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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 done using a “trial and error”
approach conducted by local experts which often results in arbitrary solutions being identified. A
number of methods published recently tried to improve WDN sectorization by automating the process,
especially by using optimization. Various sectorization criteria, constraints and limitations are
introduced, often neglecting limited funds and shortage of water balance data often encountered in
poorly managed WDNs. These methods also suffer from low computational efficiency imposed by
optimization methods used. This paper presents a new, Distribution Network SEctorization (DeNSE)

method that overcomes these deficiencies. The new method is based on a heuristic procedure where the
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WDN sectorization is driven by efficient tracking of water balance and least cost investment for
implementation while maintaining the same level of WDN’s operational performance. Aforementioned
set of criteria is particularly well suited for initial sectorization of poorly managed WDNSs, in which
great uncertainty in water balance data often leads to poor management decisions. DeNSE method is
validated and benchmarked against several literature sectorization methodologies on a real-sized WDN.
The results obtained demonstrate the ability of the DeNSE to identify set of good, realistic sectorization
solutions that are in some respects better than the corresponding solutions reported in the literature. The
new method also enables sectorization to be done in a computationally efficient manner ensuring its

applicability to large, real-life sized WDNs.

Key words: Sectorization, DMA, WDN, Uniformity, 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 WDNSs. It was
introduced in the United Kingdom in the late 80’s and since it’s been implemented in many WDNs
worldwide. Sectorization has been done traditionally to address two main objectives: better control of
water losses and efficient management of pressures in the network. It is proven that sectorization can
be useful for other tasks such as protection against contamination (Chianese et al., 2017; Grayman et
al., 2009). Best definition of a DMA, given by Burrows et al. (2000), is that it is a distinct hydraulic
area of the WDN, separated from the rest of the supply system by isolation valves and one or more

metered inlets and outlets.

Sectorization of WDN into an optimal system of DMAs is a hard task to achieve, especially for the
existing and continuously operating WDN. Every WDN is unique in its topology and characteristics
and key drivers/objectives so there is no common procedure for performing its sectorization, but rather

a series of guidelines provided by the different water and other authorities (Butler, 2000; Farley, 2001;
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Morrison et al., 2007; WAA & WRC, 1985; UK Water Research Industry, 1999). Ideally, planning of
DMA:s (e.g. their number and size) should be carried out during the new WDN design phase, making it
much easier to come up with the solution that will be efficient both in terms of sectorization main

objectives and satisfaction of network’s hydraulic and other requirements.

Complexity of the real life WDN results in many different alternatives in which network sectorization
can be done. Usually, sectorization is governed by the criteria of having zones of “manageable size” in
terms of number of consumers, links or network length. It can be also subjected to other criteria (e.g.
required number of feeds, fire flow regulations etc.) and limitations. Sectorization solutions are usually
obtained by the “trial and error” technique conducted by a local expert, familiar with all of the WDN
specifics. Practical application of such approach is illustrated in Grayman et al. (2009) where two large
case study networks are redesigned to implement typical DMA design as guidelines provided in Baker
(2007) and to allow additional control and isolation of the system in order to improve water security.
Need for a more formal approach to sectorization problem, that will enable investigation of alternative

sectorization solutions for large WDNSs, is recognized early (Tzatchkov et al., 2006).

Different algorithms for automated sectorization of the WDN into DMAs have been developed and
presented in recent years, together with the tools that can be used to support this process (Deuerlein,
2008; Perelman & 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 (Pls). For the purpose of initial division of the WDN (1%
Step), majority of presented methodologies rely on the Graph Theory algorithms (Alvisi & Franchini,
2014a; Di Nardo et al., 2013; Ferrari et al., 2014; Hajebi et al., 2016; Scarpa et al., 2016), or multi-agent
approach and spectral clustering (Di Nardo et al., 2018; Herrera et al., 2010; Herrera et al., 2010), while
others are using the modularity index (Ciaponi et al., 2016; Giustolisi & Ridolfi, 2014; Laucelli et al.,
2016; Campbell et al., 2016) or community structure metrics (Diao et al., 2013; Zhang et al., 2017;

Brentan et al., 2017), originally presented by Clauset et al. (2004) and Newman & Girvan (2004).
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Modularity and community structure 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 metrics comes from the fact that many complex systems, WDN being one of them,
have a property of higher links density within the communities than between them (Fortunato, 2009;
Giudicianni et al., 2018). These metrics have been tailored in different ways to be used for the WDN
sectorization purpose (Giustolisi & Ridolfi, 2014; Zhang et al., 2017). Although able to determine
DMAs, these approaches are sensitive to the selection of links weights (Ciaponi et al., 2016; Diao et
al., 2013). So far presented sectorization methods mainly include cluster (DMA) size range (min-max)
and reachability from the transmission main as the sectorization governing variables. Identifying DMAs
that will be also uniform in size as much as possible is aspect addressed in research presented here,
hypothesizing that uniformity of DMAS’ sizes can be suitable variable to govern the sectorization

process.

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

& Franchini, 2014b).

Number and type of Pls, used in 3 Step to assess the effect of implemented interventions and evaluate
the sectorization solution, vary significantly in reported researches. Resilience index, as describe in

Todini (2000) is present in almost all researches as a measure of networks post-sectorization reliability.



112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139

Water age is usually used to reflect the impact on water quality in network. Some researchers added
various other indices to validate feasibility of obtained solutions (e.g. pressure indices are used in Di

Nardo et al. (2013) and entropy index is used in Scarpa et al. (2016)).

Some of the drawbacks of available methods for automated sectorization, potentially posing a question
of their applicability to real-life WDNSs, are associated with: a) comprehensive lists of objectives and

constraints used in optimization, b) computational efficiency and c) resolution of sectorization solution.

In the process of developing new methods, various limitations and constraints, important for the proper
functioning of the WDN, were 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
were considered (Di Nardo & Di Natale, 2011), with each new method adding new sectorization
parameters and network’s 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 constraints. It
may be even commented that these lists have grown too much, exhausting all practical aspects important
for normal every day 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 (e.g. algorithms of (Hajebi et al., 2016; 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 are lacking results supporting their application on large-sized

networks (Alvisi, 2015; Laucelli et al., 2016).

Water utilities operating poorly managed WDNSs, usually do not have sufficient funds to invest in large
number of DMASs at once, so sectorization process should be planned hierarchically and implemented
in phases starting with a few DMAs that can be larger than recommendations given in guidelines.
Establishing a few DMAs in WDN should enable tracking of water balance in the network and gathering
basic data about system dynamics, without significant effect on network’s operational conditions. This

could improve operational management of WDN, as management decisions are usually made based on
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some calculated WDN’s PIs, whose values can be significantly influenced by great uncertainty of
available water balance data (Babi¢ 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 manner economical aspect is addressed as this implies minimization of costs. Scarpa et al. (2016)
considered hierarchical sectorization based on progressive union of initially identified elementary
DMAs. This can be viewed as bottom-up approach. A top-down approach of sectorization would be
closer to engineering perception and more in accordance with the phased creation of DMAs. Either

way, hierarchy in sectorization solution should be considered.

From the previous discussion it can be concluded that, despite all recent advancements made, scope
exist to further improve existing water network sectorization algorithms. Aspects in which these
improvements can be made are: 1) implementation of practical engineering principals, relevant to the
WDN, to govern the sectorization process, 2) improving computational efficiency of the algorithm and

3) consider hierarchical sectorization.

In the method presented here, named DeNSE (Distribution Network SEctorization), first aspect 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. Uniformity index also favours sectorization in which cluster’s connecting
links are pipes with smaller diameters, indirectly providing economically more favourable solution as
installation of valves and flow meters on smaller diameter pipes will be less costly. High computational
efficiency is achieved using common sense engineering heuristics, rather than optimization tools, to
position the valves and flow meters on the connecting links and define the DMAs. Network clustering
algorithm is evolving in a step by step manner, hence obtained sectorization solution is inherently
hierarchically ordered. Furthermore, algorithm presented here does not come up with a single
sectorization solution, but with a range of feasible solutions, giving the freedom to the decision makers

to select the one best suited for their needs. Algorithm is tested on large real-sized BWSN2 benchmark
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network (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 method for water Distribution Network
SEctorization into DMAs (DeNSE), also able to address hierarchical sectorization. Algorithm is based
on the Graph Theory for identification of Strong Connected Components (SCCs) and their aggregation
into clusters based on newly presented network uniformity index (U). As discussed in Introduction,
sectorization process should start with the definition of key sectorization objectives and design criteria,
followed by the identification of Pls that will be used to assess impact of interventions made in the
network. Tracking the water balance in the network is main sectorization objective adopted in DeNSE
method. Designing the sectorization solution that requires least investment in the equipment necessary
for creation of DMAs (flow meters and isolation valves), while keeping the same level of network’s
operational efficiency are main design criteria. Such set of design criteria is most appealing to many
water utilities, especially in the developing countries, which operate highly inefficient WDNs with
significant amount of water and revenue losses. Two Pls are adopted to evaluate the effects of the
sectorization on network’s operational performance: 1) Resilience Index (Res), reflecting post-
sectorization reliability of WDN (Todini, 2000) and 2) Water Age (WA), surrogate metrics for water

quality reflecting water retention rate in the WDN.

The new method requires hydraulic model of WDN as an input, like many other methods relying on it
to prove hydraulic feasibility of sectroization solution. The quality of the adopted solution will be better
if calibrated hydraulic model is used, and required interventions in the network can be taken with more
assurance in preservation of networks hydraulic performance. The method runs through 3 stages to
identify the best sectorization solution, as shown in Figure 1. First stage is a pre-processing stage in

which all the relevant network data is obtained from the WDN model and prepared for the follow run
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of the clustering algorithm. WDN decomposition into clusters is done in the second stage, based on the
uniformity index. Third stage involves selection of the narrow set of solutions that will be hydraulically
analysed. Heuristic, engineering based positioning of the valves and flowmeters on clusters connecting
links in order to define DMASs, extended period hydraulic analysis of the solutions and evaluation of
adopted Pls, are all part of the third stage. Finally, feasible solutions are ranked and preferable solution

is selected. Each of the three stages will be explained in details in the following text.

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 characteristic, demand data, etc.).

2. Minimum (n™" ) and maximum (n™ ) number of property connections per DMA, as well as

total number of connections in the network (n¢), since number of connections per node is usually
not available with mathematical model. Recommendations about these values can be found in
number of available guidelines for DMA creation, and usually it is considered that 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 as it becomes
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 consideration.

3. Transmission main threshold diameter (Dy,n). 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,

value of Drain is network specific, usually being 300-350 mm (Ferrari et al., 2014).
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4. Pipe closure threshold diameter (Dy). Pipes having diameter equal or larger than this diameter
will not be considered for possible closure for positioning the valves and flowmeters (part of
the 3" stage). By default, algorithm uses first class of diameter lower than the Dy (e.g. if Dmain
is 350 mm, Dy will be 300 mm), but user can specify a different value. However, this will affect
the number of isolation valves and flowmeters 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 (Nsql). It is considered that 10 to 15 solutions is large
enough set to make representative multi-criteria ranking, however user can opt for a larger set

of solutions to compare.

Pre-processing (STAGE 1)

In the first stage, there are two phases (Figure 1). In the first phase, transmission mains are defined,
based on the Dmain Value, and excluded from the sectorization process. For this purpose, network is
explored using slightly modified Breadth First Search (BFS) algorithm (Jungnickel, 2005),
simultaneously starting from all main source nodes (reservoirs). BFS algorithm is modified to prioritize
propagation through the links with diameters equal or greater than Dmain. In the second phase, 24-hour
Maximum Day Demand (MDD) hydraulic simulation of the analysed WDN is performed to determine
the orientation of pipes (based on water flow directions obtained in the simulation). As a result,
directional graph (DIGRAPH) G is defined with two sets G = <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 directions are identified as non-oriented (or links that can have both flow directions),
and are represented with the addition of 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
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for hydraulic simulations. Both of these phases are illustrated on a simple example network shown in

Figure 2.

The example network consists of 16 nodes, two of which are reservoirs, and 21 links. Links connecting
reservoirs are identified as transmission mains and are excluded from further analysis. Remaining part
of the network, connected to the transmission main with one link in node 9 should be partitioned into
DMAs. lllustrated orientations of the remaining links are determined based on the results of the
hydraulic analysis. Two of those links are identified as not oriented, and putting that in the context of
water networks, those are usually pipes (links) that are connecting 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 (see Figure 1).

Phase 1. First step is to identify the Strongly connected components within the previously created
DIGRAPH. Strongly connected component (SCC) is a term from Graph Theory, and it is defined as a
subgraph in which each node can be reached from any other node within that subgraph (Gabow, 2000).
Essentially, a SCC is a directed cyclic component in which flow direction within that component can
reverse (Perelman & Ostfeld, 2012). Therefore, SCCs are parts of network where water is circulating
during the simulation (Vasili¢ et al., 2016). Due to that fact, control of the water balance and/or water
pressure regulation in SCC parts of the network could be difficult to achieve, so the idea is to detect
SCCs and treat them as aggregated nodes in further network analysis and clustering. Algorithms for the
extraction of SCCs from digraph are well known in the Graph Theory. The Gabow algorithm (Gabow,

2000) is used in the methodology shown here. It is chosen due to its’ linear computational time, which
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makes it more efficient compared to the others. This is significant as algorithm has to be able to deal
with large networks efficiently. Gabow’s algorithm requires only one pass through the network
(DIGRAPH) with recursive call of the Depth First Search (DFS) algorithm (Tarjan, 1971) with arbitrary

selection of the starting node.

For illustration purposes, a simple digraph shown in Figure 2 is used. Starting the DFS search from the
node 2, nodes 3, 4, 6, 1 and 5 are visited (Figure 3-a). During the DFS search, a check is made weather
the selection of the next node forms a cyclic path or not. If yes, nodes forming the cyclic path are
identified as a SCC. The algorithm continues until no further propagation is possible. In example shown
in Figure 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 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. DFS
search is repeated again starting from node 8, and third SCC composed of nodes 8 and 7 is detected
(Figure 3-b). At the end, aggregated digraph is composed of three identified SCCs. The digraph can
also be viewed as set of aggregated nodes and two remaining connected to transmission main with one
link (Figure 3-c). The most important property of new aggregated digraph is its acyclicity, indicating it
is a digraph without cycles. Such graph is referred to as Directed Acyclic Graph (DAG), and in terms
of water network is very important, because it clearly separates source from the demand nodes and

hence, makes the sectorization of 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 implementation of recursive
DFS algorithm, as explained in Sedgewick & Wayne (2011), is used for this purpose. In an example

shown in Figure 3-c, topological sorting yields following list of SCCs: SCC1, SCC2 and SCC3.
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Phase 3. In this phase aggregation of the sorted DAG, composed of the SCCs connected between each
other and connected to the transmission main, is conducted based on the newly presented network
uniformity index (U). Network uniformity index (Vasilic, 2018) is defined as follows:

U = UnetUy Wagg 1)
where Unet is network uniformity in terms of cluster size, uy is uniformity of the DMAS size vector and
Wagg IS relative weight of aggregated links. Each of these variables are explained in the following

paragraphs, followed by the explanation of the aggregation algorithm itself.

Each cluster is characterized with its size (Si), calculated as sum of all nodal demands within that cluster
N} _

-5 = qu , Ni' being number of nodes in i-th cluster. Network uniformity (une) measures average
j=1

deviation of clusters size from the preferred DMA size (Sprer). Ideally, all clusters should have size equal

to Sprer but, obviously, this is not possible in real networks. Preferred DMA size is calculated based on
- . . Siin T Smax  nai: .
minimum and maximum DMA size, Smin and Smax, 8 Spres == Minimum and maximum

DMA size are calculated based on the daily average total demand in the WDN (Qtt, available from the

WDN hydraulic model), the number of minimum and maximum connections in the DMA (né“in and

ng'™) and a total number of connections in the WDN (nc), given as an input data:

S _ Qtot nmin
min — n C
‘ 2)
S _ Qtot nmax
max — c
Ne

Network uniformity is calculated based on the triangular function f that quantifies “quality” of cluster
size in the rage [0,1] (Figure 4). If a cluster i has a size Si = Syrer, its value of f will be the best, i.e. fi=1.
If a cluster has a different size (larger or smaller than Syrer) it will have the value of f; <1. Since the
function f is equilateral, both larger and smaller cluster are equally penalized. Extremely large clusters

(larger than Sprer), are scored with the lowest value of fi=0. Potentially, other types of function f, that
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will penalize small and large clusters in different rates, could be used, but triangular one currently

implemented provided the most consistent results. Finally, network uniformity is calculated as:

cl

2 i

T 3
=N ©)

where N is number of clusters for a given sectorization. Note that maximum value of une is 1 if all

clusters are equal to Sprer, and minimum value is zero.

Sizing clusters in the range Smin—Smax, and as much as possible close to Sprwf, iS One sectorization

objective. Sizing them equally is the other one. Sizes of all clusters form the normalized size vector of

S.
specific sectorization into Nu clusters — S™ ={S{",S7,S3 ..., Sy _}, where ' = ¢ I' . Uniformity
S
i=1
of this vector is calculated as its Euclidean norm (L2 norm):
Ncl n 2
u, =, [>(s") @
i=1

If all clusters are equal in size (e.g. S1=S,=Ss=...=Sprer), Which is the most preferable case, uniformity

of the size vector is:

2 2
ubest — 5 o +..=
NcISpref Nclspref

If all nodes are part of the same cluster, meaning worst case scenario in which there is no clustering,

()

worst

uniformity of the size vector is U, = 1. To be consistent with the ranging values of network

uniformity metrics (Uner), where 0 is the minimum value and 1 is maximum, uniformity of the size vector
is scaled to the same range to yield final form of equation for its calculation:

uﬂ/N -1
y A e N R

uV = NCl —1 (6)
; NCl :1
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Relative weight of aggregated links is calculated as:

s
2D
_ i
Wagg =,

2.0,

i=1

(7)

where n is total number of links, n?% is number of links within the clusters, and D; is links diameter. In
case of large number of clusters 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.
Minimum value of wagq is zero, 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, propagating upstream through 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
uniformity (Vasilic, 2018). Initially, all identified SCCs are considered as individual clusters, meaning
that initial number of clusters corresponds to the number of identified SCCs. Aggregation is iteratively
carried out through three steps: 1) identification of candidates SCCs for aggregation, based on
topologically sorted DAG; 2) selection and aggregation of the candidate with highest uniformity gain

(AUmax); 3) aggregation of remaining downstream SCCs with positive uniformity gain (4AU>0). 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. This could happen as such
SCCs usually have relatively small uniformity gain and aggregation would continue past them further

upstream.

Uniformity index metrics that drives clustering process is made of three components as given with the

eq. (1). Since the aggregation process is driven with the highest uniformity gain (AUma), it is of interest

to maximize all three components of network uniformity index (Unet, Uy and Wagg). Maximizing Wagg,

implies that the links with the larger weights (diameters) are aggregated first. In this manner, links with
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smaller diameters will be left as connecting links between the clusters which in turn provides

economically more 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 (4AUmax). This is similar

to greedy optimization, based on highest modularity gain, used to maximize network’s modularity index
presented in Clauset et al.(2004). As with all similar type algorithms, it is not guaranteed that the global
optimum solution will be found. However, the benefit is that generally a good sub-optimal solution can
be found with significant computational time savings when compared to other optimization algorithms.
The algorithm is deterministic in nature, and it will always provide the same results as long as the same

input parameters are given.

Application of described aggregation algorithm is illustrated on a simple example shown in Figure 5.
The example is derived from Figure 3-c, adding 6 more SCCs for illustration purposes. For the sake of
simplicity, total demand of 20 L/s is assigned to all 9 SCCs. Diameters of the links connecting SCCs
are shown in Figure 5 in millimetres. Minimum (Smin) and maximum (Smax) DMA size are set to 40 and
80 L/s respectively, which yields preferred DMA size (Sprer) Of 60 L/s. Figure 5 shows evolution of
network uniformity index through aggregation process of this simple example. Uniformity index (U) is
plotted against the number of clusters corresponding to each aggregation step (secondary horizontal

axis).

Highest uniformity index value (Umax) corresponds to network sectorization into 3 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 between them. Next aggregation step leads to the
solution with 2 clusters, having total demands of 80 and 100 L/s. Obviously, this solution does not meet
DMA size constraints, as one cluster is larger than Smax. However, there are now two links connecting

2 clusters which requires less isolation valves and flow meters to isolate them and create DMAS than in
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the case with 3 clusters. Figure 5 also illustrates hierarchical ordering of the sectorization solutions,
embedded in the clustering algorithm. Solution with 3 clusters is lower in hierarchical order, and is

easily derived from the solution with 2 clusters.

Heuristic device placement and solutions’ evaluation (STAGE 3)

At the end of the 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 clusters’ structure at each aggregation step (Figure 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 high value of network uniformity index are.

Prior to execution of the Stage 3 itself, selection of solutions that will be hydraulically analysed and
evaluated for satisfaction of initially adopted Pls is made. Number of solutions (Nso) for the Stage 3
analysis is specified by the user as an input parameter. Selection of solutions is made based on the
network uniformity index values obtained at each aggregation step. Solution with the highest uniformity
index is selected (best solution), together with additional Ns-1 solutions from succeeding aggregation
steps. Additional solutions are on the descending part of uniformity index plot (Figure 5), characterized
by the lower value of uniformity index (than the best solution) but also by the smaller number of
clusters. Described strategy for selection of solutions is adopted here as it 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 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.
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After the selection of solutions for evaluation has been made, main part of the Stage 3 is evoked. There
are two main phases in the Stage 3: 1) Conversion of clusters into DMAs (Phase 1) and 2) Evaluation

of solutions’ PIs (Phase 2).

Phase 1. To convert clusters into DMAs (i.e. define DMAS), flow meters and isolation valves have to
be positioned on clusters’ boundary edges. Positioning of the flow meters and valves is done based on
engineering heuristics. Continuing from the simple example used to describe aggregation algorithm
(Figure 5), consider the solution with the highest value network uniformity index. This solution has 3
clusters and 4 boundary edges to be considered for installation of flow meters/valves. For methodology
illustration purposes, another branch of transmission main and 4 boundary edges are added to this

solution (Figure 6-a).

Boundary edges are labelled as L1 through L8, and numbers are showing links’ diameters in
millimetres. Flow orientations during 24-hour MDD hydraulic simulation, obtained in Phase 1 of the
Stage 1, are indicated with arrows. Pipes with a changing direction (non-oriented) are indicated using
dashed lines without arrows. Non-oriented pipes are only those connecting clusters with the
transmission main, as identified clusters resulted from the DAG analysis (i.e. all other non-oriented
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 is comprised of the following three steps:
¢ Non-oriented pipes are identified, and all such 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 as negligible flow rate (hypothetically, let L2 be such pipe in this example).
o All links connecting clusters with the transmission main, oriented 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 considered that they are not supply

pipes and can be closed without negative effects on system’s hydraulics.
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e Supply pipes of each cluster (oriented towards cluster) are analysed independently. It is
sufficient to analyse only supply pipes as graph in consideration is a DAG and one clusters’
output pipes are others’ supply pipes. Supply pipes for a cluster are identified and pipe with
the largest maximum inflow to the cluster (Qmax) is considered as main supply pipe, and will
not be considered for closure. Maximum capacity of this pipe (Cmax) is calculated based on
maximum allowable velocity of 2.0 m/s, and its remaining capacity iS C = Cpax — Qmax. All
remaining supply pipes having diameter larger than threshold value, given as an input (Dx),
are candidates for closure. Their maximum capacities are calculated in the same manner (Cmax),
and they are analysed one by one, starting from the link with the lowest maximum flow rate

(gmax). When a pipe i is considered for closure, resulting residual input capacity (Cg) is
calculated subtracting i-th pipe capacity as C, =C +Zcmax —Cp (1) If reduced capacity is

still larger than the maximum flow rate carried by the i-th pipe (Ceci > gmax(i)), pipe is closed
by setting its capacity to zero (cmax(i) = 0). Iterating through this procedure, candidate pipes
are closed until input capacity is fully exhausted. Hypothetically, applying this to the simple
example in Figure 6 would result in closure of supply pipe L4 for cluster CL 1 and pipe L5

for cluster CL 2. Cluster CL 3 has only one supply link, so it remains opened.

Another approach for positioning flow meters and valves is the optimization method (e.g. Genetic
algorithm - (Iveti¢ et al., 2013)) which considers each boundary pipe as closed or open. Since it is not
uncommon that number of boundary edges exceeds several tens in case of real WDNSs, the optimization
method could be very time consuming hence it was not implemented here. At the end of the Phase 1,
flow meters and isolation valves are positioned on the clusters boundary edges converting them into

DMA:s (Figure 6-b).

Phase 2. After definition of its’ DMAs boundaries, each solution is subjected to the extended period
hydraulic simulation to investigate the effects of modifications made to the network. Firstly, feasibility

of solution is considered through evaluation of pressure constraints in each node:
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pi t 2 pmin ; pi 't < pmax (8)
where pi; is pressure in i-th node in simulation time step t, and pmin and pmax are minimum and maximum
allowable pressures in network. If solution does not meet pressure constraints it is considered unfeasible

and it is excluded from further analysis.

For each feasible solution, cost and two adopted Pls are calculated as follows:

1. Cost — Cost of the solution calculated based on the unit cost of devices 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), calculated as mean value over the simulation
time period (T). Resilience index is represented as the ratio of residual amount of power in the
network after satisfaction of nodal demands and maximum amount of power that can be
dissipated in the network internally, while satisfying nodal demands and minimal pressure

constraints:

_nZ:J;ZQi (hi _hi*)

Ny Np P nj .
2QH +> =3 g
j=1 k=L 7 it

Res = mean
T

(9)

where n;j is number of junctions, n, is number of reservoirs, ny is number of pumps, g is nodal
demand at node i, h; is nodal head at node i, hi* is minimum nodal head at node i, Q; is discharge
from the reservoir j, H; is head in reservoir j, Py is the amount of power introduced in the
network by pump k and y is specific weight of the water.

3. Average Water Age in the network over the last 24 hours of extended period simulation (WA):

T

> WA

WA = i=Ltt=T=24 (10)

24n i

Where WA,' is 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,
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equation (10) is used for WA calculation instead, in order to be comparable with other

methodologies available in literature.

Above listed indicators are calculated and used to evaluate solution based on initially adopted
sectorization criteria in this research. However, other Pls can be calculated to address other set

sectorization criteria (e.g. some type of leakage index).

Selection of preferable sectorization solution

After the Stage 3, WDN sectorization is completed resulting in a set of feasible solutions. This is one
of the main advantages of presented methodology, as it gives an array of alternative DMA designs to
the decision maker. One can opt for a solution with large number of small DMAs or for a solution with
small number of large DMASs, or anything in between. This is especially convenient for the analysis of
large WDNs without previously established DMAs, where DMAs strategic planning should be
addressed carefully. It is up to a decision maker to select sectorization solution best suitable to his

preferences, based on calculated Pls and other parameters.

CASE STUDY

Description

Methodology presented in this paper has been tested on a large water distribution network. The analysed
network was originally presented as second case study network in the Battle of the Water Sensor
Networks competition (BWSN2 - Ostfeld et al. (2008)). It is a real life WDN slightly modified to
preserve its anonymity. 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). Network consists of 12,523 nodes, 14,822 pipes, two reservoirs, two tanks, four pumps and
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five valves. Total demand in the network is Qw: = 1,243 L/s and total number of connections in the

WDN is n. = 77,916.

The input data for DeNSE sectorization method (see Methodology 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 is downloaded from Exeter

Centre for Water System (http://emps.exeter.ac.uk/engineering/research/cws/downloads/benchmarks/);

2) minimum number of connections per DMA n.,™" = 500, maximum number of connections per DMA
n"® = 5,000; 3) transmission main diameter threshold is Dmain = 350 mm; 4) pipe closure diameter
threshold is Dy =300 mm; 5) minimum and maximum operating network pressures are set to
Pmin =20 M and pmax = 75 M, maximum allowable water age is WAmax = 48 h; desired number of

sectorization solutions Nso = 15.

Based on total demand in the network (Qwr), minimum (n:™") and maximum (nc™) number of
connections in a DMA, and total number of connections in the network (nc), minimum and maximum
DMA size are calculated using equation (2) as Smin = 8 L/s and Smax = 80 L/s. For hydraulic modelling
24 hours MDD simulation is used, while for water quality modelling (WA calculation) extended period

simulation of 192 hours is used.

Network clustering (STAGE 2)

Figure 7 shows the evolution of network uniformity index (U) through network clustering process done
in the Stage 2, with maximum uniformity index value corresponding to 43 clusters (Umax=0.5112).
Minimum number of clusters is 23 which is in accordance with research of Ferrari et al. (2014), in
which the same transmission main diameter was used (350 mm) and 23 independent districts, connected
to the main, were identified. Figure 8 shows the evolution of all three components constituted in the
network uniformity index (U) - Unet, Uyand Wagg, in the last 77 aggregation steps (in total there are 11708

steps and all three components start from zero). Results illustrate that until maximum uniformity index


http://emps.exeter.ac.uk/engineering/research/cws/downloads/benchmarks/

553
554
555
556
557
558
559
560
561
562
563
564
565
566
567
568
569
570
571
572
573
574
575
576
S77
578
579

value is reached, une is the main parameter driving the clustering process. After that point large clusters
are created, which impacts both une: and uy causing them to decrease (seemingly at comparable rate). As
the plot suggests, wagg constantly increase as aggregation proceeds, and changes only slightly in the

final 77 steps as most of the links are already aggregated.

DMAs definition and evaluation (STAGE 3)

After the Stage 2, 15 solutions are selected for further analysis having between 43 and 29 clusters. In
the Stage 3 flow meters and isolation valves are positioned to create DMAs and each solution is
hydraulically analysed. First solution (Sol-1), with 43 DMAs, does not satisfy the pressure constraints

and it is excluded from further analysis as unfeasible.

Beside adopted Pls used to evaluate the solutions, the following additional indicators are calculated to
aid the evaluation of solutions using the methods proposed here, but also to enable a comparison with
other literature methods (see corresponding section below):

1. Number of DMAS (Npwma), number of meters (Nm) and number of valves (Nv),

2. NL — Number of DMAs larger than maximum DMA size (Smax ),

3. NS — Number of DMAs smaller than minimum DMA size (Smin ),

4. Acomn — Average number of connections per DMA.
Cost, adopted Pls (Res and WA) and above listed additional indicators for the remaining 14 feasible

solutions are shown in Table 1.

As it can be seen from Table 1, all solutions have relatively similar values of two Pls, WA and Res. As
the number of DMAs in the solution decreases, average number of connections per DMA increases,
meaning that DMAs are larger in size. Consequently, for creation of smaller number of larger DMAS
requires less flow meters and isolation valves resulting in lower solutions’ cost. Solution Sol-2 has one

DMA which is smaller than minimum size Smin. In solutions Sol-3 to Sol-9 all DMAs are within
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specified Smin—Smax range, while in the solutions Sol-10 to Sol-15 there are one or two DMAs that are

larger than Smax.

Selection of preferable sectorization solution

The preferable solution is identified by analysing the solutions that fully satisfy the DMA size
constraints, i.e. solutions Sol-3 to Sol-9. As noted earlier, all feasible solutions have similar impact on
network’s resilience (Res = 0.880 — 0.885) and water age (WA = 33.88 — 34.13 h). Therefore, Sol-9 is

preferred solution over the Sol-5, as it is the less costly.

Figure 9 shows the preferred solution Sol-9 where the analysed WDN is sectorized into 35 DMAs,
together with the detail of DMA #23 with the position of valves and flow meters. These positions are
identified using heuristic approach described in Phase 1 of the Stage 3. Originally, the cluster that this
DMA belongs too had 6 boundary pipes. Three of them were identified as links that always return water
to the transmission main, and as such are marked for closure (V2, V3 and V4). Other three boundary
pipes are “always-input to the zone” pipes, and using described methodology pipe V1 (D = 203.2 mm)
is selected for closure, while other two pipes with larger diameters (D = 304.8 mm) are left opened and

equipped with flow meters (M1 and M2).

To provide further insight into the selected solution and the effects of network interventions required to
create DMAs, in addition to Pls and other indicators characterizing solution listed above (see Table 1),
for each DMA in a solution following Pls are calculated:
1. pdya — Mean average pressures over the 24 hours in a DMA, as a good indicator of network
interventions’ impact on pressure distribution, calculated as:

nJZ

~

pt
: J
PaIA = ':“n; vn; e DMA (11)
j

[y
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2. Respwa — Average resilience index for a DMA, calculated per equation (9), only this time
accounting for nodes within considered DMA and

3. WApma — Demand weighted WA for a DMA, averaged over the entire extended period
simulation (192 h). Demand weighting is used to account for difference of size between DMAS

in terms of demand.

WApya =12E——  vn, e DMA (12)

Figure 10 and Figure 11 show results for each of 35 created DMAs in selected solution Sol-9. Figure 10-
a shows average consumption in DMAs, with highlighted minimum and maximum size constraints. As
it can be seen from the graph, identified 35 DMASs vary in size considerably but always within the
design limits imposed. Figure 10-b shows relative changes in mean average pressure in DMAS,

compared to mean average pressures in nodes that are part of that DMA in the original non-sectorized
network (ApS,a )- For most DMASs the mean average pressure has slightly decreased (up to 4%), whilst

slight increase occurs in six DMASs (up to 1%). Therefore, network sectorization had very limited impact
on re-distribution of pressure within the WDN. Significant decrease of pressure is observed in DMA #8

(by 13%), but all pressures are still whithin the required range of pmin — Pmax-

Figure 11-a illustrates relative changes in water age in the DMASs, again compared to the original
network layout (AWA,,, ). Maximum decrease of WA is 20%, while increase is almost 30%. While
decrease of WA is desirable, 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 (Figure 12) it is easy to
conclude that WA is still well below set maximum WAmax 0f 48 h. Figure 11-b shows relative changes

in DMAs resilience index (ARespy,, ). Changes in resilience index range from -3.5% to +2.2%,

indicating very limited impact of sectorization on the resilience of the WDN.
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To summarise, from the results discussed above it can be concluded that: 1) all DMAs are within
required size limits in terms of consumption, 2) network’s hydraulic performance is not endangered as
changes in zone pressures are negligible, 3) water quality requirement, expressed through the WA is
satisfied, as for all DMAs WA is still below maximum allowed threshold of 48 h and 4) Network

reliability is sustained as changes in resilience index are almost insignificant.

Comparison of results with other methods

Finally, a comparison of results obtained here is made to the corresponding results obtained using five
previously published approaches that addressed the WDN sectorization problem and by using the same
case study (Table 2). Comparison is made in terms of number of DMAS (Nowmas), DMAs that are larger
(NL) and smaller (NS) than predefined size constraints, number of flow meters (Nu) and isolation valves
(Nv), added pipes (Pagd), average number of connections per DMA (Aconn), computational time
(Comp.Time) and Pls adopted in this research to evaluate the solutions — Water Age and Resilience
Index (WA and Res). Direct comparison with other methods in terms of Cost could not be made because
the cost was not explicitly reported in other papers. Reported values of Pls in the Table 2 refer to best
sectorization solutions reported by each research. 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: a) partitioning the WDN and b) positioning

the flow meters and isolation valves.

As it can be seen from Table 2, only the methodology presented in Hajebi et al. (2016) and DeNSE
method, presented here, produce a set of feasible solutions. A total of 78 feasible solutions are identified
in Hajebi et al. (2016) with solutions having between 28 and 48 DMAs. Regarding the DMA size
constraints, solutions presented by Grayman et al. (2009) and Diao et al. (2014) have DMAs that are
both larger and smaller, while 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 methodology

presented here this is case for 7 out of 14 feasible solutions.



658
659
660
661
662
663
664
665
666
667
668
669
670
671
672
673
674
675
676
677
678
679
680
681
682
683
684
685

Methodologies using MO optimization to position flow meters and isolation valves (Hajebi et al. 2016,
Zhang et al. 2017) require significant amount of computational time (15 hrs and 278 hrs respectively).
Substantially lower computational time of Hajebi’s method, compared to the method of Zhang, can be
attributed to the use of shorter extended period simulation time (48 h compared to 192 h) used to
calculate WA. Issue of high computational time, as a consequence of using MO optimization, is
addressed in Diao et al. (2013) in which two stage heuristic procedure for device placement is applied,
resulting in acceptable running time of around 20 min. However only one solution with 41 DMAS is
reported with three DMAS out of required size limits. Engineering based heuristic procedure used in
methodology presented here takes similar amount of time (about 20 min), but produces a set of feasible
solutions compared to the research of Diao et al. (2013). Computational efficiency of DeNSE method
is even more emphasized when compared to the method of Hajebi et al (2016). Both methods are able
to produce a set of feasible solutions, but DeNSE takes only 20 min (compared to 15 hrs) and yet it uses

a longer extended period analysis for WA calculation (192 hrs compared to 48 hrs).

Methodologies of Ferrari et al. (2014) and Hajebi et al. (2016) ensure connectedness of each DMA to
the transmission main (direct access to water source) and their isolation from other DMAs (so called
isolated DMAs — iDMAs). While methodology presented here does not create iDMAS, preferable
solution presented earlier (Sol-9) fulfils condition of direct access to water source. All 35 DMAs are
directly connected to the transmission main: 20 DMAs with 1 pipe, 4 with 2, 6 with 3, 4 with 4 and 1

with 6 pipes.

Table 2 also gives comparison of main performance indicators values for best reported solutions,
obtained with different methods — water age (WA) and resilience index (Res). Presented results show
that DeNSE method achieves slightly better value of resilience index and slightly worse value of water
age. Reported results are only indicative as different input parameters, affecting values of compared
indicators, are used. For water age calculation Grayman et al. (2009), Diao et al. (2014) and

methodology presented here use 192-h extended period simulation, while Hajebi et al. (2016) uses 48-h
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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) reported increase of
2.61% in WA for the DMA system, when compared to the original network (from 30.71 h to 31.51 h).
In the case of DeNSE method WA is increased by 3.31 % for the DMA system (from 32.91 h 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)
reported 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 Pls presented in Table 2 are not directly comparable, but illustrative and

show that in terms of water age and resilience all methods perform similarly.

CONCLUSIONS

The new DeNSE sectorization method is introduced in this paper. It was tested and validated on a large,
real-life sized water distribution network BWSN2 (Ostfeld et al., 2008). The results obtained were
compared to several other literature sectorization methods that used the same case study network. Based
on this the following conclusions are drawn:

1. The DeNSE method is able to identify a set of good, feasible network sectorization solutions
for a large water distribution network such as the one used in the case study here. The method
is able to do this in a computationally efficient manner which, in turn, enables exploring
alternative sectorization strategies by changing the method input parameters. High
computational efficiency comes mainly from the new heuristic methodology for positioning the

flow meters and isolation valves. The advantage of this approach is noticeable especially when
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DeNSE algorithm is compared with other, optimization based sectorization methods (Hajebi et
al., 2016; Zhang et al., 2017).

The DeNSE method ensures that sectorization interventions are identified in a way that does
not worsen the operational performance of the WDN prior to its sectorization. The method
ensures 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.

The DeNSE method estimates explicitly the costs involved in WDN sectorization as opposed
to other literature methods where costs are assessed indirectly, e.g. via a number of installed
new devices or summarized diameters (e.g. Hajebi et al., 2016) Even though the proposed
method does not make use of optimization, this explicit assessment of costs enables the
identification of realistic sectorization solutions that can be compared with budgets available.
The DeNSE method seems particularly well suited for the application at the initial stages of the
DMA design process and in low efficient WDNSs (i.e. WDNs with higher water losses). This is
because the method enables: (a) alternative DMA sizes (both small and large) to be considered
and analyzed and (b) preservation of network hydraulic performance and reliability which, in
turn, enables tracking the network water balance more easily, as opposed to other literature
methods which seem to focus more on controlling 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 parameters (e.g. Chlorine), design for security etc.
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Table 1. Evaluation indicators for 14 feasible solutions

SolID Npmas NL NS Awmmn WA  Res Cost Nm Ny  Une Uy u
[-] I N ot I I N A o) [-] [€] [1 1 [ [-] []
Sol-2 42 0 1 1655 34.13 0.881 557,405 81 178 0.538 0.967 0.5073
Sol-3 41 0 0 1696 34.11 0881 551,215 80 177 0.552 0.943 0.5070
Sol-4 40 0 0 1738 34.11 0.881 545870 79 177 0545 0.943 0.5013
Sol-5 39 0 0 1783 3398 0.882 542,210 79 176 0.537 0.944 0.4943
Sol-6 33 0 0 1830 34.02 0.880 537,920 77 176 0537 0.931 0.4872
Sol-7 37 0 0 1879 34.02 0.880 534,500 76 175 0.528 0.925 0.4767
Sol-8 36 0 0 1931 34.01 0880 530,995 76 169 0534 0.910 0.4744
Sol-9 35 0 0 1987 34.00 0.880 523,685 75 166 0.530 0.895 0.4633
Sol-10 34 1 0 2045 34.00 0.881 522565 75 164 0522 0.882 0.4496
Sol-11 33 1 0 2107 3401 0.881 516,375 74 163 0.516 0.855 0.4318
Sol-12 32 2 0 2173 3398 0.881 515815 74 162 0505 0.839 0.4145
Sol-13 31 2 0 2243 3398 0.881 510,470 73 162 0.482 0.840 0.3957
Sol-14 30 2 0 2318 3396 0.880 497,205 71 153 0.481 0.840 0.3956
Sol-15 29 2 0 2398 33.88 0.885 490,470 71 138 0.466 0.818 0.3736




910  Table 2: Comparison of results with other methods

911

Method for Nowas ~ NL NS N Ny Padd Aconn CTOImE WA Res
Published in WDN Device
atitioning pheme B H O H B @ H (mnn [
Grayman et al. Manual 43 1 3 53 163 11 1996 NA 31.51 0.802
(2009)
Diao et al. Comm. 2 stage heuristic .
2013) i e M 2 1 NA NA 0 2044 20min 32,01 NA
Ferrari et al. Graph based recursive bisection 36 0 0 181 152 0 2317 NA NA NA
(2014) algorithm
Hajebi etal.  Heuristic graph Mo 2848 0 0 5678 66-161 0 14152423  15h  31.01  0.830
(2016) partitioning optimization
Zhang et al. Comm. MO
(2017) detection optimization 43 NA NA 103 33 0 NA 278h NA NA
DeNSE Uniformity Engineering 59 45 02 01  71-81 138178 0  1656-2398 20min  34.00  0.880

Algorithm based clustering  based heuristic

912

913  * NA - not available; WA — Water Age for best reported solution; Res — Resilience Index for best reported solution
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