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2 Using Heuristic Techniques to Account for Engineering
3 Aspects in Modularity-Based Water Distribution
4 Network Partitioning Algorithm
5 E. Creaco1; M. Cunha2; and M. Franchini31

6 Abstract: This paper shows how heuristic techniques can be used to account for engineering aspects in the application of a water
7 distribution network (WDN) partitioning algorithm. In fact, being based on graph-theory concepts, most WDN partitioning algorithms
8 fail to consider explicitly such aspects as the number of boundary pipes and the similarity of district metered areas (DMAs) in terms of
9 number of nodes, total demand, and total pipe length, which are often considered by water utility managers to make their decisions. The

10 algorithm considered is the fast-greedy partitioning algorithm (FGPA), based on the original formulation of modularity as an indicator of
11 the strength of WDN partitioning. This algorithm operates by merging the elementary parts of the WDN in sequential steps until the
12 desired number of district metered areas is reached. Two heuristic optimization techniques were combined with FGPA to propose different
13 merging combinations: the former reproduces some specific features of the simulated annealing algorithm while the latter is based on the
14 multiobjective genetic algorithm. Applications were carried out on a real WDN considering the actual system of isolation valves. The
15 partitioning solutions obtained by the traditional FGPA without heuristics and by a literature algorithm based on spectral clustering were
16 taken as benchmark. The results proved that the former heuristic can help in obtaining numerous WDN partitioning solutions with high
17 modularity. The performance of these solutions can be evaluated in terms of practical engineering aspects to help WDN managers make
18 an informed choice about the ultimate solution. If the trade-off between engineering criteria needs to be thoroughly analyzed in the
19 context of WDN partitioning, the latter heuristic, in which FGPA creates DMAs through information encoded in proper weights,
20 can be effectively used. Compared to the benchmark solutions, the FGPA with the latter heuristic can yield solutions with fewer boundary
21 pipes and better demand uniformity over the DMAs. DOI: 10.1061/(ASCE)WR.1943-5452.0001129. © 2019 American Society of Civil
22 Engineers.

23 Author keywords: Water distribution network; Graph theory; Modularity; Partitioning; District metered area (DMA); Heuristics;
24 Simulated annealing; Genetic algorithm.

25 Introduction4

26 The5 partitioning of a water distribution network (WDN) into district
27 metered areas (DMAs) has become a very common practice. In
28 fact, it is very beneficial, in that it facilitates demand management,
29 leakage detection, and abatement through service pressure control,
30 model calibration, and so forth (Walski et al. 2003). The separation
31 of each DMA from the rest of the WDN is carried out following the
32 definition of boundaries. At each boundary pipe, the DMA can be
33 physically or virtually separated from the remainingWDN, by clos-
34 ing an isolation valve or installing a flow meter, respectively. The

35final goal of WDN partitioning is the possibility of monitoring and
36controlling the exchange of flow between WDN DMAs, which is
37null in the case of physical separation. Examples of WDN partition-
38ing into DMAs are available starting from the early 2000s (Farley
392001; Morrison 2004; Giugni et al. 2008).
40Numerous algorithms have been proposed for WDN partition-
41ing. Some of the algorithms were developed based on graph and
42spectral theories (e.g., Deuerlein 2008; Perelman and Ostfeld 2011;
43Zheng et al. 2013; Candelieri et al. 2014; Di Nardo et al. 2016;
44Galdiero et al. 2016; Hajebi et al. 2016; Herrera et al. 2016; Di
45Nardo et al. 2017; Zhang 2017; Liu and Han 2018). Others com-
46bine graph theory–based techniques and engineering principles,
47such as the algorithms proposed by Alvisi and Franchini (2013) and
48Ferrari et al. (2014). A further group of algorithms uses the concept
49of modularity (Diao et al. 2013; Giustolisi and Ridolfi 2014a, b;
50Perelman et al. 2015; Campbell et al. 2016; Ciaponi et al. 2016;
51Laucelli et al. 2017).
52Modularity was first formulated for unspecific unweighted and
53weighted networks in the studies of Newman (2004a, b). It is a
54topological index that describes the possibility of identifying
55communities in a network. If the focus is just modularity, then the
56higher the modularity the better the identification of communities.
57The original formulation of modularity was used in some studies
58(e.g., Diao et al. 2013; Ciaponi et al. 2016) for WDN partitioning
59into DMAs. Specifically, Diao et al. (2013) and Ciaponi et al.
60(2016) made use of the fast-greedy partitioning algorithm (FGPA),
61which was based on modularity and developed through the graph
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62 theory by Clauset et al. (2004). Starting from a configuration in
63 which each node is a DMA of its own, this algorithm operates
64 by aggregating nodes sequentially, while maximizing the increment
65 of modularity at each step, until the target number of DMAs has
66 been reached.
67 However, a limit of this formulation (FGPA applied to the origi-
68 nal formulation of modularity) lies in the fact that it does not
69 account directly for engineering aspects related to WDNs, such as
70 the number of boundary pipes and the uniformity of DMAs in terms
71 of demands and ground elevations. Furthermore, it neglects the fact
72 that in WDNs, isolation valves are usually available at pipe ends
73 rather than in the middle of pipes [an assumption considered by
74 Diao et al. (2013) and by Ciaponi et al. (2016)]. The presence
75 of these limits undermines the applicability of FGPA to real case
76 studies. In fact, water utility managers always make their WDN
77 partitioning decisions based on such engineering aspects as those
78 mentioned previously.
79 Bearing these limits in mind, Giustolisi and Ridolfi (2014a, b)
80 modified the original formulation of modularity to obtain a WDN-
81 oriented modularity index. A further contribution of Giustolisi and
82 Ridolfi (2014a, b) was to present a modularity-based multiobjec-
83 tive approach for WDN partitioning. The modified modularity
84 index by Giustolisi and Ridolfi (2014a, b) is expressed as the
85 sum of two contributions: the former is a decreasing function of
86 the number of boundary pipes separating DMAs while the latter
87 is a growing function of the similarity of DMAs in terms of a
88 preassigned criterion, such as demand or pipe length distribution
89 across DMAs. As Laucelli et al. (2017) showed, the modified
90 modularity can be inserted in a multiobjective context, where it
91 is maximized while the number of boundary pipes between DMAs
92 is minimized, thus yielding a Pareto front of optimal trade-off
93 solutions among which WDN managers can choose the ultimate
94 partitioning solution.
95 An alternative approach is presented in this paper to account
96 for engineering aspects in the application of WDN partitioning
97 algorithms based on modularity. Unlike the approach proposed by
98 Giustolisi and Ridolfi (2014a, b), based on a modified formulation
99 of modularity, the novel approach presented in this paper is based

100 on the application of heuristic techniques to the FGPA developed
101 by Clauset et al. (2004) starting from the original formulation of
102 modularity (Newman 2004a, b). To this end, two heuristic tech-
103 niques were used, the former inspired by the simulated annealing
104 optimization and the latter made up of a multiobjective genetic
105 algorithm. By adding some randomness to the DMA merging in
106 FGPA, Heuristic 1 obtains numerous WDN partitioning solutions
107 featuring high modularity values, some of which are even larger
108 than those obtained through the traditional FGPA. Besides proving
109 the suboptimality of the solutions yielded by the traditional FGPA,
110 Heuristic 1 offers the possibility of accounting for engineering
111 aspects in the postprocessing. In fact, the solutions generated
112 by FGPA modified with Heuristic 1 can be evaluated in terms
113 of various engineering aspects (e.g., number of boundary pipes,
114 demand and pipe length uniformity across DMAs, and so forth),
115 thus enabling an informed choice of the ultimate partitioning
116 solution. Subsequently, Heuristic 2 was developed to show that,
117 if DMA merging in FGPA is driven by proper weights encoded
118 in the individual genes of a multiobjective genetic algorithm, the
119 trade-off between various engineering aspects to be simultane-
120 ously optimized can be easily considered directly in the optimi-
121 zation phase.
122 In the following sections, first the methodology, made up of
123 FGPA and of the two heuristic techniques, is described. The appli-
124 cations to a real WDN follow. Finally, the primary findings of the
125 study are summarized in the conclusions.

126Methodology

127Fast-Greedy Partitioning Algorithm

128To express modularity, reference is made hereinafter to a WDN with
129nn nodes and np pipes, including fictitious pipes representative
130of the nvalve present isolation valves (e.g., Creaco et al. 2010;
131Giustolisi and Savic 2010). First the weight ω of the WDN pipes
132must be set, in such a way as to have Σω ¼ 1. In the case of un-
133weighted network, the weight ω of the generic pipe can be set at
1341=np (leading to an identical weight for all pipes). If the pipes
135are weighted as a function of supplied demands, the weight ω of
136the generic pipe can be set at Dem/Demt, where Dem and Demt
137are the demand supplied along the pipe and the overall demand
138of the WDN, respectively. Otherwise, if the pipes are weighted
139as a function of pipe lengths, ω can be set at Lp=Lt, where Lp
140and Lt are the pipe length and the overall length of the WDN,
141respectively. This can be extended to whatever kind of weight. Then,
142the incidence topological matrix A, with size npxnn, can be con-
143structed. In the generic row of A, associated with the generic net-
144work pipe, the generic element can take on the values 0, − ffiffiffi

ω
p

or
145

ffiffiffi
ω

p
, whether the node corresponding to the matrix element is not at

146the ends 6of the pipe, it is the initial node of the pipe, or the final
147node of the pipe, respectively. Starting from A, the vector K
148(nnx1) and matrix D (nnxnn) can be calculated through the follow-
149ing expressions:

K ¼ diagonalðAT · AÞ ð1Þ

Kdiag ¼ diagðKÞ ð2Þ

D ¼ jAT · A −Kdiagj ð3Þ

150where diagonal( ), diag( ), and | | indicate the vector extracted from
151the diagonal of a square matrix, the diagonal square matrix con-
152structed starting from a vector, and the absolute value, respectively.
153The K and D have an important topological meaning. In fact, the
154element ki of vector K represents the total weight associated with
155the pipes connected to the ith node. The generic element Dij of D
156represents the pipe weight connecting the ith and jth node. Follow-
157ing the definition of K and D, the WDN modularity M can be for-
158mulated as (Newman 2004a, b)

M ¼ 1

2

Xnn
i¼1

Xnn
j¼1

�
Dij − kikj

2

�
δðci; cjÞ ð4Þ

159where ci and cj are the DMAs towhich the ith and jth nodes belong,
160respectively; and δðci; cjÞ is equal to 1, whether the ith and jth
161nodes belong to the same DMA (that is ci ¼ cj). Otherwise,
162δðci; cjÞ ¼ 0.
163ModularityM represents the strength of network partitioning. In
164fact, a high value ofM means that the WDN subdivision is even. In
165other words, the sum of the weights Σω is quite uniformly distrib-
166uted over the DMAs and only a small part of Σω is at the boundary
167pipes, which do not belong to any DMAs. Conversely, low values
168of M are associated with poor WDN subdivisions. In fact, the two
169terms inside the round bracket in Eq. (4) have two effects: the pres-
170ence of the former, i.e.,Dij, guarantees that most of the total weight
171Σω is inside WDN DMAs, entailing that there are few boundary
172pipes. The subtraction of term kikj=2 contributes to the uniform
173distribution of Σω over the DMAs. While the original formulation
174of Newman (2004a, b) gives the same relevance to the two terms
175inside the bracket, Giustolisi and Ridolfi (2014b) argued that the
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176 effects of the two terms can be modulated by introducing a multi-
177 plying factor in the second term.
178 The objective of the FGPA lies in obtaining a WDN partitioning
179 featuring a high value ofM. After the target number Ndis of DMAs
180 has been set, the algorithm considers a starting partitioning of the
181 WDN into Ndisstart DMAs. A suitable starting partitioning is made
182 up of the segments, i.e., the smallest WDN pieces that can be
183 disconnected, through closure of present isolation valves, while
184 avoiding service disruptions throughout the whole network or in
185 large portions (Creaco et al. 2010). For segment identification, suit-
186 able algorithms can be used, such as those proposed by Jun and
187 Loganathan (2007), Giustolisi and Savic (2010), and Creaco et al.
188 (2010), based on the real positions of the isolation valves in the
189 WDN. Therefore, at the initial step, the number of DMAs in the
190 WDN is equal to Ndisstart. At the second step, two DMAs are
191 merged, and the number of DMAs becomes Ndisstart − 1. The
192 aggregation process is repeated in the following steps until the net-
193 work merges to Ndis DMAs. At the generic step, the choice of the
194 two DMAs to merge is made to obtain the highestΔM, whereΔM
195 is a variation in M.
196 An explicative example of the FGPA is shown in Fig. 1 for a
197 simple WDN, in which nvalve ¼ 6 isolation valves are present
198 [Fig. 1(a)]. After replacing the valves with fictitious pipes, the7 lay-
199 out in Fig. 1(b) is obtained, made up of nn ¼ 13 nodes and np ¼ 14
200 pipes. The application of the algorithm of Creaco et al. (2010)
201 for segment identification detects four segments in the WDN.
202 The application of FGPA starting from Ndisstart ¼ 4 to obtain
203 Ndis ¼ 2 DMAs produces the merging of Segment 1 with Segment
204 3 and of Segment 2 with Segment 4, in two sequential steps
205 [Fig. 1(c)]. As an explicative example, Fig. 1 shows that the merg-
206 ing of the DMAs takes place while keeping some fictitious pipes
207 representative of isolation valves at DMA boundaries. Others,
208 instead, are incorporated into DMAs. However, as Fig. 1 shows,
209 note that the use of the configurations of Ndisstart segments as the
210 starting condition for the propagation of FGPA guarantees that, in
211 the aggregation of DMAs, there are always valve-fitted pipes at the
212 boundaries, without any artificial tuning of pipe weights in the
213 modularity function.
214 Because FGPA is modularity M driven, a remark must be made
215 about how the presence of the fictitious pipes representative of
216 isolation valves impacts onM. In the case of the unweighted graph,
217 ω ¼ 1=np, for both the fictitious pipes and the other pipes of the
218 WDN. Therefore, the value of M is influenced both by the uniform
219 distribution of the total number of pipes over the DMAs and by the
220 number of boundary pipes that are left outside DMAs. In the case of
221 weighted graph (e.g., ω ¼ Dem=Demt or ω ¼ Lp=Lt), instead, the
222 fictitious pipes representative of the isolation valves have weight
223 ω≈ 0. In fact, Dem and Lp are close to 0 for these pipes. There-
224 fore, the number of fictitious pipes at the boundaries has reduced
225 impact on M, which is then affected only by the uniform distribu-
226 tion of the sum Σω over the DMAs.
227 In this implementation where FGPA starts propagating from
228 the Ndisstart segments present in the WDN, the computational com-
229 plexity of the algorithm (number of logical operations) is
230 O½nvalve · d · logðNdisstartÞ�, where d is the depth of the dendrogram
231 describing the community structure of the WDN. This means that
232 the running time grows linearly with nvalve, d, and logðNdisstartÞ.
233 The8 logic structure of FGPA can be summarized in the pseudocode
234 in Fig. 2(a).

235 Heuristic 1

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

238is considered in Heuristic 1 [pseudocode in Fig. 2(b)]. This was
239done to insert some randomness in DMA merging, which obtains
240various WDN partitioning solutions rather than the single determin-
241istic solution of the traditional FGPA. Furthermore, it is not
242guaranteed that the DMA merging that produces the highest pos-
243itive ΔM at the generic step is the most effective choice to obtain
244the best WDN partitioning into Ndis DMAs, i.e., the solution with
245the highest value ofM. At the generic step of the partitioning algo-
246rithm, let us assume Ncomb possible combinations of DMAs for the
247merging, each of which features its value of ΔM. These values can
248then be sorted in descending order and then associated with an
249index. A probability function F can then be calculated as

F ¼ baseþ ð1 − baseÞ
�
index
Ncomb

�
expo

ð5Þ

250where base and expo are two parameters, to be set within the range
251[0, 1] and [0,þ∞]. Basically, F is a monotonic growing function of
252index, ranging from 0 to 1 and yielding the probability of nonex-
253ceedance of the generic value of ΔM. The generic combination of
254merging can be easily sampled from F. In fact, if a random number
255is generated between 0 and 1, the closest among the values of F
256larger than the random number, and its associated index through
257Eq. (5), can be easily identified.

F1:1Fig. 1. (a) Network with isolation valves installed; (b) network with
F1:2fictitious pipes installed instead of isolation valves to enable segment
F1:3identification; and (c) joining of segments for the construction of two
F1:4DMAs.
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258 An example is provided hereinafter to clarify this concept, con-
259 sidering Ncomb ¼ 20 possible combination of DMAs for the merg-
260 ing ofN, producingΔM ranging from 0.0001 to 0.01. These values
261 are sorted in descending order and associated with index [Fig. 3(a)].
262 Then, function F is calculated as a function of index for three pairs
263 of values of base and expo. Fig. 3(b) shows FðindexÞ, from which
264 the sampling of the merging combination is carried out. Fig. 3(b)
265 shows that the pair base ¼ 0 − expo ¼ 1 gives an even probability

266to all the indexes, and therefore to all the values ofΔM. The growth
267of base and the drop of expo increase the probability of selection for
268the lower indexes, and therefore for the higher values of ΔM.
269Obviously, when a random number sufficiently close to 0 is gen-
270erated, index ¼ 1 is sampled from FðindexÞ in Eq. (5), corre-
271sponding to the DMA merging combination with the highest
272value of ΔM, which is the same merging combination that would
273be given by the traditional FGPA.
274Heuristic 1 is embedded in the traditional sequence of FGPA
275steps from Ndisstart to Ndis. At the generic step, a random number
276is generated from 0 to 1 to sample the merging combination of
277DMAs available at that step from FðindexÞ in Eq. (5). Heuristic
2781 can be repeated using different sequences of random numbers,
279producing different values of M for a number of DMAs ranging
280from Ndisstart to Ndis. Some of these values may result larger than
281those produced by the traditional FGPA with no heuristic.
282As for base in Eq. (5), preliminary calculations were done to
283understand which values to assign to this variable as the steps of
284the FGPA proceed. Specifically, three options were explored:
2851. An even value of base within the range [0, 1];
2862. Growing values of base; and
2873. Decreasing values of base.
288Finally, Option 2 proved successful and the following expres-
289sion was adopted, which yields a value equal to 0 at the initial step
290of FGPA and gradually larger values at the following steps:

base ¼ Ndisstart − Ndis

Ndisstart
ð6Þ

291This enables DMA merging combinations with lower values
292of ΔM than the maximum possible value to be selected especially
293at the initial steps. When N is far from Ndisstart, that is, at the final
294steps of FGPA, the merging combinations associated with very
295high M increment are privileged instead. This brings Heuristic 1
296close to the simulated annealing technique (Kirkpatrick and
297Gelatt 1983) where directions different from that where the objec-
298tive function experiences the steepest ascent are facilitated at the
299initial steps, in an attempt to find a global optimum.

F2:1 Fig. 2. Pseudocodes of (a) FGPA; (b) FGPA with Heuristic 1; and (c) FGPA with Heuristic 2.

F3:1 Fig. 3. Preparatory steps for the heuristic merging of DMAs: (a) asso-
F3:2 ciation of each value ofΔM with an index; and (b) association of index
F3:3 with the probability of nonexceedance of ΔM.
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300 The application of Heuristic 1 involves running FGPA for a
301 certain number of times (Ntimes). The computational complexity
302 of FGPAwith Heuristic 1 is then Ntimes larger than that of the tradi-
303 tional FGPA.

304 Heuristic 2

305 In the framework of WDN partitioning, different objectives from
306 the maximization of M are usually pursued, which include maxi-
307 mization of the uniformity of supplied demands over DMAs, ser-
308 vice pressure inside DMAs or of other variables. A further practical
309 objective is the minimization of the number of inter-DMA boun-
310 dary pipes, at each of which either an isolation valve will be closed
311 or a flow-meter will be installed, thus causing undesirably the loss
312 of reliability or the disbursement of funds, respectively.
313 In Heuristic 2, the possibility of considering some of the engi-
314 neering aspects mentioned previously is accounted for by means of
315 the multiobjective genetic algorithm NSGAII (Deb et al. 2002).
316 Specifically, the objective functions considered include the coeffi-
317 cient of variation (ratio of the standard deviation to the mean value)
318 of the total demands delivered to the DMAs, which is an inverse
319 function of the uniformity of supplied demands, and the number
320 of boundary pipes. Both objective functions are simultaneously
321 minimized. These objective functions are in line with those consid-
322 ered by other authors in the scientific literature (e.g., Giustolisi and
323 Ridolfi 2014a, b; Di Nardo et al. 2016; Liu and Han 2018). In
324 fact, the minimization of the number of boundary pipes is consid-
325 ered in almost all the WDN partitioning algorithms, including those
326 based on spectral clustering (Di Nardo et al. 2016; Liu and Han
327 2018), which aim to solve a relaxed version of the minimum
328 cut problem for the graph. The issue of DMA uniformity, expressed
329 in different forms including demand distribution, was also consid-
330 ered as design criterion by various authors (Giustolisi and Ridolfi
331 2014a, b; Di Nardo et al. 2016; Liu and Han 2018). The coefficient
332 of variation of demands across DMAs can be related to the second
333 term of the modified index of modularity of Giustolisi and Ridolfi
334 (2014a, b), when pipe weights in the index are expressed as a func-
335 tion of allocated user demands. Furthermore, Liu and Han (2018)
336 presented a design criterion based on a similar formulation to that
337 used in this paper as the second objective function.
338 The genes of each individual in Heuristic 2 are used to drive the
339 aggregation of DMAs in the traditional FGPA, applied to the ini-
340 tially unweighted graph, to obtain optimal solutions in the expected
341 trade-off. To influence the sequential aggregation of DMAs with
342 the aim to pursue this trade-off, the variation of the weights of
343 the WDN pipes, initially all set at 1, and the modulation of the ef-
344 fects of the two terms present in the original formulation of mod-
345 ularity [Eq. (4)] are encoded in the genes. To obtain the modulation
346 mentioned previously, coefficient α is added in Eq. (4) as multiply-
347 ing factor of kikj=2, yielding the following expression:

M ¼ 1

2

Xnn
i¼1

Xnn
j¼1

�
Dij − α

kikj
2

�
δðci; cjÞ ð7Þ

348 To obtain the variation of the weights of the WDN pipes and the
349 modulation of α, each individual is made up of Ndisstart þ 1 genes.
350 The firstNdisstart genes are multiplicative factors ωs;j of the weights
351 ω of the WDN pipes (initially set at 1=np), to be defined within
352 the range ½0;þ∞�. If a pipe belongs to the generic jth segment,
353 its weight ω is multiplied by ωs;j. If a pipe is at the boundary
354 between the jth and the kth segment, its weight ω is multiplied
355 by 0.5ðωs;j þ ωs;kÞ. Then, the weights ω of the WDN pipes can be
356 rescaled to reobtain Σω ¼ 1, to be used to assess modularity. The
357 last gene, ranging from 0 to 1, is used for α.

358If a population pop of individuals and a number ngen of gener-
359ations are considered in FGPA with Heuristic 2, a total number of
360fitness evaluations equal to pop · ngen is carried out. This means
361that FGPA is run for pop · ngen times. Therefore, the computa-
362tional complexity of FGPA with Heuristic 2 is pop · ngen times
363larger than that of FGPA alone. Th 9e sequence of instructions
364of FGPA with Heuristic 2 is summarized in the pseudocode in
365Fig. 2(c).

366Applications

367Case Study

368The case study considered in the present work is the whole WDN
369serving a city in north-central Italy (Alvisi et al. 2011). The network
370considered, the layout of which is shown in Fig. 4, is made up of
371538 nodes, including two reservoirs (Nodes 1 and 2) and 825 pipes.
372The network has a total length of around 87 km and diameters
373ranging from 25 to 600 mm. A fixed head equal to 30 m above
374sea level is assigned to the two source nodes and all the nodes
375are at the same ground elevation, equal to 0 m above sea level. The
376total user demand of the network in the peak hour is equal to around
377367 L=s, including 20% of leakage. As reported by Alvisi et al.
378(2011), the network features 969 isolation valves, plus the two
379valves at the exit of the source nodes. This system of isolation
380valves subdivides the WDN into Ndistart ¼ 682 segments.

381Results

382All the algorithms used in this paper were implemented in the
383Matlab 2017b environment and run using one thread at a time
384in an Intel Core i7-7700 3.60 GHz CPU. The following subsections
385first report the results of the traditional FGPA, followed by the re-
386sults of FGPA with Heuristics 1 and 2.

387Traditional FGPA
388The application of the traditional FGPA produced configurations of
389Ndis DMAs with Ndis ranging from Ndistart ¼ 682 (DMAs coinci-
390dent with WDN segments) down to Ndistart ¼ 1 (whole WDN in

F4:1Fig. 4. Layout of the WDN. Division into Ndistart ¼ 682 segments by
F4:2means of the system of isolation valves. (Adapted from Alvisi et al.
F4:32011.)
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391 one district). First, the traditional FGPA was run considering the
392 unweighted graph (pipe weight ω ¼ 1=np). Then, it was run con-
393 sidering the weighted graph (pipe weight ω ¼ Dem=Demt). In this
394 case, the demands distributed along the pipes in the peak hour were
395 considered. The results of these runs are reported in the graphs in
396 Figs. 5(a and b) in terms of MðNdisÞ. The graph in Fig. 5(a) reports
397 a value of M equal to about 0.46 in correspondence to Ndistart.
398 When Ndis decreases due to the merging of DMAs, M grows
399 up to a maximum value of about 0.89 in correspondence to
400 Ndis ¼ 23. This means that at Ndis ¼ 23 it is possible to obtain
401 the most modular WDN partitioning into DMAs, with a uniform
402 distribution of pipes over the DMAs and with a low number of
403 boundary pipes left out of the DMAs. To the left of this value,
404 M falls to 0 for Ndis ¼ 1. In fact, at Ndis ¼ 1 all the pipes belong
405 to a single DMA and there is no WDN partitioning. The graph in
406 Fig. 5(b) shows a different pattern MðNdisÞ. In fact, the maximum
407 of M lies in correspondence to the highest value of Ndis ¼
408 Ndistart ¼ 682. To the left of this value, M decreases toward 0
409 at Ndis ¼ 1. The different behavior in the two graphs in Fig. 5
410 is because, as mentioned previously, in the case of weighted graph,
411 M is affected only by the distribution ofDemt over the DMAs while
412 the number of boundary pipes has no impact on M.
413 As an example, Fig. 6(a) reports, for Ndis ¼ 5, the WDN
414 partitioning results of FGPA-unweighted graph. Though being
415 slightly small in light of the WDN total size and demand, a total
416 number Ndis ¼ 5 of DMAs was chosen in this context because it
417 enables easy visualization of the results of WDN partitioning. In the
418 graph, to make distinction between the DMAs, a different color is
419 used to characterize the pipes of each DMA. Boundary pipes, the
420 end nodes of which belong to two different D10 MAs, are plotted. The
421 WDN partitioning in Fig. 6(a) features Nbp ¼ 39 and M ¼ 0.774
422 evaluated in the case of unweighted graph.

423As a benchmark, Fig. 6(b) reports the WDN partitioning solu-
424tion obtained with the spectral clustering algorithm of Di Nardo
425et al. (2016), applied with the constraint of having boundary pipes
426at valve-fitted pipes. Though being obtained without considering
427modularity explicitly, this solution features a quite high value of
428M, equal to 0.749 evaluated in the case of unweighted graph. In
429fact, the key ingredients of modularity, namely the balancing be-
430tween DMAs and the low number of boundary pipes, are also the
431objectives of spectral clustering partitioning methods. However, the
432fact that theM value for Fig. 6(b) is smaller than that for Fig. 6(a) is
433due to the larger number of boundary pipes (57) provided by the
434algorithm of Di Nardo et al. (2016).

435FGPA with Heuristic 1

436This subsection aims to prove how the results of FGPA with
437Heursitic 1 can be evaluated in terms of engineering aspects. The
438FGPA with Heuristic 1 was run Ntimes ¼ 100 in the unweighted
439graph. Each time, a pattern MðNdisÞ similar to Fig. 5(a) was
440obtained. Due to the stochastic nature of this algorithm, the results
441were different from one run to the other. Then, the pattern rMðNdisÞ
442was calculated in each run, where rM is the ratio of the M value
443obtained in the run for the generic value of Ndis to the correspond-
444ing M obtained in the traditional FGPA. The graph in Fig. 7(a)
445shows that rMðNdisÞ is always around 1, highlighting that the FGPA
446with Heuristic 1 is always able to yield WDN partitioning solutions
447with high modularity. Furthermore, it must be remarked that the

F5:1 Fig. 5. Application of FGPAwith modularity M expressed for (a) un-
F5:2 weighted graph; and (b) graph weighted based on pipe demands.

F6:1Fig. 6. (a) Application of FGPAwith modularity M expressed for un-
F6:2weighted graph; and (b) benchmark solution obtained with the spectral
F6:3clustering algorithm of Di Nardo et al. (2016).

© ASCE 6 J. Water Resour. Plann. Manage.

Creaco
Commento testo
This should be at a lower level than "Results" (i.e., at the same level as "Traditional FGPA")

Creaco
Barra

Creaco
Testo inserito
the DMAs and the boundary



P
R
O
O
F

O
N
L
Y

448 upper envelope of rMðNdisÞ is always larger than 1. This proves
449 both the suboptimality of the traditional FGPA and the possibility
450 to explore solutions with higher modularity thanks to adoption of
451 Heuristic 1. The best gain obtainable with the FGPAwith Heuristic
452 1 is for Ndis < 10, with a maximum value of rM close to 1.05.
453 The FGPA with Heuristic 1 was run 100 times also in the
454 weighted graph (ω ¼ Dem=Demt). Similar calculations to those of
455 the weighted graph led to the graph reporting rMðNdisÞ in Fig. 7(b).
456 This graph only reports the values of rM for Ndis < 200 because the
457 others are almost coincident with 1. Similar remarks to the appli-
458 cation with the unweighted graph can be made also in this case.
459 The subsequent results in this subsection are shown for
460 Ndis ¼ 5, that is considering WDN partitioning into five DMAs.
461 Fig. 8 reports the W11 eibul frequency of the M values obtained in
462 the 100 runs of FGPA with Heuristic 1 in the unweighted12 graph
463 [Fig. 8(a)] and in the weighted graph based on pipe demands
464 [Fig. 8(b)]. This figure shows that theM values obtained are always
465 very high, some of which resulting to be larger than that provided
466 by the traditional FGPA. This attests to the high effectiveness of
467 Heuristic 1.
468 Each configuration of WDN partitioning obtained in the un-
469 weighted graph was then re-evaluated as number Nbp of boundary
470 pipes between DMAs and as uniformity of DMAs in terms of num-
471 ber of nodes Nnd in each DMA, pipe lengths L in each DMA and
472 demands Dd in each DMA. As for the uniformity, the coefficients
473 of variation Cv;Nnd, Cv;L, and Cv;Dd were calculated. Graphs in
474 Figs. 9(a), 9(b), 9(c), and 9(d) report the relationship between
475 M, and Nbp, Cv;Nnd, Cv;L and Cv;Dd, respectively.
476 The graphs in Fig. 9 show that though the solutions of FGPA run
477 probabilistically with Heuristic 1 are very close in terms of M,
478 which ranges from about 0.745 to 0.775, they feature very different
479 values ofNbp,Cv;Nnd,Cv;L, andCv;Dd. A negative correlation exists

480between M and Nbp (ρ ¼ −0.65) and between M and Cv;Nnd
481(ρ ¼ −0.84). This was expected because, in the case of unweighted
482graph, M depends on the uniform subdivision of the number of
483pipes (and therefore of nodes) over the DMAs and on the number
484of boundary pipes. The re-evaluation of the configuration of WDN
485partitioning obtained in the weighted graph based on pipe demands
486is reported in the graphs in Fig. 10, for which similar considerations
487to Fig. 9 can be made. The only significant difference lies in the fact
488that, in the case of weighted graph, the correlation between M and
489Nbp disappears and that betweenM and Cv;Dd emerges (ρ ¼ −1.0).
490This is because, as mentioned previously, in the case of weighted
491graph, M is affected only by the distribution of Demt over the
492DMAs while being totally unaffected by the number of boundary
493pipes.
494Overall, the graphs in Figs. 9 and 10 offer practitioners an in-
495sight into the significant engineering performance of the various
496WDN partitioning solutions, in terms of Nbp, Cv;Nnd, Cv;L, and
497Cv;Dd, from which an informed choice of the final solution can be
498made. For the assessment of M, the use of the weighted graph
499instead of the unweighted one is preferable when a strong corre-
500lation between M and one specific variable must be searched for
501[Fig. 10(d)]. However, considering the weighted graph in the as-
502sessment ofM tends to yield larger numbersNbp of boundary pipes
503[compare Figs. 10(a) and 9(a)].

504FGPA with Heuristic 2

505If the trade-off between engineering aspects need to be explored
506more deeply, Heuristic 2 can be profitably used, as is proven in

F7:1 Fig. 7. Application of FGPAwith Heuristic 1. Ratio rM as a function of
F7:2 Ndis for (a) unweighted graph; and (b) weighted graph based on pipe
F7:3 demands. Each color indicates a different run.

F8:1Fig. 8. Weibul fre 13quency F of the modularity function M obtained
F8:2through FGPA with Heuristic 1 for Ndis ¼ 5 in the (a) unweighted
F8:3graph; and (b) weighted graph based on pipe demands.
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507 the present subsection14 . NSGAII was run with a population pop ¼
508 100 individuals and for ngen ¼ 100 generations to search for
509 optimal WDN partitioning into five DMAs, in the trade-off be-
510 tween Nbp and Cv;Dd, to be simultaneously minimized. Coefficient

511Cv;Dd, was calculated starting from peak hour demands distributed
512along pipes. The gene ωs;1 was set to a fixed value (i.e., 1) whereas
513ωs;j, with j ¼ 2; : : : ;Ndisstart, were allowed to range. This was
514done to prevent the gene rescaling (performed to guarantee

F9:1 Fig. 9. Relationship between M and (a) Nbp; (b) Cv;Nnd; (c) Cv;L; and (d) Cv;Dd for the solutions obtained through FGPA with Heuristic 1 in the
F9:2 unweighted graph. Comparison shown with the values of the traditional FGPA.

F10:1 Fig. 10. Relationship between M and (a) Nbp; (b) Cv;Nnd; (c) Cv;L; and (d) Cv;Dd for the solutions obtained through FGPA with Heuristic 1 in the
F10:2 weighted graph based on pipe demands. Comparison shown with the values of the traditional FGPA.
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515 Σω ¼ 1) from generating identical values of ω starting from differ-
516 ent Ndisstart-tuple15 ωs;j. The range for ωs;j, with j ¼ 2; : : : ;Ndisstart,
517 was set at [0, 5]. The previous choices for the number of individuals
518 and generations and for the range for ωs;j were made because pre-
519 liminary calculations proved these values helped NSGAII in reach-
520 ing good efficiency in the results. As for the choice of pop and ngen,
521 the selected values enabled a good trade-off between computational
522 overhead and convergence of the Pareto front. Because the range of
523 possible values for ωs;j is ½0;þ∞�, various values in between 1 and
524 10 were tried for the upper boundary. Then, the best Pareto front
525 was obtained when considering an upper boundary equal to 5.
526 The results of the optimization are reported in Fig. 11(a) as a
527 Pareto front in16 the Nbp − Cv;Dd space. Due to the conflicting nature
528 of the two objectives, the front features lower values of Cv;Dd as
529 Nbp increases. In other words, a more uniform distribution of
530 demand leads to a larger number of boundary pipes to be selected
531 for WDN partitioning into DMAs. A first comparison between the
532 graph in Fig. 11(a) and the graphs in Figs. 9 and 10 highlights that
533 Heuristic 2 enables a wider range to be explored for the variables of
534 interest (e.g., see Cv;Dd ranging from about 0.1 to about 0.45 in
535 Fig. 9 and from about 0.017 to about 1.97 in Fig. 11). Furthermore,
536 the trade-off between these variables is investigated thanks to
537 Heuristic 2.
538 The graph in Fig. 11(a) also shows that the deterministic solu-
539 tion obtained with the traditional FGPA, which features Nbp ¼ 39

540 and Cv;Dd ¼ 0.195, is dominated by numerous solutions of the
541 Pareto front. The graph in Fig. 11(b) presents the re-evaluation of
542 the optimal solutions belonging to the front in terms of modularity
543 M, evaluated according to Eq. (4) considering both unweighted and

544weighted graph. It also reports the values ofM according to Eq. (7),
545used inside Heuristic 2 to drive DMA merging in FGPA.
546The analysis of Fig. 11(b) shows that the values ofM according
547to Eq. (7) are very close to 1, for all the values ofNbp. This attests to
548the maximization potential of FGPA in the context of the modu-
549lated modularity in Eq. (7), when suitable values are adopted for
550the pipe weighting coefficients and for α. The re-evaluated values
551of M according to Eq. (4), not used in FGPA with Heuristic 2, are
552always lower. In fact, the values of M evaluated on the unweighted
553graph grow with Nbp increasing from about 0 to around 0.77, close
554to the value of M obtained with the traditional FGPA for Ndis ¼ 5.
555Instead, the values of M evaluated on the weighted graph grow
556from about 0 to around 0.80, which is even larger than the value
557of M ¼ 0.793 obtained with the traditional FGPA for Ndis ¼ 5.
558This represents further evidence of the suboptimality of the solu-
559tions obtained with the traditional FGPA.
560However, besides featuring high values of M according to
561Eq. (4), the solutions in the Pareto front in Fig. 11(a) with Npb ≥
56233 are more interesting from the viewpoint of practical engineering,
563in that they are associated with WDN partitioning solutions with
564very even distribution of demand over the DMAs. As an example
565of these solutions, the optimal WDN partitioning with Npb ¼ 35

566and Cv;Dd ¼ 0.026 is shown in Fig. 12. Compared to the solution
567obtained with the traditional FGPA [Fig. 6(a)], the solution shown
568in Fig. 12 has different sizes and shapes for the DMAs. Indeed,
569these different sizes and shapes, which lead to a lower number
570of boundary pipes (35 versus 39) and to a lower value of Cv;Dd

571(0.026 versus 0.195), is obtained thanks to the tuning of pipe-
572weights performed by Heuristic 2.
573In terms of the considered objective functions, the solution
574shown in Fig. 12 is also better than the benchmark solution shown
575in Fig. 5(c) [obtained through the spectral clustering algorithm
576of Di Nardo et al. (2016)]. In fact, this latter solution features
577Npb ¼ 57 and Cv;Dd ¼ 0.16.
578The last calculations were carried out to test, for the WDN
579partitioning solution shown in Fig. 12, the hydraulic performance
580and therefore the ultimate feasibility. To this end, the methodology
581of Creaco et al. (2017) was applied to optimally select the isolation
582valves to close and the flow meter to install at the boundary
583pipes. The methodology was applied to maximize the number
584Nciv of closed isolation valves while maximizing the hydraulic
585performance of the WDN, expressed through the generalized
586resilience/failure index 18GRF of Creaco et al. (2016) under peak

F11:1 Fig. 11. Pareto front of optimal solutions in the trade-off between Nbp

F11:2 and Cv;Dd; comparison with the deterministic solution obtained with
F11:3 the traditional FGPA: (a) deterministic solution FGPA based on un-
F11:4 weighted graph (Pareto front obtained with Heuristic 2); and (b) re-
F11:5 evaluations of the optimal solutions in terms of modularity M17 .

F12:1Fig. 12. Graphical representation of the selected solution of WDN par-
F12:2titioning into five DMAs for Heuristic 2.

© ASCE 9 J. Water Resour. Plann. Manage.

Creaco
Barra

Creaco
Commento testo
In Figure 11, you deleted the legend of graph (a). I am re-enclosing the Figure

Creaco
Barra

Creaco
Testo inserito
,

Creaco
Testo inserito
) 

Creaco
Testo inserito
(

Creaco
Testo inserito
(

Creaco
Testo inserito
)

Creaco
Commento testo
the acronym is already expplained in the text

Creaco
Testo inserito
s

Creaco
Barra

Creaco
Testo inserito
6(b)

Creaco
Testo inserito
(a) 



P
R
O
O
F

O
N
L
Y

587 demand conditions. This index ranges from −1 to 1 and is asso-
588 ciated with the ratio of the power supplied to WDN users to the
589 power leaving the sources. The higher the GRF, the higher the
590 service pressure in the WDN. The Pareto front obtained in this op-
591 timization is shown in Fig. 13 (see black line). The value ofGRF ¼
592 0.34 for Nciv ¼ 0 relates to the virtual WDN partitioning, in which
593 DMAs are not physically disconnected. In fact, for Nciv ¼ 0
594 flow meters are installed at all the boundary pipes. The virtual par-
595 titioning features the same hydraulic performance as the unparti-
596 tioned WDN. Fig. 13 highlights that the hydraulic performance
597 of the WDN stays almost unchanged up to a very large number
598 of Nciv. If Nciv ¼ 32 is chosen, only Nbp − Nciv ¼ 3 flow meters
599 must be installed to monitor the flux exchanges between the
600 DMAs. The reason why the hydraulic performance is not affected
601 by the increase inNciv is the high redundancy of the WDN, which is
602 overly looped and interconnected. However, the sudden decrease in
603 GRF to the right of Nciv ¼ 32 is because at least three boundary
604 pipes must be kept open to guarantee the supply of water to all the
605 five DMAs. In fact, th19 e two DMAs are directly connected to the
606 source nodes. Each of the three other DMAs, instead, needs at least
607 one open boundary pipe to receive water from the rest of the WDN.
608 Therefore, the WDN partitioning solutions for Nciv ranging from
609 33 to 35 are infeasible due to the absence of service to large parts of
610 the WDN. Though the choice between closed isolation valve and
611 installed flow meter at each boundary pipe was made based on peak
612 demand hydraulic analysis, the validity of the results was tested
613 against average demand conditions (about 60% lower than peak
614 demand). To this end, for the solutions of the Pareto front in Fig. 13,
615 the GRF was re-evaluated under average demand conditions. As
616 expected, the GRF values under average demand conditions (gray
617 line in Fig. 13) are slightly lower than those under peak demand
618 conditions. This is because the power delivered to the users is lower
619 when average demands are considered instead of peak demands.
620 However, similar hydraulic considerations can be made as previ-
621 ously mentioned, pointing out that the hydraulic performance of
622 the WDN does not change up to Nciv ¼ 32.

623 Conclusions

624 In this paper two heuristics were combined with the fast-greedy
625 algorithm for the partitioning of WDNs into DMAs. FGPA operates
626 by assembling small parts of the network in sequence until the
627 desired number of DMAs is reached. In the traditional version

628of FGPA, each merging is performed to maximize the increment
629in modularity, a variable representing the strength of WDN parti-
630tioning. The former heuristic technique is implemented inside
631FGPA and enables lower increments in modularity than the maxi-
632mum to be probabilistically accounted for, above all at the initial
633steps of FGPA, in the fashion of the simulated annealing optimi-
634zation. In the latter heuristic technique, FGPA is embedded inside a
635multiobjective genetic algorithm, which modulates the weights of
636WDN pipes and the terms inside the modularity function. Appli-
637cations to a real WDN in northern Italy proved the effectiveness of
638both the heuristic techniques. In fact, the former enables obtaining
639numerous high modularity partitioning solutions, some of which
640are even more modular than that obtained with the traditional
641FGPA. The solutions can be postprocessed in terms of various var-
642iables, such as the number of boundary pipes and the uniformity of
643DMAs, to enable practitioners to make an informed decision about
644the final solution. If the trade-off between two or more variables of
645interest needs to be explored more deeply, the latter heuristic tech-
646nique can be profitably adopted, though requiring a larger computa-
647tional burden than the former. In an explicative example of WDN
648partitioning into five DMAs, the partitioned WDN configuration
649proved to keep a very similar hydraulic performance to the unpar-
650titioned WDN, even when isolation valves are closed at most boun-
651dary pipes to separate the DMAs.
652The calculations of this work were carried out on a real WDN
653with 682 segments to be aggregated into five DMAs, taking overall
654about 2 days of computation time. Similar calculations could be
655repeated on a more complex real WDN. To get results in an accept-
656able time frame in this case, the two following options could be
657chosen: either to make use of multicore processing or to set as ini-
658tial configuration for DMA aggregations larger WDN portions than
659the segments. The former option would enable various WDN
660partitioning solutions to be analyzed in parallel by the optimizer
661whereas the latter would reduce the number of steps in FGPA in
662each evaluation.
663Further research will be dedicated to the analysis of the effec-
664tiveness of different heuristic techniques. Furthermore, the possibil-
665ity of implementing heuristics in other kinds of algorithm for
666WDN partitioning will be explored. While the former heuristic pre-
667sented in this paper is primarily tailored to FGPA, the latter can be
668easily generalized to numerous WDN partitioning algorithms.
669Because most algorithms are developed based on the graph theory,
670the use of different pipe weights is expected to affect the results of
671WDN partitioning. Therefore, the optimization of pipe weights to
672obtain optimal trade-off solutions between engineering aspects is
673an option that could be fruitful also in the case of other WDN par-
674titioning algorithms.
675

676Data Availability Statement

677The readers can access the data upon request to the corresponding
678author. The software used in this study is made available upon re-
679quest by the authors of the paper. The data related to the real water
680distribution network are confidential and can be provided with
681restrictions.
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