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ABSTRACT Waterleakage detection and localization in distribution networks pipelines is a challenge for
utility companies. For this purpose, thermal Infrared Radiation (IR) techniques have been widely applied
in the literature. However, the classical analysis of IR images has not been robust in detecting and locating
leakage, due to presence of thermal anomalies such as shadows. In this study, to improve the detection and
location accuracy, a digital image processing tool based on multitemporal IR is proposed. In multitemporal IR
analysis, the variation of soil’s temperature due to field temperature can be obtained; and hence; estimating
variations due to water leakage would be more accurate. An experimental setup was built to evaluate the
proposed multitemporal IR water leak detection method. In order to consider the temporal temperature
variation due to water leakage and mitigate the field temperature effects, a luminance transformation of
the IRimages was introduced. To determine the temporal temperature variation of the soil’s surface due to
the leakage, several metrics have been considered such as the difference, the ratio, the log-ratio and the
coefficient variation (CV) images. Based on the experimental results, the log-ratio and the CVimages were
the most robust metrics. Then, based on log-ratio or the CV image, a temporal variation image (TVI) that
traduces the temporal IR luminance variation was introduced. The analysis of the TVI image showed that the
CV image is less noisy than the log-ratio image, and can more accurately locate the leakage. Finally, based
on TVI histogram, a threshold was defined to classify the TVI image into leakage/non-leakage areas. Results
showed that the proposed method is capable of accurately detecting and locating water leakage, which is an
improvement to the false detections of spatial thermal IR analysis.

INDEX TERMS Sustainable development goals (SDG), non-destructive evaluation (NDE), infrared ther-

mography, water leak detection, multitemporal analysis.

I. INTRODUCTION

Clean drinking water and environmental degradation fighting
are two challenges addressed by the Sustainable Develop-
ment Goals (SDG) [1]. Water leakage in the distribution
network is one of potential causes preventing the achievement
of these goals. In fact, water leaks cause significant losses
of drinking water and significant deterioration of the water
quality within the supply system while large leaks can poten-
tially cause flooding and disrupts the quality of the urban
environment.

The associate editor coordinating the review of this manuscript and

approving it for publication was Wuliang Yin

72556

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/

Various nondestructive evaluation (NDE) leak detection
techniques have been proposed in the literature [2]-[19].
Table 1, presents a comparison of the performance of some
basic leak detection techniques. In [2], the leak detection
technologies are categorized into external/internal to the
pipelines-based methods. In [3], the authors grouped them
into non-numerical, numerical and time domain, frequency
domain analysis. The Closed-Circuit Television (CCTV) is
a well-known technique for the leak detection [2]. The sys-
tem includes a remote-controlled platform and a camera
mounted on a robot moving between two manholes inside
the pipeline [2]. In acoustic technology, the acoustic sensors
such as pressure sensors, accelerometers, or hydrophones, are
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TABLE 1. Performance of some leak detection techniques.

Method Advantage

Disadvantage

Closed-circuit television (CCTV) Used for water main rehabilitation

Applied to sewer and storm water pipes

Time-consuming, labor intensive and
low reliability in detecting leaks
Accuracy is dependent on the user’s experience [2].

Real time [16],
Acoustic Emission

high detection and localization accuracy [2]

Signals are influenced by the type of pipe materials and
pipeline section [16]

Sensitive to background noise [4].

Requires a great number of long pipelines [2]

Insensitive to large leaks [17].

Ground penetration radar
ceramics.
Not limited by pipe size [18]

Applied to various pipe materials such as concrete,
stone, plastic, masonry materials, wood and some

influenced by the type of soil
Ineffective for inhomogeneous soil.
influenced by the moisture of soil [7]

It is difficult to interpret the results [12].

[19].
Immunity  to
measurement

electrical
stability,

Fiber optics

hone optical fiber line [15]

Provides accurate leakage detection and location

noise,
corrosion
properties and provides long-distance sensing
capabilities with many measurement points through

High cost
can only be deployed for monitoring linear pipelines [15,
long-term | 2]

resistant

Large areas to be investigated
Near-real time
Infrared thermography Low cost

pipe material type and size [7].

It can be used in day or night time. Independent of

Certain level of expertise is also required to analyze the
image.

Influenced by the moisture of soil [7]

affected by weather conditions [16]

distributed on the pipeline or inside it [4]. They sense leak-
age’s mechanical noise. In ground penetration radar (GPR),
radiofrequency RF waves are transmitted from the antenna.
The backscattered signal is recorded to create a 3D profile of
underground layers. The leakage is identified by the irregular-
ities in the 3D profile due to the underground voids created by
the leaks [5]. In fiber optics techniques, since leakages from
pipeline cause local temperature anomalies, optical fiber line
installed over the entire pipeline can detect the leakage by
taking temperature measurements [6].

Infrared Radiation (IR) thermography remote sensing
which relies on variations in thermal emission provides pow-
erful means for large-scale detection of leaks [5], [7]-[14].
Water present in soil generates latent heat losses through
evaporation. Based on this concept, a large number of remote
sensing experiments involving IR sensors have been con-
ducted for detecting water leaks [5], [7]-[14]. In addition,
IR enables relatively large areas to be investigated effec-
tively in near-real time. It is also independent of pipe mate-
rial type and size [5]. These advantages make use of the
IR camera overcomes limitations associated with currently
leak detection methods. The reliability of IR in detecting
leaks in buried water pipes is studied in [8]. Neverthe-
less, IR water leak detection techniques are based on the
identification of thermal anomalies of a scalar IR image
acquired in a fixed time. However, despite the advantages
of scalar IR, the detection accuracy was quite low due to
false positives generated by other thermal anomalies such as
shadows [5], [12]-[14].

In this study, the false detection problem of classical
scalar IR technique has been addressed. The novelty is the
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exploitation of the temporal temperature variation caused by
the leakage rather than combining the IR with other tech-
nologies. In fact, in addition to 2D spatial thermal anoma-
lies, water leaks can also generate temporal variation of the
thermal profile of the leakage surface. Hence, temperature
variation in temporal IR is an important parameter that char-
acterizes ground change [20]-[22]. Recently, the temporal IR
is exploited to detect buried mines [21]. Due to the different
thermal properties between soil and mine, the temperature
of soil surface above mine differs from its surroundings
during a heating-cooling procedure. The IR sequences are
analyzed visually after the cooling process. In the 2D ther-
mograms, a ‘hot spot’ appeared on the surface above mine.
In addition, the authors demonstrated that, after the cool-
ing process, the slowest temperature decrease of the soil is
above the mines. Nevertheless, only 2D thermal anomalies
are exploited to identify the positions of mines whereas the
temporal information is ignored. On the other hand, in the
proposed study, a deep study of the temporal variation of
the temperature profile of leakage surface, a multitemporal
high resolution IR water leak detection technique is proposed.
After that, based on the properties of the temporal thermal
profiles of leakage zones, a water leakage technique has
been proposed. Using this method, the variation of the soil’s
temperature due to field temperature can be obtained; and
hence; estimating the variations due to water leakage would
be more accurate.

This paper is organized as follows: In section II, the exper-
imental data are introduced. Section III presents the prob-
lem formulation. In section IV, the proposed leak detection
method is detailed. The results and discussions are given in
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FIGURE 2. Experiment setup: a) Dimensions, b) Initial image.

sections V and VI, respectively. Finally, Section VII presents
the conclusions of this study.

Il. EXPERIMENTAL DATA

The experimental setup, shown in Figs. 1 and 2 simulates
a section of water distribution network (WDN) in United
Arab Emirates(UAE). A dune sand filled box with plastic
pipes built to investigate the effectiveness of the proposed
multitemporal IR for leak detection. The boxes were filled
three years before realizing the experiments (March 2018).
A compaction process has been realized as described in [7].
The boxes are situated in open air to resemble as much as pos-
sible the real conditions of UAE environment (i. rain, worms
and other animals). Tables 2 shows the parameters of the
WDN pipes, camera, and images. For test1 and test2 datasets,
the leakage carried out at 11h am and 2pm respectively while
the soil was exposed to the sun (except the shadowed area as
seen in Fig. 2b).

IR detection was possible after 40 min of water leakage
(i.e. 11.40 am for testl and 2.40 pm for test2). This duration
is comparable to that reported in [11]. For testl datasets,
at 1 1hminam: i) all the experiential setup is shadowed by the
neighboring buildings; therefore, the overall temperature of
the soil was expected to decrease with time (see Fig. 1b).
ii) The initial temperature of the shadowed area in Fig. 2b)
was lower than that in other parts of the soil (i. e. temperature
anomaly).
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A. DATA SET

Figs. 3 and 4display the thermograms of testl and
test2 datasets, respectively. For image processing purpose,
thermograms are captured in grayscale RGB (red, green and
blue) format where R, G and B layers are equal. Hence, only
one layer is selected for image processing. The grayscale
format ensures a bijection between the temperature and the
luminance. On the other hand, false colour palettes do not
ensure a bijection between the values of RGB layers and
the temperature. The processing of one layer of false colour
images (e. g. G layer in [5]) is not optimal. False colour
images can be displayed for perception purposes to increase
the contrast of the thermograms as illustrated in Fig. 5.

Ill. PROBLEM FORMULATION: SPATIAL-BASED IR LEAK
DETECTION

In classical IR techniques, a single thermogram captured at
a fixed time is analyzed visually or processed to detect the
leakage area. The false color palettes can be used to enhance
the contrast of the thermograms.

Fig. 5 visually shows the acquired thermograms using false
colors. Fig. 6b) displays the temperature profiles of leakage
and non-leakage areas. The leakage is characterized by a
lower temperature than the soil one.

In addition to the water leakage, a significant temperature
drop due the shadow is perceived as seen in Figs. 6a). When
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FIGURE 3. Multitemporal raw IR images ti = 40min+T=i (T = 10min, n = 1: 8) a) t1, b) t2, c) t3, d) t4, e) t5, f) 6, g) t7, h) t8. The temperature

ranges have been set automatically by the camera.

e) f)

g) h)

FIGURE 4. Multitemporal raw IR images ti = 40min+Txi (T = 1min, n = 1: 8) a) t1, b) t2, ¢) t3, d) 4, e) t5, f) t6, g) t7, h) t8. The temperature

ranges have been set automatically by the camera.

the thermogram is spatially low contrasted or displays small
temporal changes, the visual inspection can fail to identify
leakage areas. To resolve this problem, image processing
techniques that are based on objective criteria (i. e. quantita-
tive metrics) are applied [5], [9], [10], [22]-[26]. Histogram
based algorithms are commonly applied, such as histogram
equalization [23] and [25].

Fig. 6¢c) displays the histograms of the leakage, non-
leakage and the shadowed areas that are calculated from the
rectangular zones(see Fig.6a) where ‘TH’ is the threshold
used to segment the IR image into leakage and non-leakage
areas. It can be observed that leakage and non-leakage
areas can be discerned. Nevertheless, leakage and shad-
owed areas have overlapped luminance values. As a result,
the spatial luminance-based techniques are not able to discern
them [5], [9], [10], [23]-[25].
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For TH = 80, leakage areas can be identified in the seg-
mented image as seen in Fig 6d). Nevertheless, wide false
positive area corresponding to the shadowed zone is also
detected. In this study, to reduce the misinterpretations and
increase the competitiveness of IR technology, the multitem-
poral IR is employed instead of using other technologies such
as multispectral [12], visible sensors [11], [12], GPR [5].

IV. TEMPORAL-BASED IR LEAK DETECTION

For optimal exploitation of the advantages of IR, the repeat
pass IR is applied. The originality of the method is the detec-
tion of leaks by exploiting the time variation of temperature.
Since the leak location has lower temperature than the sur-
rounding soil, this will cause its temperature decrease con-
tinuously. Hence, the highest temperature variation surface
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FIGURE 5. Multitemporal false colour IR images, a) t1, b) t2, c) t3, d) t4, e)
t5, f) t6, g) t7, h) t8.

is above the leakage. The objective is to define a metric that
emphasize such temporal temperature variation.

A. LUMINANCE TRANSFORMATION

Fig. 6b) displays the temporal luminance profiles of the
leakage and the non-leakage areas. Due to water leakage,
the width W of the leakage area has increased(W2 > W1 in
Fig 6b). Nevertheless, the decrease of the soil’s tempera-
ture is not due to leakage only but it is also due to the
field temperature, as explained in section II. To emphasize
the temporal temperature variation, the difference between
the successive IRimages is displayed in Fig. 7. It can be
observed that important changes are essentially due to field
temperature rather than leakage since the leakage area is not
highlighted. Hence, to emphasize the leakage temperature
variation and mitigate the effects of the field temperature
(i. e. the absolute value of the luminance), the dynamic ranges
of the luminance of all multitemporal IR images are shifted.
Let £ (t;) be the luminance of the thermograms and L (¢;) be
the shift-transformed luminance at time ¢; (i = 1, ..., 8)

L ;) = £ (t;) — min {£ @)} ey
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TABLE 2. Experimental Setup Parameters.

| Pipe parameters | | Value | | Value |
Material Polypropylene Polypropylene
(PPR) (PPR)
Diameter 1.51in 1.51n
Depth 16 in 16 in
Leak Faulty joint Faulty joint
| Water parameters | | Value | | Value |
Temperature 23°C 21°C
Pressure 0.3Pa 0.5Pa
Water leakage 1lam 14am
| Soil || Value || Value |
Type Dune sand Dune sand
Compaction 90% 90%
Time of sand lying March 2018 March 2018
Density (1689.41 kg/m3) (1689.41 kg/m3)
IR camera Value Value
parameters
Type FLIR T420 FLIR T420
Wavelength 7.5-13.0um 7.5-13.0um
Emissivity 0.98 (dry soil) 0.98 (dry soil)
Height from the soil 1.5m 1.5m
| IR image parameters | | Value | | Value |
Start 11.40am 2.40pm
Temporal resolution 1 image/10 min 1 image/ min
Spatial resolution 0.15x0.15cm’ 0.15x0.15cm’

Fig. 8 displays £ (¢;) images in which the effect of the
initial absolute value of the luminance has been mitigated (i.e.
in comparison with Fig. 5). As a result, the luminance varia-
tion in Fig. 8 is essentially due to the leakage. The objective
is to exploit such variation for water leakage detection and
localization.

Fig. 9 displays the mean Ly (¢;) of leakage, non-leakage
and shadowed areas as a function of the time (#;). Due to
water leakage, the transformed luminance Ly (¢;) decreases
with time. This decrease is more rapid in the leakage area
since it is closer to the leakage location. These observations,
have been considered in the development of the water leakage
detection method.

B. QUANTITATIVE METRICS

The objective here was to quantify the time variation of the
transformed luminance Ly (¢;). Various metrics have been
evaluated.

a: THE DIFFERENCE IMAGE

As stated previously, this metric fails to identify the leakage
as seen in Fig. 7.

b: THE RATIO IMAGE

Unlike the difference, the ratio image was sensitive to the
absolute value of the luminance. In this study, the transformed
luminance Ly (;) is used. The leakage water could have lower
or higher (by heating water [26]) temperature than that of
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FIGURE 7. Difference IR images between successive acquisitions.

soil. To highlight the temperature changes in both cases, has identified the leakage areas from the non-leakage and
the following ratio image was defined: the shadowed areas. In fact, as shown in Fig. 9, the leakage
Ly (tir1) Ly (&) area is characterized by a more rapid decrease of Ly (¢;) than
s Titl S (2)  the shadowed area. On the other hand, both leakage and
Ly (i) Ls (ti+1) non-leakage areas are characterized by a decrease of Ly (¢;).

Figs. 10 displays the ratio images between successive Nevertheless, as shown in Fig. 9, the leakage area has signif-
transformed IR images. It can be observed that the ratio image icantly lower Ly (¢;) values. Based on these results, the ratio

Rt) =

VOLUME 9, 2021 72561
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FIGURE 8. Multitemporal transformed IR images £; (¢;).
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FIGURE 9. Temporal evolution of mean(L; (¢;)) of leakage, non-leakage
and shadowed areas.

image is capable of discerning leakage from non-leakage and
shadowed areas. Nevertheless, the contrast of the ratio image
is low as shown in Fig. 10.

¢: THE LOG-RATIO IMAGE:
The log-ratio image is defined as

L (tiv1)
Ls (ti)

Ls (i)
Ls (ti+1)

Figs. 11 displays the log-ratio images. It can be observed
that this metric has improved the visual detection compared
to the ratio image. Fig. 12 demonstrates that the application
of the log-ratio without the transformation (1) would fail to
identify the leakage area. To assess the temporal variation of
the transformed IR images, the mean of the log-ratio images
was used

Ri@) = ‘IOg 3

_ 1 N-1
Re=— ; Ri (t:) “)

where N is the number of IR images. Fig. 13a) displays
R, image. Fig. 13b) displays R, histograms of the leakage,
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non-leakage and the shadowed areas. Unlike the spatial anal-
ysis in Fig. 6¢), it can be observed that Ry image discerned
the leakage area.

d: THE COEFFICIENT VARIATION

The Coefficient Variation (CV) is commonly applied in syn-
thetic aperture radar images as a measure of the spatial
variability of the image [27]. In this study, the temporal
variability is assessed instead. The CV of the pixel (x, y) is
defined as

std (Ls (x,y,1: N))

Vi = mean (Ls (x,y,1 :N))

®)

where std is the standard deviation.

Fig. 14a) displays CV image. Since the leakage area
is characterized by a higher temporal variability than the
shadow and the non-leakage areas (as shown in Fig. 9),
CV image has successfully emphasized the leakage. It can
be observed also that the CV image is less noisy than the Ry
image. Unlike the spatial analysis in Fig. 6¢), the histograms
displayed in Fig. 14b) show that using an appropriate thresh-
old can help to discern the leakage location.

V. PROPOSED LEAK DETECTION METHOD
The leakage detection and localization is formed as a binary
classification problem. In the classified image, a binary
“1” is assigned to leakage and binary “0” is assigned
to non-leakage pixels. Consequently, the locations and the
extent of leakage can be easily identified.

The proposed approach, which is described in Fig. 15 is
composed of the following steps:

« Acquisition of multitemporal IR dataset.
o TVIimage computation

« Histogram determination

« Derivation of the threshold.

« Generation of the classified image.

VOLUME 9, 2021
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A. ACQUISITION OF MULTITEMPORAL IR DATASET

The first step of the proposed leakage detection technique is
the acquisition of the multitemporal IR dataset as described
in section II.

B. APPLY THE TRANSFORMATION L
To mitigate the effect of time variation of field temperature,
a luminance transformation (L) is used.

C. COMPUTE TVI IMAGE

In order to determine the temporal variation of the soil tem-
perature, due to leakage, the TVI image was computed. Two
expressions have been proposed in this study for TVI image
computation, TVI = R4 (4) and TVI = CV (5).

D. HISTOGRAM DETERMINATION
As demonstrated in TVI histograms in Figs. 13b) and 14b),
the leakage area is characterized by high temporal
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temperature variation (i.e. high TVI values). Hence, TVI
histogram is used to define the threshold and identify high
TVI values.

E. DERIVATION OF THE THRESHOLD

To detect and locate the leakage zone, the proposed method
was used successfully by applying thresholds. The threshold
is derived by visually analyzing the TVI histogram. After that,
the threshold is set to select high TVI values.

F. GENERATION OF THE CLASSIFIED IMAGE

Leakage and non-leakage pixels are identified by comparing
each pixel of TVI image with the threshold. If the TVI pixel
value is higher than the threshold “TH” it will be assigned to
the non-leakage class.

if TVI (i,j) > TH
elsewhere

1 (Leakage)
0 (Non — leakage)

Class (i, )) = ! (6)
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VI. RESULTS

In this section, the performance of the proposed multitempo-
ral IR leakage detection technique is assessed using test 1 and
test 2 datasets.

A. TEST 1 DATASET
For TVI = R, and fornon-leakage area, TVI ~ 0.8. For
shadow area, TVI =~ 0.8 and for leakage area, TVI ~ 4.
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The selected threshold is TH = 3.5. Fig. 12c) displays the
classified leakage/non-leakage image. It can be observed
that multitemporal IR analysis detected one potential leakage
location without false positives.

For TVI = CV, fornon-leakage area, TVI =~ 0.22, for
shadow area TVI = 0.35 and for leakage area TVI =~ 0.65.
The selected threshold is TH = 0.6. Fig. 14c¢) displays the
classified image using CV metric. It is evident that the CV
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FIGURE 17. a) CV Image (x 100), b) Histograms, c) classified image leakage/non-leakage areas TH2 = 0.75.

identified the leakage area, which is more compact than that
detected by the log-ratio metric.

Field measurements of the distances between the leakage
location and the center of the detected leakage zone was about
1 cm, in both cases.
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B. TEST 2 DATASET

Figs. 16a) and 17a) display TVI = Ry and TVI = CV
images, respectively. It can be observed that leakage is
characterized by high TVI values. It is observed also that
CV metric displayed less noisier TVI image than Ry one.
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Figs. 16b) and 17b) display R and CV histograms, respec-
tively. For TVI = Ry, the threshold is TH = 2.5 while for
TVI=CV, TH =0.75.

Fig. 16c) displays the classified leakage/non-leakage
image using Ry metric. It can be observed that multitemporal
IR analysis detected one potential leakage location. Fig. 17¢)
displays the classified image using CV metric. It is evident
that the CV image has identified the leakage location, more
accurately than that detected by the log-ratio metric.

VII. DISCUSSION

It has been demonstrated in [7] that IR camera was able to
robustly detect leaks in different pipe materials and thick-
ness(th) (PEth = 3.5mm, PPR th = 5.7mm & PVCth =
2.6mm) for all of the tested leak types (crack, hole & faulty
joint) when the soil moisture contents were 2% and 5%. The
proposed leak detection method was effective and was not
affected by the thickness or the material of the pipe in all
leakage types (crack, hole and faulty joint).

Since the temporal temperature variability of the leakage
is higher than the shadow (see Fig. 9), the size of the shadow
has not influenced the method’s performance provided that
the shadow was not above the leak.

Another essential characteristic of the proposed technique
is the low computational complexity. For an IR image of
size Nx x Ny. The computational complexity of the proposed
leakage detection technique is O(Nx x Ny x N).

The proposed leak detection technique is based on the
particular temporal temperature variation of the soil above
the leak. In [21], it has been demonstrated that temporal
temperature variation of the soil above the mines have also
particular comportment. Hence, the proposed method could
be easily applied to improve the detection accuracy of mines.
The proposed method could be eventually applied to other
similar applications.

The proposed method is an IR based technique, its limi-
tations can be found in table 1 (see infrared thermography
disadvantages). The threshold is derived after a visual anal-
ysis of the TVI histogram. After that, it is manually set to
select high TVI values. As described in Table 1, this step
requires a certain level of expertise to analyze the image
which constitutes a limitation of the proposed method. The
full automate of the proposed leak detection technique will
be investigated in our future research.

VIil. CONCLUSION

In this study, soil temperature variation was determined by
analyzing multitemporal IR images of leakage area in an
experimental WDN setup. To mitigate the effect of time
variation of field temperature, a luminance transformation
was used. Results showed that the classical spatial analysis
can detect water leakage areas but false positives can be
observed. To address this issue, a method based on multitem-
poral IR analysis is proposed in this study. Using the method,
the variation of soil’s temperature due to field temperature
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was obtained and hence temperature variations due to water
leakage was accurately determined.

Hence, for optimal use of IR technology, it is concluded
that temporal temperature variation constitutes viable solu-
tion for water leak detection. It has been demonstrated in this
study that the CV image is less noisy than the log-ratio image,
and can more accurately locate the leakage. As result, the use
of CV metric is recommended in further application.
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