand is 3 + 8 = 11l/s, while for sector
{e1,2 , e2,5 } the undelivered demand is 36l/s, corresponding
to the demand of {e1,2 , e2,5 , e2,3 , e3,4 , e4,5 }. A usual measure
[Giustolisi and Savić, 2010] is to take the worst case, and assign to the placement shown in Figure 1 (characterised by 6
valves) the effect of the maximal possible disruption: 36l/s.
Giustolisi and Savić [2010] address the design of an isolation valve system as a two-objective problem: one objective
is minimizing the number of valves in the isolation system,
and the other is the minimization of the (maximum) undelivered demand. They adopt a genetic algorithm that is able
to provide near-Pareto-optimal solutions, and apply it to the
Apulian distribution network. The genetic algorithm provides
good solutions in a very short time, but it is incomplete, so
it does not provide, in general, Pareto-optimal solutions, but
only solutions that are hopefully near to the Pareto front. The
real optimal Pareto front remains unknown.
We believe that a complete search algorithm could provide
better solutions, although at the cost of a higher computation
time. Since the problem should be solved during the design of
the valve system, there is no need to have a solution in realtime, and an algorithm providing a provably Pareto-optimal
solution may be preferable with respect to incomplete algorithms, even with higher computation times.
In this paper, we address the same two-objective problem studied by Giustolisi and Savić [2010] as a sequence
of single-objective ones; this is always possible when one of
the objectives is integer [Van Wassenhove and Gelders, 1980;
Gervet et al., 1999; Gavanelli, 2002]. Given the number of
valves, we model the design of the isolation valve system
as a two-player game, and solve it with a minimax approach
[Russell and Norvig, 2003]. As the game has an exponential
number of moves, we reduce the search space by pruning redundant branches of the search tree, implementing the minimax algorithm in Constraint Logic Programming (CLP) [Jaffar and Maher, 1994] on Finite Domains (CLP(FD)) [Marriot and Stuckey, 1998; Frühwirth and Abdennadher, 2003;
Dechter, 2003], in particular we used ECLi PSe [Schimpf and
Shen, 2012]. Our algorithm is complete, so it is able to
ﬁnd the optimal solutions and prove optimality; we show improvements on the best solutions known in the literature, up
to 10% of the objective function value.

2

1. it is possible to isolate any pipe in the network. Formally, given an edge eij , it is possible to identify a set
of valves C(eij ) to be closed such that there is no path
from any source node to eij that does not contain a valve
v ∈ C(eij ). Note that there is only one reasonable
set C(eij ) of valves to be closed given a broken edge
eij : only the valves directly reachable from eij will be
closed. For example, in Figure 1 if e3,4 is broken, then
C(e3,4 ) = {v3,2 , v5,4 } and it does not make sense to
close farther valves, such as v2,3 , because in order to
reach v2,3 from e3,4 we have to overpass other valves.
2. the objective is to minimize the maximum undelivered
demand (UD). Let D(C(eij )) be the set of edges that do
not receive water when the valves in C(eij ) are closed;
the function to be minimized is

w(ekl ).
U D = max
eij ∈E

3

ekl ∈D(C(eij ))

Game model

The problem can be considered as a two-player game, consisting of the following three moves:
• the ﬁrst player places Nv valves in the network;
• the second player selects one pipe to be damaged;
• the ﬁrst closes a set of valves isolating the damaged pipe.
The cost for the ﬁrst player (and reward for the second) is the
undelivered demand (l/s): the total demand of all users that
remain without service when the broken pipe is de-watered.
Given this formalization, the well-known minimax algorithm is applicable [Russell and Norvig, 2003].
As we said, choosing the last move is very easy, as there is
only one reasonable solution: close all valves that are reachable from the broken pipe, without overpassing other valves.
Clearly the ﬁrst step of the ﬁrst player is the most sensitive,
because it can generate a wide number of alternatives. However, some of the moves are not very interesting, for three
reasons detailed in the next section. First, some solutions
are clearly non-optimal. Second, some are symmetric, and
provide valve placements that, although different, represent
equivalent solutions. Third, after some solution is known,
there is no point in looking for worse solutions: as soon as
the current search branch cannot lead to solutions better than
the incumbent, we can stop the search, backtrack, and continue from a more promising branch.
Each of these three cases provides a possible pruning of the
search space, that can exponentially speed-up the computation with respect to a naive approach. The ﬁrst two cases can
be thought of as constraints, while the third can be though of
as a bound: all of them can be simply cast in Constraint Logic
Programming on Finite Domains (CLP(FD)).

Problem description

A water distribution network is a weighted undirected graph
G ≡ (N, E), where N = {1, . . . , n} is a set of nodes, E =
{eij } is a set of edges, and each edge eij has a weight w(eij )
called demand. In the network, there is at least a source node.
Valves can be positioned near one of the ends of a pipe; we
will refer to valve on edge eij near to node i as vij , while vji
is a valve on the same edge, but close to node j.

4

Constraint Logic Programming model

We associate a Boolean variable to each possible position of
a valve (so we have two Boolean variables for each edge in
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Figure 2: A network with redundant valves
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Figure 3: A partial assignment: circles mean absence of
valve, strokes are variables not assigned yet

the graph); if the variable takes value 1, then the given end of
the edge hosts a valve, otherwise, if the variable takes value
0, there is no valve in such location. In the following, the list
of these variables is called Valves.
The two-player game can be implemented as follows:

Redundant valves and symmetries Consider the network
in Figure 2; just by looking at the topology, we can tell that
some of the valves are redundant. Valve v1,2 cannot be used
to identify a sector; in fact, there is a closed path going from
one side of the valve to opposite side: starting from node 1,
to node 3, then 4, then 2.
In any closed path of the network there cannot be exactly
one valve. No valves means that the whole path will be contained in a sector, which is sensible. Two valves or more can
mean that the path is divided into two or more sectors. So,
for each closed path, one could impose a constraint saying
that the number of valves in such path cannot be equal to 1.
Indeed, the number of paths is exponential in the size of the
network, however we can choose to impose such constraint
only for a limited number of closed paths. We decided to
impose such constraint only for (boundaries of) faces. When
drawing the graph on a plane, each of the regions surrounded
by edges of the graph is called a face. The number of faces of
a planar graph is always polynomial, as proven by Euler.
When a node is connected to exactly two edges, we have
a symmetry. Consider node 8 in Fig. 2: in one assignment,
we could have a valve v8,2 , while another assignment could
be identical but with a valve in v8,7 . These two solutions are
symmetric, because the fact that node 8 is in the same sector
as edge e2,8 or as e7,8 is irrelevant, since nodes do not have a
contribution to the objective function. So, we can impose the
symmetry breaking constraint v8,7 = 0. This simple observation can provide a notable speedup, because real networks
often have this situation.

solve(Valves,Nv ):impose_constraints(Valves,Nv ),
minimize(
( assign_valves(Valves),
maximize(
( break_pipe(Broken),
close_valves(Valves,Broken,Closed),
undelivered_demand(Valves,Closed,UD)
), UD, MaxUD)
),MaxUD,MinMaxUD).

minimize/3 and maximize/3 are predeﬁned in
CLP(FD) languages; declaratively, minimize(G, F, V )
selects, amongst the solutions of goal G (bindings to the variables that make true the goal G), the solution that provides the
minimum value for variable F [Marriott and Stuckey, 1994;
Fages, 1996]; such minimal value is bound to variable V .
Operationally, minimize implements a form of branchand-bound: it calls goal G and, if it succeeds providing some
binding F/F ∗ , it imposes a new unbacktrackable constraint
F < F ∗ ; then it continues the search. The unbacktrackable
constraint is considered in the constraint store of all the nodes
of the search tree, and prunes every node that cannot possibly
provide a lower value than F ∗ . When G fails, the last F ∗
obtained value is provided as the optimum [Prestwich, 1996].
Predicate impose constraints posts all the constraints of
the model to the constraint solver. It contains the constraint
stating that there are Nv valves in the distribution network;
other constraints will be described in Section 4.1.
assign valves starts the search on the Valves variables.
After ﬁnding a tentative valves positioning that satisﬁes all
constraints, a maximisation phase tries the moves of the opponent player: it searches (predicate break pipe) the pipe that,
if damaged, leads to a maximum disruption of the service.
When we know the Broken pipe, we can compute the valves
that will be closed and the undelivered demand.

4.1
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Bounding Consider a node in the search tree that selects
the move for the ﬁrst player (predicate assign valves): in
a generic node, some of the vij variables will be assigned
value 1 (meaning that some valves have already been placed),
some variables will have value 0 (meaning that in such position there is no valve), and some will still be unassigned.
In Figure 3: circles represent positions in which there is
no valve, while strokes are variables still unassigned. Even
though we do not have a complete placement, we can already
say that there is a sector containing at least edges e7,8 , and

Reducing the number of moves
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Figure 4: Comparison between the approximate Pareto front
computed by Giustolisi-Savić and the optimal Pareto front
obtained in CLP(FD)

Figure 5: Computation time of the algorithms including different optimizations

e6,7 . The opponent player will have the option of damaging,
e.g., pipe e7,8 , causing an undelivered demand that is no less
than w(e7,8 ) + w(e6,7 ). So if the cost of such sector is worse
than the current best solution found by the ﬁrst player (i.e.,
w(e7,8 ) + w(e6,7 ) > U Dbest ), there is no point in continuing
the search on the current branch.
We can also reason as in reduced costs pruning [Focacci et
al., 1999; 2002]. Suppose that w(e7,8 ) + w(e6,7 ) < U Dbest
but adding w(e2,8 ) makes the total higher than U Dbest : this
means that we cannot afford to include edge e2,8 in the same
sector, and the only possibility to get a solution better than
U Dbest is to separate the two sectors, placing a valve in v8,2 .

5

when the number of valves is low (up to 8 valves) their algorithm found the real optimum, probably due to the fact that
the search space is still not very wide. When the number of
valves increases, their algorithm gets farther from the real optimum, with a gap of about 10% with 10 and 13 valves. Also,
we found a solution with 12 valves that gives the same undelivered demand that Giustolisi and Savić [2008] compute
with 13 valves: in this sense, we were able to save one valve
(out of 13) maintaining the same undelivered demand.
In Figure 5, we show the computing time of the basic algorithm, and of the improved versions (Section 4.1) varying
the number of valves. All experiments were done on an Intel Core 2 Duo T7250 2GHz computer (using only one core)
with 4GB of RAM.

Experimental results

We compare our results with those reported by Giustolisi
and Savić [2008], and we apply our CLP(FD) algorithm on
the Apulian water distribution network reported in that paper. Both the software and the instance are available on
the web [Cattaﬁ and Gavanelli, 2011]. Giustolisi and Savić
[2008] adopt a multi-objective genetic algorithm, that minimizes both the number of valves and the undelivered demand.
The aim is to ﬁnd the so-called Pareto frontier [Gavanelli,
2002]; a solution belongs to the frontier if there is no way
to improve one objective without worsening the other. The
genetic algorithm, however, is not able to prove that a solution is indeed Pareto-optimal, and provides an approximation
of the Pareto frontier. Moreover, Giustolisi and Savić [2008]
use a simplifying assumption: “in order to reduce greatly the
search space of the optimizer, the constraint of a maximum
of one valve for each pipe was tested”. They report the best
solutions obtained with a number of valves from 5 to 13.
We computed the true Pareto-optimal frontier by varying
the number of valves from 5 to 13, and computing for each
value the best placement. The comparison of the near-Paretooptimal frontier and the true Pareto-optimal frontier obtained
with our CLP(FD) program is shown in Figure 4. Giustolisi and Savić [2008] do not provide a solution with 6 valves,
possibly because their algorithm was not able to ﬁnd a solution with undelivered demand lower than that obtained with 5
valves. We proved, instead, that such a solution exists and
adding a valve reduces the damage. Excluding this case,

6

Related work

In the literature of hydraulic engineering, Giustolisi and Savić
[2010] presented a multi-objective genetic algorithm for the
near-optimal placement of isolation valves. Creaco et al.
[2010] use different objective functions: the total cost of the
set of valves, and the weighted average unsupplied demand
associated with the segments. Both works use genetic algorithms, that cannot ensure that the found solution is the real
optimum.
The valve placement problem has some similarities with
the graph partitioning problem, in which the goal is to partition a graph into (almost) equal-size parts by removing the
minimal number of edges or the total weight of removed
edges. Most works in the literature deal with heuristics or
approximation algorithms.
The valve-placement problem was also addressed in Integer Programming [Peano et al., 2012] and in Answer Set
Programming [Gavanelli et al., 2013], but the best results are
currently achieved by the CLP(FD) formulation.

7

Conclusions and future work

We presented a new application, taken from the hydraulic
domain, for logic programming. We proposed an algorithm
based on CLP(FD), and found solutions better than the best
solutions known in the literature. The computation time can
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be high when the number of valves is high, but in many cases
it is still acceptable since it is applied during the design of a
water distribution network.
When the number of valves is very high, we could apply
incomplete methods, that try to get quickly good solutions
sacriﬁcing the proof of optimality. One very promising approach would be to use Large Neighbourhood Search, that
has been implemented in Prolog in previous works [Dal Palù
et al., 2010]; in future work we will explore this possibility.
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