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1. INTRODUCTION

Water distribution networks represent one of the largest infrastructure assets
of an industrial society. Design of water distribution networks is often viewed as
a least-cost optimisation problem. Water distribution network design is usually
achieved in two stages. In the first step, pipe lengths are taken as decision vari-
ables. Demand at the nodes, their layout and topology (coordinates) are consid-
ered to be known [1]. In the second step, the minimization of the cost is achieved
using the pipe diameters as decision variables. The pipe layout, connectivity and
imposed minimum head constraints at pipe junctions are also considered to be
known.

The focus and emphasis of the present work is directed towards the first
stage of water distribution network design, where relatively few works are avail-
able. When designing a system rehabilitation or expansion, a designer faces a
tedious and difficult task. In the past, pipe network design was for the most
based on the experience of the engineers and their perception of the system.
More recently, planners constructed mathematical models to replicate the system
performance. These models have eased the decision-making process to a great
extent by mathematically representing a system under the existing or modified
conditions [2].

Through the widespread use and success of the INTERNET and its prede-
cessors, the ARPANET, MILNET, CSNET, etc. [3, 4], interest in the networks
and their design has increased. For the Arpanet, researchers have adopted a dis-
tributed version of the shortest path algorithm of Bellman-Ford [5], in which a
connexion table of paths between adjacent nodes is constructed. The tables of
the different nodes are then compared and the shortest paths are chosen [6, 7).
In the same spirit, Dijkstra’s algorithm was later adopted for the construction
of the shortest path [3, 8]. In the early days of the INTERNET, routing algo-
rithms observed communication latency in links between gateways and attempts
were undertaken to minimize communication latency among them. To observe
the communication latency adaptively in large networks, it is important to mini-
mize overheads of communications exchanging routing information among nodes.
Conventional approaches such as the RIP (Routing Information Protocol), and
the OSPF (Open Shortest Path First protocol) incur important communica-
tion overheads through communication latency of routes [9] due to the excessive
length of the observed path.

Genetic algorithms are techniques based on the natural selection mechanisms
of genetics. They draw their power from the theoretical principle of implicit
parallelism [10]. These algorithms combine the principles of survival of the more
adapted individuals and the exchanges of information. The basic principle of
genetic algorithms is to generate an initial arbitrary solution and then try ‘to
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optimise it using genetic operators. Hence, genetic algorithms methods have been
developed and applied in the design of electricity distribution networks [7, 9]. In
previous works, network design has been considered as a grouping problem, where
each individual group member represents a group of nodes rather than a node.
Since then, grouping genetic algorithms have seen widespread uses [11]. The
networks obtained in this case are however not always completely looped. In this
situation, if a node is connected to the network by only one branch (pipe), it could
become isolated from the entire network in case of failure and therefore, do not
receive the fluid. Consequently, a new algorithm has been developed, “the sources-
nodes method” [1] which ensures connecting the demand nodes directly to the
sources in order to ensure supply of the fluid to all nodes of the network. However,
when applied to the case of a network with only one source or with a number
of sources considerably lower than the number of demand nodes, this algorithm
results in non-attractive network configurations. In particular, the number of
the main branches joining the nodes, directly to the sources is relatively high
resulting in a more expensive network.

It is equally important to underline that the methods developed for telecom-
munication networks cannot be applied efficiently to the water distribution sys-
tems, since in these, the number of demand nodes is always much larger than
the number of sources (reservoirs). In certain situations, the network may even
have a unique source covering the entire demand of the nodes.

The present study is a contribution towards water distribution network de-
sign. It improves the manner in which the nodes are connected to the sources and
to each other. The connectivity of the distribution network obtained must be of
minimal length. The method proposed in this work improves and eases the task
of the planners of fluid distribution by achieving the optimal connectivity of the
nodes in the network. The nature of the fluid (water or otherwise) transported in
the network does not have any influence on the proposed method, nor on the re-
sult. This method makes use of the distances between the nodes, the rate of flows
at demand nodes and the outflows at sources. The experience of the planners,
being always necessary, should be rather complementary to the method and con-
fined to reviewing and adapting the results obtained to the specific requirements
of each case under study.

This paper describes the development of a new algorithm of minimizing the
total length of a network while satisfying the most important constraint that
of a looped configuration, necessary to its efficient operation. The looped net-
works present the advantage of the availability of the transported fluid and the
reliability of the network in case of rupture or failing of one pipe. The length
minimisation ensures the reduction of the installation cost, the maintenance and
operational cost directly related to the losses, which are proportional to the total
length [12].
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2. PROBLEM DEFINITION

2.1. Network and graph theory

The solution of fluid distribution network problems requires a graph repre-
sentation of the network that facilitates the necessary calculations. Graph theory
permits the representation of the network structure by means of the incidence
matrix of the network and allows, therefore, explicit representation.

The nodes represent the points on the pipelines where there exists a disconti-
nuity: intersection of pipes, change of section, fluid injection point (source) and
fluid consumption point. The branches represent the pipes that join the nodes
together.

The incidence matrix is a compact mathematical concept of the network
[13, 14]. The network configuration can be condensed in the incidence matrix that
allows to establish the connectivity of the graph, and therefore of the network.
The network connection can therefore be described by the node-to-node incidence
matrix. This matrix is square and its elements are defined as:

1, if node 7 is connected to node j,
(2.1) Qi =

0, if node i is not connected to node j.

The loops of the network can also be deduced from the incidence matrix.
While summing the elements on the matrix ranges, the number of connections
for each node can be obtained and it allows sorting out the nodes with less than
two connections, the floating nodes.

2.2. Mathematical formulation

A set of equations is used to minimize the total length of the network. The
most important is the objective function, assumed to be a cost function of the
pipe lengths:

(2.2) [ (L) = Z Ci L;.

C; is the cost per unit length for the pipe ¢, L; its length and N the number of
pipes constituting the network.

The length of each pipe is defined by the relative positions of its start and
end nodes:

(2.3) = \/(XNF — Xnp)? + (Ynr — Yvp)%,

where: Xyp, XnF, YD, YNF, are Cartesian coordinates (positions) of the start
and end nodes of the pipe.
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Since the costs are constant quantities, the decision variables become the pipe
lengths. The objective function is hence subjected to the following constraints:
e for each junction node the flow continuity must be satisfied:

(2.4) Z Qin + Z Qout = Dem,

Qin the inflow at the node, Qoyt is the outflow, Dem is the node demand;
e for each source, the constraint of flow availability is as follows:

(2'5) Z Qout > Cap,

Cap is the capacity of the source or the quantity of fluid available at the source
node;
e for each junction node the reliability constraint must be satisfied:

(2.6) NC(:) > 2,

NC(i) represents the connection degree of the node %, i.e. the number of branches
connected to the node:

N
(2.7) NO(gy =P

j=ns+1

This constraint ensures that there exist at least two arc disjoint paths connecting
any demand node to its associated source node and is thus a requirement for
ensuring sufficient reliability for the network.

3. SOLUTION TECHNIQUES

The problem of the total length optimisation of water distribution networks
is here considered as a problem of connectivity. The solution approaches, usually,
use one of the three main algorithms: the shortest path algorithm, the minimum
spanning tree algorithm [13, 15|, and the genetic algorithms [11].

The shortest path and minimum spanning tree are basic algorithms used to
develop a general method, since they permit to obtain non-attractive network
configurations in comparison to the looped networks that ensure high availability
and reliability [16]. System reliability is considered as an important part of the
design. The planning process involves consideration of time of the resources
available, anticipated demands, location of facilities and accessories, and other
economic considerations [17]. The planner can then foresee the recourse to the
use of two parallel paths between two nodes in order to increase availability.
These are called protected paths. They are not frequently used due to their cost,
which is often more penalizing that a possible rupture of pipes.
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The algorithm previously developed for the design of looped networks,
“sources-nodes method” [1], applied to the case of networks with a number of
demand nodes exceeding the number of sources, as well as the case of networks
with only one source, results in representations with a large number of main pipes
and hence higher cost. Its basic principle is to join the demand nodes directly to
the sources of energy in order to ensure a good distribution and availability of
the fluid.

The genetic algorithms are stochastic techniques of optimisation in which the
solution space is searched by generating arbitrary solutions, which are optimised
using genetic operators: the crossover, mutation and reproduction |7, 9, 10, 11,
18]. Because of their stochastic nature, there is no guarantee that the optimal
solution will always be reached. The renewal of the solution, at every iteration,
offsets any optimality gain. Hence, the final length of the resulting network is
sub-optimal and not always entirely looped [1].

3.1. Principle of the proposed method

Using the advantages of the existing methods and aiming to outstrip their
disadvantages, a new method of distribution networks design, the algorithm of
the minimal length, is proposed which aims at minimizing the total length of the
network. The stages of the design by minimizing the total length are enumerated
below and are represented in the flowchart of Fig. 1:

1. Given the characteristics of the demand nodes and sources, Cartesian co-

ordinates, demands at nodes and capacities of sources;

2. Calculate the distances between the sources and nodes, and between the
nodes;

3. Start with the source of the lowest capacity;
4. Choose the smallest source-node distance and join the node to the source;

5. Choose, among the non-connected nodes, the smallest distance to the last
connected node or to the source under study. Then connect this node and
constitute a group of nodes in a branched network; the branches are so-
called tree branches;

6. Repeat step 5 until the availability at the source under consideration is
zero or lower than the demand of the non-connected nodes;

7. Repeat stages 4 to 6 with each source by moving to the source with the
next highest capacity, and so on;

8. Generate an incidence matrix, as the groups are formed. Insert “1” in the
matrix at the position relative to the formed branch;

9. Mark the nodes having a connection degree lower than 2, Eq. (2.6);

10. Connect the nodes having a degree lower than 2 to each other. Choose the
least distant nodes but belonging to two different groups;
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11. Join any remaining floating nodes to nodes of the same group. The branches
formed at this stage are called the connection branches since they connect
the trees to each other.

Read sources and nodes
number NS, NN

~y

Read the features of
sources and nodes
v

Initialize the numbers of
nodes level and connection:
NC(i) = 0,i= 1, NS+NN
Niv(i)=0,i= 1, NS+NN

4
Classify Dist(i.k)
and Dist(j,k) in the
ascendingorder

Move to the source with
the next highest capacity

! Yes
Node without
Choose source i with source?
the smallest capacity
Calculate Sources-Nodes and A§socmte {hienoce
Nodes-Nodes distances, Dist(i, ) without source to
the nearest group
v substituting the pipe
Classify distances, Dist(i, /) formed to that with
in the ascending order the greatest length
J

v

Generate the connection matrix |

Choose the smallest distance Dis«(i, j)
from a node j to the source i

»l

Locate nodes in the matrices
having NC(i) < NCmax

v

Classify distances between the floating
nodes in the ascending order

Pass to the Associate node j to v
“CX('VaI'“_e the group of source i Connect the nearest nodes to each other l
of Dist(i,j) v

NC(i) = NC(i)+1
NC(j) = NC(j)+1
Niv(i) = Niv(i)+1

l:]cneralc 4 new connection matrix l

Niv(j) = Niv(j)+1 Yes a No
Eliminate Dist(i,j) from

Print the final

results

the set of distances

Fia. 1. Flowchart.
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3.2. Nodes without source

As the groups of nodes are formed around the sources, if there remain nodes
without a source, i.e. not connected to any group, these nodes are addressed
considering the distances separating them to the other nodes and sources in an
increasing order. They are subsequently integrated in one of the existing groups
by substituting the smallest length pipe to the longest pipe among the pipes
of the group already chosen. Some conditions are however, imposed: the source
capacity should not be exceeded and the main pipe connecting a node directly
to a source should not be replaced.

4. CALCULATION PROGRAM

The algorithm of the minimal length previously described and represented
in Fig. 1 is implemented in a general calculation program written in FORTRAN
for Windows programming language, version 4.0.

The program is implemented in a simple structure constituted by a main
program and two sub-programs. The main program is organized in three parts,
the introduction of data, the calculation stages necessary to connect the nodes
and the sources in the network, and the results of the calculations given as
connectivity tables. Every pipe is identified by a number, its start and end nodes,
its length and the flow at the end node.

The introduction of the data can be made in an interactive manner or by
means of a file. The program forms then a structured database and proceeds,
thereafter, to the calculation of the different parameters necessary for the con-
struction of the network.

The program manipulates some objects trying to gather them in groups. In
our case, the objects are the demand nodes and the sources. This method joins
some nodes in different groups, related each one to a single source. A group
shares features calculated from the data of the elements that constitute it. The
information on each group is updated every time that the content of the group
is modified.

The source will be responsible for supplying the fluid to the nodes. Every
node of the group must be connected to the source, directly or indirectly.

Variables are created to stock the information relative to every group. In the
first one, the program stores the number of pipes as they are formed. The nodes,
in addition to the features relative to their positions (Cartesian coordinates) and
demand, are identified by connectivity and level numbers, which are incremented
each time a node is added to a group. :

In addition to their total capacity, the sources are identified by their positions.
The capacity indicates the maximum possible load. This variable is decreased
with every new node addition to the group supplied by this source. It represents




































