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4. Pipe closure threshold diameter (Dtr). Pipes having diameter equal or larger than this diameter 221 

will not be considered for possible closure for positioning the valves and flowmeters (part of 222 

the 3rd stage). By default, algorithm uses first class of diameter lower than the Dtr (e.g. if Dmain 223 

is 350 mm, Dtr will be 300 mm), but user can specify a different value. However, this will affect 224 

the number of isolation valves and flowmeters required to create the DMAs and consequently 225 

the solution cost.   226 

5. Minimum required and maximum allowed pressures in the network, pmin and pmax, as well as 227 

the maximum Water Age (WAmax) allowed in the network as a water quality indicator.   228 

6. Desired number of sectorization solutions (Nsol). It is considered that 10 to 15 solutions is large 229 

enough set to make representative multi-criteria ranking, however user can opt for a larger set 230 

of solutions to compare. 231 

 232 

 233 

Pre-processing (STAGE 1) 234 

 235 

In the first stage, there are two phases (Figure 1). In the first phase, transmission mains are defined, 236 

based on the Dmain value, and excluded from the sectorization process. For this purpose, network is 237 

explored using slightly modified Breadth First Search (BFS) algorithm (Jungnickel, 2005), 238 

simultaneously starting from all main source nodes (reservoirs). BFS algorithm is modified to prioritize 239 

propagation through the links with diameters equal or greater than Dmain. In the second phase, 24-hour 240 

Maximum Day Demand (MDD) hydraulic simulation of the analysed WDN is performed to determine 241 

the orientation of pipes (based on water flow directions obtained in the simulation). As a result, 242 

directional graph (DIGRAPH) G is defined with two sets G = <N, C>, set of network nodes N and set 243 

of network links C, where each link is presented with ordered pair of nodes. Network links with 244 

changing flow directions are identified as non-oriented (or links that can have both flow directions), 245 

and are represented with the addition of fictitious link in the opposite direction. This network 246 

representation is used only for identification of SCCs in Stage 2, and original network topology is used 247 











Relative weight of aggregated links is calculated as: 344 

 1

1

agg
l

l

n

i
i

agg n

i
i

D
w

D
  (7) 345 

where nl is total number of links, nl
agg is number of links within the clusters, and Di is links diameter. In 346 

case of large number of clusters there will be more unaggregated connecting links than in the case of a 347 

small number of clusters. Hence, the value of wagg will be smaller in the former than in the latter case. 348 

Minimum value of wagg is zero, if no aggregation is done, and 1 if all SCCs are aggregated into one 349 

cluster. 350 

 351 

Aggregation of SCCs into clusters, based on uniformity index metrics described above, is done in a step 352 

by step manner, propagating upstream through topologically sorted DAG made of SCCs (obtained in 353 

Phase 2) and aggregating in each step SCCs whose aggregation will contribute the most to the network 354 

uniformity (Vasilic, 2018). Initially, all identified SCCs are considered as individual clusters, meaning 355 

that initial number of clusters corresponds to the number of identified SCCs. Aggregation is iteratively 356 

carried out through three steps: 1) identification of candidates SCCs for aggregation, based on 357 

topologically sorted DAG; 2) selection and aggregation of the candidate with highest uniformity gain 358 

(DUmax); 3) aggregation of remaining downstream SCCs with positive uniformity gain (DU>0). Third 359 

step in this iterative aggregation procedure is implemented to avoid the scenario in which small 360 

peripheral SCCs remain unaggregated until the late stages of aggregation. This could happen as such 361 

SCCs usually have relatively small uniformity gain and aggregation would continue past them further 362 

upstream. 363 

 364 

Uniformity index metrics that drives clustering process is made of three components as given with the 365 

eq. (1). Since the aggregation process is driven with the highest uniformity gain (DUmax), it is of interest 366 

to maximize all three components of network uniformity index (unet, uv and wagg). Maximizing wagg, 367 

implies that the links with the larger weights (diameters) are aggregated first. In this manner, links with 368 













equation (10) is used for WA calculation instead, in order to be comparable with other 498 

methodologies available in literature.  499 

 500 

Above listed indicators are calculated and used to evaluate solution based on initially adopted 501 

sectorization criteria in this research. However, other PIs can be calculated to address other set 502 

sectorization criteria (e.g. some type of leakage index).  503 

 504 

Selection of preferable sectorization solution 505 

 506 

After the Stage 3, WDN sectorization is completed resulting in a set of feasible solutions. This is one 507 

of the main advantages of presented methodology, as it gives an array of alternative DMA designs to 508 

the decision maker. One can opt for a solution with large number of small DMAs or for a solution with 509 

small number of large DMAs, or anything in between. This is especially convenient for the analysis of 510 

large WDNs without previously established DMAs, where DMAs strategic planning should be 511 

addressed carefully. It is up to a decision maker to select sectorization solution best suitable to his 512 

preferences, based on calculated PIs and other parameters.  513 

 514 

CASE STUDY 515 

 516 

Description 517 

 518 

Methodology presented in this paper has been tested on a large water distribution network. The analysed 519 

network was originally presented as second case study network in the Battle of the Water Sensor 520 

Networks competition (BWSN2 - Ostfeld et al. (2008)). It is a real life WDN slightly modified to 521 

preserve its anonymity. This network has been used as a case study for number of other DMA design 522 

algorithms (Diao et al., 2013; Ferrari et al., 2014; Grayman et al., 2009; Hajebi et al., 2016; Zhang et 523 

al., 2017). Network consists of 12,523 nodes, 14,822 pipes, two reservoirs, two tanks, four pumps and 524 
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simulation. Furthermore, water age value is highly dependent on the adopted time step for water quality 686 

simulation and those papers do not supply this information. Grayman et al. (2009) reported increase of 687 

2.61% in WA for the DMA system, when compared to the original network (from 30.71 h to 31.51 h). 688 

In the case of DeNSE method WA is increased by 3.31 % for the DMA system (from 32.91 h to 34 h) 689 

which is regarded as insignificant increase and same order of magnitude as achieved in Grayman et al. 690 

(2009). Reported resilience indices are influenced by the adopted minimum allowable pressure in the 691 

network and time period over which they are averaged. Grayman et al. (2009) adopted minimum 692 

pressure of 30 psi (20 m) and 51-h time period. Hajebi et al. (2016) uses 28 m minimum pressure and 693 

48-h time period, while Diao et al. (2013) does not report values of this indicator. Grayman et al. (2009)  694 

reported decrease of resilience index of 4.07 % for the DMA system, when compared to the original 695 

network (from 0.836 to 0.802), while the DeNSE method achieves lower decrease of 2.55 % (from 696 

0.903 for the original network to the 0.88 for the DMA system). As noted above, due to the different 697 

input parameters, values of PIs presented in Table 2 are not directly comparable, but illustrative and 698 

show that in terms of water age and resilience all methods perform similarly.           699 

 700 

CONCLUSIONS 701 

 702 

The new DeNSE sectorization method is introduced in this paper. It was tested and validated on a large, 703 

real-life sized water distribution network BWSN2 (Ostfeld et al., 2008). The results obtained were 704 

compared to several other literature sectorization methods that used the same case study network. Based 705 

on this the following conclusions are drawn:   706 

1. The DeNSE method is able to identify a set of good, feasible network sectorization solutions 707 

for a large water distribution network such as the one used in the case study here. The method 708 

is able to do this in a computationally efficient manner which, in turn, enables exploring 709 

alternative sectorization strategies by changing the method input parameters. High 710 

computational efficiency comes mainly from the new heuristic methodology for positioning the 711 

flow meters and isolation valves. The advantage of this approach is noticeable especially when 712 





















 914 

Fig. 1. Flow chart of the DeNSE sectorization method 915 
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 917 

Fig. 2. Digraph presentation of a simple network with 2 sources and 2 undirected links 918 
















