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a b s t r a c t

To reduce the secondary damage caused by leakage accidents in plant piping systems, a constant sur-
veillance system is necessary. To ensure leaks are promptly addressed, the surveillance system should be
able to detect not only the leak itself, but also the location of the leak. Recently, research to develop new
methods has been conducted using cameras to detect leakage and to estimate the location of leakage.
However, existing methods solely estimate whether a leak exists or not, or only provide two-dimensional
coordinates of the leakage location. In this paper, a method using multiple cameras to detect leakage and
estimate the three-dimensional coordinates of the leakage location is presented. Leakage is detected by
each camera using MADI(Moving Average Differential Image) and histogram analysis. The two-
dimensional leakage location is estimated using the detected leakage area. The three-dimensional
leakage location is subsequently estimated based on the two-dimensional leakage location. To achieve
this, the coordinates (x, z) for the leakage are calculated for a horizontal section (XZ plane) in the
monitoring area. Then, the y-coordinate of leakage is calculated using a vertical section from each
camera. The method proposed in this paper could accurately estimate the three-dimensional location of
a leak using multiple cameras.
© 2018 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Plant piping systems are usually used to transport steam and oil
at high temperature and pressure. Leakage mainly occurs in the
joints or valves of pipelines due to vibrations or heat curing within
the piping system. Leaks in a high-temperature, high-pressure pipe
can cause enormous economic damage or even loss of lives.

In August 2004, a fatal accident occurred in Mihama nuclear
power plant No. 3 due to the rupture of a steam pipe in a turbine
shaft. High temperature, high pressure steam was ejected into the
turbine hall, resulting in four casualties and seven injured in-
dividuals. After the accident, to ensure a prompt response in the
case of leakage, several studies were conducted to detect leaks in
persistent piping surveillance systems.

For leakage surveillance of piping systems, Acoustic Emission
sensors are generally used. However, to detect leakage that occurs
in a vast area such as a plant system, many sensors are needed,
which requires a lot of manpower and high costs. Moreover, the

recognition rate of a surveillance system decreases in an active
piping system due to environmental noise. A study was recently
conducted on leakage detection and leakage location estimation
using a microphone array. However, this method was shown
vulnerability due to ambient noise and reflected waves.

To resolve these problems, surveillance systems using cameras
for leakage detection and leakage location estimation have been
introduced [1,2,4]. This system, as presented in Fig. 1, is very simple
to install and has the advantage of remote monitoring and wide-
area surveillance in high temperature, highly radioactive areas.

Most existing leakage detection algorithms using cameras are
focused on determining the presence of a leak. Additionally, the
leakage location only displays two-dimensional coordinates. These
methods cannot accurately distinguish the exact location of leakage in
anareawith intricateplantpipingsystems in three-dimensional space.

In this paper, leakage is detected using images from two cam-
eras. In addition, the paper presents a more accurate detection
approach that consists of analyzing the detected leakage area and
estimating the three-dimensional coordinates. The performance of
the method suggested in this paper will be examined through
experiments.* Corresponding author.
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2. Method of leak detection

To detect leakage, an existing leakage detection method was
used. The method uses a MADI and histogram analysis to detect
leakage [2].

2.1. Characteristic of steam leak

According to a report by Han and Park, the temperature distri-
bution and flow velocity distribution for a leak in a high tempera-
ture, high-pressure pipe are as shown in Fig. 2 [3].

The temperature distribution of an exterior fluid varies as the
pressure of the interior fluid changes. However, in a state where the
inner fluid pressure remains constant, even if the inner tempera-
ture increases, the distribution of the exterior high-temperature
area does not change significantly. The flow velocity distribution
is affected more significantly by the pressure than the temperature
of the internal fluid.

Therefore, in general, when a steam leak occurs in a high tem-
perature, high pressure pipe, if the pressure of the pipe where
leakage is occurring remains constant, the steamwill leak with the
same form and speed. Additionally, the area of fluid diffusion in-
creases as the distance from the leakage location increases.

2.2. Leak detection

When a single differential image is used for leakage detection,
the noise caused by external environment changes in the area may
be detected as leakage. Therefore, MADI is used to detect leakage.

To begin, a reference image is obtained from the camera by taking
an average image of a steady state without leakage. The difference
between the reference image and the current image is calculated.
Using the calculated differential images, the average changes is
identified.

The reference image in the steady state without leakage is R(x,
y), the current image is C(x, y), and the current time of the image is t
in Eq. (1), f1(x, y), the average change of m number of images can be
calculated.

f1ðx; yÞ ¼
1

mþ 1

Xt
i¼t�m

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðCiðx; yÞ � Rðx; yÞÞ2

q
(1)

In the given circumstances, values with small continuance tend
to have small average changes, and the values with large continu-
ance tend to have large average changes. Therefore, the values with
large continuance are the candidates for leakage.

The value f1(x, y) can contain errors caused by vibrations in the
pipeline structures. Therefore, errors should be eliminated using
histogram analysis.

The basic histogram analysis method is as follows. The changes
caused by a leak are presented as gray-values in the histogram.
However, when a leak occurs, vibrations in the pipeline structures
caused by leakage pressure will not change in the histogram.

The histogram of the reference image R(x, y) is Rhist and the
histogram of the current image C(x, y) is Chist. The histogram dif-
ference Dhist can be determined as follows:

Dhist ¼ Chist � Rhist (2)

Among the histogram values of Dhist, a value greater than 0 is a
gray-value caused by leakage in the current image, and a value less
than 0 is a gray-value that is lost due to leakage in the reference
image. Thus, among the results of histogram analysis using the
reference image and the current image, the data that satisfies Eq.
(3) is f2(x, y), the candidate for leakage.

f2ðx; yÞ ¼
�
1; Dhist ½Cðx; yÞ�>0 and Dhist ½Rðx; yÞ�<0
0; Others

(3)

The data that satisfies f1 and f2 simultaneously will be consid-
ered the final leakage area.

3. Method of leak location estimation

3.1. Algorithm for leak location estimation

In this paper, leakage location is estimated in the order pre-
sented in Fig. 3. When leakage occurs, each camera analyzes images
of the leak and estimates the leak location in two dimensions. Then,
a method to estimate the three-dimensional leakage location based
on the estimated two-dimensional leakage location is applied [4].

3.2. Two-dimensional leak location estimation

The improved leakage location estimation algorithm presented
in this paper determines the contour coordinates of the leakage
area using an eight-directional contour tracing algorithm [5].

The eight-directional contour tracing algorithm is implemented
based on chain code. Chain code is a method that traces the
boundary of a labeled area to derive the coordinates of the contour
and determine the features of the contour.

After deriving the contour's coordinates, the center of gravity
C(xc, yc) in the coordinates of the contour is calculated. Then, as
presented in Fig. 4, the maximum distance between the center of
gravity and the coordinates of the contour is calculated.

Fig. 1. Leakage detection monitoring system by using cameras.

Fig. 2. Temperature distribution and flow velocity distribution of exterior fluid.
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When there are N number of coordinates in the contour, the i-th
coordinate is referred to as B(xi, yi) and the distance between the
center of gravity and the coordinate of the contour is referred to as
Di. The maximum distance between the center of gravity and the
coordinate of the contour is referred to as DMax, while the function
to calculate the maximum distance is referred to as Maxdist. The
maximum distance can be determined as follows:

Di ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðxi � xcÞ2 þ ðyi � ycÞ2

q
(4)

DMax ¼ Maxdist ðDiÞ; i ¼ 1;2;3; :::;N

The maximum distance previously calculated between the
center of gravity and the coordinates of the contour is considered a
candidate for the leakage location.

This process is applied to continuative images. Additionally,
distances between the continuous extracted leakage location
candidates are calculated and compared. If the distance between
the leakage location candidates satisfies the threshold, the center
of gravity for the candidate coordinates will be the final two-
dimensional leakage location. The threshold means the bound-
ary value of the distance between the leakage location candidates.
In this paper, the leakage location estimation program was set to
5mm. In other words, if the distance between the leakage location
candidates is less than 5 mm, the center coordinate of the leakage
location candidates becomes the final leakage location. This pro-
cess is performed individually and simultaneously by each
camera.

With the leakage detection method and the two-dimensional
leakage location estimation method described previously, the
two-dimensional leakage location can be estimated as presented in
Fig. 5.

The determined two-dimensional leakage location is used as the
base data to estimate the three-dimensional leakage location.

3.3. Three-dimensional leak location estimation

Estimation of the three-dimensional leakage location is per-
formed using two cameras, as shown in Fig. 6. The installation
venue and the direction of each camera should include a moni-
toring area where the possibility of leakage exists as well as the
reference-coordinate for the image. The reference-coordinate is set
as a point within the area where leakage is possible. In the given
circumstances, the three-dimensional coordinates, C1(xc1, yc1, zc1),
C2(xc2, yc2, zc2) for each camera and the reference-coordinate R(xr, yr,
zr) have fixed values.

3.4. x, z coordinate calculation of leakage

The horizontal section of the monitoring area in Fig. 6 is the
same as the XZ plane in Fig. 7. In this situation, C1(xc1, yc1, zc1), C2(xc2,

Fig. 3. Flowchart of proposed leakage location estimation.

Fig. 4. Contour of the leakage area, center of gravity, location of maximum distance.
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yc2, zc2), R(xr, yr, zr), the focal length f and the pixel size Ssize are
known.

From the XZ plane, C1T and C2T are calculated. C1T refers to the
straight line from the leakage-coordinate T, to the projection center
of C1. C2T refers to the straight line from the leakage-coordinate T to

the projection center of C2. The intersection of two straight lines is
calculated to determine the coordinate (xt, zt) for T.

C1X0 is the straight line parallel to the x-axis and C1R is the
straight line from R to the projection center of C1. The straight line
C1X0 is located in the projection center of camera C1.

In this situation, the angle formed by the straight lines C1X0 and
C1R is a1. The angle formed by the straight line C1R and the optic
axis of C1 is b1. The angle formed by the straight line C1T and the
optic axis of C1 is g1.

f is the focal length and Ssize is the pixel size of the camera image
sensor. srx1 and stx1 respectively represent the x-coordinates of the
image sensor when the reference-coordinate and the two-
dimensional leakage location are projected in C1. rx1 and tx1
respectively represent the distance between scx1, the center of the
image sensor of C1, and srx1 and stx1.

In the given circumstances, a1, b1 and g1 in C1 can be determined
from Eqs. (5)e(9).

a1 ¼ tan�1zr � zc1
xr � xc1

(5)

b1 ¼ tan�1rx1
f

(6)

g1 ¼ tan�1tx1
f

(7)

rx1 and tx1 can also be derived as follows:

rx1 ¼ ðsrx1 � scx1Þ � Ssize (8)

tx1 ¼ ðstx1 � scx1Þ � Ssize (9)

The angle q1, formed at the intersection of the straight lines C1X0

and C1T, can be calculated using Eq. (10), and the gradient of the
straight line C1T becomes tanq1.

q1 ¼ a1 � b1 þ g1 (10)

The gradient of the straight line C2T, tanq1', can be calculated by
applying the process above to C2.

When the equation of the straight line is y¼ axþ b, the equation
of the straight lines C1T and C2T passing through the coordinates
C1(xc1, zc1), C2(xc2, zc2) can be defined as follows:

Fig. 5. Two-dimensional leakage location estimation using proposed method. (A)
Estimated leakage location from Camera-1. (B) Estimated leakage location from Cam-
era-2.

Fig. 6. Schematic diagram of three-dimensional leakage location estimation.

Fig. 7. XZ plane, which is the horizontal section of the monitoring area.
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zc1 ¼ tanq1xc1 þ b1
zc2 ¼ tan q

0
1xc2 þ b2

(11)

The coordinate (xt, zt) of leakage-coordinate T, the intersection
point of the straight lines C1T and C2T, can be calculated as follows:

ðxt ; ztÞ ¼
 

b2 � b1
tanq1 � tan q

0
1

; tanq1
b2 � b1

tanq1 � tan q
0
1

þ b1

!
(12)

3.5. y-coordinate calculation of leakage

The vertical section of each camera is shown in Fig. 8. From the
vertical section, the distance between each camera and the
leakage-coordinate is calculated. C1Z0 and C2Z0, the straight lines
parallel to the XZ plane, are located in the projection center of each
camera. The y-coordinate of leakage-coordinate T is determined by
calculating the angle formed by the straight line parallel to the
plane XZ and the straight lines from T to the projection center of
each camera.

The angle formed by the straight lines, C1Z0 and C1R, is a2, the
angle formed by the optic axis of C1 and the straight line C1R is b2,
and the angle formed by the optic axis of C1 and the straight line C1T
is g2. sry1 and sty1, respectively, represent the y-coordinates of the
image sensor when the reference-coordinate and two-dimensional
leakage location are projected in C1. Additionally, ry1 and ty1,
respectively, represent the distance between scy1, the center of the
image sensor of C1, and sry1, sty1.

In the given circumstances, a2, b2 and g2 for C1 can be deter-
mined from Eqs. (13)e(19).

a2 ¼ tan�1C1Ry
C1Rz

(13)

b2 ¼ tan�1ry1
f

(14)

g2 ¼ tan�1ty1
f

(15)

C1Rz, C1Ry, ry1 and ty1 can also be derived as follows:

C1Rz ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðxr � xc1Þ2 þ ðzr � zc1Þ2

q
(16)

C1Ry ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðyr � yc1Þ2

q
(17)

ry1 ¼ ðsry1 � scy1Þ � Ssize (18)

ty1 ¼ ðsty1 � scy1Þ � Ssize (19)

The angle q2, formed by the straight line C1Z0 and C1T can be
calculated using Eq. (20).

q2 ¼ a2 � b2 þ g2 (20)

Then, the angle q2 can be written as:

tanq2 ¼ C1Ty
C1TZ

(21)

It can be rewritten as:

C1Ty ¼ tanq2 � C1TZ (22)

C1Tz can also be derived as follows:

C1TZ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðxt � xc1Þ2 þ ðzt � zc1Þ2

q
(23)

Then, the coordinate ytc1 of leakage-coordinate T also can be
calculated as follows:

ytc1 ¼ yc1 � C1Ty (24)

Another y-coordinate of leakage-coordinate T, ytc2, can be
determined by applying the process above to C2, and the yt-coor-
dinate can be calculated as follows:

yt ¼ ðytc1 þ ytc2Þ=2 (25)

Thus, the three-dimensional leakage location can be estimated
as follows:

ðxt ;yt ;ztÞ¼
 

b2�b1
tanq1�tanq

0
1

;
ðytc1þytc2Þ

2
; tanq1

b2�b1
tanq1�tanq

0
1

þb1

!

(26)

4. Focal length of compound lens

The focal length f used in Eqs. (6), (7), (14) and (15) is the dis-
tance between the lens and the image sensor. However, the actual
physical focal point changes under lens features.

In a prime lens, the distance between the lens and an object is
set as So, the distance between the lens and an image plane as Si,
and the focal length as f. In the given circumstances, the focal length

Fig. 8. Vertical section of each camera. (A) Vertical section of C1. (B) Vertical section of
C2.
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Fig. 9. Focus variation of computar M6Z1212-3S lens according to object distance.

Fig. 10. Experimental setup for three-dimensional leakage location estimation.
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of a prime lens can be calculated as presented in Eq. (27).

1
So

þ 1
Si

¼ 1
f

(27)

This means that as the distance between the lens and object
changes, the physical focal length of the lens changes as well.

This study was conducted using a compound lens with a focal
length ranging from 12.5 mm to 75 mm, which was fixed to
12.5 mm focal length during the experiments. The actual physical
focal length of a compound lens also requires a change as the dis-
tance between the lens and an object changes. In this case, more
complicated focal length changes are required compared to the

case with prime lenses. The actual focal length of the computar
M6Z1212-3S lens used in this study also depends on the distance of
the object.When the object distance is 1m,1.5 m, 2m, 3m, 5m and
10 m, the focus variations are 2.42 mm, 1.573 mm, 1.186 mm,
0.774 mm, 0.46 mm and 0.242 mm, respectively. Thus, it was
necessary to accurately determine the physical focal length of the
compound lens employed in this study.

Changes in the focal length of the compound lens used in this
paper were calculated as presented in Fig. 9, through experiments
and trend analysis.

The focus variations in the lens according to the distance from
each camera are represented as Cfr1 and Cfr2, respectively. Through
curve fitting, the focal lengths C1af and C2af can be calculated as
follows:

C1af ¼
�
2:373� ðCfr1Þ�1:003

�.
2

C2af ¼
�
2:373� ðCfr2Þ�1:003

�.
2

(28)

The actual focal lengths by distance C1f and C2f, can be calculated
as follows:

C1f ¼ 12:5þ C1af
C2f ¼ 12:5þ C2af

(29)

Thus, in Eqs. (6), (7), (14) and (15), the focal length f is presented
as C1f for C1 and C2f for C2 during the study.

5. Experiments and results

To examine the suggested method, experiments were per-
formed with the steam leak experimental equipment presented in
Fig. 10.

The equipment can produce a steam leak discharge at 9 atmo-
spheres in 250 �C through a pin hole 1 mm in diameter. The size of
each pixel in the camera image sensor is 5.86 mm. A compound lens
with a focal length ranging from 12.5 mm to 75 mmwas used and
the focal length was fixed at 12.5 mm. Thirty frames were taken per
second with a resolution of 640x480 and were used to detect
various leaks and perform estimation experiments.

Before performing the experiments, the three-dimensional co-
ordinates for each camera and the reference-coordinate were
determined using a laser range finder of BOSCH. The three-
dimensional coordinates of actual leakage were also determined

Table 1
Results of three-dimensional leakage location estimation.

Test number Axis Result (mm) Error (mm) STD (mm)

Set 1 x 1958.80 3.20 1.19
y 1448.20 3.30 1.41
z 2008.85 0.95 1.39

Set 2 x 1958.65 3.45 1.60
y 1446.70 1.70 1.68
z 2007.50 2.10 2.31

Set 3 x 1962.50 1.30 1.38
y 1447.45 3.25 1.68
z 2006.60 3.10 2.19

Set 4 x 1962.10 1.70 1.26
y 1447.00 2.00 1.33
z 2006.55 3.35 2.70

Set 5 x 1962.85 2.55 1.70
y 1447.55 2.55 2.03
z 2007.80 3.70 0.97

Set 6 x 1963.10 1.70 0.47
y 1448.20 3.20 1.39
z 2009.30 4.30 0.47

Set 7 x 1962.25 1.95 0.22
y 1448.55 3.55 0.94
z 2009.05 5.55 0.51

Set 8 x 1960.85 2.25 1.68
y 1448.75 3.75 1.74
z 2007.05 7.05 4.19

Set 9 x 1963.60 2.40 1.95
y 1446.00 1.60 0.68
z 2002.60 7.90 3.82

Set 10 x 1959.45 2.65 2.39
y 1447.75 2.75 2.09
z 2003.75 8.35 4.05

Fig. 11. z-axis error according to object distance.
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and compared with the experimental results. The measurement
accuracy of a laser range finder is ±1.5 mm.

The three-dimensional coordinates (xt, yt, zt) of the pinhole
where leakage occurred were 1962 mm, 1445 mm and 2008 mm.
The reference-coordinates (xr, yr, zr) were 1799 mm, 1290 mm and
1534 mm. The first set of positions for C1 (xc1, yc1, zc1) were 970mm,
1735 mm and 3900 mm while those for C2 (xc2, yc2, zc2) were
3100 mm, 1735 mm and 3900 mm.

Ten sets of experiments were performed. The X and Y-co-
ordinates of the two cameras were fixed while the Z-coordinate
was from 1.9m to 4.33m by increasing 270 mm for each set. Table 1
shows the experimental results. The results using the proposed
method were determined by averaging twenty results in each set.

EN is the number of experiments in each set. The error for the
three-dimensional leakage location can be calculated as follows:

Error ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
EN

XEN
i¼1

ðExperimenti � LeaklocationÞ2
vuut (30)

The error for the x-axis ranged from 1.3 mm to 3.45 mm while
that for the y-axis ranged from 1.6 mm to 3.75 mm. Additionally,
the z-axis had a error ranging from 0.95 mm to 8.35 mm, demon-
strating the feasibility of estimation.

In this study, the x, y, and z-axes had errors of less than 10 mm.
The errors included the error during leakage detection processing
as well as the error from the physical resolution of the image
sensors. As the distance increased in the experiments, the errors for
the z-axis leakage location estimation increased as shown in Fig. 11.
The small error in the leakage location estimation for the x and y-
axes greatly affected the z-axis because the z-axis is the depth di-
rection from the camera perspective.

When the size of the image sensor was 0.00586 mm and the
focal length was 12.5 mm, the error per pixel was 1.406 mm for the
estimation with a distance of 3 m.

6. Conclusions

This paper presents a new detection method using multiple
cameras for surveillance in high temperature, high pressure plant
piping systems, where operator access and utilization of contact
sensors are limited. The suggested method estimates the leakage
location in three-dimensions, analyzing the camera images when
leakage occurs in a plant piping system.

For leak detection, MADI and histogram analysis were used.
Additionally, to determine three-dimensional leakage locationwith

multiple cameras, an improved two-dimensional leakage location
estimation method was developed to analyze the image in the
preceding stage with a single camera. From the continuant images,
multiple coordinates for the maximum distances from the center of
gravity to the contour of the leakage area were determined, and the
leakage location with the degree of crowding for the determined
coordinates was also determined.

To estimate the three-dimensional leakage location, the two-
dimensional leakage locations previously calculated from each
camera, the horizontal section of the leakage surveillance area
(space) that includes the areas inwhich the cameras were installed,
and the coordinate of each camera's vertical section were used.

In this paper, the potential for a more spatially accurate esti-
mation of leakage location compared to the existing leakage loca-
tion detection method was demonstrated through experiments
using multiple cameras.

The experimental results showed that the error range of ten sets
in the x-axis was ±2.32 mm, the error range of ten sets in the y-axis
was ±2.77 mm and the error range of ten sets in the z-axis was
±4.64 mm. The error range of a laser range finder was ±1.5 mm.
Thus, final experimental results were that ±3.82 mm in the x-axis,
±4.27 mm in the y-axis and ±6.14 mm in the z-axis. Additionally,
the error rate was detected that 0.19% in the x-axis, 0.30% in the y-
axis and 0.31% in the z-axis.

In conclusion, the new method proposed in this paper is
considered to be viable for leakage detection in plant piping
systems.

Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.net.2018.09.012.
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