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ABSTRACT13

The localization of sources of pressure transients is essential for proactively managing and14

reducing the adverse effects of these transients in water supply networks (WSNs). This paper15

addresses the issue of localizing transient sources in a WSN where there is uncertainty about the16

network connectivity. If closed valves or blockages in the pipes are not accounted for, it can17

result in inaccurate knowledge of the network connectivity, leading to incorrect estimations about18

the sources of pressure transients. The problem is challenging due to the added uncertainties in19

estimating the velocity of pressure waves and determining their arrival times at pressure monitoring20

sites. In order to systematically investigate this problem, the paper presents a novel theoretical21

framework for localizing the source of pressure transients in WSNs with uncertain connectivity.22

The problem is formulated as a mixed-integer quadratic program, which consists of minimizing23
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the difference between analytical and measured pressure wave arrival times for multiple pairs of24

time-synchronized sensors. Unlike previous approaches, the k-shortest path (with respect to time)25

routing problem is incorporated into the problem formulation to account for multiple potential26

wave propagation paths. The optimization problem is then solved using an off-the-shelf solver,27

and a methodology is developed to ensure the reliability of the optimization approach. We apply28

the proposed methodology to numerically simulated pressure transient data for a benchmark WSN29

and compare it against a previously published method. The results show a notable improvement30

in accurately localizing the source of a transient in the presence of unknown closed valves or pipe31

blockages. Provided pressure wave speeds are predetermined, the proposed methodology is able32

to simultaneously localize the source of a pressure transient and validate the assumed hydraulic33

connectivity of a WSN. In this way, any irregularities or uncertainties in network connectivity can34

also be periodically detected and validated.35

INTRODUCTION36

The occurrence of pressure transients has been shown to be detrimental for the structural life37

of water distribution pipes (Rezaei et al. 2015). Pressure transients in pipes, also described as38

hydraulic transients and water-hammer events, occur due to rapid changes in flow velocities within39

a water supply network (WSN). These rapid velocity changes cause water pressure waves that40

travel throughout the network with multiple reflections until they attenuate. If the magnitude of41

these pressure waves is considerable, they can produce excess stresses in the pipes leading to42

pipe breaks. Additionally, low magnitude pressure waves can also lead to fatigue failures due to43

repeated cyclic loading (Starczewska et al. 2015; Marsili et al. 2021; Jara-Arriagada and Stoianov44

2022). Furthermore, pressure transients can be a threat to public health through pathogen intrusion45

if a transient causes sub-atmospheric pressures (McInnis 2004; Besner et al. 2011), and water46

discolouration through mobilization of sediments and biofilms (Aisopou et al. 2010). Given these47

adverse outcomes, there is a pressing need for operators to continuously monitor, and autonomously48

detect and localize the sources of pressure transients, be they recurrent or extreme incidents. This49

enables the implementation of control adjustments to curtail their frequency and detrimental effects.50

2 Jara-Arriagada, January 18, 2024



A prevalent method found in existing literature for localizing the sources of pressure transients51

relies on analyzing the differences in the arrival times of the first wave to pairs of time-synchronized52

sensors, before any reflections occur (Silva et al. 1996; Stoianov et al. 2007; Srirangarajan and Pesch53

2013; Guibert et al. 2023). When a transient event occurs, the resulting pressure wave propagates54

through the pipes and arrives at time-synchronized pressure monitoring devices at different times,55

which depend on the distance from the source of the transient and wave velocity (pipe properties).56

By analyzing the time delays between the arrival of the first pressure wave at each monitoring device,57

it is possible to triangulate the location of the most probable source of the pressure transient event.58

Silva et al. (1996) investigated this approach on an experimental setup consisting of a single pipe59

connected to four pressure transducers, and a valve to generate fast pressure transients. The authors60

successfully detected the source of a transient by analysing the time differences of the first pressure61

wave arrival times to the different pairs of time synchronized pressure transducers. Misiunas et al.62

(2005b) applied this idea and investigated the use of a single pressure monitoring device to detect63

the source of a transient by considering also the time of wave reflection in an individual pipeline64

under controlled laboratory conditions. Even though the method looks promising for a single65

pipeline, the complexity of analyzing wave reflections in complex networks can undermine its66

efficacy, rendering this approach unsuitable for operational networks.67

The approaches discussed above primarily focused on analysing sources of transients in indi-68

vidual pipelines. Srirangarajan et al. (2010) expanded this concept to a network by using a scoring69

algorithm. As in previous studies, the arrival times of the first pressure wave at different time-70

synchronized monitoring locations in a WSN are recorded. Then, given knowledge of the pressure71

wave speeds derived from the pipe materials and pipe lengths, the wave fastest paths from every72

node in the network to the sensor locations are calculated using graph theory. With this informa-73

tion, the analytical time differences for the first pressure wave reaching different sensors from every74

potential source node are calculated. These differences are then compared to the actual measured75

differences in arrival times. (Srirangarajan et al. 2010; Srirangarajan and Pesch 2013). The source76

of the transient is determined by the node that scores the closest alignment between differences in77
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the measured and analytical arrival times of the pressure wave to the sensors (Srirangarajan et al.78

2010; Srirangarajan and Pesch 2013). For this procedure to work, at least two sensors are required79

to determine the time differences of arrival times between sensors. This concept was experimen-80

tally validated in a laboratory setup by Hampson (2014) and also applied by Kang et al. (2018)81

to localize bursts that cause sudden pressure drops. Recently, Zecchin et al. (2022) investigated82

the optimal sensor placement in order to optimize the detection and localization capabilities of the83

timing-based pressure transient source localization method.84

Previously explored algorithms for localizing the source of a pressure transient, which use85

timing-based scoring, generally operate under the presumption that the water network’s connectivity86

is known and accurate. However, hydraulic models of operational networks include uncertainties in87

the status of valves and network connectivity. When applying a timing-based algorithm to assess the88

paths of pressure wave propagation in networks with uncertain connectivity, mismatches between89

the actual network and the hydraulic model can occur. These discrepancies can lead to the failure90

of the algorithm.91

To enhance the robustness of a timing-based algorithm for pressure transient source localiza-92

tion in operational networks with uncertain connectivity, we propose a mixed-integer quadratic93

formulation of the problem that identifies the optimal source of a transient wave while taking into94

account the k-shortest (fastest) paths between the source and each pressure sensor. The resulting95

large combinatorial problem is solved to select the most likely source of a pressure transient. The96

presented formulation of the pressure transient source localization problem not only provides a97

solution for identifying the most likely source of a transient, but it also offers additional benefits98

for validating network connectivity and detecting unreported blockages.99

The performance of the proposed problem formulation was assessed through a comprehensive100

set of simulated scenarios involving pressure transient events. The results demonstrate the improved101

robustness and the importance of considering multiple k-fastest paths for pressure wave propagation102

in cases with uncertain network connectivity. The remainder of this paper describes the problem103

formulation, followed by the solution method, and the experimental setup to solve the formulated104
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problem. Subsequently, we detail the case studies and their outcomes to illustrate our methodology.105

We conclude with insights derived from this research and suggestions for the experimental validation106

of the suggested method in operational networks.107

METHODOLOGY108

In this section, we detail the methodology developed to address the challenge of localizing the109

source of pressure transients in networks with uncertain connectivity. Initially, we introduce the110

evolution of the problem’s formulation, transitioning from a timing-based scoring algorithm to111

an optimization problem. Following that, we present the strategy used to solve the optimization112

problem, along with the accompanying methods.113

Problem Formulation114

This section describes the proposed formulation of the localization of the source of pressure115

transients in water supply networks with uncertain connectivity as an optimization problem. First,116

we present the timing-based scoring algorithm as previously documented in the literature. We then117

present our reformulation of the scoring algorithm as an optimization problem. Next, we extend the118

optimization problem to consider multiple propagation paths for the first pressure wave from the119

the source to different sensors locations. The solution to this optimization problem encompasses120

both the source of the pressure transients and the propagation paths taken by the first wave to reach121

installed pressure sensors. Specifically, the solution identifies the best match between the time122

differentials of estimated wave arrival times along chosen routes to the sensor positions and the123

actual wave arrival times recorded at the sensors. Using this approach, uncertainties in network124

connectivity are addressed. Finally, we apply a weight function to improve the performance of the125

localization algorithm.126

Timing-based scoring method for pressure transient source localization127

The scoring approach for timing-based pressure transient source localization relies on the128

definition of a score 𝑆 for every potential transient source 𝑠 within the set of nodes 𝑁 in a WSN as129

(Srirangarajan et al. 2010; Zecchin et al. 2022):130
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𝑆𝑠 =
∑︁
𝑖, 𝑗∈𝑀

��(𝑡𝑖 − 𝑡 𝑗 ) − (𝑇𝑖𝑠 − 𝑇𝑗 𝑠)
�� ,∀𝑠 ∈ 𝑁 (1)131

where 𝑀 is the set of sensors nodes that detected the transient the event, 𝑡𝑖 is the measured time132

when the first wave of the transient event is detected by the sensor 𝑖, and 𝑇𝑖𝑠 is the analytical time133

taken by the pressure wave to travel between node 𝑖 and the potential source. Namely, the distance134

is divided by the wave speed (celerity). The above scoring function (Equation (1) reads as follows:135

for all pairs of sensors 𝑖 and 𝑗 that belong to the set of sensors 𝑀 , the score of a node 𝑠 will be the136

difference between the measured pressure wave arrival time to the sensor 𝑖 and a sensor 𝑗 minus137

the difference of the analytical time of arrivals from a source 𝑠 to the sensors 𝑖 and 𝑗 (Srirangarajan138

et al. 2010; Srirangarajan and Pesch 2013). The node 𝑠 which provides the minimum score is then139

selected as the pressure transient source (Srirangarajan et al. 2010; Srirangarajan and Pesch 2013).140

The analytical time of propagation of a transient wave from a source 𝑠 to a sensor 𝑖, can be estimated141

as follows:142

𝑇𝑖𝑠 =
𝑑𝑖𝑠

𝑢𝑖𝑠
(2)143

where 𝑑𝑖𝑠 is the distance between the source 𝑠 and the node 𝑖 and 𝑢𝑖𝑠 is the average wave144

speed between the source 𝑠 and node 𝑖. For the sake of simplicity in this study, we make the145

assumption that all pipes have a known and equal wave speed. It should be noted that when146

applying the discussed method to operational networks, one must account for uncertainties in wave147

speed and ensure precise determination of the initial pressure wave’s arrival times at the sensors.148

The challenges and constraints of the numerical experiments presented here are further elaborated149

upon in the Conclusion section.150

In order to calculate the analytical times of wave arrivals, graph theory is used to find the fastest151

path between the potential source 𝑠 and all the sensors. The Dĳkstra’s algorithm (Dĳkstra 1959)152

is commonly applied for finding the shortest path between two points in a network. In order to153

determine the fastest paths, the length of the pipes are divided by the wave speed corresponding to154
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the pipe material, and the Dĳkstra’s algorithm is run, using these weighted pipe lengths, to select155

the paths with shortest travel time.156

Reformulation of the Timing-Based Pressure Transient Source Localization in Networks as an157

Optimization Problem158

The timing based scoring approach can be reformulated as a mixed-integer quadratic program,159

where the objective is to minimize, over all potential sources 𝑠, the error between the difference160

of measured times of pressure wave arrivals at 𝑖, 𝑗 against the difference of analytical wave arrival161

times between the source 𝑠 and sensors 𝑖, 𝑗 . In the next section, we show that the optimization162

problem can be efficiently expanded to represent more complicated connectivity scenarios (e.g.163

pipe blockages).164

The formulation of the scoring approach as an optimization problem is as follows:165

minimize
𝑧

∑︁
𝑖, 𝑗∈𝑀

[∑︁
𝑠∈𝑁

(
𝑇𝑖𝑠 − 𝑇𝑗 𝑠

)
𝑧𝑠 − (𝑡𝑖 − 𝑡 𝑗 )

]2

(3a)

subject to
∑︁
𝑠∈𝑁

𝑧𝑠 = 1, (3b)∑︁
𝑠∈𝑁

(
𝑇𝑖𝑠 − 𝑇𝑗 𝑠

)
𝑧𝑠 ≥ 0,∀𝑖, 𝑗 ∈ 𝑀 s.t. 𝑡𝑖 ≥ 𝑡 𝑗 , (3c)

𝑧𝑠 ∈ {0, 1},∀𝑠 ∈ 𝑁 (3d)

where 𝑧𝑠 is a binary decision variable, which takes the value of 1 if the source is in node 𝑠 or 0166

otherwise, 𝑀 is the set of sensors that detected the transient event, and 𝑁 is the set of potential167

source locations (network nodes). 𝑇 is a multidimensional array of size 𝑛(𝑀) by 𝑛(𝑁) (where168

𝑛(𝑀) represents the cardinality of set 𝑀) that stores the analytical shortest travel time between a169

source 𝑠 and every sensor as defined in Eq. (2) and 𝑡 is an array that stores the measured time of170

detection of the pressure wave by every sensor.171

Problem (3) has a convex quadratic objective function, linear constraints and integer decision172

variables. This formulation results in a mixed-integer quadratic program which can be solved to173

global optimality with off-the-shelf mixed-integer programming solvers. Constraints (3b) and (3c)174
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indicate, respectively, that there should be only one source among all nodes in the network and175

that the solution must satisfy the order of the measured times of arrival of the pressure wave at176

the different sensors (i.e., the order of analytical arrival times from the source to the sensors must177

match the order of measured arrival times). In other words, if a sensor 𝑗 is reached before another178

sensor 𝑖 according to the measured arrival times 𝑡 𝑗 and 𝑡𝑖 (i.e., 𝑡𝑖 ≥ 𝑡 𝑗 ), the analytical travel time179

between 𝑗 and the selected source 𝑠 (i.e., 𝑧𝑠 = 1) is required to be smaller than the analytical travel180

time between 𝑠 and 𝑖 (i.e., 𝑇𝑖𝑠 ≥ 𝑇𝑗 𝑠 or, equivalently, 𝑇𝑖𝑠 − 𝑇𝑗 𝑠 ≥ 0).181

Given the integer problem formulation and constraint (3b), the solution of (3) will identify182

a unique source node. Nevertheless, it is possible to relax the problem by removing the binary183

constraint (3d), and setting 0 ≤ 𝑧 ≤ 1 to obtain a score for every node, similarly to the original184

formulation (Eq. (1)). In addition, we can add the 𝑙2-norm of 𝑧 multiplied by a regularization185

parameter 𝜆 to the objective function to encourage sparsity in the solution vector. The 𝑙2-norm186

encourages every term in the solution vector to be small, while the regularization parameter adjusts187

the extent of this reduction. This relaxed formulation with regularization is presented below.188

minimize
𝑧

∑︁
𝑖, 𝑗∈𝑀

[∑︁
𝑠∈𝑁

(
𝑇𝑖𝑠 − 𝑇𝑗 𝑠

)
𝑧𝑠 − (𝑡𝑖 − 𝑡 𝑗 )

]2

+ 𝜆
∑︁
𝑠∈𝑁

𝑧2
𝑠 (4a)

subject to
∑︁
𝑠∈𝑁

𝑧𝑠 = 1, (4b)∑︁
𝑠∈𝑁

(
𝑇𝑖𝑠 − 𝑇𝑗 𝑠

)
𝑧𝑠 ≥ 0,∀𝑖, 𝑗 ∈ 𝑀 s.t. 𝑡𝑖 > 𝑡 𝑗 , (4c)

𝑧𝑠 ∈ [0, 1],∀𝑠 ∈ 𝑁 (4d)

We introduce the problem’s relaxation and the inclusion of a regularization parameter to189

demonstrate that results similar to the scoring algorithm can be achieved by reformulating the190

problem as an optimization problem. Nevertheless, in subsequent iterations of the optimization191

problem, both the relaxation of integer variables and regularization are excluded due to the intricacy192

involved in deriving significant solutions. This complexity might arise from the possibility that193

several nodes, not necessarily near the source, might influence the solution. Further exploration of194
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this solution approach is needed using experimental data from operational networks.195

Extension of the Optimization Problem to Account for Networks with Uncertain Connectivity196

In both Problem (3) and Problem (4), the problem formulation assumes that the fastest paths197

between the source and the pressure sensors are known. However in networks with uncertainty198

in connectivity, there is a potential for mistakenly identifying the fastest paths. When hydraulic199

models do not include the most recent data on closed valves or alterations in pipe connectivity, the200

outcomes derived from the initial framework for transient source localization might be inaccurate.201

To address the issue of uncertain connectivity, the problem formulation can be augmented to202

account for various possible routes between the source and each pressure sensor. In particular,203

we consider the k-shortest (fastest) paths (Yen 1971) between the source and the pressure sensors,204

where k is a user-defined parameter. However, integrating k-fastest paths into the algorithm results205

in a large combinatorial challenge, leading to significant computational demands. While exhaustive206

enumeration can address the combinatorial issue for smaller networks, the size of the search space207

in medium to large networks grows exponentially with the number of variables. This renders208

the exhaustive method infeasible, prompting a shift towards an optimization problem formulation,209

which explicitly includes the appropriate constraints. The optimization problem is formulated as210

follows:211

minimize
𝑧

∑︁
𝑖, 𝑗∈𝑀


∑︁
𝑠∈𝑁

∑︁
𝑝∈𝑃𝑖𝑠

𝑇𝑖𝑠𝑝𝑧𝑖𝑠𝑝 −
∑︁
𝑠∈𝑁

∑︁
𝑝∈𝑃 𝑗𝑠

𝑇𝑗 𝑠𝑝𝑧 𝑗 𝑠𝑝 − (𝑡𝑖 − 𝑡 𝑗 )


2

(5a)

subject to
∑︁
𝑠∈𝑁

∑︁
𝑝∈𝑃𝑖𝑠

𝑧𝑖𝑠𝑝 = 1,∀𝑖 ∈ 𝑀, (5b)∑︁
𝑝∈𝑃𝑖𝑠

𝑧𝑖𝑠𝑝 =
∑︁
𝑝∈𝑃 𝑗𝑠

𝑧 𝑗 𝑠𝑝,∀𝑖, 𝑗 ∈ 𝑀, 𝑠 ∈ 𝑁, (5c)∑︁
𝑠∈𝑁

∑︁
𝑝∈𝑃𝑖𝑠

𝑇𝑖𝑠𝑝𝑧𝑖𝑠𝑝 −
∑︁
𝑠∈𝑁

∑︁
𝑝∈𝑃 𝑗𝑠

𝑇𝑗 𝑠𝑝𝑧 𝑗 𝑠𝑝 ≥ 0,∀𝑖, 𝑗 ∈ 𝑀 s.t. 𝑡𝑖 > 𝑡 𝑗 , (5d)

𝑧𝑖𝑠𝑝 ∈ {0, 1},∀𝑖 ∈ 𝑀, 𝑠 ∈ 𝑁, 𝑝 ∈ 𝑃𝑖𝑠, (5e)
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where 𝑧𝑖𝑠𝑝 is a binary decision variable, which takes the value of 1 if there exists a source at node212

𝑠 and the wave propagated through the path 𝑝 from 𝑠 to the sensor 𝑖, 𝑀 is the set of sensors that213

detected the transient event, 𝑃𝑖𝑠 is the set of k-fastest paths between nodes 𝑖 and 𝑠, and 𝑁 is the set of214

potential locations for the transient source (network nodes). Here, 𝑇 is a 𝑛(𝑀)-by-𝑛(𝑁)-by-𝑘 array215

that stores the analytical travel times of wave propagation along the k-fastest paths between potential216

sources 𝑠 and the sensors. Then, 𝑇𝑖𝑠𝑝 represents the wave propagation time to a sensor 𝑖 from a217

source 𝑠 in the path 𝑝. The array 𝑡 of measured arrival times is defined as in (3). Constraints (5b)218

and (5c) ensure that only one node in the network is selected as the source of the pressure transient,219

and that, from all 𝑘 potential paths that can be taken for the wave to reach the sensors, only one is220

selected for every sensor.221

Alternatively stated, with Constraint (5b) we enforce that for all sensors 𝑖, the sum of 𝑧 over all the222

potential sources 𝑠 and paths 𝑝 is equal to 1. Therefore, a single source 𝑠 will be selected for every223

sensor. To ensure that the source 𝑠 remains the same for all sensors, we include Constraint (5c).224

This constraint enforces that the sum of 𝑧 over all potential paths from a source 𝑠 to a sensor 𝑖 has225

to be the same as the sum of 𝑧 over all potential paths from the same source 𝑠 to every other sensor226

𝑗 . Then, if the source node is found in 𝑠, the sum of 𝑧𝑖𝑠𝑝 over all paths 𝑝 between 𝑠 and 𝑖 will be 1227

and, because of (5c), the sum of 𝑧 𝑗 𝑠𝑝 over all paths between 𝑠 and 𝑗 must also be 1 for every other228

node 𝑗 . Similarly, if the source is not in 𝑠, the sum of 𝑧𝑖𝑠𝑝 will be 0, and this will also be the case229

for the sum of 𝑧 𝑗 𝑠𝑝 over all paths 𝑝 between 𝑠 and 𝑗 , for all 𝑗 ∈ 𝑀 . Therefore, the same source 𝑠230

will be selected for all sensors. The sum over all paths in both Constraints (5b) and (5c) also ensure231

that a single propagation path is chosen from the available paths between potential sources 𝑠 and232

sensors 𝑖.233

The problem formulation described here might face challenges in identifying the precise fastest234

path if there are inaccuracies in the arrival time of the initial pressure wave or in the model simulating235

the pressure transient propagation. There are two primary sources of uncertainty in addition to236

the uncertainty in network connectivity. The first concerns the determination of the pipe wave237

speeds, which for the purpose of this paper, are presumed known. The second uncertainty arises238
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from pinpointing the pressure wave’s arrival times. The sharpness of the pressure change when239

a pressure wave reaches a sensor has an impact on determining its exact arrival time. A distinct240

sharp change in pressure allows for straightforward detection of the wave’s arrival time. On the241

other hand, if the pressure wave and transition are dissipated and gradual because of peak demand242

or other factors, or if the pressure readings are affected by inherent device noise or minor transients243

reflections within the system, the recorded wave arrival time may exceed the analytical estimation244

(see Appendices II and III). These longer measured wave propagation times can cause the solution245

of the optimization problem to choose a path that is slightly longer than the actual propagation path246

taken by the pressure wave in order to compensate the time measuring error. In order to address this247

problem, a weight function is incorporated into the objective function to discourage the selection248

of longer k-fastest paths. This weight function increases the analytical time of wave propagation,249

so that the error in measured time is not compensated by higher order paths in the solution of the250

optimization problem. The weight of a path 𝑝 is given by:251

𝑤𝑝 = 1 + 𝛼
√︁
𝑙𝑝 (6)252

where, for a set of paths 𝑃, we define the index set 𝐿 (𝑃) = {0, ..., |𝑃 | − 1} such that 𝑙𝑝 ∈ 𝐿 (𝑃)253

is the position of path 𝑝 ∈ 𝑃 when the set of paths 𝑃 is sorted in order of increasing pressure254

wave propagation times. The value of 𝛼 scales the increase in time that the weight adds for a255

specific k-fastest path and needs to be tuned for every network. The weight 𝑤𝑝 becomes larger for256

higher order paths and, by design, increases with the shape of the square root function. Further257

explanations for the purpose and meaning of the weight function are presented in the Appendix258

II. The proposed weight is applied to the analytical times of arrivals in the objective function as259

follows:260

minimize
𝑧

∑︁
𝑖, 𝑗∈𝑀


∑︁
𝑠∈𝑁

∑︁
𝑝∈𝑃𝑖𝑠

𝑇𝑖𝑠𝑝𝑧𝑖𝑠𝑝𝑤𝑝 −
∑︁
𝑠∈𝑁

∑︁
𝑝∈𝑃 𝑗𝑠

𝑇𝑗 𝑠𝑝𝑧 𝑗 𝑠𝑝𝑤𝑝 − (𝑡𝑖 − 𝑡 𝑗 )


2

(7a)

subject to same constraints as Problem (5) (7b)
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The optimization problem described in Problem (7) provides a solution for identifying the possible261

source of transient waves using the differences in arrival times of pressure waves at sensors.262

Additionally, this formulation also determines the path taken by each pressure wave. By including263

a weight in the objective function, the solution accounts for possible uncertainties in measured and264

estimated arrival times. This optimization problem is a mixed-integer quadratic problem with linear265

constraints, which can be solved to global optimality using off-the-shelf mixed-integer quadratic266

programming solvers.267

Solution Method268

In this section, we provide an overview of the procedures that were used for the implementation,269

solution, and reproducibility of the developed problems described in the problem formulation270

section. This solution method is also illustrated in Fig. 1. In particular, the rest of this section271

focuses on the procedure to solve Problem (7), which is analogous for the solution of Problem (4)272

and Problem (5).273

Initially, network data, sensor locations, pressure time series, and the predefined number of274

k-fastest paths are inputted. Following this, the wave arrival onset at each sensor is identified using275

the pressure time series data. Sensors are then sequentially ranked based on their proximity to276

the source, deduced from the derived pressure wave arrival times. Essentially, the first sensor to277

record the pressure wave’s arrival must be the closest to the source in travel time and is, therefore,278

positioned at the top rank. This ranking continues in a similar manner for the remaining sensors.279

The sequence in which sensors are ranked is depicted in the stored arrival times array, denoted as280

𝑡. Within this array, the quickest arrival time, 𝑡0, corresponds to the top-ranked sensor, and the281

sequence proceeds likewise for subsequent sensors.282

We then calculate the k-paths of shortest travel time (k-fastest paths) to the sensors for every283

node in the network. This is done by weighting/dividing the length of the pipes by their wave speed,284

and then applying the k-shortest paths algorithm for every node to the sensors. The results of this285

procedure are stored in a 3D multidimensional array 𝑇 in which 𝑇𝑖𝑠𝑝 represents the time taken by286

the pressure wave to reach sensor 𝑖 from the source 𝑠 in the path 𝑝. We also set the constant 𝛼287
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used in the weight function, which is defined by trial and error. Using this data, the problem is288

formulated and solved to global optimality using an off-the-shelf optimization solver.289

The outcome of the optimization problem identifies the source that best reduces the discrepancy290

between the observed pressure wave arrival times at sensors and the theoretical arrival times stored291

in the multidimensional array 𝑇 . This solution is stored in an array called 𝑧 of the same shape as292

𝑇 . The value of 𝑧𝑖𝑠𝑝 is 1 if the source is in 𝑠 and the shortest travel time from 𝑠 to 𝑖 is in path 𝑝,293

and 0 otherwise. Based on these results, the location of the node in the network that represents the294

source of the transient event, as well as the paths the wave traveled from the source to each sensor,295

can be identified.296

If the path order in which a wave travels to any sensor (whether it is the first, second, and so on,297

fastest path) matches 𝑘 (the initial maximum number of fastest paths provided to the algorithm) it298

is inferred that the solution might require considering additional paths to be accurate. To address299

this, the number of k-fastest paths is increased by a user-defined amount 𝑛, and the procedure is300

repeated. The algorithm determines the multidimensional array of (k+n)-fastest paths and solves301

the corresponding optimization problem. Should the path order for every sensor be less than or302

equivalent to 𝑘 + 𝑛, and if there is no variation in the solution across iterations, it is assumed that303

the algorithm has successfully identified the source of the pressure transients and derived the paths304

the waves would have traveled from the source to the sensors.305

NUMERICAL EXPERIMENTS306

This section describes the experimental framework employed to implement and validate the307

proposed problem formulation and solution method. We provide reference to the software packages308

used, criteria for detecting the onset of pressure transients, and metrics for error measurement.309

Furthermore, we provide details to ensure the reproducibility of the case studies presented for the310

validation of the proposed methodology and the obtained results.311
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Experimental Setup312

Pressure Transient Simulation313

The study has employed simulated data to evaluate the effectiveness of the proposed pressure314

transient source localization formulation. This approach facilitates controlled testing of the formu-315

lation’s performance and an assessment of its error. Pressure transient data were simulated using316

the TSNet v.0.2.2 software package (Xing and Sela 2020). This Python-based software implements317

the method of characteristics to simulate the propagation of pressure transients from a given source.318

The source of pressure transients can be simulated as pump operations, bursts, large user demands,319

or valve operations. For the case of pipe bursts, these are simulated at network nodes. The TSNet320

software was used to generate time series of pressure transients for every node. However, only a321

subset of nodes 𝑀 (representing sensors) was utilized to compute pressure transient arrival times 𝑡.322

Pressure Transient Onset Detection323

Detecting the onset of pressure transients involves pinpointing the exact moment a pressure324

wave first reaches a pressure sensor. Several techniques are designed for this task, and their325

applicability often depends on the degree of noise (like minor transients echoing within the system)326

accompanying the wave, as evidenced by references such as (Srirangarajan et al. 2010; Misiunas327

et al. 2005a; Misiunas et al. 2005b).328

In this study, the pressure transient data were obtained from a simulation software, with no noise329

introduced to the pressure time series data. Consequently, the start of a transient wave at a sensor330

was marked when the gradient of the pressure signal in the time series crossed a predetermined331

threshold of -0.0045, a value derived through empirical observations. In an operational network,332

we intend to employ techniques as described by Hoskins (2015), based on probabilistic estimates of333

the occurrence of a transient event. However, a detailed exploration of these techniques lies outside334

the scope of this manuscript and will be addressed in the experimental validation of the proposed335

method for transients source localization.336
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Determination of k-fastest Paths337

The determination of the k-fastest paths in the network from a source 𝑠 to all nodes 𝑖 in the338

network was performed using the function ’shortest_simple_paths’ from the package NetworkX339

v.2.6.3 in Python v.3.7.13. This function uses the procedure to find k-shortest paths presented340

in Yen (1971) and the Dĳkstra algorithm (Dĳkstra 1959). In order to get the k-fastest paths, the341

lengths of the pipes are divided by their wave speed to obtain the travel time. Then, the algorithm342

for k-shortest paths is run to determine the k paths of shortest travel time between every pair of343

potential source 𝑠 ∈ 𝑁 and sensor 𝑖 ∈ 𝑀 , and the output is stored in 𝑇 .344

Solution of the Optimization Problem345

The formulated optimization problems (Problem (4), Problem (5) and Problem (7)) were solved346

in Python v.3.7.13 using the CVXPY v.1.2.1 package (Diamond and Boyd 2016; Agrawal et al.347

2018) and the commercial solver GUROBI v.9.5.2. (Gurobi Optimization LLC 2023).348

Measurement of Errors in Results349

The errors for every path selected by the transient source localization method have been calcu-350

lated as the sum of the square error of the difference between the measured times of arrival between351

sensor 𝑗 and all other sensors 𝑖 and the analytical difference between sensor 𝑗 and all other sensors352

𝑖:353

∑︁
𝑖, 𝑗∈𝑀

[
(𝑇∗

𝑖 − 𝑇∗
𝑗 ) − (𝑡𝑖 − 𝑡 𝑗 )

]2
(8)354

Where, 𝑇∗
𝑖

is the analytical pressure wave propagation time from the found source 𝑠 to the sensor355

𝑖 ∈ 𝑀 , and 𝑡𝑖 is the measured time of arrival of the pressure wave to sensor 𝑖 ∈ 𝑀 .356

Case Studies357

Multiple pressure transients originating from different sources and various network configura-358

tions were simulated to obtain test data for assessing the efficacy of the developed source localization359

method. We devised three primary scenarios to showcase the methodology, complemented by eight360

more scenarios for extended validation. All scenarios tested in this paper are based on the network361
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presented in Fig. 2, which also shows details of the three main scenarios. This network is a modi-362

fied version of the Net3 network provided as an example for the software EPANET. Details of this363

network can be found in the supplementary material.364

To showcase the foundational idea and validate the proposed problem formulation and algorithm,365

all simulated pipes in the network were assigned uniform material properties in this study. As a366

result, the wave speed remained consistent across the entire network. Furthermore, in all scenarios,367

the same arrangement of hypothetical sensor nodes 𝑀 was applied unless indicated differently. The368

quantity and placement of these hypothetical sensors within the network were chosen to strike a369

balance between comprehensive spatial coverage and maximizing distinct transient paths. These370

sensor nodes, represented with black markers in every figure, are the nodes from which pressure371

measurements were obtained to determine 𝑡, the times of arrivals of pressure waves at the assumed372

measurement locations. The description of the tested scenarios is presented below.373

Description of Scenario 1374

In this scenario, a pipe burst is simulated in node 159 (see Fig. 2) which generates the transient375

pressures at the sensors nodes presented in Fig. 3a. The burst is defined in TSNet with a start time376

at 1 s, a time for the burst to fully develop of 1 s, and a final burst coefficient of 0.01 (𝑚3/𝑠)/
√
𝑚. In377

this scenario, the network model used in the formulation of the transient localization problems (4),378

(5) and (7) is the same as the network model used for the transient simulations, i.e., there is no pipe379

blockages in the network.380

This scenario was designed to investigate the effectiveness of the problem formulations (Prob-381

lem (4), Problem (5) and Problem (7)). Problem (4) presents the case of reformulating the scoring382

algorithm into an optimization problem that uses the fastest path in a network to find the source383

of a transient. Problem (5) extends this formulation to consider k-fastest paths, in order to assess384

cases where the network model does not agree with the actual model present in reality. Problem (7)385

was developed in order to improve the selection of wave propagation path by the incorporation of386

weight function into the problem formulation. The focus of this scenario is to show the need for this387

weight function. We also present in this scenario and all other scenarios, results from the scoring388
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method from Equation (1) for comparison.389

Description of Scenario 2390

The second scenario aims to investigate the performance of Problem (7) in the presence of391

connectivity uncertainty (e.g. a closed valve). A pressure transient caused by a pump shut-off392

operation is simulated using a modified network model in which one pipe is removed to represent393

a pipe blockage (see Fig. 2). The pump shut-off operation is simulated in TSNet at the PUMP1 in394

the network model (next to node 61 in Fig. 2). The parameters used in the pump shut-off were:395

a pump closure start time of 1s, a pump closure period of 1s, an end open percentage of 0, and a396

closure constant of 1. The resulting pressure transients measured at the sensor nodes are presented397

in Fig. 3b. The full network (with all pipes, including the removed pipe) is used to formulate the398

optimization problem (7) in order to test its applicability to accurately identify the source and paths399

of the pressure wave to the sensors.400

Description of Scenario 3401

The third scenario considers the same pipe blockage and the same purpose as scenario 2 for402

testing Problem (7). However, in this case, the transient source is a large customer demand in403

node 159 (See Fig. 2). This combination of the transient source and the pipe blockage causes the404

transient pressure waves to travel along very high order fastest paths, in contrast to scenario 2. That405

is, the blockage in scenario 2 causes the transient waves to travel up to a 3rd fastest path for some406

sensors (see the results section). In scenario 3, however, the pipe blockage is in such a position407

that the pressure waves are forced to ’go around’ the network in order to reach to the sensors in the408

upper part of the network as presented in the results.409

The main reason to showcase scenarios 2 and 3 is to present that, in some cases, as in scenario410

2, an unknown pipe blockage might have little impact on the performance of a transient source411

localization algorithm (see benchmark comparison in the results section). However, in scenarios412

such as 3, the impact is large and, therefore, the need for the formulation of Problem (7) to assess413

networks with uncertain connectivity. In addition, scenario 3 also offers the possibility to clearly414

identify the portion of a path where a potential blocked pipe exists.415
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The large customer demand is simulated with the following parameters in TSNet: a total demand416

period of 20s, a demand pulse start time of 1s, a demand pulse transient time of 0.2s and a demand417

peak amplitude of 5 (dimensionless). As with the other two scenarios, this scenario is benchmarked418

against the transient source scoring algorithm presented in Eq. (1).419

Additional Testing Scenarios420

In addition to the previous three scenarios, 8 more scenarios were evaluated to show the421

applicability and robustness of the problem formulation to other situations. These scenarios are422

described in Table 1. Due to space constraints, the related figures for scenarios 4 to 9 are provided in423

the supplemental material (Figs. S1-S6), excluding scenarios 10 and 11 which are presented in the424

Appendix I. The performance of the proposed transient source localization method in the additional425

scenarios was assessed by the number of nodes away from the true source. Utilizing other metrics,426

such as distance from the true source, was deemed unsuitable for this paper. This is because the427

presented transient source localization formulation works on the initial network provided without428

further discretization of the network branches. This means that the set of potential solutions only429

rely on the available nodes in the network. Therefore, if a found solution is not in the exact source430

node, the distance of this solution to the source node will depend on the pipe length. This makes431

distance unsuitable for comparison, and for assessment of performance of the proposed method.432

While using the number of nodes away as a metric might also have its limitations, we believe it is433

adequate for demonstrating the algorithm’s proof of concept.434

Results435

This section presents and discusses the results of the scenarios proposed to evaluate the presented436

transient source localization method.437

Scenario 1438

In this scenario, a basic transient source localization case was used to evaluate the performance of439

the problem formulations described in Problem (4), Problem (5) and Problem (7). Fig. 4a shows the440

benchmark solution for transient source localization obtained with the scoring algorithm (Eq. (1))441
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presented in (Srirangarajan et al. 2010; Zecchin et al. 2022). The scoring algorithm correctly442

identifies the transient source. The score difference among the potential source nodes close to443

the solution is relatively small, however. In comparison, the solution obtained by formulating444

the transient source localization as a regularized continuous optimization problem (Problem (4))445

is illustrated in Fig. 4b. The correct solution in this case is clearly separated in score from other446

potential nodes (sources), and the regularization term enables selection of the size of the search area447

for the most likely source. Fig. 4c shows the results of transient source localization by extending448

the optimization approach to include k-fastest paths for the pressure wave propagation from the449

source to all sensors (Problem (5)). The optimization approach selects the k- fastest path that450

minimizes the objective function. Fig. 4d shows the results of the transient source localization with451

the addition of a weight function (Problem (7)). The weight function (Eq. (6)) aims to address the452

potential issue of the algorithm selecting an incorrect propagation path that matches the times of453

arrival due to differences in the analytical results with measured values.454

The legend of Fig. 4c and Fig. 4d displays the order of the chosen path between sensors and455

the source in squared brackets, and also the corresponding error value between the simulated and456

measured times of arrival, which was defined in Equation (8). Additionally, the color scheme457

used indicates the individual pressure wave paths to each sensor from the source in the network.458

The solution obtained in Fig. 4d, shows that the algorithm correctly identified the source of the459

transient and the fastest paths between the source and every sensor. However, in Fig. 4c, where460

the weight function was not applied, the algorithm attempted to compensate for the error from the461

uncertainties in wave arrival times by incorrectly selecting a 2nd and 3rd fastest paths to the sensors462

131 and 101, respectively, which were not necessary as there was no blockage in this case. This463

demonstrates the importance of using the weight function.464

Scenario 2465

In this scenario, a transient simulation was performed after removing a pipe from the network466

model to simulate a valve that was unknowingly closed. The removed pipe is represented by a467

thick line in Fig. 2 and indicated by a cross in Fig. 5. Because of the removed pipe, transient468
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waves had to propagate through alternative paths. These alternative paths correspond to the 3rd
469

fastest paths to sensors 269 and 205 in the lower portion of the network (assuming that the full470

network without pipe removal was used by the transient source localization algorithm). Under this471

scenario, the propagation time differences between the 1st and 3rd fastest paths were minor. As472

a result, the scoring algorithm (Eq. (1)) used for benchmark was able to accurately identify the473

potential location of the transient source (Fig. 5a). However, the benchmark scoring algorithm used474

in Fig. 5a is not able to provide information about the blockage in the network, and only identifies475

the potential location of the transient source.476

The solution of the proposed k-fastest path problem formulation (Problem (7)) is illustrated in477

Fig. 5b. The solution obtained correctly identifies the transient source and the paths to the sensors478

taken by the transient wave, which provides valuable information about the hydraulic connectivity479

of the network. In particular, Fig. 5 clearly shows that the pressure wave avoided the path that480

included the removed pipe in the network to sensors 269 and 205. This indicates the presence481

of a closed valve or blocked pipe along this path. Given this information, then, a water operator482

can look into the network records for any nearby valve that might be closed in the identified path.483

Additionally, if no records exists, the information provided by our algorithm can be used to perform484

a field exploratory campaign to check for any potential unreported closed valve or pipe blockage.485

Scenario 3486

In this scenario a pipe was removed to simulate a closed valve, as in scenario 2, which deviates487

the flow through the pipe. The transient source was set at node 159, see Fig. 2. In this scenario,488

transient waves had to travel through significantly longer and alternative paths to reach the sensors489

in the top half of the network. This scenario shows the benefits and limitations of the proposed490

transient source localization method (Problem (7)).491

The proposed transient source localization method had to explore high rank fastest paths to492

find a stable solution for the problem. This is because many low rank k-fastest paths are minor493

variations of the fastest paths in this scenario. The solution for the transient source obtained in494

this scenario is one node away from the true solution (see Fig. 6b). However, this solution shares495
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the same paths as the true solution for all sensors. As explained by Zecchin et al. (2022), this496

occurs because the algorithm analyses differences in times of arrivals of the pressure waves to pair497

of time-synchronized sensors. If two sources result in overlapping paths, then the difference in498

times of arrivals is the same and therefore the two sources have the same likelihood to be the true499

source. In the case of the provided solution, the paths between the true source (node 159) and all500

network sensors overlap with the paths between the identified source (node 161) and the sensors.501

Nevertheless, the provided solution is sufficient to inform a water operator of the potential source502

of a transient if an exploratory campaign is performed around the identified source.503

In comparison to the solution from the optimization approach, the benchmark solution is 6 nodes504

away from the true source, and many potential source nodes share similar scores (see Figure 6a).505

This highlights the advantages of the proposed problem formulation. Additionally, as in scenario506

2, the scoring approach does not provide any connectivity information. In contrast, the solution of507

the optimization problem (7) clearly shows that a path in the network was avoided by the pressure508

waves (see Figure 6b), signifying that a blocked pipe exists in the network. In fact, for any transient509

source scenario, if the solution of the optimization approach explores more than a fastest path to any510

sensor, this is an indication of a potential blockage in the network. This assumption is reinforced511

if the blocked pipe is avoided in the paths between the source and multiple sensors.512

The legend in Fig. 6 displays in brackets the rank of the paths taken by the pressure wave between513

the source and the sensors. The selected paths to sensors 269, 111, and 205, are the (1st) fastest514

paths, which is accurate as the simulated pipe blockage is not located on the fastest paths between515

the source and those sensors. We observed that higher ranked paths are selected between the source516

and the rest of the sensors. These paths are selected because the paths that included the blocked517

pipe generate times of pressure wave arrivals shorter than the actual times that the pressure wave518

took (the transient simulation was performed excluding a pipe). However, although these paths519

accurately avoided the blocked pipe, the solution of the optimization approach still compensated520

some errors to minimize the objective function by selecting slightly higher rank fastest paths than521

required. A clear example of this is the path to the node 147. From the start, the path between522
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node 161 and node 147 (in pink) deviates from all other paths between 161 and the upper part of523

the network, adding extra travel time. The path to node 147 then merges with the other paths, but it524

deviates slightly later on, passing through node 111 when it was not required to. The fact that the525

path to node 147 passed through pipes not considered in the the share route of this path to other526

sensors indicates that the path to node 147 might be overcompensating errors.527

Overall, the solution provided by the optimization approach is satisfactory, indicating a solution528

very close to the true source and the path containing a potential blockage. The challenges and529

limitations of the presented approach rely on accurately determining the pressure wave arrival530

times and the value selected for the constant 𝛼 in the weight function. In addition, the pressure531

wave speed is also an important factor which should be explored in future research.532

Additional Testing Scenarios533

Here we present the results of additional testing scenarios performed to validate the proposed534

problem formulation. In general, from the tested scenarios, when no pipe blockage exists, the535

algorithm accurately finds an appropriate solution without considering higher rank fastest paths. In536

other words, higher ranked fastest paths were only considered when a pipe blockage existed, which537

provides confidence in the algorithm for detecting potential inconsistencies between an hydraulic538

model and the actual WSN.539

In cases where blocked pipes exist, the algorithm selected paths from the source to the sensors540

that in many cases avoid the blocked pipe. However, there are instances in which, the algorithm541

avoids a certain path for a large majority of sensors but not for all of them. An example of this542

occurred in scenario 10. In this scenario we removed two pipes close to the transient source (Fig. 7).543

We observed that, for this particular case, the solution (Fig. 7a) was capable of considering the544

two blockages to the paths of all sensors, except to sensor 101. We ran the algorithm several545

times, adjusting the value of 𝛼, to test if another value would help the algorithm adjust its solution.546

However, the solution remained stable, with the algorithm selecting the blocked pipe for the path547

to node 101.548

In order to attempt to reach to a better solution for this scenario, We then considered removing549
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sensor 101. The results of removing sensor 101 are presented in Fig. 7b. We observe that, in this550

case, the solution correctly identify the two blocked paths, the transient source and the paths to the551

sensors. This result is interesting and encourages further research in order to understand the effects552

of the placement and number of sensors.553

CONCLUSIONS554

This paper presents and investigates a novel approach for pinpointing transient source locations,555

leveraging graph theory, k-fastest paths, and disparities in the arrival times of pressure transient556

waves at sensors within water supply networks. This represents a pioneering method addressing557

transient source localization in networks with ambiguous connectivity. To the best of our knowledge,558

the problem of transient source localization in networks with uncertainty in connectivity has never559

been previously studied.560

Through the formulation of an optimization problem that considers the most likely location for561

the source of a transient wave and the k-fastest paths that minimize the differences in arrival times562

between sensors and analytical times of arrivals, we have developed a robust algorithm that can563

accurately identify the source of a transient event, as well as the potential path that the wave may564

have taken, even in cases where the hydraulic model does not accurately capture pipe hydraulic565

connectivity. The algorithm’s performance was evaluated through various simulated scenarios to566

test its efficacy in transient source localization.567

The algorithm demonstrated good performance in all tested scenarios, particularly in scenarios568

where blockages lead to an important increase in pressure wave propagation times. In such scenar-569

ios, our proposed formulation outperformed a previous scoring-based transient source localization570

algorithm from the literature. The scoring-based algorithm failed to identify the correct source of571

a transient event in the presence of such a blockage, while the proposed approach succeeded and572

was able to identify the path taken by the pressure wave. This allows for the detection of potential573

unreported pipe blockages or closed valves in the network when the selected path deviates from574

the expected fastest path. This advantage provides a new use for differences in times of arrival575

of pressure waves, complementing other algorithms for localizing pipe blockages, such as the one576
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presented by Pecci et al. (2020).577

The robustness of the algorithm for finding pipe blockages is also confirmed by its performance578

when no pipe blockage exists. Practically, in all scenarios that were tested without a pipe blockage,579

the algorithm found an appropriate solution without relying on higher rank fastest paths. This adds580

confidence that when the solution selects a higher rank fastest path, it is likely that there exists a581

blocked pipe in the network. This claim, however, depends on an appropriate calibration of the582

value of 𝛼 in the weight function. For all scenarios, we found that a value of 𝛼 of 0.06 provided583

the best general performance.584

In cases when there is a pipe blockage in the network, most of the paths between the source and585

the sensors selected by the proposed solution method accurately reflect the presence of a blockage.586

However, there are instances in which, for a particular sensor, the blocked path is also considered587

as part of the solution. Despite this drawback (see, e.g., scenario 10), there are usually a minimal588

number of paths that consider the blocked pipe against several others that avoid the path. This589

suggests that a blockage exists in the network and consequently, the provided solution in such cases590

is still valuable.591

We hypothesize that the number of sensors can play an important role, and a trade off in obtaining592

correct solutions. Few sensors can produce that the combinations of differences of times of arrivals593

of the pressure wave between sensors might be not lead to a unique solution, and therefore, making594

it harder to find the correct solution. in contrast, too many sensors may potentially cause a large595

overall error in the algorithm as a result of the accumulated individual errors of every sensor, again,596

complicating the localization of the transient source. An analysis of the impact of the number of597

sensor in the quality of the solutions should be explored in further research.598

It should be noted that the performance of the presented method has currently been demonstrated599

under two main assumptions. These assumptions are: (i). The detection of the pressure wave600

arrival time is not affected by background noise. For a real case study, more advanced algorithms601

for detecting the onset of a pressure wave should be used, as noise levels may vary; and, (ii). The602

wave celerity is assumed to be known for the entire network. In operational networks, pressure603
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wave speeds present variability and depend on pipe material and various wave dissipation factors.604

The efficacy of the suggested algorithm is influenced by the uncertainty in wave speed estimates.605

We are currently conducting additional research to develop pragmatic approaches for determining606

wave speeds in operational networks, and to experimentally evaluate how stochasticity affects the607

accuracy of our proposed algorithm, including the application of stochastic simulations (Marsili608

et al. 2022) and robust optimization methods (Gabrel et al. 2014). Further research should also609

explore improvements to the weight function used in the optimization formulation, which could610

better account for factors such as dissipation of transient waves and uncertainties in pressure wave611

arrival times. Finally, in order to test the algorithm in operational networks with diverse pipe612

materials and varying sources of uncertainty, it would be necessary to determine the optimal613

placement of sensors to maximize the discoverability and detection of transient waves.614

In summary, this paper presents a novel approach for localizing the sources of pressure transients615

in water networks with uncertainty in connectivity. Initial evaluations of the suggested method,616

without field testing, have yielded encouraging results and insights. Subsequent research will focus617

on evaluating and enhancing the performance of the method in operational networks. Specifically,618

when implementing this method, it is essential to explore techniques to reduce the uncertainty in619

both estimated wave speeds and recorded arrival times. Furthermore, robust optimization strategies620

should be investigated to enhance the algorithm’s efficacy in the presence of these uncertainties.621

APPENDIX I. ADDITIONAL TESTING SCENARIOS622

Here, we present the results of the additional testing scenarios 10 and 11 (Fig. 7). These623

scenarios consider the case of two blocked pipes in the network. We presented these scenarios624

as illustration for the discussion presented in the results section. These scenarios use the same625

transient source conditions as scenario 2. The removed pipes in these scenarios correspond to pipes626

122, and pipe 129. As in the previous scenarios, the transient source localization algorithm is fed627

with the full network (considering the removed pipes).628

APPENDIX II. DETAILS OF THE WEIGHT FUNCTION629
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This appendix provides a concise explanation of the weight function defined in Eq. (6) to account630

for uncertainties in wave propagation and arrival times. As presented in section 2, the purpose of the631

optimization approach is to minimize the error between measured and analytical times of arrivals632

of pressure waves. For this formulation, we have assumed that the wave speed is constant across633

a path and that the times of wave front arrivals can be precisely determined. However, because634

of potential attenuation of the pressure front head with distance, it can be difficult to precisely635

determine the exact point in time when the wave front arrives at a specific sensor location. As a636

result, measured times of wave arrivals are, in most cases, longer than analytical times (see also637

Table 2 in Appendix III). This can have implications on the optimization approach, which, in order638

to minimize errors, might select paths of higher orders (i.e. corresponding to longer propagation639

times) than the actual paths. One way to address this problem is to add a weight function to adjust640

analytical times of wave front arrivals.641

In our case, the weight function presented in Eq. (6) increases the time of wave propagation in642

a path by a factor of 𝛼, which is a way to deal with potential uncertainties in sensor measurements.643

The factor 𝛼 is also multiplied by
√︁
𝑙𝑝, where 𝑙𝑝 indicates the order of the path 𝑝. Therefore, the644

higher the order of a path, the larger the value of the term 𝛼
√︁
𝑙𝑝. The effect of the weight function645

can be visualized with the example provided in Fig. 8 and Fig. 9. Fig. 8 illustrates a minimal646

example network in which a transient is generated at node 0 and measured at nodes 1 and 2. This647

network also has a blockage on pipe marked with a cross, which is not reflected by the hydraulic648

model. The thicker green lines show the actual propagation paths from the transient source to649

the sensors. Fig. 9 shows the potential measured times that can be recorded by the sensors and650

the analytical times that can be obtained together with the additional time provided by the weight651

function.652

On the left hand side of Fig. 9, the potential measured times that the transient wave takes to reach653

sensors 1 and 2, denoted by 𝑡1 and 𝑡2, are represented in blue. The sensors are time-synchronised654

and the time at which they detect a transient wave depends on the start time at which the sensors655

were set. For example, the blue bars in Fig. 9 represent the magnitude of potential measured times656
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of the pressure wave propagation to the sensors. These measured times will not be the same as657

the actual time that the pressure wave took to propagate from the source to the sensors, unless the658

sensors started to record time at the exact time the transient started. The offset between measured659

and actual times of arrival does not pose a problem, since the optimization algorithm focuses on660

minimizing differences of differences between times of arrival Δ against differences of analytical661

times of arrival 𝛿. In other words, the optimization algorithm will aim at selecting the analytical662

k-fastest paths (times) that, in combination, generate a close enough alignment between 𝛿 and Δ663

(bottom part of Fig. 9). As the reader can observe on the right hand side of Fig. 9, the weight664

function increases the analytical times, so that selecting higher order paths to compensate for errors665

in measured pressure wave arrival times becomes less necessary.666

A main drawback of this approach is the assumption that the error in the measured time of667

wave front arrival always increases with the distance from the source to the sensor. However, if the668

determination of wave arrival times are precisely made for all sensors (including sensors farther669

away from the source), the weight could affect the performance of the localization algorithm.670

Therefore, improvements for the weight function should be investigated in further research.671

APPENDIX III. COMPARISON MEASURED (FROM SIMULATION) VS ANALYTICAL672

PRESSURE WAVE ARRIVAL TIMES673

In this appendix, we present a quantitative example of the comparison between the time of674

wave propagation measured at the sensor locations after being simulated in TSNet and analytical675

pressure wave arrival times. The measure time of pressure wave propagation were determined by676

setting a threshold of -0.0045 in the change of gradient of the pressure time series. The analytical677

time is determined by dividing the length of the path by the pressure wave speed. We also present678

the additional time added by the weight function and how the difference between ’measured’ times679

and analytical times improve (see Table. 2).680
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TABLE 1. Validation scenarios for the solution of Problem (7)

Scenario True transient
source node

Blocked
pipe

𝛼 Source
solution

Nodes
apart

Blocked
path found

Highest rank
fastest path

4 PUMP2 - 0.06 Lake 0 - 1
5 PUMP2 117 0.06 101 1 Yes* 7
6 119 - 0.07 119 0 - 1
7 119 123 0.07 119 0 Yes 2
8 149 - 0.05 149 0 - 1
9 149 177 0.05 173 1 Yes 5
10 PUMP1 (61) 122 & 129 0.06 123 1 Yes** 3
11*** PUMP1 (61) 122 & 129 0.06 123 1 Yes 2
PUMP 2 is located between lake and node 10.
* The blocked path is avoided by all sensor’s paths except for the path to sensor 131.
** The blocked path is avoided by all sensor’s paths except for the path to sensor 101.
** Considers same conditions of scenario 10 but with the removal of sensor 101.
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TABLE 2. Comparison measured (from transient simulation) vs analytical pressure wave arrival
times for scenario 1.

Sensor Measured wave
propagation
time

Analytical wave
propagation
time

time
difference

additional
time by
weight function

time difference
with additional
time

269 1.29617 1.23596 0.06021 0.07416 -0.01395
259 1.80943 1.70561 0.10382 0.10234 0.00148
111 2.14710 2.0320 0.11510 0.12192 -0.00682
123 2.29568 2.15646 0.13922 0.12939 0.00983
205 3.03856 2.88544 0.15312 0.17313 -0.02001
145 3.37623 3.18853 0.18769 0.19131 -0.00362
101 3.61935 3.39852 0.22083 0.20391 0.01692
131 5.01056 4.70916 0.30140 0.28255 0.01885
* Weight function applied with a value of 𝛼 = 0.06
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Fig. 2. Network net3 used for testing the transient source localization algorithm. Squared nodes
are the locations of the fictitious sensors used to track pressure transient waves in the network.
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Fig. 3. Time series of pressure transient for the presented scenarios. a) Time series of transient
waves detected by sensors in scenario 1. b) Time series of transient waves detected by sensors in
scenario 2. c) Time series of transient waves detected by sensors in scenario 3.
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Fig. 4. Solutions for the scenario 1 for transient source localization by different algorithms. a)
Benchmark scoring algorithm solution for transient source localization in scenario 1. b) Transient
source solution for scenario 1 by conversion of the scoring algorithm into an optimization problem
with regularization. c) Transient source solution for scenario 1 by applying the developed k-fastest
paths transient source localization algorithm without weight function. d) Transient source solution
for scenario 1 by applying the developed weighted k-fastest paths transient source localization
algorithm.
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Fig. 5. Solution for the scenario 2 for transient source localization. Optimization approach
for multipath transient source localization vs scoring algorithm. a) Benchmark transient source
solution (scoring algorithm) for scenario 2. b) Weighted k-fastest paths transient source localization
algorithm solution for scenario 2.
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Fig. 6. Solution for scenario 3 for transient source localization. Optimization approach for multipath
transient source localization vs scoring algorithm. a) Benchmark (score algorithm) transient source
solution for scenario 3. b) Transient source solution for scenario 3 by applying weighted k-fastest
paths transient source localization algorithm.
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Fig. 7. Additional testing scenarios. a) Scenario 10. Solution considering all sensors b) Scenario
11. Solution after removal of sensor 101.
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Fig. 8. Example of the different paths to be analysed by the algorithm. Path with a cross is blocked
in real network, but available for consideration by the algorithm.
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