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Abstract: The contamination of urban drainage systems (UDNs) represents a serious threat to the
environment and public health. Treatment plants are often inefficient in their removal, making timely
identification and isolation interventions necessary. In this regard, various monitoring strategies
have been proposed, among which the Bayesian decision network (BDN) approach has proven to be
very effective, although also very complex. To reduce their level of complexity, it is usual to optimize
them using approaches based on preconditioning. The present work fits into this framework by
proposing a two-phase strategy aimed at identifying an optimal monitoring system for UDNs. The
first phase involves reducing the search domain of the system using a complex network theory (CNT)
topological metric adapted to infrastructure systems; the second phase implements the Bayesian
approach to the new search space to optimize the position of the sensors in the network. The results
are promising and reveal that the strategy could be valuable to water utilities.

Keywords: Bayesian decision network; UDN monitoring; contaminant; complex network theory;
reduced search domain

1. Introduction

The discharge of polluting substances into urban drainage networks (UDNs) repre-
sents a serious threat to the receptor bodies, resulting in acute or cumulative impacts on
the environment and public health also. Most strategies aimed at pollutant identification
involve the optimal planning of a monitoring system [1,2], and among the various ap-
proaches, the Bayesian Decision Network (BDN) [3] is gaining momentum. It represents
a useful decision support tool for the optimal design of monitoring systems, with the
advantage of assimilating information from the system in an upgradable and updateable
way (e.g., from numerical simulations and data from the real system), which acquires value
especially for uncertain systems. In fact, a Bayesian decision network is an acyclic graphical
structure that allows us to represent an uncertain domain and the conditional dependencies
between independent and dependent variables in a probabilistic way. At the same time,
however, Bayesian networks require a large number of computational resources to solve
the optimization problem, which makes their implementation complex. For this reason,
the use of pre-conditioning approaches is usually suggested to mine relevant probability
information from available data, e.g., system topology, potential source positions, previous
contamination events, etc.

In light of this consideration, the present paper proposes a two-step procedure for the
optimal planning of a monitoring system for UDNs. The first step involves the use of a
CNT topological metric [4] to perform a shrinking of the network domain by identifying a
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range of the more relevant elements: this being the narrow domain results characterized by
the presence of only the most suitable points to host sensors with respect to the specific
problem to be analyzed. In the second step, the Bayesian approach [3] is applied to the
domain obtained by the topological analysis to define the position of the sensors in the
network. The integration of the two approaches allows us to obtain a better performing and
effective strategy for the planning of advanced monitoring systems. In fact, the approach
identifies the optimal sensor location gaining advantage from additional information but
still reduces the computational effort needed to obtain the solution. The strategy represents
a useful tool for both technicians and water utilities who must increasingly face problems
relating to the contamination, often illicit, of urban systems.

2. Materials and Methods

The proposed study presents an innovative integration of two different methodologies
to improve effectiveness in the design of advanced monitoring systems for UDNs. The
strategy is composed of two well-defined phases. In the first phase, a CNT topological
metric is used to reduce the search space of the system. Next, a Bayesian optimization
procedure is applied to determine the optimal location of the sensors.

2.1. First Phase: Search Space Reduction through a CNT Topological Metric

The behavior of UDNs is strongly influenced by their topology, and, for this reason,
the use of CNT tools proves effective and useful in supporting and simplifying many
analyses with respect to different problems. The proposed approach involves the use of
the Harmonic centrality [4,5], a metric that indicates the ability of each node to collect
and spread information in the system. The metric is used in its directed and relevance-
based version [5] in order to consider both the information on the topological component
(connective structure) and on the hydraulic one (intrinsic relevance of the nodes). The metric
allows us to define a ranking of importance of the nodes, which is useful in identifying a
reduced search space. Considering a network with N nodes and L links, the mathematical
formulation of the relevance-based In-Harmonic centrality [6] is:

HC
i =

N

∑
j=1

1
dij

f
(

Ri, Rj
)

(1)

where Ri and Rj represent the intrinsic relevance Rn (n = 1, . . ., N) of the final nodes i and j
of the generic link l (l = 1, . . ., L). Intrinsic relevance is integrated into the analysis through
the function f(Ri, Rj), which depends on the specific characteristics of the problem to be
analyzed. Nodes with higher values of the metric detect the greater quantity of information
on the network and are, therefore, included in the reduced search domain.

2.2. Bayesian Approach

In order to determine the position of the sensors through the Bayesian optimization
procedure, the mathematical model described in [3] was used. The Bayesian decision
support process can ideally be divided into three main phases. First, it is important
to establish a probability model for all observable and unobservable quantities in the
problem. Next, it is possible to proceed to calculate and interpret the appropriate posterior
distribution and conditional probability distribution. In its original version, the Bayesian
numerical simulation model includes a first step with a pre-screening procedure that allows
us to remove all nodes that are not strategic for the rapid detection of contamination, such
as head nodes, since placing the sensors in those nodes would give 1:1 information. The
present work suggests replacing the classic pre-screening procedure with those proposed
by the relevance-based In-Harmonic previously defined.

The strategy involves the combined use of the “MatLab” programming language and
the “EPA-SWMM 5” software for the hydraulic simulation by recalling the functions via the
“MatSWMM” toolbox [7]. It is important to evaluate how well the model fits the data and
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whether the conclusions obtained are reasonable; then, it is possible to decide whether to
modify the model and repeat all of the steps. The Bayesian probability calculation, which is
based on the calculation of the percentage of contamination interception that a node has if
a sensor was positioned there, can be applied to further reduce the search domain. All of
the nodes are considered a possible source of contamination.

3. Results and Discussion

The proposed strategy is applied to a benchmark UDN, whose network model is
composed of 77 manholes, 79 sewer pipes, and 1 outfall. In order to validate the approach,
the results obtained were compared with the Bayesian numerical model as proposed in [3].
For both cases, the hypothesized contaminant is of a conservative type (i.e., it is not subject
to degradation phenomena).

The classic Bayesian approach identified the set of candidate nodes for sensor posi-
tioning shown in Figure 1 (left) and reported in Table 1 (left). The highest values of the
contamination interception percentage are at nodes 78, corresponding with the outfall,
74 (94.87%) and 60 (82.05%), while the lowest one is at node 13 (8.97%).
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Table 1. Results in terms of sensor positioning for Bayesian approach and two-phase approach.

Sensor ID Bayesian
Approach

Contamination Interception
Bayesian Approach [%]

Sensor ID Two-Phase
Approach

Contamination Interception
Two-Phase Approach [%]

78 100.00 78 100.00
74 94.87 76 96.68
60 82.05 59 87.42
56 42.31 56 44.34
45 37.18 45 38.05
50 29.49 50 32.22
27 21.79 27 26.12
32 17.95 31 20.27
13 8.97 15 12.97

The two-phase approach starts with the evaluation of the relevance-based In-Harmonic
for all of the nodes of the network. The lateral inflow is assumed as intrinsic relevance
for each node, since it is proportional to the quantity of contaminant introduced into each
node (expressed as mg/l). The topological analysis provided a ranking of the importance
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of the nodes, useful for defining the reduced search domain, which is here composed of
all of the nodes with topological metric values in the range [30–100]. The second phase
of the strategy involved applying the Bayesian approach to this reduced search domain.
The set of candidates for sensor positioning is shown in Figure 1 (right) and reported
in Table 1 (right).

The results show how the final set of sensor positioning is very similar between the
two approaches, with the advantage of presenting higher contamination interception per-
centages for the nodes identified with the two-phase strategy proposed here. The important
role of topology in UDN contamination is widely recognized. Therefore, carrying out
effective pre-screening before applying Bayesian logic allows for a significant improvement
in identifying the best sensor placement strategy.

4. Conclusions

The problem of pollutants in UDNs is increasingly frequent and causes several neg-
ative cascading effects, both on the system itself and on the environment. The present
work proposes the use of a topological approach as a pre-screening phase to be used in
a Bayesian probabilistic numerical simulation model. The comparison between the re-
sults with and without the topological pre-screening procedure demonstrated how the
additional information positively influences the model results, amplifying the number of
contamination interceptions detected at the nodes. These results validate the proposed
strategy and demonstrate how using topology-based approaches improves analyses, which
is relevant also for contaminant detection.
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