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Abstract: Source term estimation (STE) is crucial for understanding and addressing hazardous gas
leakages in the chemical industry. Most existing methods basically use an atmospheric transport
and dispersion (ATD) model to predict the concentrations of hazardous gas leakages from different
possible sources, compare the predicted results with multi-sensor data, and use the deviations to
search and derive information on the real sources of leakages. Although performing well in principle,
complicated computations and the associated computer time often make these methods difficult
to apply in real time. Recently, many machine learning methods have also been proposed for the
purpose of STE. The idea is to build offline a machine-learning-based STE model using data generated
with a high-fidelity ATD model and then apply the machine learning model to multi-sensor data to
perform STE in real time. The key to the success of a machine-learning-based STE is that the machine-
learning-based STE model has to cover all possible scenarios of concern, which is often difficult
in practice because of unpredictable environmental conditions and the inherent robust problems
with many supervised machine learning methods. In order to address challenges with the existing
STE methods, in the present study, a novel multi-sensor data-driven approach to STE of hazardous
gas leakages is proposed. The basic idea is to establish a multi-sensor data-driven STE model from
historical multi-sensor observations that cover the situations known as the independent hazardous-
gas-leakage scenarios (IHGLSs) in a chemical industry park of concern. Then the established STE
model is applied to online process multi-sensor data and perform STE for the chemical industry
park in real time. The new approach is based on a rigorous analysis of the relationship between
multi-sensor data and sources of hazardous gas leakages and derived using advanced data science,
including unsupervised multi-sensor data clustering and analysis. As an example of demonstration,
the proposed approach is applied to perform STE for hazardous gas-leakage scenarios wherein a
Gaussian plume model can be used to describe the atmospheric transport and dispersion. Because
of no need of ATD-model-based online optimization and supervised machine learning, the new
approach can potentially overcome many problems with existing methods and enable STE to be
literally applied in engineering practice.

Keywords: source term estimation; multi-sensor data-driven; real-time experimental observations
and implementation; unsupervised multi-sensor data clustering and analysis; independent hazardous-
gas-leakage scenarios (IHGLSs)

1. Introduction

In the chemical industry, hazardous gas leakages are one of major causes of environ-
mental pollution and serious accidents [1-3]. In order to address this problem, multi-sensors
are often used to measure the concentrations of hazardous gas at different locations in
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the chemical industry parks to support risk assessment, hazard warning, and, more im-
portantly, source term estimation (STE). The goal of STE is to estimate the parameters
that describe the sources of leakages: namely, the location and strength of leakages. The
results are crucial for identifying the cause of leakages so as to fundamentally resolve the
hazardous gas leakages that have to be dealt with in a timely fashion [4,5].

Currently, most methods of STE mainly use a network of hazardous gas concentration
sensors. The multi-sensor data are fused with prior information, such as meteorological
data, to estimate the parameters of the sources of leakages using either an optimization
approach or a Bayesian-inference-based probabilistic method [6-8]. The application of these
methods to perform STE needs to use an atmospheric transport and dispersion (ATD) model
or an inverse source-receptor model to generate the predicted concentrations of gas leakages
from different possible sources. The predicted concentrations are then compared with the
multi-sensor observations, and the deviations are used to search and derive the parameters
of the sources of leakages that minimize a cost or likelihood function [9]. Based on this
approach, many methods have been developed. For example, in [10], a hybrid genetic
algorithm with composite cost functions was applied to improve the search for optimal
solutions to the parameters of the sources of leakages. In [11], the optimization performance
of the particle swarm optimization (PSO), the Nelder-Mead (NM) simplex method, and
the PSO-NM hybrid algorithm were evaluated when applied to STE for the case where
the Gaussian puff dispersion model can be used as the ATD model. In [12], an inverse-
source-term-estimation method was applied to the data from wind tunnel experiments for
STE. The inverse method uses the concept of the “source-receptor functions” (SRFs), which
describe the sensitivity of concentration at a receptor to the parameters of the emitting
source. This can resolve the difficulties with using a forward ATD model when the number
of the locations of potential hazardous-gas-leakage sources is considerable. Recently,
many machine-learning-based STE methods have also been developed. These methods
include, for example, deep-neural-network- and random-forest-classifier-based STE in
chemical industrial parks [13], federated-learning-based STE in urban environments [14],
convolutional-neural-network-based STE with obstacles [15], back-propagation neural-
network-based-STE for nuclear accidents [16], and recurrent neural-network-based-STE for
severe nuclear accidents [17]. The basic idea of machine-learning-based STE is to offline
train a machine learning STE model and apply the machine learning model online to
process multi-sensor data and carry out STE. The machine learning STE model is often
trained using the data generated by a high-fidelity ATD model, such as a computational
fluid dynamic (CFD) model, and, in principle, the data have to cover all leakage scenarios
of concern.

In principle, the ATD-model-based-STE methods require running an ATD or an inverse
model online in conjunction with an optimization or Bayesian inference framework [7,18].
The complexity associated with the ATD model itself, as well as carrying out a sophisticated
optimization or Bayesian inference, implies that there is a significant issue with the practical
application of these existing STE methods. Consequently, although most of these STE
methods perform well in theory, because of the complicated computations needed and the
associated computer time required, these methods are often difficult to apply in practice
to analyze multi-sensor data and carry out STE in real time [19]. Machine-learning-based
STE can work well, provided that the data that have been used to train the machine
learning STE model are fully representative of all leakage scenarios in the chemical industry
park of concern. This is, however, often difficult in practice because of the complexity of
hazardous gas leakages and uncertainties in sensor data due to noises and unpredictable
environmental conditions. This and the well-known issue of poor robustness with machine
learning models in many practical applications [20] imply that the application of machine-
learning-based STE in engineering practice is also a difficult task.

Motivated by the need to address these challenges with existing STE studies, in the
present study, a novel multi-sensor data-driven approach to the STE of hazardous gas
leakages in the chemical industry is proposed. The idea is to:
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e  offline establish a multi-sensor data-driven STE model from historical multi-sensor
data measured during a period that covers the situations known as independent
hazardous-gas-leakage scenarios (IHGLSs) in a chemical industry park and then

e online apply the established STE model to process field-measured multi-sensor data
and determine the leak sources and associated parameters in real-time.

The IHGLSs are a new concept introduced in the present study, which refers to the
hazardous-gas-leakage scenarios in a chemical industry park that are linearly independent.
The building of the offline multi-sensor data-based STE model basically requires the com-
pletion of three tasks. First, advanced multi-sensor data analysis is applied to (1) find the
number of IHGLSs over the period when the historical multi-sensor data are collected from
the chemical industry park and (2) determine the most-representative multi-sensor data
measurements for each of these IHGLSs. Secondly, a STE approach is applied offline to
determine the parameters of the sources of leakages associated with each of these IHGLSs
from the corresponding multi-sensor data measurements. Finally, the results obtained
in the first two steps are used to produce a multi-sensor data-driven STE model that can
be applied in real time to perform STE from multi-sensor data measured in the chemical
industry park at any time. Because the STE in the second task is conducted offline, any ex-
isting approach can be applied as needed without any concern regarding time constraints.
The well-known difficulties with the ATD-model-based-STE methods can therefore be
resolved. In addition, because the multi-sensor data-driven STE modeling involves no
supervised learning, the issues of possible poor robustness with machine-learning-based
STEs can also be circumvented. Consequently, the new approach can potentially over-
come many problems with the existing methods and enable STE to be literally applied in
engineering practice.

In this paper, the basic idea and the novelty of the new multi-sensor data-driven
approach is first introduced and illustrated using a simple example in Section 2. Then,
in Section 3, the STE problem that will be addressed is defined. Significant relationships
between the multi-sensor data and the sources of hazardous gas leakages in a chemical
industry park are derived, providing an important basis for the development of the new
multi-sensor data-driven approach to STE. After that, in Section 4, the new approach and
the associated implementation algorithm are proposed. In Section 5, numerical simulation
studies are conducted wherein the proposed approach is applied to perform STE for
hazardous gas-leak scenarios when there exist two leaking sources and when gas dispersion
follows a Gaussian plume model. The results verify the effectiveness of the proposed
approach and demonstrate its potential significance in practical applications. Moreover,
the nature and advantages of the proposed approach are discussed in Section 6. Finally,
conclusions are summarized in Section 7.

2. Basic Idea and Novelty

We can imagine a chemical industrial park where there are S possible hazardous-gas-
leaking sources. N sensors are fitted in the chemical industrial park to monitor hazardous
gas concentrations at N different locations. Here, the STE problem is concerned with the
determination of the location and strength of hazardous gas leakages from S < S leaking
sources using the measured data from the N sensors.

In order to better introduce the basic idea and novelty of the proposed multi-sensor
data-driven STE, first it is necessary to look at one of typical solutions to the STE problem,
which basically involves the following steps [10-12]:

(1) Building an ATD model that describes the transport and dispersion of hazard gas in
the chemical industrial park;

(2) Using the ATD model to generate the concentration data of hazardous gas that would
be measured at the N different sensor locations, when hazardous gas leakages take
place from different possible sources under a given meteorological condition;

(3) Applying an optimization approach to search for the strengths of hazardous gas
leakages Q7 i € {1,2,...,5} in the S possible leaking sources, such that the differences
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between the concentrations of hazardous gas generated by the ATD model and the
practically measured multi-sensor data at the N different sensor locations reach
a minimum.

The solution is illustrated in Figure 1 which, in principle, works well but has a sig-
nificant issue in practical applications. This is due to the amount of time needed to run
the ATD model to generate the concentration data of hazardous gas in Step (2) and to
implement the optimization approach in Step (3). For performing STE once from one set of
practically measured multi-sensor data, running a complicated ATD model and associated
optimization routine may take time, from hours to days, making the STE solution difficult
to be applied and implemented in real time [8,10].

ATD  Meteorological

Model condition
Real Time l l
Multi-Sensor Measured ATD quel STE
Concentrations and online -
of Leaking optimization Outcome
Hazardous based STE
Gas

Figure 1. The basic idea of a conventional STE approach.

The present study of a multi-sensor data-driven STE follows the same physical princi-
ple as applied by these typical solutions but aims to resolve the afore-mentioned significant
challenges with these existing STE approaches. The novel idea is to:

(a) build a multi-sensor data-driven STE model from (1) historical multi-sensor data
measured during a period that covers the IHGLSs of concern and (2) the STE outcomes
determined offline using an ATD-model-based STE method from the multi-sensor
data collected in these IHGLSs

(b) apply the STE model to online-measured multi-sensor data in the chemical industry
park to perform STE in real time.

Because the ATD-model-based STE is carried out offline, computation issues with
running a complicated ATD model and an associated optimization routine are not a problem
anymore. The new approach can potentially overcome the bottleneck problems with
existing ATD-model-based STE approaches.

In order to explain this novel idea in a bit more detail, we can consider the case where S
=2,i.e., there are two possible hazardous gas-leakage sources A and B in a chemical industry
park. The coordinate and hazardous gas-leakage strength of source A are (x4,y4,z4) and
Qa, respectively, while the coordinate and hazardous gas-leakage strength of source B are
(xp,yB,zp) and Qgp, respectively. In this case:

e there exist only two hazardous-gas-leakage scenarios that are linearly independent, so
there are two IHGLSs;

e the multi-sensor data collected in the two IHGLSs can be used to represent multi-sensor
data collected in any other leakage scenario.

These two points are an important basis for the new idea of a multi-sensor data-driven
STE introduced in the present study.

To demonstrate the validity of the two points, we can consider the hazardous gas-
leakage situations wherein a Gaussian plume model can be used as the ATD model to
represent the transport and dispersion of leaking hazardous gases. In these situations,
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the concentrations of a leaking hazardous gas measured by sensori,i=1,..., N, can be
described as:

_ (yrzlfA)z _ (Zi’;A)z _ (Zi+22A)2
. 20; 20 20
C(i) = —Q Vai e A e ZAi
2100y .07 ,.
YAi“ZAi
_ Wi*zyg)z _ (Zi’ZZB)Z _ (ZﬁZZB)Z 1
e Y |le i e Vi

_|_ B
2700y p, Oz,
i=1,...,N

where C(i) is the concentration of the leaking hazardous gas measured by the ith sensor
located at (x;,y;,z;), v is wind speed, and ¢y, = a(x; — xA)b,(TZAi = c(x; — xA)d, Oy =
a(x; — XB)h,(TzB,- = c(x; — xB)d. where a,b, ¢, d are the dispersion coefficients, which are
a function of the atmospheric environment that can be determined by either experiences
or experiments.

Two IHGLSs in this situation can be, e.g., Scenario I, where Q4 = Q4 # 0and Qp = 0,
and Scenario II where Q4 = 0 and Qp = QB # 0. This is because vectors [Q4,0] and
0, QB] are linearly independent. We represent the multi-sensor data collected in the two
IHGLSsas C1(i), i=1,...,Nand Cp(i), i = 1,..., N, respectively. It is known from ATD
model (1) that:

0 ,(yi—2yA>2 i ,<21—22A>2 7<Zj+ZZA>2
Ci(i) = <A o M4 e Eai 4e i |,i=1,...,N 2)
27TvayAiUZAi
0 Jyrzymz I 7<zi—2zB>2 7<z,4+2zB>2
Co(iy==—=B ¢ s |e "% 4e % |,i=1,...,N ©)
ZHUUyB[UZBi
Moreover, it is known from Equations (1)—(3) that:
C(i) = aCy(i) + BCa(i),i =1,...,N, (4)

where & = %—A, = %—g. Therefore, as stated by the second of the two points above, the
multi-sensor data C(i), i = 1,..., N measured at any leaking scenario can be represented
by C1(i), i=1,...,Nand Cy(i), i = 1,..., N, which are the multi-sensor data collected in
two IHGLSs.

The two points’” statement above implies that if one can find multi-sensor measure-
ments from IHGLSs and know the STE results corresponding to each of these IHGLSs, then
the relationship (4) can be exploited to realize STE for any hazardous gas-leakage scenarios
of concern when given the multi-senor data collected from these hazardous gas-leakage
scenarios. To explain this, rewriting Equation (4) in a matrix form as:

c(1) Ci(1)  G(D)
- e
C(N) E1(1\]) Ez(N)
and solving Equation (5) for «, B yields
a Qa/Q ™ 1 )
_ QAR _ (Fe &l -
M B [QB/QJ (ee') ¢ o ®)
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From Equation (6), it can be readily shown that

{QA] _ Q0 (CCT)AE : @)
Qs 0 Qg |, o
(i (i) (i) L

As mentioned above regarding the implication of the two points’ statement, Equation (7)
clearly indicates that the STE outcome (i) from any multi-sensor observations (v) can be
determined from this equation using the STE outcomes for two IHGLSs (i) and (iii) and the
multi-sensor data collected in the two IHGLSs (iv).

Basically Equation (7) is a specific form of the multi-sensor data-driven STE model
mentioned in point (a) of the multi-sensor data-driven STE idea. In this specific case,
the model is composed of the multi-sensor sensor data contained in matrix C, which are

collected from two IHGLSs and the STE outcomes [Q 4, 0] " and [0, Q] " for the two IHGLSs.
The model input is any set of multi-sensor observations [C(1),---,C(N)] T and the model
output is the STE outcome [Q4, Q3] T from this set of multi-sensor observations. Therefore,
the model can be directly applied to online-measured multi-sensor data to perform STE in
real time, which is point (b) of the multi-sensor data-driven STE idea.

Clearly, building a multi-sensor data-driven STE model like (7) is the key to the imple-
mentation of multi-sensor data-driven STE. To achieve this objective, generally speaking,
the following tasks are required:

(i) determining the number of IHGLSs from the historical multi-sensor data measured
during a period of time that covers the IHGLSs of concern;

(i) finding the multi-sensor data collected from each of these IHGLSs;

(iii) determining the STE result for each of the IHGLSs; and finally

(iv) building the STE model using the results of (i)-(iii) and applying the model online to
perform STE in real time.

Figure 2 illustrates the novel idea of the proposed multi-sensor data-driven STE involv-
ing offline multi-sensor data-driven STE-model building, as well as the online application
of the offline-built multi-sensor data-driven STE model to perform STE in real time. The
multi-sensor data-driven model is determined offline using the outcomes of tasks (i) and
(ii), that is, multi-sensor data collected during IHGLSs, as well as the result of task (iii),
that is, STE outcomes for the IHGLSs. Because of the lack of a time constraint with of-
fline operations, one can apply any STE method to produce the STE outcomes needed
for building the multi-sensor data-driven STE model. In addition, because the online
application of the multi-sensor data-driven STE model has no need for an ATD model and
online optimization as in the case of the conventional STE shown in Figure 1, the proposed
multi-sensor data-driven STE can readily achieve STE in real time. This is expected to
resolve the difficulties with many existing STE techniques.

It is worth noting that IHGLSs are meteorological-condition-dependent. Under differ-
ent meteorological conditions, the multi-sensor data-driven STE model built in the offline
model-building stage is different. Therefore, in the real-time application of the multi-sensor
data-driven model for STE, the meteorological condition is needed to identify the multi-
sensor data-driven STE model corresponding to this meteorological condition. It is the
multi-sensor data-driven STE model corresponding to this meteorological condition that is
needed to produce the STE outcome.

In the next section, on the basis of the conceptual introduction above, the multi-sensor
data-driven STE problem will be formally defined to facilitate the development of the novel
multi-sensor data-driven STE approach in the later parts of this paper.
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Figure 2. The novel idea of the proposed multi-sensor data-driven STE.

3. Problem Definition and Relationships between Multi-Sensor Data and Hazardous
Gas Leakages

We can consider the scenarios in a chemical industry park where hazardous gas leak-

ages take place from S possible leaking sources, and the following assumptions are valid.

)
@

®)
(4)
©)

(6)

The meteorological condition in terms of wind speed and wind direction is known.
Under this meteorological condition, the hazardous gas leakages from the S possible
leaking sources can be detected by N sensors with N > N > §S..

M > N sets of historical multi-sensor data have been collected over a period from the
chemical industry park under this meteorological condition.

Over the period when the M sets of historical multi-sensor data were collected, there
exist hazardous gas leakages from S leaking sources with S < S .

Among the M sets of collected multi-sensor data, there are S sets of data that can
cover 5 THGLSs. This implies that vectors [Q;(j), -, Qs(j)],j = 1,---,S are lin-
early independent, where Q;(j) (i =1,...,5,j = 1,...,S) represents the strength of
the hazardous gas leakage from the ith of the S leaking sources in the jth of the S
hazardous-gas-leakage scenarios.

The concentration of hazardous gas at any location in the chemical industry park
produced by hazardous gas leakages from all of the S possible leaking sources equals
to the summation of S individual concentrations of hazardous gas at this location.
Each of the S individual concentrations is the concentration of hazardous gas at the
same location produced by hazardous gas leakage from each of the S possible sources.

Under these assumptions, the STE problem to solve here is concerned with how to

establish a multi-sensor data-driven STE model from the M sets of historical multi-sensor
data and apply the model to practically measured multi-sensor data to perform STE in
real time.

Three key issues with the STE model building and application are determining S,

finding the multi-sensor data collected from S THGLSs, and associating real-time measured
multi-sensor data with the outcome of STE using the STE model. These issues can be ad-
dressed based on the relationships between multi-sensor data and the sources of hazardous
gas leakages described in Proposition 1 as follows.
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Proposition 1: Under Assumptions (1)—(6), denote the M sets of multi-sensor data specified in
Assumption (3) asC;(1),--- ,Ci{(N)j=1,...,M
, define matrix:

Gi(1) - G(N)
c=| : : : ®)

Cu(1) -+ Cu(N)

and represent the S sets of historical multi-sensor data that can cover gJHGLSs during the
data collection period specified in Assumption (5) as Ej(l), - ,C;(N )j=1,...,S. Then:

(i) S equals the rank of matrix C, which is the same as the number of nonzero singular
values of the matrix.

(ii) 67(1), - ,E;(N )j=1,...,S are S linearly independent rows of matrix C.

(iii)) C(1),---,C(N) are denoted as the multi-sensor data measured in a hazardous gas-
leakage scenario where the hazardous gas leakages are generated by the same S
leaking sources as observed when the M sets of historical multi-sensor data are col-
lected as specified in Assumption (3), and Qy, - - - , Qg are represented as the strengths
of hazardous gas leakages at the time point when C(1), - - - ,C(N) are collected. Then:

Al [ - Q) L [em
= (cc’) e| ©)
ol losy - B cv)
where _ _
C1(1) C1(N)
c=| : (10)
C.) - CN)

Proof: See Appendix A. [J

From Proposition 1, it is known that S, i.e., the number of hazardous-gas-leakage
sources during the period when the M sets of historical multi-sensor data are collected,
can be directly determined as the rank of matrix C. In addition, over the hazardous-gas-
leakage scenarios represented by the M sets of historical multi-sensor data, there are S
IHGLSs as defined in Assumption (5); the S sets of multi-sensor data associated with these
IHGLSs are S linearly independent rows of matrix C. Moreover, from points (i) and (ii) of
Proposition 1 and the STE outcome (including both hazardous-gas-leakage location and
strength) for each of the S THGLSs, a multi-sensor data-driven STE model can be obtained
as equation (9); the model can be used to process real-time collected multi-sensor data
C(1),---,C(N) producing the corresponding STE outcome Qy, - - - , Qg. These conclusions
provide a theoretical basis for the development of a novel multi-sensor data-driven STE
approach, which will be described in detail in next section.

It is worth mentioning that this theoretical basis is valid under Assumptions (1)-(6).
For these assumptions, the most important are Assumptions (2), (5) and (6). Assumption (2)
implies that, under the considered meteorological condition, there should be N > S sensors
that can effectively monitor the hazardous gas leakages in the chemical industry park. In
other words, the number of sensors that can be relied on to monitor hazardous gas leakages
at any time is required to be at least the same as the number of possible hazardous-gas-
leaking sources. Assumption (5) basically defines, rigorously, what are called IHGLSs. The
assumption also implies a condition under which Equation (9) is valid and can therefore be
used to perform STE in the scenario when multi-sensor data C(1), - - - , C(N) are collected.
This condition requires that in the hazardous-gas-leakage scenario when multi-sensor
data C(1),---,C(N) are collected, the hazardous gas leakage is generated by the same



Processes 2022, 10, 1633

90f19

hazardous-gas-leaking sources as those in the S THGLSs. Assumption (6) is what is called
the additivity assumption, which can be satisfied when the concentrations of leaking
hazardous gas in a chemical industry are relatively small, which is valid in most practical
scenarios [21-25].

4. Novel Multi-Sensor Data-Driven Approach to STE

In principle, under Assumptions (1)—(6), the multi-sensor data-driven STE proposed in
the present study can be achieved by following the three points in Proposition 1. However,
in practice, the multi-sensor data collected and contained in matrix C are complicated.
Because of the effects of noises and measurement errors, the data in different rows in
matrix C but collected in the same scenario can still be different. This significantly affects
the determination of S when directly applying Step (i) in Proposition 1 and makes the
implementation of Step (ii) to find S linearly independent rows of matrix C extremely
difficult. Obviously, without the results in Steps (i) and (ii), the multi-sensor data-driven
STE model (9) cannot be established and then used to perform STE in real time from
multi-sensor sensor data C(1),---,C(N) in Step (iii).

In order to address these challenges, a novel multi-sensor data-driven STE approach
is proposed. The approach is based on the fundamental principle of Proposition 1 and is
composed of an innovative implementation algorithm. The Algorithm 1 applies K-mean
clustering in data science, as in many similar studies [26-28], as well as effective matrix
decomposition and analysis to address afore-mentioned noise/measurement error issues
and associated implementation difficulties. The details of the algorithm are summarized
as follows.

In this 5-step algorithm, Step 1 is basically to reduce the M set of historical multi-sensor
data to K* sets of multi-sensor data with each of the K* set of multi-sensor data representing
a different hazardous-gas-leaking scenario. Based on the reduced data sets obtained in
Step 1, Steps 2 and 3 are then used to find the number of hazardous-gas-leaking sources S
and the S sets of multi-sensor measurements that represent S IHGLSs, respectively. From
Step 4, the multi-sensor data-driven STE model is constructed using the outcomes of Steps
2 and 3 and an offline STE process. The offline STE determines the locations of the S
hazardous-gas-leaking sources and the strengths of hazardous gas leakages in each of the S
IHGLSs, which can be implemented by many well-established methods including those
that apply advanced optimization approaches [18,29-33]. Up to this point, the offline multi-
sensor data-driven STE model building has been completed. After that, the multi-sensor
data-driven STE model is used in Step 5 to process the online-measured multi-sensor data
and perform STE in real time.

Algorithm 1: Hybrid genetic algorithm

Step 1: Apply K mean clustering to find K" subgroups in the M sets of historical
multi-sensor data Cj(l), e, C]-(N )j =1,..., M such that data within each group
are similar, while data in different groups are different. Denote the multi-sensor data
in the k'th group thus determined as C;-‘: (1),---, C;c (N)j* =1,..., Mg with
k* =1,...,K*. Evaluate

M+
iy = L Zk:C;‘f(i),izl,...,N 11)
My =,

for k* =1,...,K* and use the results to construct matrix

cly - T
cr = : : : (12)
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Step 2:

Step 3:

Step 4:

Step 5:

Apply singular value decomposition (SVD) to matrix C* determined in Step 1 such
that
c=uzvT (13)
find the K diagonal entry of matrix %", and denote the results as O, k*=1,..., K"
Then evaluate
O * *
dp. = =, fork" =1,...,K (14)
7
finda k" such that B
d,. <ewhenk* >k (15)

with € being a small number specified a priori, and determine S, that is, the number
of hazardous-gas-leaking sources during the collection of the M sets of historical
multi-sensor data as

S=k" (16)

Denote
u =u(,1:9) (17)

where U*(:,1: S) represents the matrix composed of the firstS columns of matrix U*
in (13) that have been determined in Step 2. Applying QR-decomposition with
pivoting (QRDP) to matrix U*U*T yields a permutation vector

p=1[p1),...,p(S), -, p(K")] (18)

that re-orders the columns of U*U*T such that the diagonal elements of matrix R of
the QR-decomposition of the column reordered U*U*T are non-increasing. Then,
determine S sets of multi-sensor measurements that represent S IHGLSs from the
results in Equations (12) and (18) as

Y@, eV j=1,5 (19)
ie., thep(1),p2),...,and p(g)th rows of matrix C*, and represent the results as

EP(l)(l) . EP(U(N)

0|
Il

(20)

From each of the S sets of processed multi-sensor measurements in matrix E*,
offline-apply a well-established STE method to determine the locations of
hazardous-gas-leaking sources, as well as the strengths of hazardous gas leakages at

these locations in each of the S THGLSs. Denote the obtained strengths of hazardous
gas leakages in each of the S IHGLSs as

@G Q5] j=1---.8

and construct a practically implementable multi-sensor da-ta-driven STE model as
follows . .

Q Q1(1) -+ Q1(5) » C(1)

=] (cecm) | - (1)

Qs Q1) - Q30 C(N)
Apply the multi-sensor data-driven STE model (21) to real-time measured
multi-sensor data C(1), - -, C(N) to determine the corresponding strengths
Q1.+, Qg of hazardous gas leakages at the S locations that have been identified in
Step 4.

5. Simulation Studies

In order to verify the effectiveness and demonstrate how to implement the new multi-

sensor data-driven STE approach, we can consider a chemical industry park area with a
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size of 500 m by 5000 m by 100 m, where there are two possible hazardous-gas-leaking
sources A and B, and 10 sensors are used to monitor the hazardous gas leakage in this area.

The coordinates of hazardous-gas-leaking sources A and B and the 10 sensors are shown in
Table 1.

Table 1. The location of hazardous-gas-leaking sources and monitoring sensors.

Leaking Leaking Source Locations Sensors Sensor Locations

Sources X0 (m) Y0 (m) 20 (m) X (m) Y (m) Z(m)
Sensor 1 490 —50 g
Sensor 2 490 —40

A 0 0 0 Sensor 3 490 —30 9
Sensor 4 490 -20 9
Sensor 5 490 —-10 9
Sensor 6 490 10 9
Sensor 7 490 20 9

B 0 50 0 Sensor 8 490 30 9
Sensor 9 490 40 9
Sensor 10 490 50 9

It is assumed that the atmospheric transport and dispersion in the chemical industry
park can be described by the Gaussian plume model (1) with the dispersion coefficients
a = 0.41455, b = 0.66471, ¢ = 1.00000, and d = 0.38006 and the meteorological condition
that wind speed v = 3 m/s and wind direction is the same as the direction of the x coordinate.
Figure 3 shows an illustration of the concentrations of leaking hazardous gas in the area of
concern in the chemical industry park over the spatial plane of z = 9 m when the strengths
of hazardous gas leakages at locations A and B are Q4 = 7.5; Qp = 2.5 with unit g/s.

Clearly, in this case study, N = 10 and S = 2. For multi-sensor data-driven STE model
building, M = 1600 sets of noise-corrupted multi-sensor data are collected. These data
are generated under different strengths of hazardous gas leakages at locations A and B as
shown in Table 2 using the Gaussian plume model (1) where the dispersion coefficients
and meteorological condition are as specified above. A uniformly distributed random
noise § ~ U(—0.05,0.05) is added on top of the Gaussian plume model that generated
concentration data such that C]-(i) — Cj(i)(l +4),i=1,...,N;j=1,...,M, to simulate
the measurement errors induced by the environment and other factors in practice. It is
worth noting that, because of the effect of noise, the 100 sets of multi-sensor data in the same
hazardous-gas-leaking scenario shown in Table 2 are different. Therefore, the collected
M = 1600 sets of multi-sensor data are all different, as expected in practice.

X
o
&

C (concentration)
o - N w S

5000

(a)

Figure 3. Cont.
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Figure 3. Concentrations of leaking hazardous gas with unit g/m? over the spatial plane of z=9 m
when the strengths of hazardous gas leakages are Q4 = 7.5 and Qp = 2.5 with unit g/s. (a) 3D view.
(b) Bird’s eye view.

Table 2. Hazardous-Gas-Leaking Scenarios Taken into Account for Multi-Sensor Data-Driven

Model Building.
Leaking Scenarios (QA, QB) g/s
1 (observations 1:100) (7.5,7.5)
2 (observations 101:200) (7.5,2.5)
3 (observations 201:300) (5,15)
4 (observations 301:400) (15, 5)
5 (observations 401:500) (10, 10)
6 (observations 501:600) (2.5,2.5)
7(observations 601:700) (5,5)
8 (observations 701:800) (7.5,7.5)
9 (observations 801:900) 1,1
10 (observations 901:1000) (2.5,2.5)
11 (observations 1001:1100) (0,10)
12 (observations 1101:1200) (10, 0)
13 (observations 1201:1300) (5,0)
14 (observations 1301:1400) (7,0)
15 (observations 1401:1500) (7, 1)
16 (observations 1501:1600) 1,2)

We then applied the proposed multi-sensor data-driven STE approach described in
Section 4 to the 1600 sets of multi-sensor data. The details and results obtained in each of
the 5 steps of the new STE approach are provided as follows:

Step 1: Applying K-mean clustering to the M = 1600 measurements from the N = 10
sensors has results shown in Figure 4, indicating that the observed multi-sensor data
have K* = 14 clusters. In addition, it can also be found from Figure 4 that Observations
ix100+1toix 100+ 100,i=0,1, ..., 15 are within the same cluster; Observations 1-100
and 701-800 are in Cluster 1; and Observations 401-500 and 901-1000 are in Cluster 2.
Obviously, these results are consistent to the true situation shown in Table 2. The average
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concentration in each of the 14 clusters, that is, the components in matrix C*, is obtained
and shown in Table 3.

Elbow Point
Showing K*=14

/ Yo 20 40 600
. ) 20

Observation

Total Sum of Distance

Cluster Number

(a) (b)
Figure 4. The results of multi-sensor data clustering. (a) Total sum of distance (b) Cluster number.

Table 3. Average Concentration in Each Cluster Determined in Step 1.

Cluster Average Concentration in Each Cluster (g/m?)

1 0.0003 0.0006 0.0010 0.0016 0.0020 0.0025 0.0025 0.0025 0.0025 0.0024
2 0.0001 0.0002 0.0003 0.0005 0.0007 0.0008 0.0009 0.0008 0.0008 0.0008
3 0.0004 0.0008 0.0014 0.0020 0.0025 0.0025 0.0020 0.0014 0.0008 0.0004
4 0.0006 0.0012 0.0021 0.0031 0.0039 0.0042 0.0037 0.0031 0.0025 0.0020
5 0.0004 0.0008 0.0014 0.0021 0.0027 0.0034 0.0034 0.0034 0.0033 0.0031
6
7
8

0.0003 0.0006 0.0010 0.0014 0.0018 0.0018 0.0014 0.0010 0.0006 0.0003
0.0000 0.0001 0.0001 0.0002 0.0003 0.0003 0.0003 0.0003 0.0003 0.0003
0.0000 0.0000 0.0000 0.0001 0.0002 0.0008 0.0014 0.0020 0.0025 0.0027

9 0.0003 0.0006 0.0010 0.0015 0.0019 0.0021 0.0019 0.0015 0.0012 0.0010
10 0.0002 0.0004 0.0007 0.0011 0.0015 0.0025 0.0031 0.0037 0.0042 0.0043
11 0.0000 0.0001 0.0001 0.0002 0.0003 0.0004 0.0005 0.0005 0.0006 0.0006
12 0.0003 0.0006 0.0010 0.0014 0.0018 0.0019 0.0016 0.0012 0.0008 0.0006
13 0.0002 0.0004 0.0007 0.0010 0.0014 0.0017 0.0017 0.0017 0.0017 0.0016
14 0.0002 0.0004 0.0007 0.0010 0.0013 0.0013 0.0010 0.0007 0.0004 0.0002

Step 2: Applying the analysis in this step to matrix C* shown in Table 3 yields matrices
U* and 2*. Then, by taking £ = 0.02, it is known from the K* = 14 diagonal entries of *
that S = 2, that is, there exist 2 hazardous-gas-leaking sources, which is again correct.

Step 3: Applying the analysis in this step to Matrix U* obtained in Step 2 finds
p(1),..., p(S) as p(1) = 4, p(2) = 10 and then obtains Matrix C", which is composed of
the 4th and 10th rows of matrix E*, that is

c (1,:) = C*(4,:) = [0.006,0.0012,0.0021, 0.0031, 0.0039, 0.0042, 0.0037, 0.0031, 0.0025, 0.0021]

C'(2,:) = C*(10,:) = [0.002,0.0004,0.0007,0.0011,0.0015,0.0025, 0.0031, 0.0037, 0.0042, 0.0043]
Step 4: The Gaussian plume ATE model (1) is applied offline with a = 0.41455, b =
0.66471, ¢ = 1.00000, and d = 0.38006; v = 3 m/s, and the forward ATD-model-based STE
is applied to find the hazardous-gas-leaking location and strength in the two scenarios
wherein the N = 10 sensors measurements are C (1, :) (Scenario 1) and c (2,:) (Scenario 2),
respectively. The CMA evolution strategy [34] is used to search for an optimal solution to
the hazardous-gas-leaking locations and strengths in each case. The results obtained are
shown in Table 4.
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Table 4. Offline STE results obtained in Step 4.

Hazardous-Gas- Hazardous-Gas- Hazardous-Gas- Estimated Hazardous-Gas- Estimated Hazardous-
Leaking Leaking Source Leaking Strength Leaking-Source Gas-Leaking Strength
Scenarios Location g/s Location g/s
Scenario 1 A:(0,0,0) Qa=5 2 (—1.4540,0.0991,0.9282) Q4 = 7.0180
5:(0,50,0) Qp =15 (—1.5964,50.1608, —0.9200) Qp = 15.7968
Scenario 2 A:(0,0,0) Qa=15 A (—83654,0.6043,2.4344) Q4 = 155123
cenario B: (0,50,0) Qg =5 B:(6.9913,52.0679,0.0076)  Qp = 5.2388

Consequently, the multi-sensor data-driven STE model (21) is obtained with
Q1) - Q13

) ) | 7.0180 15.7968

~ |15.5123  5.2388

Q51 -+ Q55
and
Cc — 0.006,0.0012,0.0021,0.0031,0.0039,0.0042,0.0037,0.0031, 0.0025, 0.0021
~ | 0.002,0.0004,0.0007,0.0011,0.0015, 0.0025, 0.0031, 0.0037, 0.0042, 0.0043

Step 5: The multi-sensor data-driven STE model obtained in Step 4 is applied to the
real-time measured multi-sensor data in ten different hazardous-gas-leaking scenarios,
respectively, to perform the STE in each case. The real hazardous-gas-leaking strength and
corresponding multi-sensor data measurements in each of the ten hazardous gas-leaking-
scenarios are shown in Table 5. The STE results including the estimated hazardous-gas-
leaking strengths and locations in each scenario are also provided in Table 5.

It can be observed from Table 5 that good online STE results have been achieved
using the proposed multi-sensor data-driven STE approach. The differences between the
true hazardous-gas-leaking strengths (Q4, Qp) and locations A : B : and the estimated
results (Q A QB) and A : B :are basically due to errors from the offline STE stage in
Step 4 when the CMA evolution strategy is used to search for an optimal solution to the
hazardous-gas-leaking locations and strengths. This can be improved by using a more
effective optimization approach, which is beyond the scope of the present study but will be
investigated in future work.

In order to investigate the effects of noise and the number of sensors on the perfor-
mance of the proposed multi-sensor data-driven STE approach, two additional simulation
studies were conducted. In the first additional study, it was assumed that the multi-sensor
measurements were noise-free, that is, 6 ~ U(0,0), when multi-sensor data are generated
for the simulation study. In the second additional study, only the data from sensors 1, 5, 6,
10 were used to build the multi-sensor data-driven STE model (21) and then use the model
to online-process multi-sensor data and perform STE in real time. The results of the two
additional studies are shown in Tables 6 and 7, respectively.

From a comparison of the STE results in Tables 5 and 6, it can be observed that the
results in the noise-free case are slightly better than the results in the case when the multi-
sensor data are affected by noise, indicating that the noise does have some effects on the
proposed multi-sensor data-driven STE approach but also that the effects are not significant.
However, a comparison of the results in Tables 5 and 7 shows that the number of sensors
that can be used to implement the multi-sensor data-driven STE have an obvious impact
on the performance of the proposed approach. Basically, the use of more sensors can
improve the accuracy of both estimated hazardous-gas-leaking strengths and estimated
hazardous-gas-leaking-source locations.
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Table 5. Online STE results obtained in Step 5.

Hazardous-Gas-Leaking Strength (Q4,Qp) g/s

Corresponding Sensor Data
C =[C(1), C(2), C(3), C(@), C(5), C(6), C(7), C(8), C(9), C(10)] g/m>

Estimated Hazardous-Gas-Leaking Strength (Q,4,Qp) g/s

(20,2)
0,0
(1,3.5)
(22,17)
@.1,4.1)
(6,0)
9,9
(14.14)
(13, 1)
a,12)

[0.00080.0016 0.0027 0.0040 0.0051 0.0052 0.0043 0.0031 0.0021 0.0013]
[0 0 0 0 0 0 0 0 0 0]
[0.00000.0001 0.0001 0.0002 0.0003 0.0005 0.0007 0.0008 0.0010 0.0010]
[0.00090.0018 0.0031 0.0045 0.0059 0.0070 0.0068 0.0064 0.0061 0.0055]
[0.00020.0003 0.0006 0.0009 0.0011 0.0014 0.0014 0.0014 0.0014 0.0013]
[0.00020.0005 0.0008 0.0012 0.0015 0.0015 0.0012 0.0008 0.0005 0.0002]
[0.00040.0007 0.0013 0.0019 0.0024 0.0030 0.0031 0.0031 0.0030 0.0028]
[0.00060.0011 0.0019 0.0029 0.0038 0.0047 0.0047 0.0047 0.0047 0.0044]
[0.00050.0010 0.0018 0.0026 0.0033 0.0034 0.0028 0.0020 0.0013 0.0008]
[0.00000.0001 0.0002 0.0003 0.0005 0.0012 0.0018 0.0026 0.0031 0.0033]

(20.0762, 2.0618)
(0,0)
(1.4737, 3.6776)
(24.1291, 17.8275)
(4.6256, 4.3020)
(5.9399, —0.0123)
(10.1537, 9.4435)
(15.7946, 14.6899)
(13.0080, 1.0248)
(2.6484, 12.6138)

Hazardous-Gas-Leaking-Source Locations
A:(0,0,0)B:(0,50,0)

Estimated Hazardous-Gas-Leaking-Source Locations

A : (—4.9097,0.3517,1.6813)B : (2.6974,51.1144, —0.562)
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Table 6. Online STE results in the noise-free case.

Hazardous-Gas-Leaking Strength (Q4,Qp) g/s

Estimated Hazardous-Gas-Leaking Strength (Q,4,Qp) g/s

(20,2) (19.9965, 1.9479)
(0,0) (0,0)
1,3.5) (1.4323, 3.4967)
(22, 17) (23.8788, 16.9396)
(41,4.1) (4.5687, 4.0886)
(6,0) (5.9226, —0.0155)
9,9 (10.0288, 8.9749)
(14.14) (15.6003, 13.9609)
13,1) (12.9596, 0.9662)
1,12) (2.5136, 11.9950)
Hazardous-Gas-Leaking-Source Locations Estimated Hazardous-Gas-Leaking-Source Locations
A:(0,0,0) A+ (—38.3933, 0.3540, 3.3735)
B (0,50,0) B : (0.9040, 51.4910, 0.1085)

Table 7. Online STE results in a case when the data from 4 sensors are used.

Hazardous-Gas-Leaking Strength (Q4,Qp) g/s

Estimated Hazardous-Gas-Leaking Strength (Q,4,Qp) g/s

(20,2) (19.9378, 7.3274)
(0,0) (0,0)
(1,3.5) (1.6664, 3.6142)
(22,17) (24.8458, 22.1976)
(4.1,4.1) (4.8138, 5.0269)
(6,0) (5.8632, 1.6251)
9,9 (10.5670, 11.0347)
(14.14) (16.4375, 17.1651)
(13,1) (12,9005, 4.4762)
(1,12) (3.3401, 11.7337)

Hazardous-Gas-Leaking-Source Locations

Estimated Hazardous-Gas-Leaking-Source Locations

A (—=7.6791, 3.5176, —1.6206)

A:(0,0,0)
B : (—0.1989, 52.5589, —0.9563)

B: (0,50,0)

6. Discussion

Current STE approaches are either to online-use ATD-model-based nonlinear opti-
mization to find the locations and strengths of hazardous-gas-leak sources or to rely on
a machine-learning-based STE model to associate the field-measured multi-sensor data
with the leaking-sources parameters. In the present study, for the first time, the idea of the
exploitation of historical multi-sensor observations for the STE of hazardous gas leakages
is proposed. The new concept of IHGLSs is introduced, which, under Assumption (6), can
fully represent the mechanisms that dominate the hazardous gas leakages in the chemical
industrial park of interest. It is shown that the online STE for any hazardous-gas-leak
scenario can be achieved using a multi-sensor data-driven STE model derived from the
offline STE outcomes and the multi-sensor data collected from these IHGLSs. A further
novelty is the innovative data analysis that is introduced to determine the number and
the most representative multi-sensor data from these IHGLSs. The results allow the most
important historical multi-sensor data to be embedded into a STE model and exploited to
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carry out online STE. Compared to existing STE methods, the proposed approach has no re-
quirement for ATD-model-based online nonlinear optimization and involves no supervised
learning. Therefore, the proposed approach could be more easily adopted and applied in
engineering practice. It is worth mentioning that the proposed approach requires that the
multi-sensor data used for the multi-sensor data-driven STE model-building cover all the
IHGLSs of concern. This condition can be satisfied if a sufficient period of time is used to
collect the required historical multi-sensor data. This is because less significant hazardous
gas leakages with strengths within allowed limits almost always take place anytime in a
chemical industry park, and these routine leaking scenarios are sufficient to cover all of the
IHGLSs of concern, provided a sufficient period of time is used for the data collection.

7. Conclusions

Source term estimation (STE) is important for the timely identification of the source of
hazardous gas leakages in chemical industrial parks to address environmental pollution
and prevent possible accidents. Current STE techniques basically use hazardous gas sensors’
data and rely on running an ATD model online in conjunction with an optimization or
Bayesian inference framework to find hazardous-gas-leaking locations and strengths. In
addition, many supervised machine-learning-based STE methods have also been proposed
to directly associate multi-sensor data with STE outcomes. However, due to complexity and
required computation time, the ATD model and online optimization-based STE is difficult to
implement in real time. The robustness issue with supervised machine learning implies that
machine-learning-based STE is also hard to apply in practice. To address these challenges,
a novel multi-sensor data-driven STE approach is proposed in the present study. The
approach applies unsupervised multi-sensor data clustering and analysis to historical multi-
sensor data collected over a period covering the IHGLSs of concern. This, in conjunction
with the offline application of a forward ATD-model-based STE, produces a multi-sensor
data-driven STE model that can be directly used to online-process multi-sensor data and
conduct STE in real time. In principle, this approach can fundamentally resolve time-
consumption-, complexity-, and robustness-related difficulties with existing STE techniques.
Simulation studies have verified the effectiveness of the proposed approach. In order to
better reveal the main idea, the present study only considers relatively simple scenarios,
wherein the Gaussian plume model is used as the ATD model, one meteorological condition
is taken into account, and the IHGLSs don’t change with time. Future studies will be focused
on more-complicated situations, including hazardous-gas-leakage scenarios represented by
high-fidelity CFD models, as well as applying the proposed approach to multi-sensor data
from chemical industry parks to carry out STE studies on real industrial scenarios.
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Appendix A

Proof of Proposition 1: From Assumption (5), the relationship between the strength of
hazardous gas leaking and multi-sensor data at any location as shown by a ATD model
such as Equation (1) implies that 67(1), e ,67(N )j=1,...,S are S linearly independent
rows of matrix C. So, Point (ii) is valid.
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From Assumption (4) and point (ii), it is known that any row in matrix C can be
represented by a linear combination of E]f(l), e ,Ej(N )j =1,...,S. Therefore, Point (i)
is proven.

As C(1),---,C(N) are the multi-sensor data measured in a hazardous-gas-leaking
scenario wherein the hazardous gas leakage is generated by the same S leaking sources,

[C(1),---,C(N)]T can be represented by a linear combination of 67(1), - ,E]f-(N)f =
1,...,5, thatis

where p1 , - - -, pg satisfies
Q1 Q1) -+ (9] [,
Qs Qs(1) -+ Qg(S)] Les
Therefore,

Q1 Qi(1) - Q(S) - C(1)

|

—

O

0
)ﬂ
~
|

ol

ol a5 - Q56 c(N)

that is, Point (iii) is valid. [J
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