In recent years, epidemiologic studies and vulnerability assessments have come to rely on water
distribution system models for refined estimates of street-level exposure scenarios in
conducting health studies and assessing potential contamination occurrences. A water
distribution system network analysis at the street level can result in thousands to tens of
thousands of hydraulic appurtenances such as pipelines, hydrants, and valves, making model
calibration, verification, and system operation simulations time-consuming and complex.
Methods of aggregation, skeletonization, and network simplification have been used to reduce
the complexity of the networks being analyzed. The issue then is whether network aggregation
based on hydraulic characteristics and controls conserves mass so that the simplified network
provides reliable results for the water quality analyses needed for epidemiologic studies and
contamination assessment. In this study, a network aggregation methodology based on both
hydraulic and water quality aggregation of an all-pipes network was applied to a complex allBY LINA PERELMAN,

pipes network described in the literature and used for an epidemiologic study. Simulation
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results obtained using the quality aggregation method, closely resembled both hydraulic (i.e.,
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system, while reducing system size by almost half.

Using aggregation/skeletonization
network models for water quality
simulations in epidemiologic studies
rban and municipal water distribution systems can consist of thousands
to tens of thousands of hydraulic appurtenances such as pipelines, valves,
tanks, hydrants, and pumps. With the capacity and capability of today’s
computers and database management software (such as geographic information systems), it is possible to develop network representations of all
of the hydraulic appurtenances and characteristics of a water distribution system
and represent them using an all-pipes model. However, these all-inclusive models
have the disadvantage of requiring significantly greater effort for calibration, verification, and postsimulation analysis. In addition, planning and conducting field
tests to gather systemwide data to characterize the network by necessity require an
understanding of a less complex system that generally responds in the same manner as the more complicated all-pipes network.
Historically, reduced-pipe, aggregated, or skeletonized network models were relied
on as a means of characterizing and understanding the hydraulics of a water distribution system when computer speed and storage requirements were limited. Because
desktop computers now rival or exceed the computational capacity of their predecessor
mainframe equivalents, it would seem that analysts would tend to conduct all-pipes
model network analyses on a routine basis. Even with today’s high-speed and highcapacity computers, however, some degree of network simplification or aggregation
may be necessary to obtain results and assessment estimates within reasonable time
frames and limited budgets.
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With the recent focus on intentional and nonintentional contamination (Guan et al, 2006) and optimal sensor placement (Ostfeld & Solomons, 2004), skeletonization issues are under scrutiny because of the potential
need for rapid, near real-time assessment capabilities.
Another consideration that has arisen is the use of water
distribution system modeling to assist with historical
reconstruction of contamination occurrences for use in epidemiological health studies and exposure assessments
(Maslia et al, 2001; 2000). In these analyses, decadeslong simulation times may need to be undertaken so that
historically synthesized information can be useful to epidemiologists. Again the question arises, can network
skeletonization methods be effectively developed and
properly applied so that robust and consistent solutions
are derived for both hydraulic and water quality analyses?
To address issues associated with network skeletonization, the authors developed an aggregation method
based on both hydraulic and water quality considerations. The methodology was then applied to a complex allpipes network previously described in the literature and
used for an epidemiologic study (Maslia et al, 2000), and
results for the aggregation and two skeletonization methods were compared with results for the all-pipes network.

This elevated storage tank is part of the Dover Township (N.J.) water
distribution system. An “all-pipes” representation of the system was

LITERATURE REVIEW

described in an epidemiological study and was used in this article to

The need for network simplification through skeletonization and aggregation dates back to the days of manual methods such as the Hardy Cross procedure for balancing network flows (Cross, 1936). Because of the
extensive hand calculations that were required, the method
could realistically handle only a limited number of
pipelines. With the advent and availability of high-speed
computers with large memory capacity, data-handling
procedures and computer programs were developed for
representing large distribution system networks, as
described elsewhere (Rossman, 1994; Sarikelle & Chuang,
1989; Grayman & Males, 1988; Grayman et al, 1988).
With these tools available and even faster computers
being developed, complete network characterization using
all-pipes water distribution system models might be
expected to become routine practice. However, depending on the problem being analyzed, the availability of
field data to properly characterize and describe network
features, and time and budget constraints, system complexity simplification through the application of aggregation techniques is a viable and possibly necessary
approach for analysis of water distribution systems.
Historically, skeletonization techniques have been
developed based on hydraulic criteria that required the
skeletonized or simplified system to resemble the configuration or connectivity of the original all-pipes network
and perform similarly in terms of hydraulic variables,
i.e., pressures, water levels, pump operations, and
demands (Ulanicki et al, 1996; Anderson & Al-Jamal,
1995; Hamburg & Shamir, 1988). In fact, many of today’s

provide comparisons with the aggregated and skeletonized models.

distribution system modeling and analysis packages contain some type of skeletonization module or routine for
rapid system simplification. Although published literature describing the effects of network simplification on
modeling and water distribution system analysis accuracy has been limited, some quantitative analyses are
available (Grayman & Rhee, 2004; Grayman et al, 1991;
Characklis, 1988; Eggener & Polkowski, 1976). The
results of these quantitative analyses appear to indicate
that water quality analyses can be more sensitive to network skeletonization than standard hydraulic analyses.
Thus the ability to compute accurate water quality concentrations in a distribution system under unsteady
hydraulic and water quality conditions is of paramount
importance, given the current objectives of many modeling analyses.

METHOD OVERVIEW AND DEVELOPMENT
Water quality aggregation. The method proposed here
is capable of aggregating the all-pipes model to a skeletonized model containing fewer nodes and links, yet preserves the hydraulic and water quality behavior of the
full system. The aggregation algorithm allows the user
to select a set of nodes (e.g., monitoring station locations) within the system to remain in the aggregated
model, which calculates a new topology and component
characteristics of the skeletonized system. The final result
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Strongly connected components. The next step is to
of the aggregation model is a simplified system that prereduce the original directed graph to its strongly conserves pressures and concentrations of the full network at
nected components. A strongly connected component is
the skeletonized system.
a set of nodes such that any two nodes are connected by
The aggregation method incorporates the EPANET
at least one directed path. This implies that the concenhydraulic and water quality simulation model (Rossman,
2000; 1994) to perform extended
period simulation of hydraulic and
water quality behavior within pressurized pipe networks. The changes
in constituent concentration along
pipes are predicted using a onell-inclusive models have the disadvantage of requiring significantly greater effort
dimensional advective–reactive
for calibration, verification, and postsimulation analysis.
transport equation. The constituent
mixing at nodes is assumed to be
complete and instantaneous. The
concentration leaving the node is
tration at a node depends on the concentration of any
computed as a flow-weighted average of the incoming
other node within its strongly connected component. The
pipe concentrations. Water is assumed to be completely
directed graph (i.e., the outcome of the first step) is
mixed in tanks and reservoirs. Details of the governing
reduced to its strongly connected components using the
equations and solution algorithms that form the basis of
depth-first search (DFS) algorithm (Tarjan, 1972).
the EPANET simulation platform are described elsewhere
(Rossman, 2000; 1994).
The DFS is an algorithm for searching a graph. Initially
The water quality aggregation algorithm extends the
all the nodes of the graph are unexplored. The search
hydraulic aggregation algorithm (Ulanicki et al, 1996)
begins at a node of the graph, moving in the direction of
and combines two different search algorithms. The main
an outgoing edge from that node and discovering a new
stages of the algorithm are shown in Figure 1 and are
unvisited node. The search explores as far as possible along
briefly described in subsequent sections of this article. A
the edges before backtracking to the previously reached
full description of the algorithm can be found in Perelnode that still has unexplored edges. The search termiman and Ostfeld (2006).
nates when all the nodes of the graph have been visited. The
Directed graph. A water distribution system can be
DFS algorithm is highly efficient, with a linear running
modeled as a graph, G, with a set of nodes, V, repretime of the number of nodes and links of the system.
senting the sources and consumer nodes and a set of
Directed acyclic metagraph. After all strongly conedges, E, representing the connecting pipes, pumping
nected components of the directed graph have been idenunits, and valves. The first step of the algorithm is to reptified, all nodes of a strongly connected component are
resent the water distribution system as a directed graph.
joined together into a single metanode, yielding a directed
The graph representing the distribution system is formuacyclic graph (DAG), i.e., a graph without cycles. The
lated on the basis of the topological structure of the sysresulting network consists only of links in which flow
tem, and the directions of the edges are defined on the
does not reverse, i.e., the network does not contain any
basis of hydraulic simulation results under operational
circular paths, and its nodes comprise the strongly conpattern history. In the directed graph, there are two types
nected components. The DAG represents hierarchical
of edges in which flow can and cannot reverse.
relationships among all the nodes of the system. In other

A

TABLE 1

Summary of water distribution system networks used in the application examples

Network
Identification*

Reduction in Nodes
From All-pipes
Network—%

Reduction in Links
From All-pipes
Network—%

Reduction in Pipe
Length From All-pipes
Network—%

Number
of Nodes

Number
of Links

Total Pipe
Length—mi

All-pipes

14,945

16,056

484.6

NA

NA

NA

Aggregated

8,173

8,995

289.1

45.3

44.0

40.3

Skeletonized A

7,032

8,064

399.7

46.0

56.2

17.5

Skeletonized B

3,076

3,984

383.4

73.3

80.8

20.8

NA—not applicable
*The source for the all-pipes network was Maslia et al (2001; 2000). The aggregated network was derived from the quality aggregation method proposed by Perelman
and Ostfeld (2006). The skeletonized networks A and B were derived from skeletonization software described in MWH Soft Inc. (2003).
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redistributed among the connected nodes, the connecting
words, a constituent measured at critical nodes (e.g.,
links are removed, and new characteristics are calculated
monitoring stations) has to pass through all its upstream
for the remaining elements of the system.
nodes. The designation of a critical node is explained in
• Recover the skeletonized nonlinear model from the
detail and an illustrative example is provided in Perelskeletonized linear model.
man and Ostfeld (2006).
Aggregation and skeletonization terminology. Two examRemaining nodes. In the next step, the metagraph is
ple problems are used to demonstrate the proposed aggretopologically sorted and all upstream nodes that can congation methodology and compare results with alternatribute to the concentration of some critical nodes are
tive network skeletonization techniques. For the purposes
identified. This is achieved by reversing the directions of
of these example problems, the following terminology is
all links in the metagraph and searching the reverse DAG
applied to the aggregated or skeletonized water distribuusing the breadth-first search (BFS) algorithm.
tion system networks. The all-pipes network is the water
Like the DFS, the BFS is an algorithm for searching a
distribution system shown in Figure 2. This system,
graph. The search starts at a root node (i.e., critical node)
detailed in other research (Maslia et al, 2001; 2000), is
and visits all the nodes that are adjacent to the current
characterized by 16,056 links and 14,945 nodes (Table 1).
node before moving to the nodes that are farther away.
The network was used as part of an epidemiological caseThe search is not restarted in other connected compocontrol study of the Dover Township (N.J.) water distrinents of the graph; nodes not reachable from the root
bution system (NJDHSS, 2003). The aggregated system
node are ignored. The overall running time of BFS is
network is the skeletonized water distribution system
again linear in the size of its input, i.e., number of nodes
derived from the application of the quality aggregation
and links of the system. The nodes that are not identified
method and is characterized by 8,995 links and 8,173
by the BFS do not have direct influence on the concennodes. The skeletonized system A network is the water distration of the critical nodes (e.g., nodes with monitoring
tribution system network derived by applying a comstations) and can be removed from the network.
mercially available hydraulic skeletonizer1 to the all-pipes
Hydraulic aggregation. The network is skeletonized
by eliminating network nodes and
links using the hydraulic aggreFIGURE 1 Main stages of the aggregation model
gation algorithm (Ulanicki et al,
1996). The method used by Ulanicki and colleagues is based on
the reduction of the linearized
model of the full nonlinear sysFull model
Input
Monitoring station locations
tem by eliminating some of the
variables using Gauss elimination
(Hammerlin & Hoffman, 1991).
The process involves the following four stages.
Directed graph
• Create a full nonlinear model
by formulating mass conservation
Strongly connected components
equations for all nodes of the netWater quality
work (Kirchoff’s law 1) and
energy balance equations for all
aggregagation
Directed acyclic meta-graph
fundamental loops of the network
algorithm
(Kirchoff’s law 2).
• Linearize the established
Set of remaining nodes
model. A linearized approximation of the nonlinear system
describes the relationship beRemove nodes using hydraulic aggregation
tween small changes in nodal
heads and demands around an
operating point.
• Reduce the linear model
Output
Simplified model
using the Gauss elimination procedure. For each removed node,
one step of Gauss elimination is
executed. The original demand
assigned to the removed node is
2008 © American Water Works Association
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network and is characterized by 8,064 links and 7,032
nodes. The skeletonized system B network represents a
further simplification of skeletonized system A and is
characterized by 3,984 links and 3,076 nodes. Table 1
lists the number of nodes and links for each of these networks and the percent reduction of nodes, links, and total
pipe length, compared with the all-pipes network.
Comparison of the all-pipes and aggregated networks.
The water distribution system serving the Dover Township
area has been the subject of publicly documented health
studies and analyses (Maslia et al, 2001; 2000). The allpipes network described in the aforementioned references
was selected to test the hydraulic and water quality aggregation methods previously described. The EPANET model
(Rossman, 2000; 1994) describing the water distribution
system (Figure 2) is characterized by 16,056 links, 14,945
junctions, 8 ground-level and elevated storage tanks, 12
high-lift or booster pumps, and 20 water supply wells. The
skeletonized network was constructed using the quality
aggregation method. The resulting aggregated system
contains 8,173 nodes and 8,995 links, which represents
approximately a 45% reduction in the number of system nodes and links (Table 1).
Two hydraulic and water quality simulations were
conducted to assess the accuracy of the aggregated network. The first scenario simulated intentional contaminant
intrusion, and the second simulated the transport of barium—a naturally occurring, conservative groundwater
constituent—within the water distribution system.
Scenario 1. Scenario 1 was characterized by a 6-h
intrusion of a hypothetical, conservative contaminant
with a 100-mg/L concentration at the Parkway (N.J.)
well field (Figure 2). The source concentration is described
by the pattern factor shown in Figure 3. Simulated pressure and concentration results using the all-pipes and
aggregated network models were compared at three hypothetical monitoring station locations in the network—
junctions 4564, 14125, and 14429 (Figure 2). These
results are shown graphically in Figure 4, part A. A comparison of results for pressures and concentrations of the

TABLE 2

aggregated model network found good agreement between
the all-pipes and the aggregated network results throughout the duration of the 24-h simulation. For example,
the root mean square (RMS) of concentration differences
between the all-pipes and aggregated networks over a
24-h simulation for junctions 4564, 14125, and 14429
were 9.48, 1.43, and 0.51 mg/L, respectively (Table 2
and Figure 4, part A). The RMS of concentration difference was defined according to Eq 1:

冪莦
24

RMS =

2

冱 (CAP,i – CEN,i )
i=1

ᎏᎏᎏ
24

(1)

in which CAP,i is the simulated concentration for all-pipes
network for hour i and CEN,i is the simulated concentration for the example network (aggregated, skeletonized A,
or skeletonized B) for hour i.
Scenario 2. For scenario 2, a water quality simulation
was conducted using barium as a tracer. Barium is a naturally occurring, conservative constituent in the Dover
Township source water (groundwater). Details of this
simulation are available elsewhere (Maslia et al, 2000).
The underlying boundary conditions of the all-pipes network were applied to the aggregated model network
described previously.
Results of the scenario 2 simulation, shown graphically in Figure 4, part B, compared simulated pressures
and concentrations at three selected monitoring locations—nodes 4564, 5134, and 14125. Measured barium
concentrations, obtained from a one-time grab sample
taken at 8:00 a.m., are also shown on the concentration
graphs (Figure 4, part B). Comparison of results for pressures and concentrations of the aggregated model network indicated good agreement between the all-pipes
and the aggregated network results throughout the duration of the 24-h simulation. The RMS of concentration
differences between the all-pipes and aggregated networks
over a 24-h simulation for junctions 4564, 5134, and

Comparison of simulated concentration differences for water distribution system networks used in application
examples
RMS of Concentration Difference Between All-pipes Network
and Example Networks for 24-h Simulation—mg/L
Scenario 1

Example
Network

Node 4564

Node 14125

Scenario 2
Node 14429

Node 4564

Node 5134

Node 14125

Aggregated

9.48

1.43

0.51

1.13

2.70

0.98

Skeletonized A

17.51

13.83

12.24

6.94

18.57

3.73

Skeletonized B

18.87

20.01

11.97

5.82

18.18

4.33

RMS—root mean square
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FIGURE 2 All-pipes network representation of the 1996 water distribution system serving the Dover Township (N.J.) area

Adapted from Maslia et al, 2000
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hydraulic and quality performance of the system, and
the all-pipes network, aggregated system, and skeletonized systems A and B were compared on the basis of
these results.
Scenario 1. As described previously, scenario 1 was
characterized by a 6-h intrusion of a contaminant with a
100-mg/L concentration at the Parkway well field (Figure
2). Pressure and concentration results for scenario 1 based
on EPANET simulations using skeletonized system A and
skeletonized system B networks are shown in Figure 4,
part A, at three monitoring station locations in the network—nodes 4564, 14125, and 14429.
At node 4564, simulations based on networks of
skeletonized systems A and B completely missed the second concentration peak that occurred at simulation hour
14, even though comparisons of simulated pressures
between the all-pipes and skeletonized networks were
equivalent. By comparison, the aggregated system network duplicated the second concentration peak and was
nearly equivalent to the simulated concentration peak of
the all-pipes network.
At node 14125, the concentration fronts simulated by
skeletonized systems A and B arrived 1–2 h earlier than
the front simulated using the allpipes and the aggregated system
networks. Additionally, the maxTABLE 3 Approximate computational times resulting from a 1,008-h
imum concentrations simulated
simulation
by skeletonized systems A and B
were about 40% greater than the
Network
Scenario 1—s
Scenario 2—s
maximum concentration simuAll-pipes
165
200
lated using the all-pipes and
Aggregated
76
80
aggregated system networks.
Skeletonized A
70
73
At node 14429, the simulated
Skeletonized B
34
37
concentration front from skeletonized systems A and B arrived 1
h earlier than the simulated conFIGURE 3 EPANET pattern factors assigned to simulation scenario 1
centration front derived from the
all-pipes and the aggregated system networks. Similar to the re1.2
sults for node 4564, simulated
concentrations for skeletonized
1.0
system A and B poorly reproduced the second concentration
0.8
peak (occurring during simulation hours 21–23), compared
with the all-pipes and aggregated
0.6
system networks.
Comparison of the RMS of
0.4
concentration differences listed in
Table 2 demonstrated that skeletonized networks A and B pro0.2
duced much larger RMS of concentration differences than did the
0
aggregated network. For example,
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
for nodes 4564, 14125, and
Time—h
14129, skeletonized network A
Pattern Multipliers

14125 were 1.13, 2.70, and 0.98 mg/L, respectively (Table
2 and Figure 4, part B).
Comparison of all-pipes and skeletonized networks. Network skeletonization techniques are based on hydraulic criteria that require the skeletonized or simplified system to
resemble the configuration or connectivity of the original
all-pipes network and to have similar performance in
terms of hydraulic variables—pressures, water levels, pump
operations, and demands. For the current analysis, a commercially available network skeletonizer1 was applied to
the all-pipes water distribution system network shown in
Figure 2. The resulting skeletonized networks, referred to
as skeletonized system A and skeletonized system B, were
used to conduct additional simulations for scenarios 1
and 2. Configurations of skeletonized systems A and B
are listed in Table 1.
Results reported for scenario 1 were for EPANET
model nodes 4564, 14125, and 14429 (Figure 4, part
A). Results reported for scenario 2 were for model nodes
4564, 5134, and 14125 (Figure 4, part B). Model node
locations for which results are discussed are shown in
Figure 2. In both scenarios, the results of EPANET simulation runs were taken as reference parameters for the
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had RMS of concentration differences of 17.51, 13.83,
and 12.24 mg/L, respectively, indicating much poorer
agreement with the all-pipes network, compared with
the aggregated network. Similarly, large RMS of concentration differences were observed between skeletonized
network B and the all-pipes network (Table 2).
Scenario 2. In scenario 2, a water quality simulation
was conducted to simulate the transport of a naturally
occurring conservative constituent, barium. Figure 2

TABLE 4

Comparison of simulated concentrations of barium at dead-end nodes removed by aggregation and skeletonization
process
All-pipes

Map
Point
Number

shows the locations of three selected monitoring stations
(nodes 4564, 5134, and 14125). As with scenario 1
results, simulated pressures for all skeletonized networks
(aggregated, skeletonized system A, and skeletonized system B) were nearly equivalent to pressures simulated by
the all-pipes network during the 24-h simulation (Figure
4, part B). At node 4564, the aggregated network concentrations were nearly identical to concentrations simulated by the all-pipes network. Compared with the all-

Aggregated

ConcenPipe
ConcenPipe
Node tration Diameter Node tration Diameter
ID*
mg/L
in.
ID*
mg/L
in.

Skeletonized A

Skeletonized B

Absolute
Absolute
Absolute
DifferConcenPipe
DifferConcenPipe
Difference
Node tration Diameter
ence
Node tration Diameter
ence
%
ID*
mg/L
in.
%
ID*
mg/L
in.
%

1

4319

34.7

4

4323

34.7

8

0.06

4323

1.4

8

96.02

4323

0.0

8

99.88

2

5450

34.7

4

5430

34.7

8

0.00

5431

0.0

8

100.00

5440

0.0

8

100.00

3

4409

34.7

16

4412

34.7

12-16

0.00

4410

0.0

16

100.00

4410

0.0

16

100.00

4

5130

45.1

8

5129

45.0

12

0.04

5129

41.1

12

8.88

5050

40.9

12

9.25

5

8858

42.9

6

8801

43.4

12

0.95

8801

34.4

12

19.98

8796

34.5

12

19.63

6

9617

42.1

2

9572

42.4

8

0.78

9572

38.0

8

9.86

9572

37.7

8

10.48

7

14749

42.1

8

14747

42.2

12

0.12

14746

39.9

12

5.25

9396

39.6

12

6.08

8

7854

39.7

6

7844

40.0

12

0.55

7836

40.0

12

0.68

7836

40.1

12

0.86

9

8442

41.4

2

8431

42.0

6

1.47

8431

42.4

6

2.56

8431

43.4

6

4.78

10

5621

23.7

2

2992

23.6

10

0.59

2992

22.9

10

3.45

2992

24.4

10

2.57

11

1829

12.6

2

2396

12.6

8

0.00

2396

12.6

8

0.00

2396

12.6

8

0.00

12

2601

41.5

8

2599

37.4

12

9.86

2599

38.3

12

7.64

2597

38.7

12

6.72

13

1326

22.7

2

1351

22.7

16

0.00

1327

22.7

12

0.00

1327

22.7

12

0.00

14

3581

22.7

6

822

22.7

12

0.00

822

22.7

12

0.00

822

22.7

12

0.00

15

12737

25.9

8

3801

27.4

12

5.76

3801

28.1

12

8.66

3801

28.0

12

8.08

16

14271

41.8

6

8667

42.0

12

0.53

8420

41.7

12

0.24

8417

41.5

12

0.81

17

13685

42.0

8

6691

41.9

12

0.36

6691

41.2

12

2.00

6691

42.1

12

0.02

18

5866

38.1

6

5852

37.6

6

1.13

5852

36.4

6

4.44

5852

37.3

6

2.10

19

4475

40.4

4

4467

39.9

8

1.41

4467

41.6

8

2.89

4462

41.6

8

2.92

20

12788

42.4

2

4551

42.3

16

0.42

4554

41.5

16

2.21

4554

40.7

16

4.15

ID—identification
Concentrations represent 24-h average. Refer to Figure 2 for location of all-pipes node; node on map is identified using map point number.
*Node ID of all-pipes model was a dead-end node; node IDs of aggregated, reduced A, and reduced B networks were the closest remaining nodes. For example, node 4319 was a
dead-end node in the all-pipes network (Figure 2), and node 4323 was the closest remaining node to the location of node 4319 for the aggregated, reduced A, and reduced B
networks.
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FIGURE 4 Simulated pressure and concentration results comparing all-pipes, aggregated, skeletonized A,
and skeletonized B networks for scenario 1 (A) and scenario 2 (B)
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pipes network, however, concentrations simulated by
skeletonized networks A and B generally both underestimated concentrations (hours 5, 14, and 22) and overestimated concentrations (hours 9 and 16).
For node 5134, the aggregated network and the allpipes network showed simulated concentrations gently
varying throughout the 24-h simulation. However, when
the all-pipes and aggregated networks were compared
with skeletonized networks A and B, significant simulated
concentration differences were apparent. Skeletonized
networks A and B showed concentrations exhibiting a
pulsed behavior resulting in significant declines (hours
7–8, 12–13, 18, and 22) and increases (hours 9, 14, 19,
and 23) in concentrations that were not at all similar to
the all-pipes network simulated concentrations.
Results for node 14125 again demonstrated that
concentrations simulated by the aggregated network
were equivalent to the all-pipes network. Simulated
concentrations derived from skeletonized networks A
and B showed that concentrations arrived earlier (during simulation hours 9–10) when compared with the allpipes and aggregated network concentrations. Generally, concentrations simulated by skeletonized networks
A and B tended to overestimate or underestimate the allpipes network simulated concentrations, whereas concentrations derived from the aggregated network were
equivalent.
As in scenario 1, the computed RMS of concentration differences listed in Table 2 showed much closer agreement
between the aggregated network and the all-pipes network
than between skeletonized networks A and B and the allpipes network. For example, for nodes 4564, 5134, and
14125 in scenario 2, the RMS of concentration differences
between the aggregated and all-pipes network were 1.13,
2.70, and 0.98 mg/L, respectively. In contrast, the RMS of
concentration differences between skeletonized network A
and the all-pipes network were 6.94, 18.57, and 3.73 mg/L,
respectively.

DISCUSSION
In this research, simulation results were obtained
using the aggregated network methodology described by
the authors. Pressure and concentration results were
compared with results using an all-pipes network and
results derived from skeletonized networks A and B
using a commercially available skeletonization program. Two scenarios were investigated. For scenario 1,
a hypothetical, intentional 100-mg/L contaminant was
introduced for 6 h according to the pattern shown in
Figure 3. In scenario 1, the contaminant source was
characterized by a single source location (one node).
For scenario 2, a naturally occurring and conservative
groundwater constituent, barium, was traced through
the water distribution system. Unlike in scenario 1, the
source in scenario 2, i.e., barium, was spatially distributed throughout the network because it entered the

water distribution system at water supply well locations (Figure 2).
For each scenario, although simulated pressures were
nearly equivalent for each network representation, the
aggregated network derived from the methodology presented here provided superior results in terms of matching simulated concentrations with the all-pipes network,
compared with results obtained using skeletonized networks A and B. This observation may have important
implications relative to assessment and prediction of intentional or nonintentional attacks on a water distribution
system as well as implications for epidemiological studies relying on water distribution system modeling for the
conduct of case-control studies. Because skeletonized networks A and B relied solely on equivalent hydraulic networks, there was no guarantee that resulting concentrations would be similar to concentrations derived using
an all-pipes network. In the scenario 1 example (Figure 4,
part A), this caused simulated concentrations using skeletonized networks A and B to
• arrive earlier than concentrations simulated by the
all-pipes and aggregated networks for node 14125,
• completely miss a second concentration front at
node 4565,
• significantly undersimulate a second concentration
front at node 14429, and
• produce much larger RMS of concentration differences over a 24-h simulation period, compared with the
aggregated network.
One reason for using simplified network representations of an all-pipes network is to increase the computational speed for which results can be obtained when
assessing intentional or unintentional attacks on a water
distribution system. At the same time, however, simulation reliability cannot be sacrificed for the sake of computational speed. Table 3 compares the approximate computational times for each of the four networks (all-pipes,
aggregated, skeletonized A, and skeletonized B) for a
1,008-h simulation. Computational times were determined using a computer workstation2 with dual central
processing units, 32-bit operating system, and 8 MB of
random access memory.
Compared with the all-pipes network, the aggregated
methodology reduced computational time by more than
half, and the skeletonized networks reduced the computational time even further. However, because the skeletonized networks did not provide accurate results for reliable water quality solutions, removing additional nodes
and links from the network and thus further reducing
computational costs represented no advantage. The results
presented here demonstrated that the aggregation methodology reduced network computations and still provided
reliability in terms of simulated concentrations.
For epidemiological and health studies, reliability of
simulated concentrations is paramount in order to avoid
study bias or misclassification in terms of exposure con-
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centrations. As demonstrated in scenario 2 (Figure 4,
part B), significant concentration differences and RMS of
concentration differences (Table 2) were observed using
skeletonized networks A and B, compared with the aggregated network. In the case of node 5134, for example, this
could result in significant underestimation of an exposure
concentration, leading to a bias or misclassification of an
exposed population. Again, simulation reliability would
be compromised for the sake of increased computational
efficiency if researchers were to use a network-reduction
scheme based solely on hydraulic criteria rather than the
graph approach based on both hydraulic and water quality criteria used by the aggregated network methodology proposed by the authors.
In applying network aggregation and reduction methods to water distribution system analyses, an important
consideration in epidemiologic studies is how dead ends
lost through skeletonization affect the reliability of simulation results. In other words, how well do the closest
remaining nodes predict water quality in the deleted
nodes? Although the results presented here cannot completely answer this question, they offer some insight.
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Table 4 shows the percent absolute difference between
concentrations simulated by the all-pipes network and
the simplified networks. Absolute difference in percent
was computed as in Eqs 2, 3, and 4 for the aggregated
system, skeletonized A system, and skeletonized B system, respectively:
⏐(CAP – CAg)⏐
ᎏ
ᎏ × 100%
CAP

(2)

⏐(CAP – CSA)⏐
ᎏ
ᎏ × 100%
CAP

(3)

⏐(CAP – CSB)⏐
ᎏ
ᎏ × 100%
CAP

(4)

in which CAP, CAg, CSA, and CSB are simulated concentrations of all-pipes, aggregated, skeletonized system A, and skeletonized system B networks, respectively. For the aggregated network, the absolute percent
difference ranged between 0 and < 10% with a mean
absolute difference of about 1%. For skeletonized networks A and B, the absolute differences ranged between
0 and 100% with a mean absolute difference of ~ 20%.
The results shown in Table 4 provide additional confirmation that, for the water distribution system network used in an epidemiological case-control study
(NJDHHS, 2003) and tested in example applications
discussed here, the aggregation network methodology
provided highly reliable results in terms of water quality simulations.
The aggregated network was created primarily to
ensure that the pressures and concentrations were
maintained at selected nodes (monitoring stations);
the nature of the algorithm allows the network to sustain pressures and concentrations at all remaining
nodes of the system. An important issue, however, is the
evaluation of pressures and concentrations at nodes
that were eliminated from the original (all-pipes) network. This issue requires additional investigation and
development of quantification metrics so that objective
comparisons can be made between the all-pipes and
skeletonized systems using a variety of network-reduction algorithms.

lated by the all-pipes network. In this study, the aggregation method was capable of reducing the system
size by almost half (Table 1), while still preserving
system characteristics in terms of reliably simulating
pressure and concentrations (Tables 2 and 4). Additional research is being conducted to explore the possibility of further reducing the system size, thereby
further increasing computational efficiency while preserving simulation reliability.
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CONCLUSION
This article introduced a network skeletonization
methodology based on both hydraulic and water quality aggregation of an all-pipes network. The methodology was then applied to a complex all-pipes network that had been previously described in the
literature and used for an epidemiologic study. Results
of two simulations comparing previously published
results for an all-pipes network simulation indicated
that the aggregated network provided highly reliable
pressures and concentrations at network nodes when
compared with pressures and concentrations simu-

FOOTNOTES
1H OMAP Water, MWH Soft Inc., Broomfield, Colo.
2
2Dell 640 Precision, Dell Inc., Round Rock, Texas.
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