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Uniformity and Heuristics-Based DeNSE Method for
Sectorization of Water Distribution Networks

Željko Vasilic1; Miloš Stanic2; Zoran Kapelan3; Dušan Prodanovic4;
and Branislav Babic5

Abstract: Sectorization of a water distribution network (WDN) into district metered areas (DMAs) is a proven solution for proactive
leakage control. Traditionally, WDN sectorization is conducted by local experts using a trial-and-error approach, often resulting in the
identification of arbitrary solutions. Some recently published methods try to improve WDN sectorization by automating the process,
especially by using optimization. Various sectorization criteria, constraints, and limitations are introduced, which often fail to consider
the issues faced by poorly managed WDNs such as limited funds and shortage of water balance data. These methods also have poor
computational efficiency imposed by optimization methods used. This paper presents a new distribution network sectorization method
(DeNSE), that overcomes these deficiencies. This method is based on a heuristic procedure in which WDN sectorization is driven by
efficient tracking of water balance data and determining the lowest cost investment needed to maintain the same level of operational
performance. The above-mentioned set of criteria is particularly well suited for initial sectorization of WDNs when major uncertainties
in water balance data often lead to poor management decisions. The DeNSE method is validated and benchmarked against other secto-
rization methodologies in a case study of a large, real-world WDN. The results show that DeNSE can identify sound, realistic sectorization
solutions that are in some respects better than corresponding solutions reported in the literature. DeNSE also enables high computational
efficiency, ensuring its applicability to real-world WDNs. DOI: 10.1061/(ASCE)WR.1943-5452.0001163. © 2019 American Society of
Civil Engineers.

Author keywords: Sectorization; District metered areas (DMA); Water distribution network (WDN); Uniformity; Distribution network
sectorization (DeNSE).

Introduction

Sectorization of a water distribution network (WDN) into zones,
sectors, clusters, or district metered areas (DMAs) has become
one of the main strategies for efficient management of WDNs.
It was introduced in the United Kingdom in the late 1980s and
has been implemented in many WDNs worldwide. Sectorization
has been done traditionally to meet two main objectives: better con-
trol of water losses and efficient management of pressures in the
network. Sectorization is proven to be useful for other tasks such
as protection against contamination (Chianese et al. 2017; Grayman
et al. 2009). Burrows et al. (2000) provide the best definition of a

DMA as a distinct hydraulic area of the WDN, separated from the
rest of the supply system by isolation valves and one or more me-
tered inlets and outlets.

Sectorization of WDNs into optimal DMA systems is difficult to
achieve, especially in an existing and continuously operating
WDN. Every WDN is unique in its topology, characteristics, and
key drivers/objectives, so there is no standard procedure for secto-
rization, but rather a series of guidelines provided by the different
water and other authorities (Butler 2000; Farley 2001; Morrison
et al. 2007; WAA and WRC 1985; UK Water Research Industry
1999). Ideally, planning of DMAs (e.g., their number and size)
should be carried out during the new WDN design phase, making
it much easier to find the solution that will be efficient both in de-
termining key sectorization objectives and satisfying the network’s
hydraulic and other requirements.

Complexity of the real-world WDN results in many different
alternatives in which network sectorization can be done. Usually,
sectorization is governed by the criterion of creating zones of man-
ageable size in terms of number of consumers, links, or network
length. Other important criteria (e.g., required number of feeds, fire
flow regulations, etc.) and limitations may also apply. Sectorization
solutions are usually obtained through trial-and-error methods car-
ried out by local experts who are familiar with all of the WDN spe-
cifics. Practical application of such an approach is illustrated in a
case study by Grayman et al. (2009), in which two large networks
were redesigned to implement typical DMA design and to allow
additional control and isolation of the system in order to improve
water security. The need for a more formal approach to sectoriza-
tion problem that will enable investigation of alternative sectori-
zation solutions for large WDNs was recognized early (Tzatchkov
et al. 2006).
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Different algorithms for automated sectorization of the WDN
into DMAs have been developed and presented in recent years, to-
gether with the tools that can be used to support the process
(Deuerlein 2008; Perelman and Ostfeld 2012). In general, existing
algorithms for automated sectorization have three general steps
(Perelman et al. 2015): (1) division of the WDN into clusters,
(2) placement of valves and flow meters on cluster’s boundary
pipes to define the DMAs, and (3) evaluation of solutions based
on the previously adopted performance indicators (PIs). For the
purpose of initial division of the WDN (Step 1), most presented
methodologies rely on the graph theory algorithms (Alvisi and
Franchini 2014a; Di Nardo et al. 2013; Ferrari et al. 2014; Hajebi
et al. 2016; Scarpa et al. 2016) or multiagent approach and spectral
clustering (Di Nardo et al. 2018; Herrera et al. 2010a, 2010b), while
others use the modularity index (Ciaponi et al. 2016; Giustolisi and
Ridolfi 2014; Laucelli et al. 2016; Campbell et al. 2016) or com-
munity structure metrics (Diao et al. 2013; Zhang et al. 2017;
Brentan et al. 2017) originally presented by Clauset et al. (2004)
and Newman and Girvan (2004). Modularity and community struc-
ture metrics are introduced from other fields of research and are
based on similarity between clusters based on the weights assigned
to the links. Motivation for application of community structure met-
rics comes from the fact that many complex systems such as WDNs
have the property of higher links density within the communities
than between them (Fortunato 2010; Giudicianni et al. 2018).
These metrics have been tailored in different ways to use for WDN
sectorization (Giustolisi and Ridolfi 2014; Zhang et al. 2017).
Although these approaches are able to determine DMAs, they are
sensitive to the selection of links weights (Ciaponi et al. 2016; Diao
et al. 2013). Thus far, presented sectorization methods mainly in-
clude cluster (DMA) size range (min−max) and reachability from
the transmission main as the sectorization governing variables.
Identifying DMAs that are as uniform in size as possible is ad-
dressed in research presented here, hypothesizing that uniformity
of DMAs’ sizes can be a suitable variable to govern the sectoriza-
tion process.

A large number of possible alternatives exist for positioning the
valves and flow meters to define the DMAs (Step 2) in a real-world-
sized WDN. Many of these alternatives are not feasible because
they do not meet the basic hydraulic requirements for WDN oper-
ation. For the purpose of selecting the (near) optimal alternative, a
sectorization algorithm is usually coupled with some type of opti-
mization method (Alvisi 2015; Giustolisi and Ridolfi 2014; Hajebi
et al. 2016; Laucelli et al. 2016; Zhang et al. 2017) that requires
a significant amount of computational resources. Thus far, compu-
tational efficiency has been regarded as something of secondary
importance, with primary focus on the quality of the obtained
solution. Viable alternatives to traditional optimization methods
are heuristics-based approaches for positioning of the valves and
flow meters (Alvisi and Franchini 2014a; Ciaponi et al. 2016;
Diao et al. 2013) or the use of a simplified hydraulic simulator that
can quickly find near-optimal solutions (Alvisi and Franchini
2014b).

Number and type of PIs, used in Step 3 to assess the effect of
implemented interventions and evaluate the sectorization solution,
vary significantly in the research literature. The resilience index, as
described in Todini (2000), is present in almost all research as a
measure of network postsectorization reliability. Water age is usu-
ally used to reflect the impact on water quality in the network.
Some researchers added various other indices to validate the fea-
sibility of obtained solutions; for example, pressure indices are used
in Di Nardo et al. (2013) and an entropy index is used in Scarpa
et al. (2016).

Some of the drawbacks of available methods for automated sec-
torization that may question their applicability to real-world WDNs
are associated with: (1) comprehensive lists of objectives and con-
straints used in optimization, (2) computational efficiency, and
(3) resolution of the sectorization solution.

In the process of developing new methods, various limitations
and constraints important for the proper functioning of the WDN
have been implemented in optimization procedures (Di Nardo et al.
2017; Gomes et al. 2012; Zhang et al. 2019). Chronologically, only
DMA size and network pressure constraints have been considered
(Di Nardo and Di Natale 2011), with each new method adding new
sectorization parameters and network PIs to their lists of limitations
and constraints. Probably the most comprehensive such list is
presented in Hajebi et al. (2016), having 13 objectives and 11 con-
straints. In fact, these lists may have grown too much, exhausting
all practical aspects important for normal everyday operation of the
WDN. Optimization methods are computationally expensive by
their nature, and the addition of new objective functions by each
sectorization method only highlights this effect, as in, for example,
the algorithms of Hajebi et al. (2016) and Zhang et al. (2017).
Solution search space exponentially increases with the complexity
of a network, and perhaps this is why recently presented methods
employing optimization lack results supporting their application on
large-sized networks (Alvisi 2015; Laucelli et al. 2016).

Water utilities operating poorly managed WDNs usually do not
have sufficient funds to invest in large numbers of DMAs at once,
so the sectorization process should be planned hierarchically and
implemented in phases, starting with a few DMAs that can be larger
than recommendations given in the guidelines. Establishing a few
DMAs in a WDN should enable tracking the water balance in the
network and gathering basic data about system dynamics, without
significant effect on the network’s operational conditions. This
could improve operational management of WDNs, as management
decisions are usually made based on some calculated WDN’s PIs,
which can have values significantly influenced by great uncertainty
of available water balance data (Babić et al. 2014). With increased
resolution of the sectorization, it is usually required that new DMAs
keep previously created boundaries of the original DMA layout.
In this way, costs are minimized, which addresses the economics
of sectorization. Scarpa et al. (2016) considered hierarchical secto-
rization based on progressive union of initially identified elemen-
tary DMAs; this can be viewed as bottom-up approach. A top-down
approach to sectorization would be more aligned with an engineer-
ing perspective and more in accordance with the phased creation of
DMAs. Either way, hierarchy should be considered in sectorization
solutions.

From the previous discussion, it can be concluded that, despite
all recent advancements made, there are opportunities to further
improve existing water network sectorization algorithms. Key areas
for improvement are in: (1) implementing practical engineering
principles, relevant to the WDN, to govern the sectorization pro-
cess; (2) improving computational efficiency of the algorithm; and
(3) considering hierarchical sectorization.

In the method presented here, distribution network sectorization
(DeNSE), the first area is addressed with implementation of a newly
presented network uniformity index (Vasilic 2018) that drives WDN
decomposition into clusters that are not only within predefined size
limits, but also uniform in size as much as possible. The uniformity
index also favors sectorization in which the cluster’s connecting links
are pipes with smaller diameters, indirectly providing an economi-
cally more favorable solution because it is less costly to install valves
and flow meters on smaller diameter pipes. High computational ef-
ficiency is achieved using common-sense engineering heuristics,
rather than optimization tools, to position the valves and flow
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meters on the connecting links and define the DMAs. The network
clustering algorithm evolves in a step-by-step manner, and thus
the obtained sectorization solution is inherently hierarchically
ordered. Furthermore, the algorithm presented here does not deter-
mine just one sectorization solution, but a range of feasible solu-
tions, giving decision makers the flexibility to select the one best
suited for their needs. The algorithm is tested against a benchmark,
a large operating network presented in the Battle of the Water
Sensor Networks (BWSN2) (Ostfeld et al. 2008), and results are
thoroughly compared with other results previously reported in the
literature.

Methodology

This paper presents uniformity and heuristics-based methodology
for WDN sectorization into DMAs, called DeNSE, which is also
able to address hierarchical sectorization. The algorithm is based on
the graph theory for identification of strong connected components
(SCCs) and their aggregation into clusters based on a newly pre-
sented network uniformity index (U). As discussed in the Introduc-
tion, the sectorization process should start with the definition of
key sectorization objectives and design criteria, followed by the
identification of PIs that will be used to assess the impact of inter-
ventions made in the network. Tracking the water balance in the
network is the main sectorization objective adopted in the DeNSE
method. Designing the sectorization solution that requires the least
cost investment in the equipment necessary for creation of DMAs

(flow meters and isolation valves), while maintaining the network’s
existing operational efficiency are the main design criteria. Such
design criteria are most appealing to many water utilities, especially
in developing countries, which operate highly inefficient WDNs
with a significant amount of water and revenue losses. Two PIs are
adopted to evaluate the effects of the sectorization on a network’s
operational performance: (1) resilience index (Res), reflecting post-
sectorization reliability of the WDN (Todini 2000) and (2) water
age (WA), surrogate metrics for water quality reflecting water
retention rate in the WDN.

The new method requires a hydraulic model of the WDN as an
input, like many other methods relying on it to prove hydraulic
feasibility of a sectorization solution. The quality of the adopted
solution will be better if a calibrated hydraulic model is used,
and required interventions in the network can be taken with more
assurance in preservation of the network’s hydraulic performance.
The method runs through three stages to identify the best sectori-
zation solution, as shown in Fig. 1. The first stage is a preprocess-
ing stage in which all the relevant network data are obtained
from the WDN model and prepared for the following run of the
clustering algorithm. WDN decomposition into clusters is done
in the second stage, based on the uniformity index. The third
stage involves narrowing choices to the few feasible solutions that
will be hydraulically analysed. The third stage includes heuristic,
engineering-based positioning of the valves and flow meters on
clusters connecting links to define DMAs and extended-period
hydraulic analysis of the solutions and evaluation of adopted PIs.
Finally, feasible solutions are ranked and the preferred solution is
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Fig. 1. Flowchart of the DeNSE sectorization method.
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selected. Each of the three stages will be explained in detail in the
sections below.

Input Data

The new sectorization method requires the following input data:
1. Calibrated WDN network model in the form of EPANET input

file, which contains all relevant data (topology, hydraulic
characteristics, demand data, etc.).

2. Minimum (nmin
c ) and maximum (nmax

c ) number of property con-
nections per DMA, as well as total number of connections in the
network (nc), since number of connections per node is usually
not available with the mathematical model. Recommendations
about these values can be found in a number of available guide-
lines for DMA creation; usually, it is considered that the number
of connections should be in the range of 500–5,000 (Farley
2001; Morrison et al. 2007). It is considered that having DMAs
larger than 5,000 connections is not practical because it be-
comes difficult to distinguish leakages from the night flow data,
while taking more time to allocate them. It should be noted that
the preferable DMA size is network specific, influenced by
many factors, and should be determined based on a thorough
analysis of the specific data relevant to the network in consid-
eration.

3. Transmission main threshold diameter (Dmain). Large diameter
pipes connected in series, running from the network’s main
source(s), are considered a transmission main. These are the
pipes that convey water between the reservoirs and tanks and
serve as main supply paths in the network. In this methodology,
they are excluded from any interventions. As with the DMA
size, the value ofDmain is network specific, usually 300–350 mm
(Ferrari et al. 2014).

4. Pipe closure threshold diameter (Dtr). Pipes with diameters
equal to or larger than this diameter will not be considered
for possible closure for positioning the valves and flow meters
(part of Stage 3). By default, the algorithm uses the first class of
diameter lower than theDtr (e.g., ifDmain is 350 mm,Dtr will be
300 mm), but the user can specify a different value. However,
this will affect the number of isolation valves and flow meters
required to create the DMAs and, consequently, the solution
cost.

5. Minimum required and maximum allowed pressures in the
network, pmin and pmax, as well as the maximum water age
(WAmax) allowed in the network as a water quality indicator.

6. Desired number of sectorization solutions (Nsol). It is consid-
ered that 10–15 solutions is large enough to make representative
multicriteria ranking; however, the user can opt for a larger set of
solutions to compare.

Preprocessing (Stage 1)

In the first stage, there are two phases (Fig. 1). In the first phase,
transmission mains are defined, based on the Dmain value, and ex-
cluded from the sectorization process. For this purpose, the network
is explored using a slightly modified breadth first search (BFS) al-
gorithm (Jungnickel 2005), simultaneously starting from all main
source nodes (reservoirs). The BFS algorithm is modified to priori-
tize propagation through the links with diameters equal to or greater
than Dmain. In the second phase, 24-h maximum day demand
(MDD) hydraulic simulation of the analyzed WDN is performed
to determine the orientation of pipes (based on water flow direc-
tions obtained in the simulation). As a result, directional graph
(digraph) G is defined with two sets G ¼ <N;C >, set of network
nodes N and set of network links C, where each link is presented

with ordered pair of nodes. Network links with changing flow di-
rections are identified as nonoriented (or links that can have both
flow directions), and are represented with the addition of a fictitious
link in the opposite direction. This network representation is used
only for identification of SCCs in Stage 2, and original network
topology is used for hydraulic simulations. Both phases are illus-
trated in a simple example network shown in Fig. 2.

The example network consists of 16 nodes, 2 of which are res-
ervoirs, and 21 links. Links connecting reservoirs are identified as
transmission mains and are excluded from further analysis. The re-
maining part of the network, connected to the transmission main
with one link in node 9, should be partitioned into DMAs. Illus-
trated orientations of the remaining links are determined based on
the results of the hydraulic analysis. Two of these links are iden-
tified as not oriented, and putting that in the context of water net-
works, these are usually pipes (links) that connect tanks with the
rest of the network. So, in an example network, two fictitious links
are added (2–3 and 8–7) and nodes 8 and 2 could be tanks.

Network Clustering (Stage 2)

In the second stage of the DeNSE method, partitioning of the WDN
into clusters is performed. It is done in three phases (Fig. 1).

Phase 1
The first task is to identify the strongly connected components
within the previously created digraph. The SCC, a term from graph
theory, is defined as a subgraph in which each node can be reached
from any other node within that subgraph (Gabow 2000). Essen-
tially, an SCC is a directed cyclic component in which flow direc-
tion within that component can reverse (Perelman and Ostfeld
2012). Therefore, SCCs are parts of the network where water is
circulating during the simulation (Vasilić et al. 2016), and thus,
control of the water balance and/or water pressure regulation in
SCC parts of the network could be difficult to achieve, so SCCs
should be detected and treated as aggregated nodes in further net-
work analysis and clustering. Algorithms for the extraction of
SCCs from digraphs are well known in graph theory. The Gabow
algorithm (Gabow 2000) is used in the methodology shown here. It
is chosen due to its linear computational time, which makes it more
efficient than others. This is significant because the algorithm must
be able to deal with large networks efficiently. Gabow’s algorithm
requires only one pass through the network (digraph) with a recur-
sive call of the depth first search (DFS) algorithm (Tarjan 1972)
with arbitrary selection of the starting node.

For illustration purposes, a simple digraph, shown in Fig. 2, is
used. Starting the DFS search from node 2, nodes 3, 4, 6, 1, and 5
are visited [Fig. 3(a)]. During the DFS search, a check is made to
determine whether selection of the next node forms a cyclic path.

1

R1

R2

3 4

2

5

6 7

8

9

10 11

N={1,2,3,4,5,6,7,8,9,10,11}

G = < N ,C >

Transmission main

C={(1,5),(5,3),(5,4),(3,4),(3,2), ,(2,4)(2,3)
(4,6),(6,1),(7,6),(7,8), ,(9,7),(9,8),(8,7)

(9,11),(11,10),(10,9),(10,4)}

Fig. 2. Digraph presentation of a simple network with two sources and
two undirected links.
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If yes, nodes forming the cyclic path are identified as an SCC. The
algorithm continues until no further propagation is possible. In the
example shown in Fig. 3, the first SCC component identified is
composed of nodes 2, 3, 4, 6, 5, and 1. No further propagation
is possible, so the DFS starts again from a randomly selected node,
chosen from the set of nodes that were not visited during the first
search. Assuming that the randomly selected node is node 9, and
after nodes 11 and 10 are visited, the second SCC composed of
these three nodes is identified. A DFS search is repeated again start-
ing from node 8, and the third SCC composed of nodes 8 and 7 is
detected [Fig. 3(b)]. At the end, the aggregated digraph is com-
posed of three identified SCCs. The digraph can also be viewed
as a set of aggregated nodes connected to the transmission main.
The most important property of the new aggregated digraph is its
acyclicity, indicating it is a digraph without cycles. Such a graph is
referred to as a directed acyclic graph (DAG) and, in a water net-
work, it is important because it clearly separates source from the
demand nodes and, hence, makes the sectorization of the network
easier.

Phase 2
In the second phase, topological sorting of the identified DAG is
conducted. DAG nodes, represented with SCCs, are sorted from the
downstream end, and this order will be used to drive aggregation of
the DAG from the most peripheral SCCs. Again, simple implemen-
tation of the recursive DFS algorithm, as explained in Sedgewick
and Wayne (2011), is used for this purpose. In an example shown in
Fig. 3(c), topological sorting yields the following list of SCCs:
SCC1, SCC2, and SCC3.

Phase 3
In this phase, aggregation of the sorted DAG—composed of the
SCCs connected between each other and connected to the transmis-
sion main—is conducted based on the newly presented network
uniformity index (U). The network uniformity index (Vasilic
2018) is defined as follows:

U ¼ unetuvwagg ð1Þ
where unet = network uniformity in terms of cluster size; uv = uni-
formity of the DMA’s size vector; and wagg = relative weight of
aggregated links. Each of these variables is explained below, fol-
lowed by the explanation of the aggregation algorithm itself.

Each cluster is characterized with its size (Si), calculated as the

sum of all nodal demands within that cluster, Si ¼
PNi

n
j¼1 qj, with

Ni
n being number of nodes in ith cluster. Network uniformity (unet)

measures average deviation of cluster size from the preferred DMA
size (Spref). Ideally, all clusters should have size equal to Spref but,

obviously, this is not possible in real networks. Preferred DMA size
is calculated based on minimum and maximumDMA size, Smin and
Smax, as Spref ¼ SminþSmax

2
. Minimum and maximum DMA sizes are

calculated based on daily average total demand in the WDN (Qtot,
available from the WDN hydraulic model), number of minimum
and maximum connections in the DMA (nmin

c and nmax
c ), and total

number of connections in the WDN (nc), given as input data, as
follows:

Smin ¼
Qtot

nc
nmin
c

Smax ¼
Qtot

nc
nmax
c ð2Þ

Network uniformity is calculated based on the triangular func-
tion f that quantifies “quality” of cluster size in the range [0,1]
(Fig. 4). If a cluster i has a size Si ¼ Spref , its value of f will be
the best, that is, fi ¼ 1. If a cluster has a different size (larger or
smaller than Spref), it will have the value of fi < 1. Since the func-
tion f is equilateral, both larger and smaller clusters are equally
penalized. Extremely large clusters (larger than Spref), are scored
with the lowest value of fi ¼ 0. Potentially, other types of function
f that will penalize small and large clusters in different rates could
be used, but the triangular function currently implemented provided
the most consistent results. Finally, network uniformity is
calculated as

unet ¼
PNcl

i¼1 fi
Ncl

ð3Þ

where Ncl = number of clusters for a given sectorization. Note that
maximum value of unet is 1 if all clusters are equal to Spref , and
minimum value is zero.
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Fig. 3. Digraph transformation to DAG: (a) start the DFS; (b) detected SCCs; and (c) newly formed DAG.
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Fig. 4. Triangular function f quantifying cluster size “quality.”
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Sizing clusters in the range Smin–Smax, and as close to Spref
as possible, is one sectorization objective. Sizing them equally
is the other objective. Sizes of all clusters form the normalized size
vector of specific sectorization into Ncl clusters, Sn ¼ fSn1; Sn2 ;
Sn3 ···; S

n
Ncl

g, where Sni ¼ SiPNcl
i¼1

Si
. Uniformity of this vector is cal-

culated as its Euclidean norm (L2 norm) as follows:

uv ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXNcl

i¼1

ðSni Þ2
vuut ð4Þ

If all clusters are equal in size (e.g., S1 ¼ S2 ¼ S3 ¼ : : : ¼
Spref), which is the most preferable case, uniformity of the size
vector is

ubestv ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�

S1
NclSpref

�
2

þ
�

S2
NclSpref

�
2

þ : : :

s

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
NclðSprefÞ2
N2

clðSprefÞ2

s
¼

ffiffiffiffiffiffiffi
1

Ncl

s
ð5Þ

If all nodes are part of the same cluster—the worst-case scenario
in which there is no clustering—uniformity of the size vector is
uworstv ¼ 1. To be consistent with the ranging values of network
uniformity metrics (unet), where 0 is the minimum value and 1 is
maximum, uniformity of the size vector is scaled to the same range
to yield the final form of the equation for its calculation, as follows:

uv ¼

8><
>:

1 − uv
ffiffiffiffiffiffiffi
Ncl

p − 1ffiffiffiffiffiffiffi
Ncl

p − 1
; Ncl > 1

0; Ncl ¼ 1

9>=
>; ð6Þ

Relative weight of aggregated links is calculated as

wagg ¼
Pnaggl

i¼1 DiPnl
i¼1 Di

ð7Þ

where nl = total number of links; naggl = number of links within the
clusters; and Di = links diameter. In case of a large number of clus-
ters, there will be more unaggregated connecting links than in the
case of a small number of clusters. Hence, the value of wagg will be
smaller in the former than in the latter case. The minimum value of
wagg is 0 if no aggregation is done, and 1 if all SCCs are aggregated
into one cluster.

Aggregation of SCCs into clusters, based on uniformity index
metrics described above, is done in a step-by-step manner, propa-
gating upstream through the topologically sorted DAG made of
SCCs (obtained in Phase 2) and aggregating in each step SCCs
whose aggregation will contribute the most to the network uniform-
ity (Vasilic 2018). Initially, all identified SCCs are considered as
individual clusters, meaning that the initial number of clusters
corresponds to the number of identified SCCs. Aggregation is iter-
atively carried out through three steps: (1) identification of candi-
date SCCs for aggregation, based on topologically sorted DAG;
(2) selection and aggregation of the candidate with highest
uniformity gain (ΔUmax); and (3) aggregation of remaining down-
stream SCCs with positive uniformity gain (ΔU > 0). The third
step in this iterative aggregation procedure is implemented to avoid
the scenario in which small peripheral SCCs remain unaggregated
until the late stages of aggregation, which could happen because
these SCCs usually have relatively small uniformity gain, and
aggregation would continue past them further upstream.

Uniformity index metrics that drive the clustering process is
made of three components as given in Eq. (1). Because the aggre-
gation process is driven with the highest uniformity gain (ΔUmax),
it is of interest to maximize all three components of the network
uniformity index (unet, uv, and wagg). Maximizing wagg implies that
the links with the larger weights (diameters) are aggregated first. In
this manner, links with smaller diameters will be left as connecting
links between the clusters which, in turn, provides a more economi-
cally favorable sectorization solution.

The aggregation algorithm presented here is essentially a greedy
optimization method in which aggregation direction is determined
based on the highest uniformity index gain (ΔUmax). This is similar
to the greedy optimization method, based on highest modularity
gain, used to maximize a network’s modularity index presented in
Clauset et al. (2004). As with all similar types of algorithms, it is
not guaranteed that the global optimal solution will be found. How-
ever, the benefit is that, generally, a good suboptimal solution can
be found with significant computational time savings when com-
pared with other optimization algorithms. The algorithm is deter-
ministic in nature, and it will always provide the same results as
long as the same input parameters are given.

Application of the described aggregation algorithm is illustrated
in a simple example shown in Fig. 5. The example is derived from
Fig. 3(c), adding six more SCCs for illustration purposes. For the
sake of simplicity, total demand of 20 L=s is assigned to all nine
SCCs. Diameters of the links connecting SCCs are shown in milli-
meters in Fig. 5. Minimum (Smin) and maximum (Smax) DMA size
are set to 40 and 80 L=s, respectively, which yields the preferred
DMA size (Spref) of 60 L=s. Fig. 5 shows evolution of the network
uniformity index through the aggregation process of this simple
example. Uniformity index (U) is plotted against the number of
clusters corresponding to each aggregation step (secondary
horizontal axis).

The highest uniformity index value (Umax) corresponds to net-
work sectorization into three clusters with total demands of 40, 60,
and 80 L=s. Sizes of all three clusters are within predefined DMA
size limits (40–80 L=s). Clusters are connected with three links
among them. The next aggregation step leads to the solution with
two clusters having total demands of 80 and 100 L=s. Obviously,
this solution does not meet DMA size constraints, because one
cluster is larger than Smax. However, there are now two links con-
necting two clusters, which requires fewer isolation valves and flow
meters to isolate them and create DMAs than in the case with three
clusters. Fig. 5 also illustrates hierarchical ordering of the sectori-
zation solutions embedded in the clustering algorithm. The solution
with three clusters is lower in the hierarchical order, and is easily
derived from the solution with two clusters.

Heuristic Device Placement and Evaluation of
Solutions (Stage 3)

At the end of Stage 2, the clustering of DAG made out of identified
SCCs based on network uniformity index is finished. As described
above, clustering is done in a step-by-step manner, preserving data
about the clusters’ structure at each aggregation step (Fig. 5). Note
that number of aggregation steps corresponds to the number of
identified clustering solutions. Obviously, not all of the solutions
obtained are of interest, only the ones with a high value of network
uniformity index.

Prior to execution of Stage 3, selecting the solutions that will be
hydraulically analyzed and evaluated for satisfaction of initially
adopted PIs is conducted. Number of solutions (Nsol) for Stage
3 analysis is specified by the user as an input parameter. Selection
of solutions is made based on the network uniformity index values
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obtained at each aggregation step. The solution with the highest
uniformity index (best solution) is selected, together with addi-
tional Nsol − 1 solutions from succeeding aggregation steps.
Additional solutions are on the descending part of the uniformity
index plot (Fig. 5), characterized by the lower value of uniformity
index (than the best solution) and by the smaller number of clusters.
The described strategy for selection of solutions adopted here is
particularly well suited for the application at the initial stages of the
DMA design process. For coarser sectorization, solutions can be
chosen from the ascending part of the uniformity index plot as well.
Clusters connected only to the transmission main and having size
smaller than Smin are removed from each solution and excluded
from further analysis. Such clusters are below minimum DMA size
limit and will not be considered as a DMA.

After the solutions that will be evaluated have been selected, the
main part of Stage 3 is conducted. There are two main phases in
Stage 3: Phase 1 is conversion of clusters into DMAs and Phase 2 is
evaluation of solutions.

Phase 1
To convert clusters into DMAs (i.e., define DMAs), flow meters
and isolation valves must be positioned on the clusters’ boundary
edges. Positioning of the flow meters and valves is done based on
engineering heuristics. Continuing from the simple example used to
describe the aggregation algorithm (Fig. 5), consider the solution
that has the highest network uniformity index value. This solution
has three clusters and four boundary edges to be considered for

installation of flow meters/valves. For methodology illustration
purposes, another branch of the transmission main and four boun-
dary edges are added to this solution [Fig. 6(a)].

Boundary edges are labeled L1 through L8, and numbers show
the links’ diameters in millimeters. Flow orientations during 24-h
MDD hydraulic simulation, obtained in Stage 1-Phase 1, are indi-
cated with arrows. Pipes with a changing direction (nonoriented)
are indicated using dashed lines without arrows. Nonoriented pipes
are only those that connect clusters with the transmission main, as
identified clusters resulted from the DAG analysis (i.e., all other
nonoriented pipes are already aggregated with the identification
of SCCs in Stage 2-Phase 1). In this case, there is only one such
pipe (L2). The heuristic procedure comprises the following three
steps:
• Nonoriented pipes are identified, and all pipes in which absolute

difference between the maximum and minimum flow rate is less
than 0.2 L=s are marked for closure, as this is considered neg-
ligible flow rate (hypothetically, let L2 be such a pipe in this
example).

• All links connecting clusters with the transmission main, or-
iented from the clusters to the main, are closed (L3 and L8 in
the example shown). These are the pipes always returning the
water from the demand nodes into the main, hence it is consid-
ered that they are not supply pipes and can be closed without
negative effects on system hydraulics.

• Supply pipes of each cluster (oriented toward cluster) are ana-
lyzed independently. It is sufficient to analyze only supply pipes
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Fig. 5. Evolution of network uniformity index during aggregation process.
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becasuse the graph in consideration is a DAG and one cluster’s
output pipes are others’ supply pipes. Supply pipes for a cluster
are identified; the pipe with the largest maximum inflow to the
cluster (Qmax) is considered the main supply pipe, and will not
be considered for closure. The maximum capacity of this pipe
(Cmax) is calculated based on maximum allowable velocity
of 2.0 m=s, and its remaining capacity is C ¼ Cmax–Qmax. All
remaining supply pipes having diameter larger than threshold
value, given as an input (Dtr), are candidates for closure. Their
maximum capacities are calculated in the same manner (cmax),
and they are analyzed one by one, starting from the link with the
lowest maximum flow rate (qmax). When a pipe i is considered
for closure, resulting residual input capacity (Ccl) is calculated
subtracting ith pipe capacity as Ccl ¼ CþP

cmax − cmaxðiÞ. If
reduced capacity is still larger than the maximum flow rate car-
ried by the ith pipe [Ccl ≥ qmaxðiÞ], the pipe is closed by setting
its capacity to zero [cmaxðiÞ ¼ 0]. Iterating through this proce-
dure, candidate pipes are closed until input capacity is fully ex-
hausted. Hypothetically, applying this to the simple example in
Fig. 6 would result in closure of supply pipe L4 for cluster CL1
and pipe L5 for cluster CL2. Cluster CL3 has only one supply
link, so it remains open.
Another approach for positioning flow meters and valves is the

optimization method, for example, the genetic algorithm (Ivetić
et al. 2013), which considers each boundary pipe as closed or open.
Because it is not uncommon in real-world WDNs for the number of
boundary edges to exceed several tens, the optimization method
could be very time consuming, and thus it was not implemented
here. At the end of Phase 1, flow meters and isolation valves are
positioned on the clusters’ boundary edges, converting them into
DMAs [Fig. 6(b)].

Phase 2
After definition of its DMA boundaries, each solution is subjected
to the extended-period hydraulic simulation to investigate the
effects of modifications made to the network. First, feasibility of
the solution is considered through evaluation of pressure con-
straints in each node, as follows:

pi;t ≥ pmin; pi;t ≤ pmax ð8Þ

where pi;t = pressure in ith node in simulation time step t; and pmin
and pmax = minimum and maximum allowable pressures in the
network. If the solution does not meet pressure constraints, it is
considered infeasible and is excluded from further analysis.

For each feasible solution, cost and two adopted PIs are calcu-
lated as follows:
1. Cost of the solution is calculated based on the unit cost of de-

vices installed to create the DMAs (flow meters and isolation
valves). Unit cost functions are taken from De Paola et al.
(2014).

2. Average network resilience index (Todini 2000) is calculated as
mean value over the simulation time period (T). The resilience
index is represented as the ratio of residual amount of power
in the network after satisfaction of nodal demands and maxi-
mum amount of power that can be dissipated in the network
internally, while satisfying nodal demands and minimal pressure
constraints:

Res ¼ mean
T

� Pnj
i¼1 qiðhi − h�i ÞPnr

j¼1 QjHj þ
Pnp

k¼1
Pk
γ −Pnj

i¼1 qih
�
i

�
ð9Þ

where nj = number of junctions; nr = number of reservoirs; np =
number of pumps; qi = nodal demand at node i; hi = nodal head
at node i; h�i = minimum nodal head at node i; Qj = discharge
from the reservoir j; Hj = head in reservoir j; Pk = amount of
power introduced in the network by pump k; and γ = specific
weight of the water.

3. Average water age in the network over the last 24 h of extended-
period simulation (WA) is calculated as

WA ¼
Pnj

i¼1

P
T
t¼T−24 WAt

i

24nj
ð10Þ

where WAt
i = water age in junction i at time t. Water age is also

often calculated as demand-weighted water age to give more
significance to nodes with larger demands. In this research,
Eq. (10) is used for WA calculation instead, to be comparable
with other methodologies available in the literature.
The above-listed indicators are calculated and used to evaluate

solutions based on initially adopted sectorization criteria in this re-
search. However, other PIs can be calculated to address other sets of
sectorization criteria (e.g., some type of leakage index).

Selection of Preferred Sectorization Solution

After Stage 3, WDN sectorization is completed, resulting in a set of
feasible solutions. This is one of the main advantages of the pro-
posed methodology: It offers an array of alternative DMA designs
to the decision maker. One can opt for a solution with a large

R1

R2

CL 1

CL 2 CL 3

Flow meter
Isolation valve

R1

R2

DMA 1

DMA 2 DMA
3

(a) (b) 

Fig. 6. Heuristics-based placement of flow meters and isolation valves (Stage 3-Step 1).
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number of small DMAs or a solution with a small number of large
DMAs, or any option in between these two scenarios. This is
especially convenient for the analysis of large WDNs without pre-
viously established DMAs, where DMA strategic planning should
be addressed carefully. It is the role of decision makers to select the
optimal sectorization solution for their network based on calculated
PIs and other parameters.

Case Study

Description

Methodology presented in this paper has been tested on a large,
real-world water distribution network. The analyzed network was
originally presented as the second case study network in the Battle
of the Water Sensor Networks competition (BWSN2) (Ostfeld et al.
2008). This network has been used as a case study for number of
other DMA design algorithms (Diao et al. 2013; Ferrari et al. 2014;
Grayman et al. 2009; Hajebi et al. 2016; Zhang et al. 2017). The
network consists of 12,523 nodes, 14,822 pipes, 2 reservoirs, 2
tanks, 4 pumps, and 5 valves. Total demand in the network, Qtot,
is 1,243 L=s, and total number of connections in the WDN, nc,
is 77,916.

The input data for the DeNSE sectorization method (see “Meth-
odology” section) are carefully set to allow meaningful comparison
with previously published methods in the literature where the same
network was used. The input data are as follows: (1) network’s
EPANET input file (Exeter University Centre for Water Systems);
(2) minimum number of connections per DMA, nmin

c , is 500, and
maximum number of connections per DMA, nmax

c , is 5,000;
(3) transmission main diameter threshold, Dmain, is 350 mm;
(4) pipe closure diameter threshold, Dtr, is 300 mm; (5) minimum
and maximum operating network pressures are pmin ¼ 20 m and
pmax ¼ 75 m, and maximum allowable water age, WAmax, is
48 h; and (6) desired number of sectorization solutions, Nsol, is 15.

Based on total demand in the network (Qtot), minimum (nmin
c )

and maximum (nmax
c ) number of connections in a DMA, and total

number of connections in the network (nc), minimum and maxi-
mum DMA size are calculated using Eq. (2) as Smin ¼ 8 L=s
and Smax ¼ 80 L=s. For hydraulic modeling, 24-h MDD simulation
is used, and for water quality modeling (WA calculation), extended-
period simulation of 192 h is used.

Network Clustering (Stage 2)

Fig. 7 shows the evolution of the network uniformity index (U)
through the network clustering process done in Stage 2, with maxi-
mum uniformity index value corresponding to 43 clusters (Umax ¼
0.5112). The minimum number of clusters is 23, in accordance with
Ferrari et al. (2014), in which the same transmission main diameter
(350 mm) was used and 23 independent districts connected to the
main were identified. Fig. 8 shows the evolution of all three com-
ponents constituted in the network uniformity index ðUÞ − unet, uv,
and wagg, in the last 77 aggregation steps (in total, there are 11,708
steps and all three components start from zero). Results illustrate
that until maximum uniformity index value is reached, unet is the
main parameter driving the clustering process. After that point,
large clusters are created, which impacts both unet and uv, causing
them to decrease (seemingly at comparable rates). As the plot sug-
gests, wagg continuously increases as aggregation proceeds, and
changes only slightly in the final 77 steps given that most of the
links are already aggregated.

DMAs Definition and Evaluation (Stage 3)

After Stage 2, 15 solutions are selected for further analysis having
between 43 and 29 clusters. In Stage 3, flow meters and isolation
valves are positioned to create DMAs and each solution is hydrauli-
cally analyzed. The first solution (Sol-1), with 43 DMAs, does not
satisfy the pressure constraints and is excluded from further analy-
sis as infeasible.

In addition to adopted PIs used to evaluate the solutions, the
following additional indicators are calculated to aid in evaluating
solutions using the methods proposed here, and to enable compari-
son with other methods described in the literature (see “Compari-
son of Results with Other Methods”, below):
• Number of DMAs (NDMA), number of meters (NM) and number

of valves (NV ),
• NL—Number of DMAs larger than maximum DMA

size (Smax),
• NS—Number of DMAs smaller than minimum DMA size

(Smin), and
• Aconn—Average number of connections per DMA.

Cost, adopted PIs (Res and WA), and above-listed additional
indicators for the remaining 14 feasible solutions are shown in
Table 1.

As shown in Table 1, all solutions have relatively similar values
of two PIs, WAand Res. As the number of DMAs in the solution
decreases, average the number of connections per DMA increases,
meaning that DMAs are larger in size. Consequently, creation of a
smaller number of larger DMAs requires fewer flow meters and
isolation valves, resulting in lower-cost solutions. The second sol-
ution (Sol-2) has one DMA that is smaller than minimum size Smin.
In solutions Sol-3–Sol-9, all DMAs are within specified Smin–Smax
range, whereas solutions Sol-10–Sol-15 include one or two DMAs
that are larger than Smax.

Selection of Preferred Sectorization Solution

The preferred solution is identified by analyzing Sol-3–Sol-9, the
solutions that fully satisfy the DMA size constraints. As noted ear-
lier, all feasible solutions have similar impacts on the network’s

0102030405060708090100
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Fig. 7. Evolution of uniformity index during clustering of BWSN2
network.
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resilience (Res ¼ 0.880–0.885) and water age (WA ¼ 33.88–
34.13 h). Therefore, Sol-9 is preferred over Sol-5 because it is
the least costly of the two solutions.

Fig. 9 shows the preferred solution, Sol-9, where the analyzed
WDN is sectorized into 35 DMAs, together with the detail of
DMA 23 with the positions of valves and flow meters. These po-
sitions are identified using the heuristic approach described in
Stage 3-Phase 1. Originally, the cluster to which this DMA be-
longs had six boundary pipes. Three of them were identified as
links that always return water to the transmission main (V2, V3,
and V4), and as such are marked for closure. The other three
boundary pipes are “always input to the zone” pipes, and using
the described methodology, pipe V1 (D ¼ 203.2 mm) is selected
for closure, while the other two pipes with larger diameters (D ¼
304.8 mm) are left open and equipped with flow meters (M1
and M2).

To provide further insight into the selected solution and the ef-
fects of network interventions required to create DMAs, in addition

to PIs and other indicators characterizing the solution listed above
(Table 1), for each DMA in a solution the following PIs are
calculated:
1. pav

DMA = Mean average pressures over 24-h in a DMA, as a good
indicator of network interventions’ impacts on pressure distri-
bution, calculated as

pav
DMA ¼

Pnj
i¼1

P
24
t¼1 p

t
i

24 nj
∀ i ∈ DMA ð11Þ

2. ResDMA = Average resilience index for a DMA, calculated per
Eq. (9), but this time accounting for nodes within the consid-
ered DMA.

3. WADMA = Demand-weightedWA for a DMA, averaged over the
entire extended period simulation (192 h). Demand weighting is
used to account for difference in size between DMAs in terms of
demand.
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Fig. 8. Evolution of all three components (unet, uv, and wagg) constituted in the network uniformity index (U) in the last 77 aggregation
steps.

Table 1. Evaluation indicators for 14 feasible solutions

Solution
No. NDMAs NL NS Aconn WA (h) Res Cost (€) NM NV unet uv U

Sol-2 42 0 1 1,655 34.13 0.881 557,405 81 178 0.538 0.967 0.5073
Sol-3 41 0 0 1,696 34.11 0.881 551,215 80 177 0.552 0.943 0.5070
Sol-4 40 0 0 1,738 34.11 0.881 545,870 79 177 0.545 0.943 0.5013
Sol-5 39 0 0 1,783 33.98 0.882 542,210 79 176 0.537 0.944 0.4943
Sol-6 38 0 0 1,830 34.02 0.880 537,920 77 176 0.537 0.931 0.4872
Sol-7 37 0 0 1,879 34.02 0.880 534,500 76 175 0.528 0.925 0.4767
Sol-8 36 0 0 1,931 34.01 0.880 530,995 76 169 0.534 0.910 0.4744
Sol-9 35 0 0 1,987 34.00 0.880 523,685 75 166 0.530 0.895 0.4633
Sol-10 34 1 0 2,045 34.00 0.881 522,565 75 164 0.522 0.882 0.4496
Sol-11 33 1 0 2,107 34.01 0.881 516,375 74 163 0.516 0.855 0.4318
Sol-12 32 2 0 2,173 33.98 0.881 515,815 74 162 0.505 0.839 0.4145
Sol-13 31 2 0 2,243 33.98 0.881 510,470 73 162 0.482 0.840 0.3957
Sol-14 30 2 0 2,318 33.96 0.880 497,205 71 153 0.481 0.840 0.3956
Sol-15 29 2 0 2,398 33.88 0.885 490,470 71 138 0.466 0.818 0.3736

© ASCE 04019079-10 J. Water Resour. Plann. Manage.

 J. Water Resour. Plann. Manage., 2020, 146(3): 04019079 

D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

T
ec

hn
is

ch
e 

U
ni

ve
rs

ite
it 

D
el

ft
 o

n 
01

/0
6/

20
. C

op
yr

ig
ht

 A
SC

E
. F

or
 p

er
so

na
l u

se
 o

nl
y;

 a
ll 

ri
gh

ts
 r

es
er

ve
d.



WADMA ¼
Pnj

i¼1

P
T
t¼1 WAt

iq
t
iPnj

i¼1

P
T
t¼1 q

t
i

∀ i ∈ DMA ð12Þ

Figs. 10 and 11 show results for each of 35 created DMAs in
selected solution Sol-9. Fig. 10(a) shows average consumption in
DMAs, with highlighted minimum and maximum size con-
straints. As shown in the graph, the 35 DMAs vary in size con-
siderably but always fall within the design limits imposed.
Fig. 10(b) shows relative changes in mean average pressure in
DMAs compared with mean average pressures in nodes that
are part of that DMA in the original nonsectorized network
(Δpav

DMA). For most DMAs, the mean average pressure decreased
slightly (up to 4%), whereas a slight increase occurred in six
DMAs (up to 1%). Therefore, network sectorization had very
limited impact on redistribution of pressure within the WDN.
A significant decrease of pressure was observed in DMA 8
(by 13%), but all pressures were still within the required range
of pmin–pmax.

Fig. 11(a) illustrates relative changes in water age in the
DMAs, again compared to the original network layout (ΔWADMA).
Maximum decrease of WA is 20%, and increase is almost 30%.
Although a decrease in WA is desirable, an increase of 30% may
seem a bit high at first. However, plotting absolute values of WA
for DMAs in which increase is induced by network interventions
(Fig. 12), it is easy to conclude that WA is still well below the
set maximum, WAmax, of 48 h. Fig. 11(b) shows relative changes
in the DMAs’ resilience index (ΔResDMA). Changes in resilience
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index range from −3.5% to þ2.2%, indicating very limited im-
pact of sectorization on the resilience of the WDN.

To summarize, from the results discussed above, it can be con-
cluded that: (1) all DMAs are within required size limits in terms of

consumption, (2) the network’s hydraulic performance is not en-
dangered given that changes in zone pressures are negligible,
(3) water quality requirement, expressed through theWA, is satisfied,
given that for all DMAs, the WA is still below maximum allowed
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Fig. 11. Results for each DMA in selected preferred solution, Sol-9: (a) relative change of water age; and (b) relative change of resilience index.
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threshold of 48 h, and (4) network reliability is sustained, given that
the changes in the resilience index are almost insignificant.

Comparison of Results with Other Methods

Finally, results obtained here are compared against corresponding
results obtained from five previously published approaches that ad-
dressed the WDN sectorization problem and by using the same case
study (Table 2). Comparison is made in terms of number of DMAs
(NDMAs), DMAs that are larger (NL) and smaller (NS) than prede-
fined size constraints, number of flow meters (NM) and isolation
valves (NV ), added pipes (Padd), average number of connections
per DMA (Aconn), computational time (Comp.Time), and PIs
adopted in this research to evaluate the solutions: water age and
resilience index (WA and Res). Direct comparison with other meth-
ods in terms of cost could not be made because cost was not explic-
itly reported in other papers. Reported values of PIs in Table 2 refer
to best sectorization solutions reported by each research study.
Computational times are given only as a qualitative metric, to
illustrate differences in magnitudes between different methods.
Table 2 also provides an overview of sectorization methods used
in each method for (1) partitioning the WDN and (2) positioning
the flow meters and isolation valves.

As shown in Table 2, only the methodologies presented in Ha-
jebi et al. (2016) and in the DeNSE method produce a set of feasible
solutions. Hajebi et al. (2016) identified 78 feasible solutions hav-
ing between 28 and 48 DMAs. Regarding the DMA size con-
straints, solutions presented by Grayman et al. (2009) and Diao
et al. (2013) have DMAs that are both larger and smaller, and in
the solution presented by Ferrari et al. (2014), all DMAs fulfil size
constraints. In Hajebi et al. (2016), all 78 feasible solutions meet
size constraints, while in the methodology presented here, this is
case for 7 out of 14 feasible solutions.

Methodologies using multiobjective (MO) optimization to po-
sition flow meters and isolation valves (Hajebi et al. 2016; Zhang
et al. 2017) require significant amount of computational time (15
and 278 h, respectively). The substantially lower computational
time of Hajebi’s method compared with the method of Zhang
can be attributed to the use of a shorter extended-period simulation
time (48 h vs. 192 h) used to calculateWA. The issue of high com-
putational time as a consequence of using MO optimization is ad-
dressed in Diao et al. (2013), in which a two-stage heuristic
procedure for device placement is applied, resulting in an accept-
able running time of approximately 20 min. However, only one
solution with 41 DMAs is reported, with three DMAs falling out-
side of the required size limits. The engineering-based heuristic
procedure used in this work takes a similar amount of time (approx-
imately 20 min), but produces a set of feasible solutions compared
with the work of Diao et al. (2013). The computational efficiency of
the DeNSE method is even more evident when compared with the
work of Hajebi et al. (2016). Both methods are able to produce a set
of feasible solutions, but DeNSE takes 20 min rather than 15 h, yet
it uses a longer extended-period analysis for WA calculation (192 h
compared with 48 h).

Methodologies of Ferrari et al. (2014) and Hajebi et al. (2016)
ensure connectedness of each DMA to the transmission main (di-
rect access to the water source) and their isolation from other
DMAs called isolated DMAs (iDMAs). While methodology pre-
sented here does not create iDMAs, the preferred solution pre-
sented earlier (Sol-9) fulfils the condition of direct access to the
water source. All 35 DMAs are directly connected to the transmis-
sion main: 20 DMAs with 1 pipe; 4 with 2; 6 with 3; 4 with 4; and
1 with 6 pipes. T
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Table 2 also shows the comparison of DeNSE against main PI
values for best reported solutions, obtained with different methods:
water age (WA) and resilience index (Res). Presented results show
that the DeNSE method achieves a slightly better resilience index
value and slightly worse water age value. Reported results are only
indicative as different input parameters, affecting values of com-
pared indicators, are used. For water age calculation Grayman et al.
(2009), Diao et al. (2013), and the methodology presented here use
192-h extended-period simulation, while Hajebi et al. (2016) uses
48-h simulation. Furthermore, water age value is highly dependent
on the adopted time step for water quality simulation and those
papers do not supply this information. Grayman et al. (2009) re-
ported increase of 2.61% in WA for the DMA system, when com-
pared to the original network (from 30.71 to 31.51 h). In the case of
DeNSE method WA is increased by 3.31% for the DMA system
(from 32.91 to 34 h) which is regarded as insignificant increase
and same order of magnitude as achieved in Grayman et al. (2009).
Reported resilience indices are influenced by the adopted minimum
allowable pressure in the network and time period over which they
are averaged. Grayman et al. (2009) adopted minimum pressure of
30 psi (20 m) and 51-h time period. Hajebi et al. (2016) uses 28 m
minimum pressure and 48-h time period, while Diao et al. (2013)
does not report values of this indicator. Grayman et al. (2009) re-
ported decrease of resilience index of 4.07% for the DMA system,
when compared to the original network (from 0.836 to 0.802),
while the DeNSE method achieves lower decrease of 2.55% (from
0.903 for the original network to the 0.88 for the DMA system). As
noted above, due to the different input parameters, values of PIs
presented in Table 2 are not directly comparable, but illustrative
and show that in terms of water age and resilience all methods per-
form similarly.

Conclusions

The new DeNSE sectorization method is introduced in this paper. It
was tested and validated on a large, real-world-sized water distri-
bution network BWSN2 (Ostfeld et al. 2008). The results obtained
were compared against other sectorization methods that used the
same case study network. The following conclusions are drawn:
1. The DeNSE method is able to identify a set of feasible network

sectorization solutions for a large water distribution network
such as the one used in the case study described herein. DeNSE
can find solutions in a computationally efficient manner which,
in turn, enables exploring alternative sectorization strategies by
changing the method input parameters. High computational ef-
ficiency comes mainly from the new heuristic methodology for
positioning the flow meters and isolation valves. The advantage
of this approach is evident especially when the DeNSE algo-
rithm is compared with other, optimization-based sectorization
methods (Hajebi et al. 2016; Zhang et al. 2017).

2. The DeNSE method ensures that sectorization interventions are
identified in a way that does not worsen the operational perfor-
mance of the WDN prior to its sectorization. The method en-
sures that minimum and maximum network pressures before
and after sectorization stay within the same range. The method
also ensures that water quality (measured by water age) is not
worsened by WDN sectorization.

3. The DeNSE method estimates explicitly the costs involved in
WDN sectorization as opposed to other methods where costs
are assessed indirectly, for example, by the number of installed
new devices or summarized diameters (e.g., Hajebi et al. 2016).
Although the proposed method does not make use of optimiza-
tion, this explicit assessment of costs enables the identification

of realistic sectorization solutions that can be compared with the
available budgets.

4. The DeNSE method seems particularly well suited for applica-
tion at the initial stages of the DMA design process and in in-
efficient WDNs (i.e., WDNs with higher water losses). This is
because the method enables: (1) alternative DMA sizes (both
small and large) to be considered and analyzed and (2) preserva-
tion of network hydraulic performance and reliability which, in
turn, enables tracking the network water balance more easily.
Other methods seem to focus more on controling the pressures
in the network (Zhang et al. 2017).
Future DeNSE development will address adding sectorization

criteria such as design for fire flows, specific water quality param-
eters (e.g., chlorine), design for security, and others.

Data Availability Statement

Some or all data, models, or code generated or used during the
study are available in a repository or online in accordance with
funder data retention policies (EPANET input file for case study
network is available online at http://emps.exeter.ac.uk/engineering
/research/cws/downloads/benchmarks/). Some or all data, models,
or code generated or used during the study are available from the
corresponding author by request (source code developed for imple-
mentation of DeNSE method for sectorization).
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