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Abstract Most of the contamination source localization methods for water distribution systems (WDSs)
assume the availability of accurate water quality models and multi-parameter online sensors, which are often
out of reach of many water utilities. To address this, a novel manual grab-sampling method (MGSM) is
developed to effectively and efficiently locate continuous contamination sources in a WDS using a dynamic
and cyclical sampling strategy. The grab samples are collected at a pre-specified number of hydrants by

the corresponding teams followed by laboratory tests. The MGSM optimizes the sampling plan at each

cycle by making the probability of contamination source(s) in each sub-network as equal as possible, where
sub-networks are determined by the selected hydrants and current flow pipe directions. The CS's size is reduced
at each cycle by exploiting sample testing results obtained in the previous cycle until there are no further
hydrants to sample from. Two real-world WDSs are used to demonstrate the effectiveness of the proposed
MGSM. The results obtained show that the MGSM can significantly reduce the spatial range of the CS (to
about 5% of the entire WDS) for a range of scenarios including multiple contamination sources and pipe flow
direction changes. We found that an optimal number of sampling teams exists for a given WDS, representing a
balanced trade-off between detection efficiency and sampling/testing budgets. Due to its relative simplicity, the
proposed MGSM can be used in engineering practice straightaway and it represents a viable alternative to the
methods associated with water quality models and sensors.

1. Introduction

A water distribution system (WDS) represents a basic lifeline infrastructure that closely relates to the daily
life and health safety of its served population (Qi et al., 2018). Typically, a WDS is spatially distributed and
thus inherently vulnerable to accidental and/or intentional contamination intrusion (Ostfeld et al., 2014; Yang &
Boccelli, 2016; Zhang et al., 2020). For instance, over a 5-day period in October 2007, a boil-water notice was
served on the majority of Oslo, Norway, as a result of a combination of bacteriological, Cryptosporidium oocysts
and Giardia cysts found in the samples taken from the WDS (Robertson et al., 2008). More recently, on July 26,
2020, a contamination event was reported in Hangzhou, China, where a sewer pipe was misconnected to a drink-
ing water pipe in a small suburb (ChinaNews, 2020). Unfortunately, these events were not detected by the water
quality warning systems of the local water utilities. The events were reported by the residents and/or diagnosed
by the hospitals. This implies that monitoring and protecting water quality safety are still nontrivial challenges for
many WDSs (Asheri Arnon et al., 2019).

To secure water quality safety in a WDS, extensive studies have been carried out to develop contamination
response systems (CRSs) (Giudicianni et al., 2020). In principle, an effective CRS should at least consist of a
contamination warning and source identification (Rodriguez et al., 2021). Regarding the contamination warning,
a straightforward manner is to deploy online water quality sensors within the WDS (Hart & Murray, 2010). A
warning is triggered once the concentration of some particular water quality parameters (e.g., pH and turbidity)
is above or below the sensor's safety threshold. Ideally, placing a sensor at each possible location in the WDS can
maximize the capability to generate a warning when a contamination intrusion event occurs (Zheng et al., 2018).
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However, it is difficult, if not impossible, to implement this approach due to the high capital and maintenance
costs associated with so many water quality sensors (Winter et al., 2019).

Consequently, many studies have focused on optimally deploying a limited number of water quality sensors
to maximize their detection/warning performance (Rathi & Gupta, 2014). These studies range from the use of
different objective functions to identify appropriate water quality sensor placement strategies (He et al., 2018;
Naserizade et al., 2018), to the development of various algorithms to enable effective optimization on this design
problem (Hu et al., 2017). More recently, efforts have been increasingly made to identify design solutions that
provide a resilient water quality sensor strategy. The approach does not only perform well when all sensors func-
tion perfectly, but also can detect contamination events even under possible sensor failures (Ostfeld et al., 2008;
Zhang et al., 2020). Typically, the objective functions designed for the water quality sensor placement problems
are very complex as different aspects of contamination detection need to be taken into account (e.g., detec-
tion likelihood, detection time delay, sensor reliability, different consequences of non-detection, and various
uncertainties; Khorshidi et al., 2018). Studies have been undertaken to develop various algorithms to effectively
identify optimal water quality sensor placement strategies based on these objective functions (Ung et al., 2017).
Specifically, those studies focus on developing either sophisticated search algorithms that enhance the design
solution's quality (Di Nardo et al., 2018; Hu et al., 2020) or advanced water quality modeling approaches that
improve the optimization efficiency (Naserizade et al., 2018; Ohar et al., 2015).

In parallel to the research progress on the early warning systems for contamination detection, efforts have also
been made to develop various algorithms for sourcing/localizing the contamination injection locations according
to the analysis of sensor data (Preis & Ostfeld, 2007). These developments started by using traditional optimiza-
tion techniques, such as linear programming (LP) scheme (Preis & Ostfeld, 2006). This was followed by the use
of various evolutionary algorithms (EAs) as they possess superior search capabilities compared to the traditional
LP and nonlinear programming (NLP) techniques (Hu et al., 2015; Li et al., 2021; Preis & Ostfeld, 2008). While
these algorithms have reliable performance in locating contamination sources in hypothetical case studies, their
practical application can be challenging. This is mainly due to the “equifinality” issue associated with the iden-
tification of the source of the incident (Jia, Zheng, Zhang, et al., 2021), where many different injection scenarios
(contaminant concentration and starting time) indicate a similar contamination impact. To address this issue,
Bayesian-based approaches have been proposed to identify contaminant sources, where the location with the
highest posterior probability is interpreted as the most plausible (Jerez et al., 2021; Sankary & Ostfeld, 2019;
Yang & Boccelli, 2014). More recently, machine learning algorithms have been increasingly employed to facil-
itate contamination localization, such as the Random Forest algorithm (Grb¢i¢ et al., 2020) and Convolutional
Neural Network (Sun et al., 2019).

Detailed analysis of previous studies in terms of the CRS research shows that the majority of contamination warn-
ing and source identification methods rely heavily on an accurate water quality model (Vrachimis et al., 2020).
This is one of the main reasons that may hinder their implementation as a well-calibrated water quality model is
usually not available for many water utilities (Sankary & Ostfeld, 2018). In addition, existing water quality mode-
ling techniques are still incapable of accurately reproducing contaminant reaction dynamics in WDSs, especially
for biochemical contaminants (Hart et al., 2019). While online sensors may provide reliable warning information
by measuring the contaminant concentration in real-time, they generally can only measure a limited number of
water quality parameters such as pH, turbidity, chlorine, and conductivity (Sun et al., 2019). Consequently, many
other contaminants, such as organics and pathogenic microorganisms, cannot be detected with certainty using
online in-situ sensors. In addition, water quality sensors are often expensive in both the purchase and mainte-
nance, especially for advanced sensors that are used to measure complex substances (He et al., 2018). Therefore,
the water quality sensors are often sparsely distributed in many WDSs (Ostfeld et al., 2014).

The contamination events within the WDS can be classified into three different types, which are intentional
events (Type 1), accidental events (Type 2), and events caused by WDS itself (Type 3). For Type 1, the contami-
nation can be toxic substances that are intentionally injected into the WDS, typically during a short time period.
Such events can result in serious consequences and hence need a quick response at all costs (Ostfeld et al., 2014).
Type 2 is often represented by the misconnections between water supply pipes and greywater/sewer pipes that
have been reported in China (He et al., 2018). Type 3 can be caused by structural damages to pipes (e.g., contam-
ination due to pipe corrosion or leaks; Zhang et al., 2020) or biochemical substances (e.g., microorganisms)
activated by the water at a particular level of turbulence (He et al., 2019).
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Typically, within Types 2 and 3, the contamination exists continuously in the WDS until the source(s) is localized
and eliminated. These contamination substances (e.g., metal, microorganism, and organic) often have the follow-
ing properties: (a) they can be colorless and tasteless, and hence cannot be directly detected by tap-water users;
(b) they do not induce quick, serious public health consequences (i.e., this study focuses on the contamination
events with chronic but no acute health effects) and hence their source(s) localization needs to be conducted
without interrupting water supply; and (c) they may not be directly detected by online water quality sensors as the
majority sensors typically monitor simple quality parameters such as chlorine, pH, turbidity, and conductivity.
These properties motivate the development of the proposed manual grab-sampling method (MGSM) to effi-
ciently and effectively identify continuous contamination sources of Types 2 and 3 in WDSs. This is particularly
the case for Type 3 events as there are a number of practical issues that cause such contamination events and
utilities are interested in locating these sources in the most efficient way possible.

The proposed MGSM is an iterative MGSM to enable effective contaminant detection and localization. This is
followed by gathering comprehensive water quality parameter information with the aid of laboratory tests. The
MGSM is particularly useful for cases where the online quality sensors are sparsely distributed (or completely
unavailable) or sensors cannot measure the contaminants (Wong et al., 2010). The MGSM does not need water
quality modeling and can identify the contamination location without encountering the “equifinality” issue. In
addition, for the cases where the labor is plentiful with low cost, the MGSM is preferred as it provides the spatial
distribution of water quality measurements at a reduced cost when compared to fixed sensors (Mann et al., 2012).
Therefore, manual grab-sampling can be an important strategy for water utilities interested in water quality safety
in the WDS, which can supplement the information obtained from existing online sensors.

Despite the merits and practical significance of the MGSM for the cases with sparsely distributed sensors and
relatively low labor costs, relevant research on this topic is surprisingly rare. Among few relevant studies, one
significant example is from the work of Wong et al. (2010), where a Mixed-Integer Linear Programming formula-
tion is proposed to determine optimal locations for manual grab sampling after a contamination event is detected
in a WDS. In their study, the optimal manual grab sample locations are identified by maximizing the total
pair-wise distinguishability of candidate contamination events (eliminate unlikely events as much as possible).
While Wong et al. (2010) showed that a contamination event can be identified by their proposed method with
significantly improved efficiency, its success was conditioned on a few critical assumptions. These assumptions
include: (a) each node in the WDS has an equal probability of being the source of contamination intrusion, (b)
only one contamination event can occur in the WDS, and (c) the pipe flow direction cannot change during the
entire sampling process. However, these assumptions can significantly violate the real conditions as the contam-
ination intrusion can occur at any pipe location and a long pipe is typically associated with a higher contamina-
tion probability (He et al., 2018). Furthermore, although the probability of simultaneous multiple contamination
intrusions is low, their occurrence is still possible in large WDSs (Butera et al., 2021). In addition, flow direction
changes are likely to occur in some pipes in a large WDS with multiple supply sources (Qi et al., 2018).

The main contribution of this paper is the proposal of an improved water quality MGSM for detecting and
localizing continuous contamination sources in WDSs. The newly developed method employs a dynamic and
cyclical sampling strategy based on the hydrant locations in a WDS. The novel aspect of the proposed method is
the simple and effective way developed to split the network after each round of sampling, thereby significantly
enhancing the efficiency of the entire detection process. In addition, the proposed method is novel in that the opti-
mal sampling locations are determined by making the probability of contamination source in each sub-network
based on the current flow pipe directions as equal as possible at each cycle. The results of these samples are
subsequently analyzed and employed to drive the sampling strategy for the next cycle. It is highlighted that the
proposed MGSM is an alternative to these literature methods (sensor-based methods) in the cases where: (a)
sensors are sparsely distributed or not available (e.g., lack of existence of suitable sensors), (b) the low-cost labor
force is available, and (c) the contamination events have slow or low impacts to the water quality in the WDSs.

2. Methods

The basic premise of the proposed MGSM is: (a) select a given number of sampling points (hydrants of the WDS)
in the studied area based on the testing capacity of the laboratory (i.e., the number of samples that can be tested
simultaneously) and the number of sampling teams, with all pipes within the candidate area considered as possi-
ble contamination sources, (b) narrow down the range of the candidate areas containing contamination source(s)
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based on sample testing results, and (c) repeat steps (a) and (b) until the range
of candidate areas with contamination source(s) cannot be further narrowed
down. The key to effectively implementing this new MGSM is how to auto-
matically select the appropriate hydrants in each cycle of the above meth-
odology to reduce the total number of cycles, thereby quickly localizing the
pollution source(s) in the WDS. It is noted that every length of pipe between
two hydrants within the WDS is considered as a contamination source.
Therefore, the proposed MGSM can account for both scenarios where the
contamination sources are in pipes or junctions. While the proposed MGSM
is demonstrated using hydrants in this study, any other sampling facilities
(e.g., taps) can be easily handled by simply treating them as hydrants within
the algorithm implementation.

Section 2 presents the details of the proposed MGSM, including the associ-
ated theoretical foundations (e.g., the development of the objective function),
the MGSM algorithm structure, the illustration of the proposed MGSM, and
the optimization method to implement the MGSM.

2.1. Theoretical Foundations for the Proposed MGSM

Section 2.1 introduces the theoretical foundations of the proposed MGSM,
including the proposal of a method to enable the WDS partitioning and the
development of the objective function of the proposed MGSM. The details
are given below.

2.1.1. WDS Partitioning Based on Sampling Locations and Flow
Directions

Figure 1. Illustration of the WDS sub-networks identified by the proposed As previously stated, the proposed MGSM attempts to identify the optimal
MGSM based on two sampling locations, with arrows representing pipe flow sampling locations (hydrants) at each cycle, aimed to minimize the total

directions.

number of cycles (equivalent to the efficiency and cost of the entire process).

Within the MGSM, the entire WDS is partitioned into different sub-networks

based on sampling locations and flow directions at a given point in time.
Specifically, if a hydrant H in the system is selected as the sampling point, all pipes in the WDS can be divided
into two sub-networks: all upstream pipes relative to the selected hydrant H, denoted as U,, and remaining
pipes whose flows do not go through H, denoted as N,,. If two hydrants (H, and H,) are selected as the sampling
points, four sub-networks can be identified, respectively representing the common group of pipes upstream of
both selected hydrants (U,NU,), the unique group upstream of one hydrant only (U,NN, and U,NN)), and not the
upstream of both hydrants (N,NN,). Using this process, for a number of n sampling points in a WDS, for example,
{H,H,, ..., H,},atotal of T = 2" sub-networks, {S,, S,, ..., S;}, can be obtained theoretically.

Figure 1 illustrates how the proposed MGSM identifies the WDS sub-networks based on two sampling locations.
A total of 16 hydrants are available that can be considered as the potential sampling points, where the arrows
represent pipe flow directions. For illustration, hydrants 10 (H,,) and 15 (H|s) are selected as sampling points
to enable network partitioning. Four different sub-networks are identified using the proposed MGSM, which are
S, ={Py, Py, P}, S, = {P;, Ps, P, P, Py, Py, Py, Pr3, Py, Py Py}, S; = {Pg, Py}, S, = {Py5, P, P} It can
be observed that pipes in S, are in the common upstream group for H,, and H,5 and flows for pipes in S, do not
go through any of the two hydrants. Pipes in S, are those that are upstream of H, 5 but not H,,,, and Pipes in S, are
upstream of H,, but not H .

For the n sampling points A = {H|, H,, ..., H,}, the outcome of the test at each sampling point is either that
the sample is contaminated or non-contaminated. Therefore, there are 2” possible results for n sampling points,
in which each contaminated outcome corresponds to the contamination source being located in a certain
sub-network or many sub-networks when contaminations are found in many sampling locations. For example,
if the contamination is detected at both H,, and H,s, as in Figure 1, it can be derived that the contamination
source(s) may be located in the common upstream group of pipes (S, in Figure 1). The source can also be in
the two sub-networks (S, and S,) upstream of one of the two sampling locations. When only one sampling point
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indicates contamination, it can be determined that the source is located in the area upstream of the sampling point
where contamination is detected, that is, S, or S;. When results show no contamination at both sampling points,
then the contamination source(s) is located in an area outside all the upstream parts of the two sampling points,
that is, S, in Figure 1. This is the basic localization principle used in the proposed MGSM in this study.

Once a sub-network or a few sub-networks are selected as potential contamination sources based on the sample
testing results, all pipes in this/these sub-network(s) are considered as candidates. This is followed by the further
use of the partitioning method to narrow down the spatial range to localize the source. In other words, the network
partitioning needs to be carried out at each cycle of the entire sampling process based on the updated candidate
pipes with potential contamination sources.

2.1.2. The Development of the Objective Function of the Proposed MGSM

Conditioned on the identified 7 sub-networks, the mathematical expectation (E(A)) of a given set of sampling
points (A) in localizing the location of the contamination source can be expressed as

.,
EA) =) pi- L M
i=l

where p, is the probability of the ith sub-network that has the contamination source, and L, is the corresponding
total pipe length of this sub-network. Since the proposed MGSM mainly aims to detect contamination Types
2 and 3 (see Section 2 for details), the probability of a contamination source being located on each unit length
of pipe can be considered identical. This results in the probability of the contamination source being in any
sub-network i equal to the ratio of the pipe length of the sub-network L, to the total pipe length L, in the entire
WDS. Mathematically, it gives,

T

T
EW=Y - L= Y1 @

all al/

i=1 i=1

Thus, the objective function for calculating the optimal sampling group can be expressed as follows:

T
Minimize : F(A) = EA) _ Z 3)

aII

where F(A) is a dimensionless number by dividing E(A) using L, representing the ratio of candidate area with
contamination source identified by the sampling group relative to the total pipe length of the entire WDS being
considered. A is the decision variables, representing the hydrant sampling strategy. The minimization of F(A)
physically indicates a minimum pipe length of the sub-network with contamination source(s) to be identified by
the selected sampling points.

Cauchy-Schwarz Inequality (Bhatia & Davis, 1995) can be used to further explain the minimization of Equa-
tion 3, which is

Tx(Li+L3+---+L3) > (Li+Lo+---+ L) 4)
Namely F(A) = L 2L.2> 1 5)
YT

For L, = L,,..., = L, the equation holds. Under this condition, when only one hydrant is selected as the sampling
point in each cycle, the optimal hydrant divides the WDS into two sub-networks such that the pipe length of its
upstream section is half of the total length. When n hydrants are selected as the sampling points in each cycle,
theoretically, the optimal hydrant group bisects the WDS to 2" sub-networks with identical pipe lengths across
different sub-networks. In other words, the minimization of Equation 3 (i.e., L, = L,,..., = L;) can be interpreted
as using a specified number of sampling points to assign the pipes into 7 sub-networks with the minimum differ-
ence in pipe length at each cycle. This is equivalent to the bi-section approach in computer science, and hence it
is expected that such a method can achieve a statistically efficient sampling strategy to localize the contamination
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Specify the number of sampling points n
Set the cycle c=1, flag=0, the candidate sub-network (CS) as the entire WDS
While True

Ifn=1

Select n sampling hydrant for the CS by minimizing Equation (3)
Update the CS according to sample testing results
Case Al: the sample is contaminated
Select the sub-network (US) upstream of the selected hydrant
Case A2: the sample is contamination free
Select the sub-network that is not the upstream of the selected hydrant
c=c+1
}
Else

{
If flag=0

Select n sampling hydrants for the CS by minimizing Equation (3)
Update the CS according to sample testing results using Selection strategy 1 (SA1):
Case B1: more than one hydrant sample are contaminated
Select the common sub-network (CUS) upstream of the contaminated hydrants
Set flag=1
Case B2: only one hydrant sample is contaminated
Select the unique sub-network upstream of the contaminated hydrant
Case B3: no hydrant samples are contaminated
Select the sub-network that is not the upstream of the selected hydrant
c=c+1
}
If flag=1

If the CUS exists and its most downstream hydrant is not sampled
Assign one sample point at the most downstream hydrant of the CUS
Select n-1 sampling hydrants for the CS by minimizing Equation (3)
Update the CS(s) according to testing results at the end hydrant
If the end hydrant is contaminated
Select the CS using the SA1 mentioned above
Else
Selection strategy 2 (SA2):
Select the CS(s) as the union of USs of the hydrants showing evidence of
contamination minus the union of USs of contamination-free hydrants and the CUS
c=c+1
Else If the CUS does not exist
Select the CS(s) using the SA2 mentioned above
Set flag=0
}

If no hydrant can be sampled in the selected sub-network
break

Figure 2. The algorithm of the proposed MGSM.

source. It is noted that the proposed optimization method may not be able to guarantee global optimality, but it
can offer a near-optimal solution that can be efficiency found at each cycle.

The pipe length is used to split the WDS in this study due to its simplicity and efficiency. However, a more refined
method may need to account for water velocities or flow volumes, both of which can be correlated with pipe
diameters and can account for the amounts of contaminants moving through the pipes. Therefore, partitioning the
WDS with the aid of both pipe length and water velocity can be an important future research focus.

2.2. The Algorithm of the Proposed MGSM

The implementation of the proposed MSGM can be triggered by (a) the routine water quality checks done by the
water utilities, (b) abnormal signals from the sparsely distributed online water quality sensors if they are installed
(e.g., chlorine sensors), where these sensors with a rather limited number are often installed at the outlets of the
districted metering areas (DMAs) or WDSs, or (c) contamination warning based on test results of samples at
the outlets of the DMAs or the important locations within the WDS area. Figure 2 shows the algorithm details
of the proposed MGSM in localizing contamination source(s). As shown in this figure, when the number of
sampling locations at each cycle is n = 1, the sampling hydrant is selected by minimizing Equation 3, where the
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minimization method is elaborated in Section 2.4. The candidate sub-network (CS) that may contain contamina-
tion source(s) is updated at each cycle based on the sample testing results (Cases Al and A2 in Figure 2). If n is
greater than 1, the algorithm of the proposed MGSM becomes more complex, with details given in Figure 2. At
the beginning (i.e., flag = 0, and the MGSM is triggered), the n optimal sampling locations are identified by mini-
mizing Equation 3 for the entire WDS being considered (i.e., CS is the entire WDS). This is followed by the appli-
cation of selection strategy 1 (SA1) to update the CS for the next cycle, where three different cases (Cases B1,
B2, and B3) can be available. For Case B2 (only one sample hydrant has contamination) and Case B3 (all sample
hydrants are contamination free), it is straightforward to select the CS for the next cycle as shown in Figure 2.

When more than one sample hydrant is contaminated (Case B1), the common upstream sub-network (CUS,
which is theoretically available) is selected as the CS for the next cycle (¢ = ¢ + 1). If this CUS exists and its
most downstream hydrant is not sampled, one sampling location is assigned to this hydrant. The remaining
n—1 sampling locations are determined by minimizing Equation 3. The CS, which is temporally considered
as the CUS, is now updated using the following method based on test results of the most downstream hydrant.
If that hydrant is contaminated, the SA1 is employed to update the CS; otherwise, the SA2 (see Figure 2) is
used to update the CS. Specifically, the SA2 selects the CS(s) as the union of all upstream sub-networks (USs)
of hydrants where contamination was detected, minus the union of USs of contamination-free hydrants and the
CUS. Note that if the selected CUS does not exist in the WDS, the SA2 is used to update the CS(s).

The proposed MGSM in Figure 2 can handle both the single and multiple contamination sources in a DMA of
a WDS. However, each MGSM run identifies only a sub-network that contains a contamination source of the
smallest spatial extent. This identified region may need to be blocked for engineering operations (e.g., disconnect
the misconnections, repair the leaks, or replace the pipes), to remove the contamination source(s). Sampling tests
with a few contaminated hydrants may indicate the presence of multiple contamination sources in different WDS
regions. For such cases, once the identified contamination source(s) is fixed, the proposed MGSM can be applied
to the potential CSs (instead of the entire WDS) derived by the sampling test results combined with knowledge
of pipe flow directions. Such a CS selection can be easily performed by engineering experience, but it is difficult
to be shown by formal procedures. However, it is also straightforward to apply the MGSM to the entire WDS to
identify the other contamination source(s), after the localized source(s) are fixed or isolated.

The methodology assumes that all hydrants selected in one cycle can be sampled at the same flow direction status.
This assumption is practically reasonable as the time required to grab samples is often short and the frequency
of flow direction change is typically low (e.g., once a day; Wong et al., 2010). While flow direction changes may
exist within the supply boundary of some real large WDSs, its associated region is often rather small. Therefore,
the change of the flow directions will not significantly affect the application of the proposed MGSM. If the WDS
region with changing flow direction is large and known, it can be easily accounted for by the proposed MGSM
subject to an important assumption. This assumption is that the time between the start of the flow direction change
and the next sampling cycle is significantly greater than the longest travel time from the source to the sample
locations. In other words, the contaminant distribution is assumed to be consistent with the current flow regime
and without residual effects from the previous flow regime. Based on this assumption, the flow direction changes
can be considered by the WDS partitioning process as described in Section 2.1.1, which would accordingly affect
the selection of sub-networks and hence the identification of the optimal sampling locations (Equation 3).

2.3. Hlustration of the Proposed MGSM

The proposed MGSM is illustrated with two scenarios, including the single contamination source and the two
contamination sources simultaneously existing in the WDS, with details given below.

2.3.1. Single Contamination Source

We first illustrate the application of the proposed MGSM (Figure 2) using a single contaminating source as
shown in Figure 3. The single contamination source is in P,, and two sampling locations (n = 2) are identified at
each cycle. At the first cycle, the entire WDS is set as a candidate sub-network (CS), and a total of 120 sampling
combinations (2 out of 16 total hydrants) are possible. The mathematical expectations (Equation 3) correspond-
ing to these 120 combinations are calculated by enumeration and the combination with the minimum F(A) value
is selected. Consequently, two hydrants {H,, H,,} are identified as the sampling points yielding the lowest objec-
tive function value (Equation 3), as shown in Figure 3a. Based on the assumed location for the contamination
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Figure 3. Source localization process for the contamination at P,: (a) the first cycle (¢ = 1) of sampling and testing; (b)
sampling and testing at ¢ = 2; (c) sampling and testing at ¢ = 3.

source, the sample from hydrant H|, is contaminated while the sample from H,, is not based on the laboratory
tests. Therefore, the CS is updated to be a unique sub-network upstream of H,, (and not pipes upstream of H,)
based on Case B2 in Figure 2, that is, the red pipes shown in Figure 3a.

In the second cycle of sampling, the mathematical expectations corresponding to different hydrant groups are
calculated according to the updated CS determined in the previous cycle. The resultant optimal strategy is the
combination of Hy and H, as it produces the lowest objective function value. Testing results on these two hydrant
samples show that both are contaminated, indicating that the contamination source exists in the common upstream
sub-network (CUS) of H, and H,. Therefore, the CS is updated as the CUS based on Case B1 (Figure 2), which is
{P,, P,} as represented by red lines in Figure 3b. In the third cycle of sampling, there is only one hydrant location,
H,, so the contamination source is successfully detected on P,, which is the exact location of the contamination
source.

2.3.2. Two Contamination Sources

Figure 4 illustrates the application of the proposed MGSM (Figure 2) in dealing with two contamination sources.
In this figure, the contamination sources are in P, and P, and two sampling locations (n = 2) are identified at
each cycle. As the same with the single contamination source in Figure 3a, the hydrants H|, and H,, are selected
as the sampling points at the first cycle by minimizing Equation 3 (the enumeration method is used for this small
WDS). The testing results show both hydrants are contaminated, and accordingly, the CS is updated to be the
common upstream sub-network (CUS, red pipes in Figure 4a) using Case B1 in Figure 2. Since the CUS exists
and its most downstream hydrant (H,) is not sampled, H, is selected as one sampling location and the other loca-
tion (H,) is identified with the aid of Equation 3 in the second cycle (¢ = 2).

Based on the locations of the two contamination sources, the end hydrant H, should show no contamination in the
laboratory test and selection strategy 2 (SA2) is used to update the CS. More specifically, for such cases, the CS
can be described as UA-UB-CUS (CUS = {P|, P,, P}), where UA is the union of sub-networks (USs) upstream
of contaminated hydrants (i.e., H,; and H,, at ¢ = 1) and UB is the union of USs sampling hydrants without
contaminations (it is null at ¢ = 1). This is followed by the application of the proposed method at ¢ = 3, where
two hydrants (H, and H,) are selected as the sampling points. The resultant CS is P, using Case B2 in Figure 2
based on test results (H; is not contaminated, but H, is), which is the unique upstream sub-network of H,. Since no
hydrants can be sampled in the current CS (i.e., P,,), P, is successfully identified with the contamination source.
The run of the proposed MGSM (Figure 2) is finalized.

To identify the second contamination source in P, the s localized source in P, needs to be fixed or isolated
before the next MGSM run. This is because the proposed MGSM identifies only one contamination source per
run. Prior to the application of the next MGSM run, the identified contamination source(s) need to be elimi-
nated. In addition, all the test results of hydrant samples during the previous MGSM run and pipe flow direction
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Figure 4. Source localization process for two contamination cases at P; and P, : (a) the first cycle (¢ = 1) of sampling and
testing; (b) sampling and testing at ¢ = 2; (c) sampling and testing at ¢ = 3; (d) the CS identified (shaded pipes) for the next
MGSM run, where the red and green dots represent test results of the previous MGSM run.

information can be jointly used to derive the potential CS for the next MGSM run. For the given example, the
CS can be identified as the red pipes in Figure 4d based on the test results of the previous MGSM run (red and
green dots) since (a) the test on H, shows no contamination but H,, does, and (b) the identified source at P, is
not upstream of H,. This CS is only a small proportion of the entire WDS, thereby greatly improving the effi-
ciency of the next MGSM run. However, for cases when the CS cannot be determined by the existing information
provided by sample test results and pipe flow directions, the entire WDS (after the identified contamination
source(s) is eliminated) is considered as the CS again to enable the application of the proposed MGSM.

In this subsection, one and two contamination sources are used to illustrate the proposed MGSM due to the high
likelihood of those events occurring in real WDS. In addition, two sampling locations are used at each cycle
for illustration purposes, where the pipe flow directions are not changed. However, the application procedures
with details given in Figure 2 are generic, and hence can be applied to other scenarios such as different number
of sampling locations, different contamination sources, and the WDS with possible pipe flow changes (further
explanation of which is given in Section 4).
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2.4. Optimization Method to Minimize the Objective Function

As shown in Figure 2, the proposed MGSM algorithm requires an optimization method to minimize the objective
function (Equation 3). While the enumeration method can be effective when dealing with small WDSs and with a
low number of sampling locations at each cycle, it is computationally intractable for real and large WDSs. More
specifically, for a case with n sampling points applied to a WDS with a total of N hydrants, the number of all
possible combinations is Cy'. This value increases exponentially with n and N becoming larger, leading to a rapid
increase in computing time and deterioration of detection effectiveness.

To solve the computational issue, the Monte Carlo (MC) method is used in this study as an alternative to the
enumeration approach in the process of determining the optimal sampling group to improve detection efficiency
for large-scale WDSs. The selection of the MC method is mainly due to its simplicity and reasonable performance
in offering near-optimal solutions (Maier et al., 2014). This is practically meaningful as in many engineering
cases providing near-optimal solutions within a given time framework are more important than identifying global
optimums with large computational overheads (Maier et al., 2014). Nevertheless, an advanced optimization algo-
rithm can be developed for the proposed MGSM in future, which is not the focus of the present paper.

3. Case Studies

Two distribution networks (Figure 5) are used to demonstrate the utility of the proposed MGSM. Specifically,
the DMA (district meter area) case study is a part of a real-world WDS in China (Figure 5a) that consists of
149 pipes (58.7 km in length) and 78 fire hydrants. It has two inlets and one outlet, and the flow direction in
this network (shown in Figure 5a) does not change. The MOD pipe network is a benchmark WDS of the city of
Modena in Italy (Bragalli et al., 2012). This network consists of 4 reservoirs (sources), 287 pipes (71.8 km in
length), and 143 fire hydrants. Due to the water level changes in the four reservoirs and variations in residential
water consumption, the flow directions of some pipes (shaded pipes in Figure 5b) in the MOD network change
over time.

While the demonstration of the proposed MGSM using a very large WDS is academically necessary, in practice,
the MGSM is intended for use on a DMA or a region of the entire WDS. This is because (a) many WDSs have
been managed into regions, zones, or DMAs, which can greatly enhance the operation efficiency, and (b) for
the WDSs with no DMAs, water quality testing or contamination source identification is likely to be conducted
region by region. It is highly unlikely to simultaneously consider all the pipes of the entire large network as the
contamination sources. Therefore, we demonstrate the proposed method using two case studies at a DMA scale
level.

For both case studies, we have analyzed a series of different combinations of sampling locations (i.e., the number
of hydrants that can be simultaneously sampled) at each cycle, with n ranging from 2 to 10. The number of poten-
tial contamination sources varies from one to three for these two WDSs. The size of the MC method is determined
to be 10,000 based on a preliminary analysis for both case studies, but a larger value may be required for larger
WDS:s. The proposed MGSM is coded in C++ computing language with the aid of EPANET?2.0 as the hydraulic
solver to identify pipe flow directions (He et al., 2018). For the DMA case study with 78 hydrants and 2 contami-
nation sources, the proposed method was tested using 2 and 10 potential sampling locations at each cycle required
an average of 102 and 54 s, respectively, on a PC with Intel i15-9400F CPU@2.90 GHz. For the MOD network
with 143 hydrants and 2 contamination sources, the proposed MGSM with 2 and 10 sampling locations at each
cycle needs an average of 212 and 92 s, respectively. This implies that the proposed method is very efficient to
identify the optimal sampling locations based on the test results. To enable the statistically rigorous analysis, for
the single contamination source, we considered all possible scenarios with one source assigned to each pipe of
the network. For two and three contamination sources, a total of 100 different randomly generated scenarios are
considered.
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Figure 5. (a) The DMA case study and (b) the MOD case study, where arrows indicate flow directions.

4. Results and Discussion

The proposed MGSM is demonstrated using the effectiveness (Section 4.1), the efficiency (Section 4.2), and the
cost (Section 4.3) as shown in Section 4. The effectiveness is measured by the length of finally identified pipes
relative to the total pipe length of the entire WDS, and the efficiency is measured by the total number of sampling
cycles to identify these pipes with contamination sources. The cost associated with the sampling process is meas-
ured by the total number of samples that need to be tested in the laboratory.

4.1. Effectiveness of the Proposed MGSM

Figure 6 illustrates the application procedures of the proposed MGSM in dealing with the DMA case study with
two contamination sources (1 and 2 in Figure 6a) and two sampling locations at each cycle. Two different MGSM
runs (MR1 and MR?2) are performed for this scenario, where the second run assumed that the contamination
source identified in the first run was eliminated. As shown in this figure, in the beginning, the entire DMA is
considered as the candidate sub-network (CS, Figure 6a) assuming that the water sample test at the outlet of this
DMA shows contamination. This is followed by the application of the MGSM, where six and four cycles were
carried out to localize contamination sources 1 and 2, respectively. The final identified pipe lengths associated
with contamination sources 1 and 2 are 741 and 762 m, which represent only 1.26% and 1.30% of the entire
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Figure 6. Source localization for the DMA case study with two contamination sources and two sampling locations at each
cycle, where arrows indicate flow directions.
DMA, respectively. This implies that the proposed MGSM is able to effectively narrow down the spatial range
of pipes that contain contamination sources, which can greatly facilitate the subsequent field investigations to
eliminate the cause of the problem.
Figure 7 illustrates the proposed MGSM applied to the WDS with possible pipe flow changes. As shown in this
figure, if the pipe flow directions do not change, the two sampling locations identified by the proposed MGSM
are 1 and 2 (Figure 7b) based on the candidate sub-network (CS) determined at ¢ = 3 (Figure 7a). However, if the
flow directions change after the sample tests at ¢ = 3, the CS for the next cycle needs to account for such variation.
For the given example, one pipe is added to the CS due to its flow changing. This addition affects the optimal
sampling locations selected by the MGSM (the location of 2 is changed as shown in Figure 7c). Based on this
example, the flow direction changes can be easily handled by the proposed MGSM. For the MOD case study, we
assume the change in the flow direction status occurs (Figure 7c) after ¢ = 3, followed by a change to the original
direction of flow after another two cycles.
JIET AL. 12 of 18

1]u0//:SdNL) SUORIPUOD PUe SULB | 38U} 88S *[2202/2T/2T] Uo ARigITauluo A8lim ‘e AiseAluN oy L Ad +8/2808ME2202/620T 0T/I0p/wod Ao |im Ariqijputuo'sqndnbe//sdny woy pepeojumoq ‘TT ‘2202 ‘€L6.7V6T

102" Ao IMA.

85UBD |17 SUOWILWLOD dAIeaID) 3ced! |dde 8y Aq peusenob afe sajoie YO ‘8sN JO Sa|nJ Joj Alelqi8uluo 481 UO (SUO1IpUoD-pue



~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Water Resources Research 10.1029/2022WR032784

= Pipes ® Nodes @ Hydrants

x Contamination source
Pipes where flow direction may change

. Candidate sub-network (CS)

(¢) c=4 (flow direction changes) 1

Figure 7. Source localization for the MOD case study with one contamination source and two sampling locations at each
cycle, where arrows indicate flow directions.

It is found that the proposed MGSM is able to identify the contamination sources for all scenarios considered in
both case studies, implying its great effectiveness to localize contamination sources. In this study, we define a
detection effectiveness (%) metric as follows,

L
Detection effectiveness = <1 - Lf > x 100% 6)

all

where L, is the pipe length of the finally identified sub-network with contamination source(s) and L , is the total
pipe length of the entire WDS being considered. A high detection effectiveness represents that the proposed
method can greatly reduce the efforts or budgets of the subsequent field investigations that are needed to
micro-locate and eliminate contamination sources.

Figure 8 presents the probability density of the detection effectiveness (%) for all contamination scenarios consid-
ered. The probability density is estimated as the ratio between the length of the finally identified pipes with
contamination and the total length of pipes in the WDS, across all contamination events. It is seen from this
figure that the majority of the detection effectiveness (%) is higher than 95% and 98% for the DMA and MOD
case studies, respectively. This indicates that the finally identified pipes with contamination source(s) represent a
very small portion of the entire network, which can greatly improve the efficiency of the subsequent engineering
effort to fix the contamination problem. The detection effectiveness (%) ranges between 80% and 90% for some
contamination scenarios for the DMA case study, as shown in Figure 8a. This is due to the sparse distribution of
hydrants for these events, and hence the length of the candidate sub-network identified by the proposed MGSM
is relatively large. The detection effectiveness (%) decreases when dealing with a larger number of contamination
sources that simultaneously exist in the WDS. It is noted that the detection effectiveness (%) values are the same
as those obtained using the average pipe length distance between hydrants divided by the total pipe length of the
network. This implies that the proposed method is able to identify the pipe with contamination source between
the two hydrants for each scenario considered.
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Figure 8. Detection effectiveness (%) of the proposed MGSM applied to the two case studies.
4.2. Detection Efficiency of the Proposed MGSM
The detection efficiency of the proposed MGSM can be evaluated using the number of total cycles required for
the entire procedure. The total time used in each cycle includes the time required to collect and test samples, as
well as the computation time needed to identify the sampling locations. As previously stated, both the computa-
tion and sample collection times are negligible compared to the laboratory tests. Figure 9 shows the total number
of cycles used to localize contamination sources of the two case studies as a function of the varying number of
samples per 100 km of pipe length at each cycle (ny), where ny = n/ Ly x 100. Such normalization is used to
enable the generalization of the results to other WDSs.
As shown in Figure 9, an obvious trend that can be observed is that the detection efficiency is improved when
n increases for all different contamination scenarios (nx ranges from about 1.5 to 5) for both case studies. A
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Figure 9. The number of cycles used to localize contamination sources versus the number of sampling points for every 100 km pipe length at each cycle (n) for the

proposed MGSM applied to the two case studies.
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Figure 10. Detection cost (i.e., the number of total samples) versus the number of sampling points for every 100 km pipe length at each cycle (n,) for the proposed

MGSM applied to the two case studies.

significant increase in efficiency occurs for n, >1.5, with improvements diminishing when n, >6. This is expected
as a high n, value indicates a larger number of available teams for collecting samples and a significant labora-
tory capacity for simultaneously testing multiple samples. The diminishing efficiency improvement for large ny
implies that an optimal sampling size exists for the WDS when the efficiency is considered. For the DMA and
MOD case studies, the optimal n, value can be between 7.0 and 8.5 as a further increase in n, value does not
significantly improve the MGSM's detection efficiency, as shown in Figure 9. However, the optimal n, value for
detection efficiency can be case study dependent as it can be related to the size of the WDS being considered. In
addition, a large n; value corresponds to a significant financial commitment, and hence the decision process can
be also affected by the budgets available.

Interestingly, for the same number of sampling locations at each 100 km pipe length ny , when ny is relatively low,
the total number of cycles can vary significantly. For example, for the DMA case study if n, = 1.7, the detection
efficiency can vary from 5 to 15 cycles for one contamination source, and range from 7 to 25 cycles when three
contamination sources are simultaneously considered. Similar observations can be made for the MOD case study.
This implies that the location of the contamination sources can appreciably affect the detection efficiency when
there is a low number of sampling teams available and/or a limited laboratory capacity for testing multiple
samples. When a sufficiently large n, is considered, the detection efficiency variations become small, as observed
in Figure 9. This implies that the choice of n, will also affect the uncertainty associated with method efficiency,
which should be also accounted for in engineering practice.

4.3. Detection Cost of the Proposed MGSM

In this study, the detection cost of the proposed MGSM is measured by the total number of samples that have been
tested to localize the contamination sources. Figure 10 shows the detection cost as a function of varying ny for
both case studies. Despite some variations, a large ny value is generally associated with a greater detection cost for
both case studies. In addition, the simultaneous presence of a larger number of contamination sources also causes
an overall increase in detection costs. This information combined with the efficiency results in Figure 9 can be
used as guidance for developing effective water quality sampling plans or budgets for a given WDS.
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5. Summary and Conclusions

Existing research on water quality management and contamination source localization in WDSs has focused
mainly on developing methods that assume the availability of accurate water quality models and multi-parameter
online sensors. However, that is not true for many water utilities. A promising way to address such problems is
through the iterative manual grab-sample strategies, thereby enabling effective contaminant localizing. To this
end, this study proposes a new method for water quality manual grab-sampling (termed as MGSM in this paper)
to enable the identification of contamination sources in WDSs.

The proposed MGSM is suitable for situations where online multi-parameter water quality sensors are sparsely
available or completely missing, which is the case with many utilities. This is mainly due to the high purchase
and maintenance cost associated with these sensors, as well as their inability (or inaccurate) to detect the
complex water quality parameters (e.g., metals, microorganisms, and personal care products; Jia, Zheng, Maier,
et al., 2021). In addition, a grab-sampling method is tailored for the cases when contamination is continuously
presented in the WDS and with slow or low impacts to the WDSs. That is the case with misconnections between
water supply pipes and sewer (or grey) pipes and contaminations caused by pipe leaks, corrosion, or hydraulic
turbulence. For events with serious consequences, the candidate sub-networks (CSs) with contamination sources
may need to be shut down or sampled manually as much as possible.

Based on the results obtained for two real-world cases, the following findings and conclusions can be drawn:

1. The newly proposed MGSM can successfully detect and locate continuous contamination source(s) for a wide
range of scenarios, including multiple contamination source(s) in complex WDSs with varying pipe flow
directions. This is a significant advantage over the traditional approach that works only with one contamina-
tion source and fixed flow directions, as described in Wong et al. (2010).

2. For the two case studies, the new MGSM identified contamination source(s) within 5% of the total pipe length
of the WDS. This indicates the high effectiveness of the proposed MGSM in narrowing narrow down the
spatial range of the sub-network with potential contamination sources. From the practical point of view, it also
improves the efficiency of maintenance efforts to eliminate the sources of contamination.

3. The detection efficiency (measured by the number of sampling and testing cycles) of the MGSM can be signif-
icantly improved when the number of sampling points per 100 km pipe length at each cycle (nx) increases
from about 1.5 to a moderate value (e.g., nx ~ 7). The increase in efficiency diminishes with further increases
in ni. This implies that there exists an optimal n; value for a given WDS, representing the balanced trade-
off between detection efficiency and costs associated with methodology. The detection cost grows with the
increase in the number of sampling points per 100 pipe length, n,. All these findings are important for the
implementation of the method as they can guide the process of selecting the optimal number of sampling
teams and required laboratory capacity.

In view of the practical application, the proposed MGSM can be used to regularly check water quality safety for
WDSs with a low density of sensors as this is routine work in many water utilities. For instance, in China, many
water utilities need to take water samples from hydrants or end users every month, with the number of samples
depending on the scale of the WDS and importance level of the city. These water samples are comprehensively
measured in the laboratory following the Water Quality Standard that has 106 parameters. Many water utilities
collect grab samples from large WDSs at fixed locations based on specialists' engineering expertise. For example,
a practitioner may collect grab samples from all established fixed locations (if say, 50 locations) and test for a
combination (or all) of the specified water quality parameters in the laboratory. Such a strategy is time-consuming
and expensive (labor and measurement costs). Therefore, the sampling strategy can be improved with the aid
of the proposed MGSM in order to save the cost. It can be concluded that the MGSM is an alternative to the
sensor-based detection methods.

The limitation of the proposed method is the potentially high cost and time required to identify the source(s)
as all grab samples need to be collected manually (with technicians moving between different locations during
multiple cycles) and processed in the laboratory. In addition, the pipes identified as the potential contamination
sources need to be visited in the field to micro-locate the contamination source(s) via manual inspection or detec-
tion robots (Huang et al., 2020). This too requires time and has a cost associated with it. This, however, applies
to most of the existing sensor-based methods as well. Another limitation is that the proposed MGSM can be
only applicable to contamination events with continuous injections to the WDS conditioned on known pipe flow
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directions. Furthermore, when dealing with scenarios with pipe flow changes, there is likely that it would affect
the utility of the proposed MGSM, which needs attention during practical implementation. While the application
of the developed MGSM can be simple as it only requires flow direction information (Zhang et al., 2021), it
should be also acknowledged the flow information can be challenging for some old undocumented areas due to
system uncertainties.

Future studies along this research line should include (a) the application of the proposed method to large real
WDSs; (b) the extension of the graph partitioning strategy within the proposed MGSM to account for both the
pipe length and pipe velocity; and (c) the extension of the proposed MGSM to deal with contamination events
with intermittent injections to the WDS.

Data Availability Statement

The data will eventually be deposited in the general repository Zenodo by the time the article is accepted, and the
data are now available as Supporting Information for review purpose.
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