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Using Heuristic Techniques to Account for Engineering
Aspects in Modularity-Based Water Distribution
Network Partitioning Algorithm

E. Creaco'; M. Cunha?; and M. Franchini®

Abstract: This paper shows how heuristic techniques can be used to account for engineering aspects in the application of a water
distribution network (WDN) partitioning algorithm. In fact, being based on graph-theory concepts, most WDN partitioning algorithms
fail to consider explicitly such aspects as the number of boundary pipes and the similarity of district metered areas (DMAs) in terms of
number of nodes, total demand, and total pipe length, which are often considered by water utility managers to make their decisions. The
algorithm considered is the fast-greedy partitioning algorithm (FGPA), based on the original formulation of modularity as an indicator of
the strength of WDN partitioning. This algorithm operates by merging the elementary parts of the WDN in sequential steps until the
desired number of district metered areas is reached. Two heuristic optimization techniques were combined with FGPA to propose different
merging combinations: the former reproduces some specific features of the simulated annealing algorithm while the latter is based on the
multiobjective genetic algorithm. Applications were carried out on a real WDN considering the actual system of isolation valves. The
partitioning solutions obtained by the traditional FGPA without heuristics and by a literature algorithm based on spectral clustering were
taken as benchmark. The results proved that the former heuristic can help in obtaining numerous WDN partitioning solutions with high
modularity. The performance of these solutions can be evaluated in terms of practical engineering aspects to help WDN managers make
an informed choice about the ultimate solution. If the trade-off between engineering criteria needs to be thoroughly analyzed in the
context of WDN partitioning, the latter heuristic, in which FGPA creates DMAs through information encoded in proper weights,
can be effectively used. Compared to the benchmark solutions, the FGPA with the latter heuristic can yield solutions with fewer boundary
pipes and better demand uniformity over the DMAs. DOI: 10.1061/(ASCE)WR.1943-5452.0001129. © 2019 American Society of Civil

Engineers.

Author keywords: Water distribution network; Graph theory; Modularity; Partitioning; District metered area (DMA); Heuristics;

Simulated annealing; Genetic algorithm.

Introduction

The partitioning of a water distribution network (WDN) into district
metered areas (DMAs) has become a very common practice. In
fact, it is very beneficial, in that it facilitates demand management,
leakage detection; and abatement through service pressure control,
model calibration, and so forth (Walski et al. 2003). The separation
of each DMA from the rest of the WDN is carried out following the
definition of boundaries. At each boundary pipe, the DMA can be
physically or virtually separated from the remaining WDN, by clos-
ing an isolation valve or installing a flow meter, respectively. The
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final goal of WDN partitioning is the possibility of monitoring and
controlling the exchange of flow between WDN DMAs, which is
null in the case of physical separation. Examples of WDN partition-
ing into DMAs are available starting from the early 2000s (Farley
2001; Morrison 2004; Giugni et al. 2008).

Numerous algorithms have been proposed for WDN partition-
ing. Some of the algorithms were developed based on graph and
spectral theories (e.g., Deuerlein 2008; Perelman and Ostfeld 2011;
Zheng et al. 2013; Candelieri et al. 2014; Di Nardo et al. 2016;
Galdiero et al. 2016; Hajebi et al. 2016; Herrera et al. 2016; Di
Nardo et al. 2017; Zhang 2017; Liu and Han 2018). Others com-
bine graph theory—based techniques and engineering principles,
such as the algorithms proposed by Alvisi and Franchini (2013) and
Ferrari et al. (2014). A further group of algorithms uses the concept
of modularity (Diao et al. 2013; Giustolisi and Ridolfi 2014a, b;
Perelman et al. 2015; Campbell et al. 2016; Ciaponi et al. 2016;
Laucelli et al. 2017).

Modularity was first formulated for unspecific unweighted and
weighted networks in the studies of Newman (2004a, b). It is a
topological index that describes the possibility of identifying
communities in a network. If the focus is just modularity, then the
higher the modularity the better the identification of communities.
The original formulation of modularity was used in some studies
(e.g., Diao et al. 2013; Ciaponi et al. 2016) for WDN partitioning
into DMAs. Specifically, Diao et al. (2013) and Ciaponi et al.
(2016) made use of the fast-greedy partitioning algorithm (FGPA),
which was based on modularity and developed through the graph
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theory by Clauset et al. (2004). Starting from a configuration in
which each node is a DMA of its own, this algorithm operates
by aggregating nodes sequentially, while maximizing the increment
of modularity at each step, until the target number of DMAs has
been reached.

However, a limit of this formulation (FGPA applied to the origi-
nal formulation of modularity) lies in the fact that it does not
account directly for engineering aspects related to WDNSs, such as
the number of boundary pipes and the uniformity of DMAS in terms
of demands and ground elevations. Furthermore, it neglects the fact
that in WDNSs, isolation valves are usually available at pipe ends
rather than in the middle of pipes [an assumption considered by
Diao et al. (2013) and by Ciaponi et al. (2016)]. The presence
of these limits undermines the applicability of FGPA to real case
studies. In fact, water utility managers always make their WDN
partitioning decisions based on such engineering aspects as those
mentioned previously.

Bearing these limits in mind, Giustolisi and Ridolfi (2014a, b)
modified the original formulation of modularity to obtain a WDN-
oriented modularity index. A further contribution of Giustolisi and
Ridolfi (2014a, b) was to present a modularity-based multiobjec-
tive approach for WDN partitioning. The modified modularity
index by Giustolisi and Ridolfi (2014a, b) is expressed as the
sum of two contributions: the former is a decreasing function of
the number of boundary pipes separating DMAs while the latter
is a growing function of the similarity of DMAS in terms of a
preassigned criterion, such as demand or pipe length distribution
across DMAs. As Laucelli et al. (2017) showed, the modified
modularity can be inserted in a multiobjective context, where it
is maximized while the number of boundary pipes between DMAs
is minimized, thus yielding a Pareto front of optimal trade-off
solutions among which WDN managers can choose the ultimate
partitioning solution.

An alternative approach is presented in this paper to account
for engineering aspects in the application of WDN partitioning
algorithms based on modularity. Unlike the approach proposed by
Giustolisi and Ridolfi (2014a, b), based on a modified formulation
of modularity, the novel approach presented in this paper is based
on the application of heuristic techniques to the FGPA developed
by Clauset et al. (2004) starting from the original formulation of
modularity (Newman 2004a, b). To this end, two heuristic tech-
niques were used, the former inspired by the simulated annealing
optimization and the latter made up of a multiobjective genetic
algorithm. By adding some randomness to the DMA merging in
FGPA, Heuristic 1 obtains numerous WDN partitioning solutions
featuring high modularity values, some of which are even larger
than those obtained through the traditional FGPA. Besides proving
the suboptimality of the solutions yielded by the traditional FGPA,
Heuristic 1 offers the possibility of accounting for engineering
aspects in the postprocessing. In fact, the solutions generated
by FGPA modified with Heuristic 1 can be evaluated in terms
of various engineering aspects (e.g., number of boundary pipes,
demand and pipe length uniformity across DMAs, and so forth),
thus enabling an informed choice of the ultimate partitioning
solution. Subsequently, Heuristic 2 was developed to show that,
if DMA merging in FGPA is driven by proper weights encoded
in the individual genes of a multiobjective genetic algorithm, the
trade-off between various engineering aspects to be simultane-
ously optimized can be easily considered directly in the optimi-
zation phase.

In the following sections, first the methodology, made up of
FGPA and of the two heuristic techniques, is described. The appli-
cations to a real WDN follow. Finally, the primary findings of the
study are summarized in the conclusions.

© ASCE

Methodology

Fast-Greedy Partitioning Algorithm

To express modularity, reference is made hereinafter to a WDN with
nn nodes and n, pipes, including fictitious pipes representative
of the n,,, present isolation valves (e.g., Creaco et al. 2010;
Giustolisi and Savic 2010). First the weight w of the WDN pipes
must be set, in such a way as to have >w = 1. In the case of un-
weighted network, the weight w of the generic pipe can be set at
1/n, (leading to an identical weight for all pipes). If the pipes
are weighted as a function of supplied demands, the weight w of
the generic pipe can be set at Dem/Demt, where Dem and Demt
are the demand supplied along the pipe and the overall demand
of the WDN, respectively. Otherwise, if the pipes are weighted
as a function of pipe lengths, w can be set at Lp/Lt, where Lp
and Lt are the pipe length and the overall length of the WDN,
respectively. This can be extended to whatever kind of weight. Then,
the incidence topological matrix A, with size n pXnin, can be con-
structed. In the generic row of A, associated with the generic net-
work pipe, the generic element can take on the values 0, —/w or
\/w, whether the node corresponding to the matrix element is not at
the ends of the pipe, it is the initial node of the pipe, or the final
node of the pipe, respectively. Starting from A, the vector K
(nnx1) and matrix D (nnxnn) can be calculated through the follow-
ing expressions:

K = diagonal(A” - A) (1)
Koy = diag(K) (2)
D= |AT A — Kdiag| (3)

where diagonal( ), diag( ), and | | indicate the vector extracted from
the diagonal of a square matrix, the diagonal square matrix con-
structed starting from a vector, and the absolute value, respectively.
The K and D have an important topological meaning. In fact, the
element k; of vector K represents the total weight associated with
the pipes connected to the ith node. The generic element D;; of D
represents the pipe weight connecting the ith and jth node. Follow-
ing the definition of K and D, the WDN modularity M can be for-
mulated as (Newman 2004a, b)

1 nn nn klk]

i—1 j=1

where ¢; and c¢; are the DM As to which the ith and jth nodes belong,
respectively; and 6(ci,cj) is equal to 1, whether the ith and jth
nodes belong to the same DMA (that is ¢; = ¢;). Otherwise,
8(ci c;) =0.

Modularity M represents the strength of network partitioning. In
fact, a high value of M means that the WDN subdivision is even. In
other words, the sum of the weights Xw is quite uniformly distrib-
uted over the DMAs and only a small part of Yw is at the boundary
pipes, which do not belong to any DMAs. Conversely, low values
of M are associated with poor WDN subdivisions. In fact, the two
terms inside the round bracket in Eq. (4) have two effects: the pres-
ence of the former, i.e., D;;, guarantees that most of the total weight
Yw is inside WDN DMAs, entailing that there are few boundary
pipes. The subtraction of term k;k;/2 contributes to the uniform
distribution of >w over the DMAs. While the original formulation
of Newman (2004a, b) gives the same relevance to the two terms
inside the bracket, Giustolisi and Ridolfi (2014b) argued that the
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effects of the two terms can be modulated by introducing a multi-
plying factor in the second term.

The objective of the FGPA lies in obtaining a WDN partitioning
featuring a high value of M. After the target number N ;;; of DMAs
has been set, the algorithm considers a starting partitioning of the
WDN into N g;g:0r DMAS. A suitable starting partitioning is made
up of the segments, i.e., the smallest WDN pieces that can be
disconnected, through closure of present isolation valves, while
avoiding service disruptions throughout the whole network or in
large portions (Creaco et al. 2010). For segment identification, suit-
able algorithms can be used, such as those proposed by Jun and
Loganathan (2007), Giustolisi and Savic (2010), and Creaco et al.
(2010), based on the real positions of the isolation valves in the
WDN. Therefore, at the initial step, the number of DMAs in the
WDN is equal to Nyjsar- At the second step, two DMAS are
merged, and the number of DMAs becomes N ;i 0 — 1. The
aggregation process is repeated in the following steps until the net-
work merges to N, DMAs. At the generic step, the choice of the
two DMAS to merge is made to obtain the highest AM, where AM
is a variation in M.

An explicative example of the FGPA is shown in Fig. 1 for a
simple WDN, in which n.,,. = 6 isolation valves are present
[Fig. 1(a)]. After replacing the valves with fictitious pipes, the lay-
out in Fig. 1(b) is obtained, made up of nn = 13 nodes and n,, = 14
pipes. The application of the algorithm of Creaco et al. (2010)
for segment identification detects four segments in the WDN.
The application of FGPA starting from N g0 = 4 to obtain
N s = 2 DMASs produces the merging of Segment 1 with Segment
3 and of Segment 2 with Segment 4, in two sequential steps
[Fig. 1(c)]. As an explicative example, Fig. 1 shows that the merg-
ing of the DMAs takes place while keeping some fictitious pipes
representative of isolation valves at DMA boundaries. Others,
instead, are incorporated into DMAs. However, as Fig. 1 shows,
note that the use of the configurations of N ;.4 Segments as the
starting condition for the propagation of FGPA guarantees that, in
the aggregation of DMAs, there are always valve-fitted pipes at the
boundaries, without any artificial tuning of pipe weights in the
modularity function.

Because FGPA is modularity M driven, a remark must be made
about how the presence of the fictitious pipes representative of
isolation valves impacts on M. In the case of the unweighted graph,
w = 1/n,, for both the fictitious pipes and the other pipes of the
WDN. Therefore, the value of M is influenced both by the uniform
distribution of the total number of pipes over the DMAs and by the
number of boundary pipes that are left outside DM As. In the case of
weighted graph (e.g., w = Dem/Demt or w = Lp/Lt), instead, the
fictitious pipes representative of the isolation valves have weight
w = 0. In fact, Dem and Lp are close to O for these pipes. There-
fore, the number of fictitious pipes at the boundaries has reduced
impact on M, which is then affected only by the uniform distribu-
tion of the sum Xw over the DMAs.

In this implementation where FGPA starts propagating from
the N jissrar S€gments present in the WDN, the computational com-
plexity of the algorithm (number of logical operations) is
Olnyaive = d » 102(N gissrart )], Where d is the depth of the dendrogram
describing the community structure of the WDN. This means that
the running time grows linearly with nye, d, and 10g(N gissar:)-
The logic structure of FGPA can be summarized in the pseudocode
in Fig. 2(a).

Heuristic 1

Unlike the original FGPA, the possibility of merging two DMAs
with a lower AM than the highest value mentioned previously

© ASCE

| 1% LN 2 a3
< P ZO\
source
A
DA ZZ NA
4 | Z\ 5 178\ 6
(@)
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source segment 1 segment 2
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B
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11
10 segment 3 12
4 5 6
(b)
[ 7 1 8 2 9 3
source DMA2
DMA1
11
10 12
4 5 6
()
N isolation valve ----------_fictitious pipe boundary pipe

Fig. 1. (a) Network with isolation valves installed; (b) network with
fictitious pipes installed instead of isolation valves to enable segment
identification; and (c) joining of segments for the construction of two
DMAs.

is considered in Heuristic 1 [pseudocode in Fig. 2(b)]. This was
done to insert some randomness in DMA merging, which obtains
various WDN partitioning solutions rather than the single determin-
istic solution of the traditional FGPA. Furthermore, it is not
guaranteed that the DMA merging that produces the highest pos-
itive AM at the generic step is the most effective choice to obtain
the best WDN partitioning into N4, DMAS, i.e., the solution with
the highest value of M. At the generic step of the partitioning algo-
rithm, let us assume N,,,, possible combinations of DMAs for the
merging, each of which features its value of AM. These values can
then be sorted in descending order and then associated with an
index. A probability function F can then be calculated as

(5)

ind expo
F = base + (1 — base) (m ex)

comb

where base and expo are two parameters, to be set within the range
[0, 1] and [0, 4+-o0]. Basically, F is a monotonic growing function of
index, ranging from O to 1 and yielding the probability of nonex-
ceedance of the generic value of AM. The generic combination of
merging can be easily sampled from F'. In fact, if a random number
is generated between O and 1, the closest among the values of F
larger than the random number, and its associated index through
Eq. (5), can be easily identified.
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o Let Nuisiar= number of
segments (initial number of
DMAs)

o Set pipe weights @ according
to a prefixed criterion

o Evaluate traditional
modularity M for the WDN
configuration with Naistar
DMAs

o For k= Nuistars through Nis
(final number of DMAs)

- Consider the DMA
merging that produces the

o Let Nuisiar= number of
segments (initial number of
DMAs)

o Set pipe weights @ according
to a prefixed criterion

o Evaluate traditional
modularity M for the WDN
configuration with Nistart
DMAs

o For k= Nuistar: through N
(final number of DMAs)

- Randomly choose the
DMA merging with an
associated AM

o Let Nuisiar= number of
segments (initial number of
DMAs)

o Set pipe weights @ according
to the first Nuisiar genes of the
generic individual in NSGAII

® Modulate M according to
the (Ndisiarrt1)th gene of the
generic individual in NSGAII

o Evaluate modulated
modularity M for the WDN

configuration with Naistar
DMAs

maximum positive AM

o For k= Nuistare through Nais

- Me—M+AM - M M+AM (final number of DMAs)
© Qutput: Final configuration ® Qutput: Final configuration - Consider the DMA
of Nais DMAs of Niis DMAs merging that produces the
maximum positive AM
- M—M+AM
o Output: Final configuration
of Nais DMAs
(@) (b) (©)

Fig. 2. Pseudocodes of (a) FGPA; (b) FGPA with Heuristic 1; and (c) FGPA with Heuristic 2.

An example is provided hereinafter to clarify this concept, con-
sidering N,,,, = 20 possible combination of DMAs for the merg-
ing of N, producing AM ranging from 0.0001 to 0.01. These values
are sorted in descending order and associated with index [Fig. 3(a)].
Then, function F is calculated as a function of index for three pairs
of values of base and expo. Fig. 3(b) shows F(index), from which
the sampling of the merging combination is carried out. Fig. 3(b)
shows that the pair base = 0 — expo = 1 gives an even probability

0.010 T+
0.008 L
| LI
~ 0.006 °
O | t
% 0.004 °
| ° .
0.002 L e .
0.000 . el
0 5 10 15 20
(a) index (-)
1.0 —e
oo.cO"°'...'..-3E
e ® o
0.8 T
1 oo o °
o
3 0.6 | eo® L o
R o
0.4 2
1 ° o basc=0 - cxpo=1
0.2 = © basc=0.5 - expo=1 ||
1 o ° ® basc=0.5 - expo=0.1
0.0 — T — T — T
0 5 10 15 20
(b) index (-)

Fig. 3. Preparatory steps for the heuristic merging of DMAsS: (a) asso-
ciation of each value of AM with an index; and (b) association of index
with the probability of nonexceedance of AM.
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to all the indexes, and therefore to all the values of AM. The growth
of base and the drop of expo increase the probability of selection for
the lower indexes, and therefore for the higher values of AM.
Obviously, when a random number sufficiently close to 0 is gen-
erated, index =1 is sampled from F(index) in Eq. (5), corre-
sponding to the DMA merging combination with the highest
value of AM, which is the same merging combination that would
be given by the traditional FGPA.

Heuristic 1 is embedded in the traditional sequence of FGPA
steps from N gigart t0 N g5 At the generic step, a random number
is generated from O to 1 to sample the merging combination of
DMAs available at that step from F(index) in Eq. (5). Heuristic
1 can be repeated using different sequences of random numbers,
producing different values of M for a number of DMAs ranging
from N gigg0: 10 Ngis- Some of these values may result larger than
those produced by the traditional FGPA with no heuristic.

As for base in Eq. (5), preliminary calculations were done to
understand which values to assign to this variable as the steps of
the FGPA proceed. Specifically, three options were explored:

1. An even value of base within the range [0, 1];
2. Growing values of base; and
3. Decreasing values of base.

Finally, Option 2 proved successful and the following expres-
sion was adopted, which yields a value equal to O at the initial step
of FGPA and gradually larger values at the following steps:

N gisstart — N ais
base — disstart dis (6)

Ndisstart

This enables DMA merging combinations with lower values
of AM than the maximum possible value to be selected especially
at the initial steps. When N is far from N 4., that is, at the final
steps of FGPA, the merging combinations associated with very
high M increment are privileged instead. This brings Heuristic 1
close to the simulated annealing technique (Kirkpatrick and
Gelatt 1983) where directions different from that where the objec-
tive function experiences the steepest ascent are facilitated at the
initial steps, in an attempt to find a global optimum.
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The application of Heuristic 1 involves running FGPA for a
certain number of times (Ngne). The computational complexity
of FGPA with Heuristic 1 is then N, larger than that of the tradi-
tional FGPA.

Heuristic 2

In the framework of WDN partitioning, different objectives from
the maximization of M are usually pursued, which include maxi-
mization of the uniformity of supplied demands over DMAs, ser-
vice pressure inside DMASs or of other variables. A further practical
objective is the minimization of the number of inter-DMA boun-
dary pipes, at each of which either an isolation valve will be closed
or a flow-meter will be installed, thus causing undesirably the loss
of reliability or the disbursement of funds, respectively.

In Heuristic 2, the possibility of considering some of the engi-
neering aspects mentioned previously is accounted for by means of
the multiobjective genetic algorithm NSGAII (Deb et al. 2002).
Specifically, the objective functions considered include the coeffi-
cient of variation (ratio of the standard deviation to the mean value)
of the total demands delivered to the DMAS, which is an inverse
function of the uniformity of supplied demands, and the number
of boundary pipes. Both objective functions are simultaneously
minimized. These objective functions are in line with those consid-
ered by other authors in the scientific literature (e.g., Giustolisi and
Ridolfi 2014a, b; Di Nardo et al. 2016; Liu and Han 2018). In
fact, the minimization of the number of boundary pipes is consid-
ered in almost all the WDN partitioning algorithms, including those
based on spectral clustering (Di Nardo et al. 2016; Liu and Han
2018), which aim to solve a relaxed version of the minimum
cut problem for the graph. The issue of DMA uniformity, expressed
in different forms including demand distribution, was also consid-
ered as design criterion by various authors (Giustolisi and Ridolfi
2014a, b; Di Nardo et al. 2016; Liu and Han 2018). The coefficient
of variation of demands across DMAs can be related to the second
term of the modified index of modularity of Giustolisi and Ridolfi
(20144, b), when pipe weights in the index are expressed as a func-
tion of allocated user demands. Furthermore, Liu and Han (2018)
presented a design criterion based on a similar formulation to that
used in this paper as the second objective function.

The genes of each individual in Heuristic 2 are used to drive the
aggregation of DMAs in the traditional FGPA, applied to the ini-
tially unweighted graph, to obtain optimal solutions in the expected
trade-off. To influence the sequential aggregation of DMAs with
the aim to pursue this trade-off, the variation of the weights of
the WDN pipes, initially all set at 1, and the modulation of the ef-
fects of the two terms present in the original formulation of mod-
ularity [Eq. (4)] are encoded in the genes. To obtain the modulation
mentioned previously, coefficient « is added in Eq. (4) as multiply-
ing factor of k;k;/2, yielding the following expression:

1, 2 kzkj

i=1 j=1

To obtain the variation of the weights of the WDN pipes and the
modulation of «, each individual is made up of N ;4. + 1 genes.
The first N yis5q- genes are multiplicative factors wy ; of the weights
w of the WDN pipes (initially set at 1/n,), to be defined within
the range [0, +o00]. If a pipe belongs to the generic jth segment,
its weight w is multiplied by wy ;. If a pipe is at the boundary
between the jth and the kth segment, its weight w is multiplied
by 0.5(wy ; + ws x). Then, the weights w of the WDN pipes can be
rescaled to reobtain >w = 1, to be used to assess modularity. The
last gene, ranging from O to 1, is used for a.
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source

source

isolation valve /
——  pipe |

Fig. 4. Layout of the WDN. Division into N 4., = 682 segments by
means of the system of isolation valves. (Adapted from Alvisi et al.
2011.)

If a population pop of individuals and a number 7, of gener-
ations are considered in FGPA with Heuristic 2, a total number of
fitness evaluations equal to pop - ng,, is carried out. This means
that FGPA is run for pop - ny, times. Therefore, the computa-
tional complexity of FGPA with Heuristic 2 is pop - n,,, times
larger than that of FGPA alone. The sequence of instructions
of FGPA with Heuristic 2 is summarized in the pseudocode in
Fig. 2(c).

Applications

Case Study

The case study considered in the present work is the whole WDN
serving a city in north-central Italy (Alvisi et al. 2011). The network
considered, the layout of which is shown in Fig. 4, is made up of
538 nodes, including two reservoirs (Nodes 1 and 2) and 825 pipes.
The network has a total length of around 87 km and diameters
ranging from 25 to 600 mm. A fixed head equal to 30 m above
sea level is assigned to the two source nodes and all the nodes
are at the same ground elevation, equal to 0 m above sea level. The
total user demand of the network in the peak hour is equal to around
367 L/s, including 20% of leakage. As reported by Alvisi et al.
(2011), the network features 969 isolation valves, plus the two
valves at the exit of the source nodes. This system of isolation
valves subdivides the WDN into N ;s = 682 segments.

Results

All the algorithms used in this paper were implemented in the
Matlab 2017b environment and run using one thread at a time
in an Intel Core 17-7700 3.60 GHz CPU. The following subsections
first report the results of the traditional FGPA, followed by the re-
sults of FGPA with Heuristics 1 and 2.

Traditional FGPA

The application of the traditional FGPA produced configurations of
Ngis DMAs with N, ranging from N y,,,, = 682 (DMAs coinci-
dent with WDN segments) down to N ;. = 1 (wWhole WDN in
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Fig. 5. Application of FGPA with modularity M expressed for (a) un-
weighted graph; and (b) graph weighted based on pipe demands.

one district). First, the traditional FGPA was run considering the
unweighted graph (pipe weight w = 1/n,,). Then, it was run con-
sidering the weighted graph (pipe weight w = Dem/Demt). In this
case, the demands distributed along the pipes in the peak hour were
considered. The results of these runs are reported in the graphs in
Figs. 5(a and b) in terms of M (N;). The graph in Fig. 5(a) reports
a value of M equal to about 0.46 in correspondence to N yisqr:-
When N, decreases due to the merging of DMAs, M grows
up to a maximum value of about 0.89 in correspondence to
N gis = 23. This means that at Ny, = 23 it is possible to obtain
the most modular WDN partitioning into DMAs, with a uniform
distribution of pipes over the DMAs and with a low number of
boundary pipes left out of the DMAs. To the left of this value,
M falls to O for N, = 1. In fact, at N = 1 all the pipes belong
to a single DMA and there is no WDN partitioning. The graph in
Fig. 5(b) shows a different pattern M(N ;). In fact, the maximum
of M lies in correspondence to the highest value of N, =
N gisiare = 682. To the left of this value, M decreases toward O
at Ny, = 1. The different behavior in the two graphs in Fig. 5
is because, as mentioned previously, in the case of weighted graph,
M is affected only by the distribution of Demt over the DMAs while
the number of boundary pipes has no impact on M.

As an example, Fig. 6(a) reports, for Ny, =5, the WDN
partitioning results of FGPA-unweighted graph. Though being
slightly small in light of the WDN total size and demand, a total
number N , =5 of DMAs was chosen in this context because it
enables easy visualization of the results of WDN partitioning. In the
araph, to-rake-distinet e TNAAAL . e o .

3 Sreterhe e etch-PMA- ary, pipes, the
end nodes of which belong to two different DMAs, are plotted. The
WDN partitioning in Fig. 6(a) features Ny, = 39 and M = 0.774
evaluated in the case of unweighted graph.
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DMAI1 DMA2 DMA3 DMA4 DMAS boundary pipe

Fig. 6. (a) Application of FGPA with modularity M expressed for un-
weighted graph; and (b) benchmark solution obtained with the spectral
clustering algorithm of Di Nardo et al. (2016).

As a benchmark, Fig. 6(b) reports the WDN partitioning solu-
tion obtained with the spectral clustering algorithm of Di Nardo
et al. (2016), applied with the constraint of having boundary pipes
at valve-fitted pipes. Though being obtained without considering
modularity explicitly, this solution features a quite high value of
M, equal to 0.749 evaluated in the case of unweighted graph. In
fact, the key ingredients of modularity, namely the balancing be-
tween DMAs and the low number of boundary pipes, are also the
objectives of spectral clustering partitioning methods. However, the
fact that the M value for Fig. 6(b) is smaller than that for Fig. 6(a) is
due to the larger number of boundary pipes (57) provided by the
algorithm of Di Nardo et al. (2016).

FGPA with Heuristic 1

This subsection aims to prove how the results of FGPA with
Heursitic 1 can be evaluated in terms of engineering aspects. The
FGPA with Heuristic 1 was run Ny, = 100 in the unweighted
graph. Each time, a pattern M(N;) similar to Fig. 5(a) was
obtained. Due to the stochastic nature of this algorithm, the results
were different from one run to the other. Then, the pattern ry; (N y;,)
was calculated in each run, where r); is the ratio of the M value
obtained in the run for the generic value of N, to the correspond-
ing M obtained in the traditional FGPA. The graph in Fig. 7(a)
shows that ry, (N ;) is always around 1, highlighting that the FGPA
with Heuristic 1 is always able to yield WDN partitioning solutions
with high modularity. Furthermore, it must be remarked that the
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Fig. 7. Application of FGPA with Heuristic 1. Ratio ry, as a function of
N 4, for (a) unweighted graph; and (b) weighted graph based on pipe
demands. Each eelex, indicates a different run.

upper envelope of ry(Ny;) is always larger than 1. This proves
both the suboptimality of the traditional FGPA and the possibility
to explore solutions with higher modularity thanks to adoption of
Heuristic 1. The best gain obtainable with the FGPA with Heuristic
1 is for N < 10, with a maximum value of r; close to 1.05.
The FGPA with Heuristic 1 was run 100 times also in the
weighted graph (w = Dem/Demt). Similar calculations to those of
the weighted graph led to the graph reporting ry; (N 4;,) in Fig. 7(b).
This graph only reports the values of r), for N, < 200 because the
others are almost coincident with 1. Similar remarks to the appli-
cation with the unweighted graph can be made also in this case.
The subsequent results in this subsection are shown for
N,is =5, that is considering WDN partitioning into five DMAs.

461l Fig. 8 reports the Weib, frequency of the M values obtained in
462 the 100 runs of FGPA with Heuristic 1 in the unweighted graph
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[Fig. 8(a)] and in the weighted graph based on pipe demands
[Fig. 8(b)]. This figure shows that the M values obtained are always
very high, some of which resulting to be larger than that provided
by the traditional FGPA. This attests to the high effectiveness of
Heuristic 1.

Each configuration of WDN partitioning obtained in the un-
weighted graph was then re-evaluated as number N, of boundary
pipes between DMASs and as uniformity of DMAs in terms of num-
ber of nodes N,,; in each DMA, pipe lengths L in each DMA and
demands Dd in each DMA. As for the uniformity, the coefficients
of variation C, y,4, C,r, and C, p; were calculated. Graphs in
Figs. 9(a), 9(b), 9(c), and 9(d) report the relationship between
M, and N,,, C, npg» Cp 1 and C, p,, respectively.

The graphs in Fig. 9 show that though the solutions of FGPA run
probabilistically with Heuristic 1 are very close in terms of M,
which ranges from about 0.745 to 0.775, they feature very different
values of Ny, C npa> €, 1 and C,, py. A negative correlation exists
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Fig. 8. Weiby] frequency F of the modularity function M obtained
through FGPA with Heuristic 1 for Ny, = 5 in the (a) unweighted
graph; and (b) weighted graph based on pipe demands.

between M and N,, (p = —0.65) and between M and C, y,q
(p = —0.84). This was expected because, in the case of unweighted
graph, M depends on the uniform subdivision of the number of
pipes (and therefore of nodes) over the DMAs and on the number
of boundary pipes. The re-evaluation of the configuration of WDN
partitioning obtained in the weighted graph based on pipe demands
is reported in the graphs in Fig. 10, for which similar considerations
to Fig. 9 can be made. The only significant difference lies in the fact
that, in the case of weighted graph, the correlation between M and
N, disappears and that between M and C,, p, emerges (p = —1.0).
This is because, as mentioned previously, in the case of weighted
graph, M is affected only by the distribution of Demt over the
DMAs while being totally unaffected by the number of boundary
pipes.

Overall, the graphs in Figs. 9 and 10 offer practitioners an in-
sight into the significant engineering performance of the various
WDN partitioning solutions, in terms of N;,, C, yyg» C, 1, and
C,.pa» from which an informed choice of the final solution can be
made. For the assessment of M, the use of the weighted graph
instead of the unweighted one is preferable when a strong corre-
lation between M and one specific variable must be searched for
[Fig. 10(d)]. However, considering the weighted graph in the as-
sessment of M tends to yield larger numbers N, of boundary pipes
[compare Figs. 10(a) and 9(a)].

FGPA with Heuristic 2

If the trade-off between engineering aspects need to be explored
more deeply, Heuristic 2 can be profitably used, as is proven in
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5070 the present subsection. NSGAII was run with a population pop =

508
509
510
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100 individuals and for n,, = 100 generations to search for
optimal WDN partitioning into five DMAs, in the trade-off be-
tween Ny, and C,, py, to be simultaneously minimized. Coefficient

C,.pa> Was calculated starting from peak hour demands distributed
along pipes. The gene w; ; was set to a fixed value (i.e., 1) whereas
wyj» With j =2, ..., Ngissar> were allowed to range. This was
done to prevent the gene rescaling (performed to guarantee
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Fig. 11. Pareto front of optimal solutions in the trade-off between N,
and C, p,; comparison with the deterministic solution obtained with
the traditional FGPA:
wetehted—eraph—Pare

o g ; and (b) re-
evaluations of the optimal solutions in terms of modularity M.

Yw = 1) from generating identical values of w starting from differ-
ent N gjssrqr-tuplg wy ;. The range for wy j, with j =2, ..., Ngissare
was set at [0, 5]. The previous choices for the number of individuals
and generations and for the range for w, ; were made because pre-
liminary calculations proved these values helped NSGAII in reach-
ing good efficiency in the results. As for the choice of pop and n,,,
the selected values enabled a good trade-off between computational
overhead and convergence of the Pareto front. Because the range of
possible values for w; ; is [0, +o00], various values in between 1 and
10 were tried for the upper boundary. Then, the best Pareto front
was obtained when considering an upper boundary equal to 5.

The results of the optimization are reported in Fig. 11(a) as a
Pareto front in the V;,, =.C,, py space. Due to the conflicting nature
of the two objectives, the front features lower values of C, p, as
Ny, increases. In other words, a more uniform distribution of
demand leads to a larger number of boundary pipes to be selected
for WDN partitioning into DMAs. A first comparison between the
graph in Fig. 11(a) and the graphs in Figs. 9 and 10 highlights that
Heuristic 2 enables a wider range to be explored for the variables of
interest (e.g., see C, py ranging from about 0.1 to about 0.45 in
Fig. 9 and from about 0.017 to about 1.97 in Fig. 11). Furthermore,
the trade-off between these variables is investigated thanks to
Heuristic 2.

The graph in Fig. 11(a) also shows that the deterministic solu-
tion obtained with the traditional FGPA, which features N;, = 39
and C, p; = 0.195, is dominated by numerous solutions of the
Pareto front. The graph in Fig. 11(b) presents the re-evaluation of
the optimal solutions belonging to the front in terms of modularity
M, evaluated according to Eq. (4) considering both unweighted and
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DMA1 DMA2 DMA3 DMA4 DMAS boundary pipe

Fig. 12. Graphical representation of the selected solution of WDN par-
titioning into five DMAs for Heuristic 2.

weighted graph. It also reports the values of M according to Eq. (7),
used inside Heuristic 2 to drive DMA merging in FGPA.

The analysis of Fig. 11(b) shows that the values of M according
to Eq. (7) are very close to 1, for all the values of N,,,. This attests to
the maximization potential of FGPA in the context of the modu-
lated modularity in Eq. (7), when suitable values are adopted for
the pipe weighting coefficients and for a. The re-evaluated values
of M according to Eq. (4), not used in FGPA with Heuristic 2, are
always lower. In fact, the values of M evaluated on the unweighted
graph grow with N, increasing from about 0 to around 0.77, close
to the value of M obtained with the traditional FGPA for N, = 5.
Instead, the values of M evaluated on the weighted graph grow
from about 0 to around 0.80, which is even larger than the value
of M =0.793 obtained with the traditional FGPA for N, = 5.
This represents further evidence of the suboptimality of the solu-
tions obtained with the traditional FGPA.

However, besides featuring high values of M according to
Eq. (4), the solutions in the Pareto front in Fig. 11(a) with N, >
33 are more interesting from the viewpoint of practical engineering,
in that they are associated with WDN partitioning solutions with
very even distribution of demand over the DMAs. As an example
of these solutions, the optimal WDN partitioning with N, = 35
and C, p, = 0.026 is shown in Fig. 12. Compared to the solution
obtained with the traditional FGPA [Fig. 6(a)], the solution shown
in Fig. 12 has different sizes and shapes for the DMAs. Indeed,
these different sizes and shapes, which lead to a lower number
of boundary pipes (35 versus 39) and to a lower value of C, p,
(0.026 versus 0.195), is obtained thanks to the tuning of pipe-
weights performed by Heuristic 2.

In terms of the considered objective functions, the solution
shown in Fig. 12 is also better than the benchmark solution shown
in Fig. 5¢ej [obtained through the spectral clustering algorithm
of Di Nardo et al. (2016)]. In fact, this latter solution features
Np, =57 and C, p, = 0.16.

The last calculations were carried out to test, for the WDN
partitioning solution shown in Fig. 12, the hydraulic performance
and therefore the ultimate feasibility. To this end, the methodology
of Creaco et al. (2017) was applied to optimally select the isolation
valves to close and the flow meter to install at the boundary
pipes. The methodology was applied to maximize the number
N, of closed isolation valves while maximizing the hydraulic
performance of the WDN, expressed through the generalized
resilience/failure index GRF, of Creaco et al. (2016) under peak
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Fig. 13. Pareto front of optimal trade-off solution between number
N, of closed isolation valves and generalized resilience/failure
GREF index under peak demand conditions for the configuration of five
DMAs shown in Fig. 12. Postprocessing of the solutions under average
demand conditions.

demand conditions. This index ranges from —1 to 1 and is asso-
ciated with the ratio of the power supplied to WDN users to the
power leaving the sources. The higher the GRF, the higher the
service pressure in the WDN. The Pareto front obtained in this op-
timization is shown in Fig. 13 (see black line). The value of GRF =
0.34 for N;, = 0 relates to the virtual WDN partitioning, in which
DMAs are not physically disconnected. In fact, for N, =0
flow meters are installed at all the boundary pipes. The virtual par-
titioning features the same hydraulic performance as the unparti-
tioned WDN. Fig. 13 highlights that the hydraulic performance
of the WDN stays almost unchanged up to a very large number
of Ngj,. If N, = 32 is chosen, only Nj, — N,;, = 3 flow meters
must be installed to monitor the flux exchanges between the
DMAs. The reason why the hydraulic performance is not affected
by the increase in N, is the high redundancy of the WDN, which is
overly looped and interconnected. However, the sudden decrease in
GRF to the right of N;, = 32 is because at least three boundary
pipes must be kept open to guarantee the supply of water to all the

6058l five DMAs. In fact, the-two DMAs are directly connected to the
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source nodes. Each of the three other DMAS, instead, needs at least
one open boundary pipe to receive water from the rest of the WDN.
Therefore, the WDN partitioning solutions for N;, ranging from
33 to 35 are infeasible due to the absence of service to large parts of
the WDN. Though the choice between closed isolation valve and
installed flow meter at each boundary pipe was made based on peak
demand hydraulic analysis, the validity of the results was tested
against average demand conditions (about 60% lower than peak
demand). To this end, for the solutions of the Pareto front in Fig. 13,
the GRF was re-evaluated under average demand conditions. As
expected, the GRF values under average demand conditions (gray
line in Fig. 13) are slightly lower than those under peak demand
conditions. This is because the power delivered to the users is lower
when average demands are considered instead of peak demands.
However, similar hydraulic considerations can be made as previ-
ously mentioned, pointing out that the hydraulic performance of
the WDN does not change up to N;, = 32.

Conclusions

In this paper two heuristics were combined with the fast-greedy
algorithm for the partitioning of WDNs into DM As. FGPA operates
by assembling small parts of the network in sequence until the
desired number of DMAs is reached. In the traditional version
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of FGPA, each merging is performed to maximize the increment
in modularity, a variable representing the strength of WDN parti-
tioning. The former heuristic technique is implemented inside
FGPA and enables lower increments in modularity than the maxi-
mum to be probabilistically accounted for, above all at the initial
steps of FGPA, in the fashion of the simulated annealing optimi-
zation. In the latter heuristic technique, FGPA is embedded inside a
multiobjective genetic algorithm, which modulates the weights of
WDN pipes and the terms inside the modularity function. Appli-
cations to a real WDN in northern Italy proved the effectiveness of
both the heuristic techniques. In fact, the former enables obtaining
numerous high modularity partitioning solutions, some of which
are even more modular than that obtained with the traditional
FGPA. The solutions can be postprocessed in terms of various var-
iables, such as the number of boundary pipes and the uniformity of
DMAs, to enable practitioners to make an informed decision about
the final solution. If the trade-off between two or more variables of
interest needs to be explored more deeply, the latter heuristic tech-
nique can be profitably adopted, though requiring a larger computa-
tional burden than the former. In an explicative example of WDN
partitioning into five DMAs, the partitioned WDN configuration
proved to keep a very similar hydraulic performance to the unpar-
tittioned WDN, even when isolation valves are closed at most boun-
dary pipes to separate the DMAs.

The calculations of this work were carried out on a real WDN
with 682 segments to be aggregated into five DMAs, taking overall
about 2 days of computation time. Similar calculations could be
repeated on a more complex real WDN. To get results in an accept-
able time frame in this case, the two following options could be
chosen: either to make use of multicore processing or to set as ini-
tial configuration for DMA aggregations larger WDN portions than
the segments. The former option would enable various WDN
partitioning solutions to be analyzed in parallel by the optimizer
whereas the latter would reduce the number of steps in FGPA in
each evaluation.

Further research will be dedicated to the analysis of the effec-
tiveness of different heuristic techniques. Furthermore, the possibil-
ity of implementing heuristics in other kinds of algorithm for
WDN partitioning will be explored. While the former heuristic pre-
sented in this paper is primarily tailored to FGPA, the latter can be
easily generalized to numerous WDN partitioning algorithms.
Because most algorithms are developed based on the graph theory,
the use of different pipe weights is expected to affect the results of
WDN partitioning. Therefore, the optimization of pipe weights to
obtain optimal trade-off solutions between engineering aspects is
an option that could be fruitful also in the case of other WDN par-
titioning algorithms.

Data Availability Statement

The readers can access the data upon request to the corresponding
author. The software used in this study is made available upon re-
quest by the authors of the paper. The data related to the real water
distribution network are confidential and can be provided with
restrictions.
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