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a b s t r a c t

In this paper, the application of ground penetrating radar (GPR) imaging for detecting the water leaks

from buried pipes is examined. Experimental water leakage conditions for a shallowly buried plastic

pipe are realized within the laboratory sand and outdoor soil mediums. The successive B-scan GPR

measurements of the mediums are performed at various time instants while the water is leaking out of

the pipe. The corresponding time-series B-scan images are reconstructed using the back-projection

algorithm that we have specifically formulated for the subsurface GPR imaging applications. The

signatures of the leak regions are then assessed by both direct interpretation of the resultant images

and application of change detection procedures. The obtained results demonstrate the capability of GPR

for locating the sources of the leaks accurately.

& 2011 Elsevier Ltd. All rights reserved.
1. Introduction

The loss of water due to leakages within the water distribution
networks constitutes a serious problem. According to numerous
reports, a substantial amount of water is being lost every day
through the leaks within the water distribution systems [1].
Obviously, detecting and locating the sources of these leaks would
yield significant water savings. For this purpose, various techni-
ques such as acoustic, infrared, thermography, tracer gases and
ground penetrating radar (GPR) have been used for the localiza-
tion of leaks in water-pipe systems. Among these, GPR that has
been recently investigated through quite a number of studies
seems to be the most promising method especially for detecting
leakages from plastic pipes [2–11]. Principally, electromagnetic
(EM) signatures of the leak regions would manifest themselves in
GPR images either as void regions or distorted pipe shapes. The
sources of the leaks can then be located through the direct
interpretation of the GPR images. Since imaging plays a critical
role in achieving an efficient detection of the leaks, the perfor-
mances of various GPR imaging algorithms should be tested on
real leakage data.

Synthetic aperture imaging methods commonly used in GPR
applications can be generally categorized into two classes;
ll rights reserved.
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namely the back-propagation and the back-projection methods.
In the literature, the former class is formulated through various
algorithms including the Kirchhoff wave-equation [12], the
phase-shift method [13], the finite-difference method [14] and
the frequency-wavenumber algorithm [15–17]. The latter class is
formulated through the geometrical approach and includes the
diffraction summation (the time-domain correlation or the
matched-filtering) [18,19] and the back-projection [20–25] algo-
rithms. Each of these techniques has advantages and also short-
comings. The back-projection algorithm in particular was
originally developed for medical imaging [26] and offers some
specific features. First, the algorithm does not require a straight
line type synthetic aperture during the data collection since each
range (depth) profile is processed individually. This sequential
processing means that the imaging process can begin before
acquiring the entire synthetic aperture data, which makes the
algorithm more suitable for real-time applications. Second, the
specific subsections of the region to be imaged can be easily
selected to investigate these subsections more closely. In applica-
tions where the approximate location of the target is known a
priori or detected by a single depth measurement, the detailed
image of the region around this target can be easily formed by the
algorithm.

Within this framework, the objective of this paper is to assess
the value of GPR in detecting the water leaks from the buried
plastic pipes. For this task, an experimental scaled-down model of
the real leakage conditions was constructed within the shallow
depths of the laboratory and the outdoor soil environments.
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Assuming that the pipeline routes are generally known a-priori,
the B-scan measurements along the longitudinal direction of the
leaky pipe were taken at various time instants. The acquired time-
series B-scan data were then processed to locate the leak region.
Although our main focus was to infer whether the leaks can be
judged directly from the B-scan images, some change detection
procedures were also investigated to aid the detection process.
Due to its advantages mentioned above, the back-projection
algorithm that is specifically adapted to near-field GPR imaging
applications was used for the image reconstruction. The obtained
results indicate that the sources of the leaks can be located by
interpreting the void regions of the B-scan images. Besides, the
results also demonstrate that it may be difficult to easily discern
the void regions in the images for a complex leakage environ-
ment. For this case, two different change detection procedures
namely, the complex subtraction [27] and the wavelet-based
semblance analysis [28] are shown to provide an additional
insight to the leak detection problem.

The organization of the paper is as follows: In the next section,
the formulation of the near-field back-projection imaging algo-
rithm is derived for the two-dimensional (2D) monostatic GPR
set-up that is based on a stepped-frequency continuous-wave
radar (SFCWR) system. Experimental results for the leakage
detection problem are presented in the third section. The discus-
sions and the comments are given in the concluding section.
2. GPR imaging geometry and the back-projection algorithm

The B-scan geometry for our 2D monostatic GPR application is
shown in Fig. 1a. A radar antenna is located at a height of h from
the ground surface and transmitting a wide-band waveform at
each discrete point of m along the synthetic aperture of length L.
The relative permittivity of the subsurface medium is er and the
reflectivity distribution of the scatterers within the desired scene
is represented by g(x,z).

2.1. Range profile generation

A single static measurement on the synthetic aperture is first
considered. The transmitted waveform is the single burst of a
SFCWR as illustrated in Fig. 1b. As shown from the figure, the
frequencies of the single-frequency subpulses within the burst
are incremented with a fixed value attaining a larger effective
bandwidth of B. Each subpulse has the duration of t and the time
interval between pulses is adjusted according to the desired
unambiguous range. Assuming that the starting frequency is f0

and the frequency resolution is Df, then the frequency of the nth
subpulse can be expressed as:

f n ¼ f 0þðn�1ÞDf 1rnrN ð1Þ

The frequency response of the illuminated subsurface is then
acquired by measuring the backscattered field for each of the
Fig. 1. (a) B-scan geometry of the 2D monostatic GPR
stepped-frequencies. The phase lag fn of this echo signal from the
single point scatterer located at (x0,z0) for the transmitted
frequency of fn is given as:

fn ¼
�4pf nrm

v
1rnrN ð2Þ

where rm is the range from an instantaneous antenna platform
location to the point (x0,z0) and v is the velocity of the EM wave
within the subsurface medium. The corresponding measured data
at the mth synthetic aperture position can be expressed as:

Emðf nÞ ¼ gðx0,z0Þexp �j
4pf nrm

v

� �
1rnrN ð3Þ

The frequency variable is related with the radial spatial
frequency kr, which can be defined for the two-way propagation
as kr¼4pf/v. So, Eq. (3) can also be represented as below:

Emðkr,nÞ ¼ gðx0,z0Þexpð�jkr,nrmÞ 1rnrN ð4Þ

The measured field data for a continuous distribution of
scattering targets can then be obtained by summing all the
responses due to each individual scatterers as:

Emðkr,nÞ ¼

Z 1
�1

Z 1
�1

gðx,zÞexpð�jkr,nrmÞdxdz 1rnrN ð5Þ

Representing the collected spatial frequency data sequence
Em(kr,n) as Em(kr), the corresponding time-domain signal em(t) at
the mth synthetic aperture position can be obtained by taking the
one-dimensional (1D) inverse Fourier transform (IFT) of Em(kr).
Also noting that the linear relationship r¼vt/2 between time t and
range r can be taken under the assumption of constant velocity v,
the range profile em(r) can be predicted accordingly.

2.2. Imaging using the back-projection algorithm

The frequency-diverse static measurement explained in the
previous section is known as the A-scan measurement [29], which
gives the depth-profile of the scatterers within the subsurface
environment. In order to resolve the targets at different cross-
range positions, the illumination angle of the subsurface scene
has to be changed with respect to the antenna platform. This can
be achieved by conducting a series of A-scan measurements on
the straight synthetic aperture; i.e., the B-scan measurement [29].
The variation of the relative distance between the antenna plat-
form and the subsurface scene throughout the B-scan measure-
ment results in a phase modulated received signal. Then, these
phase modulated signals can be coherently summed up to obtain
the images with high cross-range resolutions. This procedure is
commonly known as the ‘‘synthetic aperture processing’’ and
implemented in numerous imaging applications by many
researchers [30]. In this section, the formulation of the back-
projection imaging algorithm will be derived for the synthetic
aperture processing of the 2D GPR measurement data.
application. (b) Illustration of SFCWR waveform.
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Referring to geometry depicted in Fig. 1a, let us consider that
the antenna is moving along a straight path parallel to the cross-
range axis z. The instantaneous location of the antenna platform
at (xm,zm) is defined by a unit vector u

!
m pointing from the scene

center towards this location. The corresponding observation angle
at this location is represented by ym, which is the angle between
the unit vector u

!
m and the range axis x. As shown from Eq. (5), at

each measurement point m or corresponding observation angle
ym, the SFCWR provides the spatial frequency data, which can be
rewritten to reflect its observation angle dependency as follows:

Eym
ðkrÞ ¼

Z 1
�1

Z 1
�1

gðx,zÞexpð�jkrrmÞdxdz ð6Þ

The range profile of the illuminated scene can be found by
applying 1D IFT to Eq. (6) and can be mathematically expressed as:

eym
ðrÞ � IFTfEym

ðkrÞg ¼

Z 1
�1

Z 1
�1

gðx,zÞdðrm�rÞdxdz ð7Þ

Eq. (7) is also known as the Radon Transform of the scene,
which represents the scene’s projection onto the 1D range profile
function for the particular observation angle ym. The derivation of
the back-projection algorithm starts with considering the IFT
expression of the reflectivity function g(x,z) given in Cartesian
coordinates as:

gðx,zÞ ¼

Z 1
�1

Z 1
�1

Gðkx,kzÞexp½jðkxxþkzzÞ�dkxdkz ð8Þ

where G(kx,kz) is the 2D FT of g(x,z). Since the spatial frequency
data samples are collected along the polar radius, Eq. (8) can be
modified to be rewritten in the polar coordinates (kr,ym) as
follows:

gðx,zÞ ¼

Z p

�p

Z 1
0

Gðkr ,ymÞexpðjkrrmÞkrdkrdym ð9Þ

At this point, the projection-slice theorem [31] is used to relate
the target’s FT G(kx,kz) to the available measured data Ey(kr). For
the 2D space, the theorem basically states that 1D FT of the
projection at the angle y represents the slice of the 2D FT of the
projected (original) scene at the same angle; i.e., Ey(kr)�G(kr,y).
Hence, the sampled representation of G(kx,kz) can be obtained
from the FT of the projections Ey(kr) measured at various observa-
tion angles. Using this principle, Eq. (9) can be written as given
below.

gðx,zÞ ¼

Z p

�p

Z 1
0

Eym
ðkrÞexpðjkrrmÞkrdkr

� �
dym ð10Þ

The bracketed integral in Eq. (10) can be regarded as the 1D IFT
of a function Qym

ðkrÞ ¼ Eym
ðkrÞkr evaluated at rm. Defining qym

ðrÞ as
the IFT of this function, Eq. (10) can be represented as:

gðx,zÞ ¼

Z p

�p
qym
ðrmÞdym ð11Þ

Eq. (11) is the final focused image of the 2D filtered back-
projection algorithm. For the SFCWR system, the implementation
of the algorithm can be summarized as follows:
1)
 Multiply the acquired spatial frequency data Eym
ðkrÞ with kr.
2)
 Take 1D IFT to obtain qym
ðrÞ.
3)
 For each pixel location in the image, calculate the correspond-
ing range value rm and obtain its qym

ðrmÞ value through any
interpolation scheme.
4)
 Add interpolated values to g(x,z).

5)
Fig. 2. Geometry for the water leak detection using B-scan measurement.
Repeat steps 1 thru 4 for all the observation angles.

While implementing the above algorithm, various considera-
tions should be taken into account to improve the imaging
procedure: First, a zero padding operation can be readily applied
to the frequency data to facilitate the subsequent interpolation
step in the range domain. Second, if the exact ranges of the pixel
locations are taken in the 3rd step of the algorithm, then the
algorithm compensates the wave-front curvature effects. Hence,
the algorithm can be conveniently applied to the near-field GPR
scenarios. Third, the effect of antenna’s finite beamwidth can also
be incorporated in the 3rd step of the algorithm. Since the
antenna illuminates some restricted subsurface region due to
finite width of the main beam, the back-projection step can only
be applied to the image points, which fall inside this illuminated
area. Finally, the refraction of the EM wave at the air-ground
interface can be taken into consideration to calculate the range
values of the image pixels more precisely in the 3rd step of the
algorithm.
3. Experimental results

The detection and localization of water leaks from the buried
plastic pipes were investigated through the laboratory and the
outdoor soil experiments. For both experiments, scenarios that
reflect the real leakage conditions were realized as illustrated in
Fig. 2. A plastic pipe with a diameter of 5 cm was first drilled to
have a small hole of 2 mm in diameter to facilitate the water
leakage. This pipe is then buried at a shallow depth for both
experiments. As shown from the figure, one end of the pipe was
kept above the ground to be able to continuously add water into
the pipe while the other end of the pipe is sealed. From the time
we started putting water into the pipe, successive B-scan mea-
surements of the subsurface medium were acquired at different
time instants. The objective of these experiments was to investi-
gate the effect of increasing water quantity of the subsurface
medium and observe the change in the radar image of the
subsurface region via the time-series B-scan images. The images
were constructed using the back-projection algorithm as
explained in the previous section.

3.1. Laboratory results

For laboratory measurements, a wooden pool with a size of
190 cm�100 cm�80 cm was constructed and filled with the dry
sand. A plastic pipe was then placed at the depth of 27 cm from
the sand’s surface. Immediately after the leakage was started, a
total of 8 B-scan experiments were performed at 5 cm above the
surface and along the pipe for various time instants. For referen-
cing purposes, the measurement data for the empty pipe were
also acquired before these 8 B-scan experiments. The scan times
and the water supplements are given in Table 1. For each B-scan,
the synthetic aperture length of 110 cm with 56 equally spaced
points and the frequency band between 4.5 and 6.5 GHz with 201
discrete frequency steps were used. The relative electric permit-
tivity of the sand over this range of frequencies was measured to
be nearly constant at 2.43. For the B-scans, quasi-monostatic
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operation was selected such that two identical rectangular horn
antennas were put aside for transmit and receive.

After processing the collected data set via the presented back-
projection algorithm, the imaging results for different time
instants were obtained as shown in Fig. 3. The plastic pipe is
clearly identified in the reference image of Fig. 3a. The sand
surface and the bottom of the pool can also be visible within the
selected dynamic range. We also put a reference metal target
between the pipe and the pool’s bottom that can be easily
observed on the right side of Fig. 3a. Just after filling the pipe
with water; however, the EM reflection from the water is more
pronounced such that the reflections from the sand surface, the
pool’s bottom and the reference target are fainter as shown in
Fig. 3b. The image that is obtained by taking a B-scan 5 min after
Table 1
Scan details for the laboratory experiment.

Scan time (min) Actions

to0 Empty pipe, B-scan is performed

t¼0 Water added, B-scan is performed

t¼5 B-scan is performed

t¼15 B-scan is performed

t¼25 Water added, B-scan is performed

t¼45 B-scan is performed

t¼50 B-scan is performed

t¼60 Water added, B-scan is performed

t¼165 B-scan is performed

Fig. 3. GPR images of the laboratory experiment for different times: (a) empty pipe, (b

(h) t¼60 min and (i) t¼165 min (all images are displayed within the dynamic range o
the start of leakage is presented in Fig. 3c. In this image, some
minor discrepancies with respect to the previous image can be
observed especially in the regions below the leak location where
the water content of the medium was changing as the time
passed. This dynamic situation around the leak location becomes
more noticeable from the figures between Fig. 3d and i that
demonstrate the images of increasing water content inside the
subsurface medium. The observed phenomenon throughout these
images is that, as the water content of the sand increases, the
distortion of the pipe shape at the leak location becomes more
explicit and the void region beneath the leak location gets larger.
Since the EM wave attenuates as it passes from the water-
saturated region, the reflections from the scatterers beneath this
region get weaker forming voids within the GPR images. As time
passes longer and the amount of water that leaks into the soil
increases, the voids in the GPR image become larger and provide
the required valuable information about the location of the leak
region.

To further understand the effect of increasing quantity of the
water in the subsurface medium on the EM reflections, the
complex subtraction between the consecutive images was also
applied. The difference images are obtained by subtracting the
focused image data from the subsequent ones as shown in Fig. 4.
As observed from Fig. 4b and c, the leak region clearly shows up as
the strong marks. This is due to the fact that the difference image
easily puts forward the dynamic part of the region while the static
regions are filtered out thru the subtraction process. Although
direct imaging gives the sufficient information about the leak
) t¼0 min, (c) t¼5 min, (d) t¼15 min, (e) t¼25 min, (f) t¼45 min, (g) t¼50 min,

f 25 dB).



Fig. 4. Differences of GPR images between: (a) t¼0 min and empty pipe, (b) t¼15 min and t¼5 min and (c) t¼50 min and t¼45 min (all images are displayed within the

dynamic range of 25 dB).

Table 2
Scan details for the first outdoor experiment.

Scan time (min) Actions

to0 Empty pipe, B-scan is performed

t¼0 Water added, B-scan is performed

t¼10 Water added, B-scan is performed

t¼20 Water added, B-scan is performed

t¼30 Water added, B-scan is performed
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location for this idealistic laboratory conditions, the difference
images might also be of value for more challenging situations in
estimating the location of the leak.

3.2. Outdoor results

3.2.1. Outdoor experiment 1

For the first outdoor experiment, a GPR test-bed was con-
structed in a partly homogeneous outdoor soil environment. The
same plastic pipe that was used in the laboratory experiment was
buried at the depth of 10 cm from the ground surface. First, a
reference B-scan measurement of the empty pipe was performed.
Afterwards, a total of 4 consecutive B-scan experiments at equal
time intervals were conducted while adding water into the pipe
as given in Table 2. For each scan, the synthetic aperture of length
64 cm with 33 discrete spatial points and the frequency band
between 0.8 and 5 GHz with 301 discrete frequency steps were
used. The data were collected in the quasi-monostatic operation
by the help of two double-ridged horn antennas.

The B-scan GPR imaging results for different time instants
were obtained as shown in Fig. 5. The region of the leak can be
deduced again from the void region, which is visible through the
images (see Fig. 5c–e). Also, we provide the difference images of
the consecutive B-scan measurements in Fig. 6.
3.2.2. Outdoor experiment 2

To determine the practical limitations of the detection scheme,
a second outdoor experiment was conducted for a relatively more
inhomogeneous soil environment when compared to the first
outdoor experiment. The initial water content of the sampled soil
medium was measured by the gravimetric method [32] and found
as 16.74%. To resemble the conditions of a major leakage situa-
tion, the 5 cm diameter pipe was drilled to have three adjacent
leakage holes each of which has a 2 mm diameter. The pipe was
then buried at a depth of 30 cm from the ground surface. Sample
photographs from these preliminary stages of the experiment are
shown in Fig. 7. Unlike previous experiments, a constant flow of
water within the pipe was then maintained as illustrated in the
conceptual diagram of the experiment shown in Fig. 8. Also, only
two B-scan measurements were performed to provide a practical
detection scheme. The first measurement data were collected
25 min after the starting time of the leakage so that the water
content of the soil has been risen to a level that was comparable
to a real world scenario. The second measurement was conducted
15 min later than the first one. For both measurements, the
scanning aperture was 1.2 m long with 2 cm equally spaced
intervals. The frequency of the monostatic radar set-up was
altered from 3 to 5 GHz with 151 uniformly sampled discrete
points. The leaks were known to be located at around 60 cm away
from the beginning of the scanning aperture.

The reconstructed B-scan images with a range resolution of
7.5 cm are drawn in Fig. 9. It is seen from the images that the pipe
can be identified at a depth of 60 cm from the antenna despite the
fact that reflection from the ground surface is quite high. As
shown from the Fig. 9a and b; however, it could not be possible to
discern the expected void phenomenon within the selected
dynamic range of the images. Hence, a wavelet-based semblance
analysis technique [28] was applied to the time-dependent
A-scan data (range profile) of each sampling point on the scan-
ning aperture to retrieve the information about the leak location.
The operation of the technique can be briefly explained as
follows:
i)
 Take any two raw range profiles e1(r) and e2(r) of the
investigated aperture position that are measured at different
time instants.
ii)
 Take the complex continuous wavelet transform (CWT) of the
each range profile.
iii)
 Calculate the cross-spectrum using

CWT1�2 ¼ CWTfe1ðrÞg � CWTn
fe2ðrÞg ð12Þ
iv)
 Calculate the phase angle y of the cross-spectrum CWT1�2.

v)
 Obtain the semblance using

S¼ cosðyÞ ð13Þ
The calculated semblance values S will then give a measure of
the phase correlation between the two range profiles e1(r) and
e2(r) for the different scales of the used wavelet, where values
close to ‘‘�1’’ indicate high negative correlation, ‘‘0’’ indicate no
correlation and ‘‘1’’ indicate high positive correlation [28].

The technique was implemented using 40 scales of complex
Morlet wavelet [33] and applied to each range profile pair that
was measured on the same scanning aperture position. Here, only
the results for some selected aperture positions are given as
shown in Fig. 10. First, it is observed throughout the images that
the semblance values calculated for the depths ranging from 0 cm
to 60 cm indicate high positive correlation for almost all



Fig. 5. GPR images of the first outdoor experiment for different times: (a) for empty pipe, (b) t¼0, (c) t¼10 min, (d) t¼20 min and (e) t¼30 min (all images are displayed

within the dynamic range of 25 dB).

Fig. 6. Differences of GPR images between: (a) t¼0 min and empty pipe, (b) t¼10 min and t¼0 min and (c) t¼30 min and t¼20 min (all images are displayed within the

dynamic range of 25 dB).

Fig. 7. Sample photographs from the preliminary stages of the second outdoor experiment; (a) pipe with three leaks, (b) burial of the pipe and (c) B-scan measurement

set-up.
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wavelength scales. This is an expected behavior since there is no
any dynamic event within the range from the antenna to the
pipe’s upper surface. Second, the images involve semblance
values that deviate from the high positive correlation value
especially for the depths below 60 cm and for the wavelength
scales up to 20. It is worth noting here that these deviations
occurring at the depth of nearly 70 cm and beyond can be
attributed to the water flow within the pipe and to the leakage
of water into the soil, respectively. If the images for the different
aperture positions are compared, the images at 58, 60 and 62 cm
are shown to have the most drastic deviations and comprise large
number of semblance values tending towards the high negative
correlation value. This is an important result for the detection
mission simply because leaking holes were actually located at
around the aperture position of 60 cm. Furthermore, the images
for the positions near by the leaking holes are also observed to
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possess considerable deviations from high positive correlation.
This definitely indicates that the beamwidth of the antenna
covers the leak region in the measurements of these positions,
thereby producing little changes between the range profiles.
Contrary to this case, the images for 14 and 106 cm represent
Fig. 8. Conceptual diagram of the leak detection measurements employed in the

second outdoor experiment.

Fig. 9. GPR images of the second outdoor exper

Fig. 10. Wavelet-based semblance analysis results for the second outdoor experimen

investigated aperture position, which are taken at t¼25 min and t¼40 min.
the results of the measurements in which the leak region is
almost out of the antenna beamwidth, hence representing posi-
tively correlated range profiles. Briefly, the results demonstrate
that the detection of the leak region can be efficiently succeeded
by determining the aperture positions whose semblance analysis
results show dominant negative correlation signatures.
4. Conclusion

This paper has presented some experimental results for the
GPR-based water leak detection problem. Since in principle,
leaking water from the pipe shows up as void regions and/or
distorted pipe signatures in the B-scan GPR images, the primary
focus was to test the validity of this principle through straightfor-
ward imaging of experimental leakage data. As being critical to
this objective, the near-field back-projection imaging algorithm
was derived for the 2D monostatic GPR geometry. Then, the time-
series B-scan data from the experimental scaled-down models of
the real leak detection application were acquired and processed
for different soil cases.
iment for: (a) t¼25 min and (b) t¼40 min.

t. Images represent the phase correlation between the two range profiles of the
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The results from the presented experiments show that detec-
tion thru voids highly depends on the investigated medium and
the radar system parameters. To be more specific, the reflections
beneath the leak regions become comparatively weaker than the
ones from the surrounding soil medium for most homogeneous
soils. Then, it could be possible to detect the void regions in the
B-scan images as demonstrated by our laboratory and first out-
door experiment results. Besides, it may not be possible to
observe the void phenomenon for more inhomogeneous soils
such as the one used in our second outdoor experiment. In this
study, we proposed the wavelet based semblance analysis tech-
nique for such cases to successfully estimate the location of the
leak region. The presented results express that the detection of
the leaks can be achieved by displaying the phase correlation
between two distinct range profiles of each scanning aperture
position.

The imaging-based detection method can be readily applied to
the water distribution networks that are shallowly buried
beneath the surface. When the pipes are located deep within
the surface, either the moisture of the soil and/or the inhomo-
geneities within the soil may not provide sufficient signal power
levels above the noise floor, which may put a limit on the success
of the procedure. On the other hand, we found that the wavelet-
based semblance analysis technique provides a very efficient
change detection scheme for identifying any change within the
selected region of interest. Further analysis needs to be applied
especially for leakage problems of deeper regions.

It is also important to note that our B-scan measurements
were conducted along the longitudinal direction of the pipe,
which assumed that the route of the pipe is known a priori. In
fact, the pipeline distribution plan, which has a piece-wise linear
line geometry in three-dimensional (3D) space is available in
most city municipals.
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