Hindawi

Advances in Civil Engineering

Volume 2023, Article ID 8830583, 10 pages
https://doi.org/10.1155/2023/8830583

Research Article

Q@) Hindawi

High-Accuracy Measurement of Three-Dimensional
Inclinations of Power Transmission Towers Using Reconstruction

Model of Stereo Images

Yashan Hu ®,' Weizhou Xu®,' Zengjun An®,"' and Gaoxin Wang

2

!State Grid Jiangsu Electric Power Co., Ltd. Economic Research Institute, Nanjing 210008, China
“China University of Mining and Technology, Xuzhou 221116, China

Correspondence should be addressed to Gaoxin Wang; civilgxwangg@hotmail.com

Received 14 May 2023; Revised 25 July 2023; Accepted 9 August 2023; Published 26 August 2023

Academic Editor: Wenjun Zhu

Copyright © 2023 Yashan Hu et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

The traditional inclination measurement method usually measures one-dimensional or two-dimensional inclinations of power
transmission towers. This research proposed a method, which is feasible to measure three-dimensional (3D) inclinations using the
stereo images of power transmission towers. The main work of this method is the 3D reconstruction of power transmission tower
model using stereo images and the calculation of 3D inclinations. As for the 3D reconstruction, a method of calculating the
matching cost using a combination of multichannel red—green—blue stereo pairs and Sobel edge detection stereo pairs is proposed
to obtain accurate matching cost, and a method of invalid disparity judgment is proposed to detect the invalid disparities in small
closed areas; as for the calculation of 3D inclinations, a 3D inclination calculation method is put forward to measure 3D
inclinations by rotation and translation of different 3D reconstruction models. The experiment shows that the 3D reconstruction
quality is good and the results of the 3D inclinations are accurate, which is of great value in the static or dynamic measurement of

3D inclinations of power transmission towers.

1. Introduction

Power transmission tower is an important truss structure for
high-voltage power transmission lines. The inclination mea-
surement of power transmission towers is of great signifi-
cance to ensure the structural safety during construction,
operation, and maintenance of power lines [1, 2]. One key
problem is how to accurately measure the inclinations of
power transmission towers caused by environmental factors
such as foundation settlement [3-8].

At present, the methods of inclination measurement
include plumb method, theodolite method, plane mirror
method, total station prism-free measurement method, and
laser scanning method [4-6, 9-14]. The plumb method has a
wide range of applications and is measured by the principle
of gravity, but it is easily affected by environment and human
factors with large errors, low precision, and big risk; the
theodolite method needs artificial prisms, and the instru-
ment needs to be setup multiple times, which is greatly

affected by human factors; as for the plane mirror method,
due to the complicated setting of the plane mirror, it also
requires a lot of manual adjustment, and the measured
results need to be calculated twice, so the accuracy is low;
as for the total station prism-free measurement method, the
precision is mainly affected by environment and manual
observation; as for the laser scanning technology, the internal
processing time is long, and the equipment cost is relatively
high, which is rarely used in the measurement of the inclina-
tion of iron towers in recent years.

In general, a common problem of these methods above is
that only one-dimensional or two-dimensional inclinations
of power transmission towers are measured, which has diffi-
culty in three-dimensional (3D) measurement [4, 5, 11, 13].
Hence, in this research, a method is proposed to measure the
3D inclinations of power transmission towers. In this method,
the 3D inclinations are measured using a stereo pair of photos
taken by a stereo camera. The main work is the 3D recon-
struction model of power transmission tower using stereo
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FIGURE 1: A stereo pair of power transmission tower.

images and the calculation of 3D inclinations. Experiment
tests are carried out to verify the accuracy of this method.

2. 3D Reconstruction of Power Transmission
Tower Model Using Stereo Images

2.1. 3D Reconstruction Method. A stereo pair is a pair of
photos (i.e., left and right photos) of a power transmission
tower taken by a stereo camera, as shown in Figure 1. Stereo
images contain 3D modeling information, which is feasibly
used for 3D reconstruction.

The key work of 3D model reconstruction is the accurate
calculation of disparity map for 3D reconstruction, which
mainly consists of four steps [15-17]. The first step is to
calculate the matching cost of corresponding pixels in the
rectified stereo photos, the second step is to calculate the cost
aggregation, the third step is to carry out disparity optimiza-
tion, and the fourth step is to carry out 3D reconstruction.

Step 1: Calculation of matching cost [18-20]. The stereo
pair is processed by census transformation to obtain a bit-
stream code as follows:

u u

B(p(m,n)) = \/ \ @(p(m.n).p(m+in+j), (la)

i=—u j=—u

Blp(m. ). pm + i.n+ J)) = { 1p(m.n)>p(m + i, +-) }

O0p(m,n) <p(m+in+j)
(1b)

where B(p(m, n)) denotes the bitstream codes of pixel p(m,
n),D(p(m,n),p(m+i,n—+j)) denotes a value 0 or 1 by
comparing p(m,n) with p(m+in+j).and Vi _, Vi _,
denotes the sort of all the values 0 or 1 in a stream, which
forms bitstream codes. The matching cost of pixel p with
disparity d in each type of stereo pair is calculated using

hamming distance as follows:
Cp(m, n),d) = H(B(pL(m,n)), B(pg(m = d,n))),  (2)

where C(p(m,n),d) denotes the matching cost of pixel p
with disparity d, B(p;(m, n)) denotes the bitstream code of

p(m,n) in the left image and B(pr(m — d, n)) denotes the
bitstream code of p(m—d,n) in the right image, and H
denotes calculation of hamming distance [21].

Step 2: Calculation of cost aggregation [18-20]. The
matching cost Cp(p(m,n),d) is generally ambiguous, and
wrong matches can easily have a lower cost than correct
ones. Therefore, an additional constraint is added that sup-
ports smoothness by penalizing changes of neighboring dis-
parities. Cost aggregation is calculated by referring to a
semiglobal matching algorithm as follows:

Ly(p(m.n),d) = C(p(m,n),d) + min(L,(p(m, n)
—r,d),L.(p(m,n) —r,d=1) + P, L.(p(m, n)
—r,d+ 1)+ P, min(L,(p(m, n)
—r,i)+P,) —minL,(p(m,n) - r, k),

(3)

where L,(p(m, n), d) denotes the cost aggregation of pixel p
with disparity d, L,(p(m, n) —r, d) denotes the cost aggrega-
tion of pixel p-r with disparity d, L.(p(m,n)—r,d—-1)
denotes the cost aggregation of pixel p-r with disparity d-1,
L.(p(m,n) —r,d+ 1) denotes the cost aggregation of pixel
p-r with disparity d+ 1, L,(p(m, n) —r,i) denotes the cost
aggregation of pixel p-r with disparity i, and L,(p(m, n) —r, k)
denotes the cost aggregation of pixel p-+ with disparity k. P; and
P, are constant penalties. The costs L, are summed over paths in
all directions r. The disparity of p(m, n) is the value of d corre-
sponding to the minimum value of L, (p(m, n), d).

Step 3: Disparity optimization. Disparity optimization
contains unique constraint and consistency check [18-20].
As for unique constraint, the minimum cost aggregation of
pixel p is not close to the other cost aggregations as follows:

}(Lr,mm(p(m, n), dmin)) = L,(p(m, n),d) | >0andd # d .
(4)

where L, i (p(m, n), dy;n) denotes the minimum value of
cost aggregation of pixel p with disparity d ;,, d i, is the
value corresponding to the minimum cost aggregation, and 6
is a constraint value. As for consistency check, the two dis-
parities of pixel p in the left and right photos should be no
more than 1 as follows:
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Ficure 2: The 3D reconstruction result.

|(DL(p) - Dr(p)| <1, (5)

where Dy (p) denotes the disparity of p obtained from the left
photo and Dg (p) denotes the disparity of p obtained from the
right photo. If Equation (7) is not satisfied, the calculated
disparity of p is ignored.

Step 4: 3D reconstruction of power transmission tower.
By referring to the disparity map after disparity optimization,
the 3D reconstruction model of power transmission tower is
calculated as follows:

W =QxM, (6)

where W denotes the coordinates in the world coordinate
system (WCS), M denotes the coordinates in the camera
coordinate system (CCS), and Q denotes the transformation
matrix containing the information of intrinsic parameters
and camera position parameters.

The result of 3D reconstruction model of a power transmis-
sion tower is shown in Figure 2. It can be seen that part of tower
members is missing in the 3D reconstruction model. Hence, the
current four-step method is not good enough for 3D reconstruc-
tion. The reason is that the shape of tower members is usually
slender and narrow, the texture characteristics of tower mem-
bers are poor, and the colors of tower members are similar,
which are difficult to obtain a good 3D reconstruction quality.

In order to improve reconstruction quality, a method of
calculating matching cost using a combination of multichannel

red—green—blue (RGB) stereo pairs and Sobel edge detection
stereo pairs is proposed to obtain accurate matching cost as
following:

Crotal (p(m.n),d) = ¢,Crea(p(m.n).d)
+ CZCGreen(p(m’ I’l), d) + C3CBlue(p(m* ”)* d)
+ C4CSobel<p(m’ n)’ d)’

(7)

where CRed(P(m’ }’l), d)’ CGreen(p(m’ 1’1), d)) CBIue(P(m’ I’l), d)’
and Cgupe (p(m, n), d) are the matching costs of red channel,
green channel, blue channel, and Sobel edge detection chan-
nel and ¢, ¢, ¢3, and ¢4 are the combination coefficients.
Usually, a disparity limit D is used to constrain the searching
range of d, i.e., d =1,2,3,..., D. The value of disparity limit
D is the biggest disparity in the stereo photos, which is deter-
mined by manual identification. In detail, two corresponding
pixels from left and right photos, which contain biggest dis-
parity, are selected by hands to calculate the disparity limit D.
In addition, the four-step method is not effective to elimi-
nate the invalid disparities in small closed areas. Hence, a
method of invalid disparity judgment is proposed to detect
the invalid disparities in small closed areas. In particular, if the
differences of adjacent disparities in the same closed areas are
less than the limit §, and the number of adjacent disparities is
less than the limit §, as well, these adjacent disparities are
treated as invalid disparities. A neighborhood discriminant
formula is used to determine the invalid pixels as follows:

maX('pinvalid(m + 1 Vl) - pinvalid(m’ Vl)|, (pinvalid(m -1, Vl) - Pinvalid|m’ 1’l|), |pinvalid(m’ n+ 1) - pinvalid(mv i’l)|, (8a)

|pinvalid(mv n- 1) - pinvalid(m7 I’l)|) <517
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FiGure 3: The reconstruction results of four methods. (a) The proposed method. (b) The left-right consistency check method. (c) The

uniqueness detection method. (d) The subpixel fitting method.

NArea(pinva.lid(m’ n)) <629 (Sb)

where max denotes the maximum value, p;,,.iq denotes the
invalid disparities, §; denotes the value limit, §, denotes the
number limit, and Ny, denotes the number of invalid dis-
parities in the same closed areas. These invalid disparities are
eliminated from disparity map and refilled by interpolation
of adjacent valid disparities instead.

The 3D model is reconstructed, as shown in Figure 3(a),
where D=200, 5, =50, 5, =100, ¢; =0, ¢, =0, ¢; =0, and
¢, = 1. By comparison with Figure 2, Figure 3(a) presents
better 3D reconstruction quality, verifying that the method
improvement is effective. In addition, the proposed method
is compared with three other methods, namely left-right
consistency check method, uniqueness detection method,
and subpixel fitting method [15-20]. The results of the three
methods are shown in Figures 3(b) and 3(d); by comparison,
it can be seen that the proposed method displays clearer 3D
spatial shape than the other three traditional methods, veri-
fying good reconstruction effect of the proposed method.

2.2. Parameter Optimization Analysis. The parameters (i.e.,
the maximum searching disparity D, the value limit §,, the
number limit §,, the combination coefficients ¢;, ¢, ¢3, and
c4) have a great impact on the reconstruction quality. Hence,
it is important to determine the optimal values of these
parameters. These parameters should satisty the following
inequality to ensure a good reconstruction quality:

E(D,6,,6,,¢1, 6. ¢3.¢4) 2 Etarget’ (9)

where E(D, 8,,6,,¢;, ¢, ¢3,¢,) denotes a function of recon-
struction quality and Ei, denotes the minimum acceptable
reconstruction quality. Bigger value of Ei, . indicates better
reconstruction quality, so the value of E, is determined
according to the requirement of the reconstruction quality.
Usually, the value of Ey,; is not less than 0.90. In particular,
the reconstruction quality E is described by the following
equation:
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(10)

N Total

where Njccuraey denotes the number of 3D model points
which satisfies the accuracy and N, denotes the total num-
ber of 3D model points.

A progressive search method is proposed to obtain the
optimal values of D, §;, 6,, ¢, ¢3, ¢3, and ¢4. In this method,
each parameter is assigned with many initial values, and the
orthogonal test is carried out by combinations of different
initial values of these parameters. The values of parameters
which satisfies good reconstruction quality Eyy will be remained
and subdivided for the next orthogonal test. Orthogonal tests
will terminate when the accuracy Eiyrge is reached as follows:

Termination condition: E*(D"1, 8771, 8571, ¢, &1,
n-1 n-1
[ I ) = Etarget’

(11)

where D", 8171, 8571, 81, ¢!, 471, and ¢! denote the
values of parameters in the (n—1)th orthogonal test which
satisfy good reconstruction quality Ey and E" denotes the
reconstruction quality in the nth orthogonal test; Eyy < Eiarget-

An experiment is carried out to give a clear illustration.
In the first orthogonal test, the initial values of parameters
are D" =[150,200,250], &) =110,50,100], &9 =[50, 100,
150], ¢ =[0,1], & =10,1], & =0, 1], and ¢ = [0, 1]. There
are 216 groups of combinations in this orthogonal test
through combinations of different values of these parame-
ters. Ey is set to 0.80, and Ey, is set to 0.90. The results of
the first orthogonal test show that the values of parameters
which correspond to good reconstruction quality Ey are
D! =150, 200], 8t =[10,50], 8} =[100,150], ¢} =1, ¢} =1,
¢} =1, and ¢! = 1. Then, these values are further subdivided
and used for the next orthogonal test, D> = [150, 175, 200],
& =10, 30, 50], 53 =[100, 125,150}, 3 =1, & =1, & =1,
and ¢2 = 1. After several orthogonal tests, the accuracy Ejarget
is reached, and the optimal values of parameters are D°> =
167, 57,8 =130, =1, =1, =1, and ¢; =1. The
3D model is shown in Figure 4. It can be seen that the
reconstruction quality becomes better by comparison with
Figure 4, verifying that the progressive search method is
effective.

3. Calculation of 3D Inclinations Using
Reconstructed 3D Model

3.1. Calculation Method. The reconstructed 3D models are
the collection of 3D point clouds in the CCS, and the rota-
tions measured by inclinometer in the following experiment
test are in the WCS. In order to compare the inclinations
measured by 3D model and inclinometer in the same coor-
dinate system, the 3D inclinations in CCS are transformed to
the values in WCS as follows:
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FIGURE 4: The 3D models in the fifth orthogonal test.

Elevating feet

Power transmission tower

FIGURE 5: The power transmission tower and inclinometer.

Pspwes = Pap ccs X Rwe + Twes (12)

where P3pwcs denotes the 3D points in the WCS, Psp ccs
denotes the 3D points in the CCS, Ry ¢ denotes the rotation
matrix from CCS to WCS, and Twc denotes translation
vector from CCS to WCS. The values of Ry and Ty are
estimated using the point coordinates of the same points in
two different coordinate systems [22-25].

The spatial location of 3D model will change if the power
transmission tower has inclinations (i.e., rotations) affected
by foundation settlement. Hence, the 3D inclinations are
calculated by comparison of the different spatial locations.
In other words, the current 3D model (i.e., the 3D model
after inclination) is feasible to be obtained through rotation
and translation of the reference 3D model (i.e., the 3D model
before inclination) as follows:
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FiGure 6: The reference and current 3D models in the first experiment test.

Pl,Current = Pl,Reference X Rep + Ters (133)
R =
cosa sina O [cosfp 0 —sinf] |1 0 0
—sina cosa O 0 1 0 0 cosy siny |,
0 0 1 sinff 0 cosp 0 —siny cosy

(13b)

where P cyrrent denotes the 3D points of current 3D model,
Py Reference denotes the 3D points of the reference 3D model,
a, f, and y denote the rotation angles (i.e., inclinations)
around Z-, Y-, and X-axis in the WCS, respectively, Rcgr
denotes the rotation matrix from reference 3D model to
current 3D model, and Tcr denotes translation vector
from reference 3D model to current 3D model. The values
of Ryc and Ty can be estimated using the coordinates of
Py current a0d P} Reference based on the “iterative closest point”
(ICP) algorithm [22-25]. Compared with the traditional
inclination measurement method such as inclinometer,
which only measures one or two directions of rotation
angles, this proposed method can measure the 3D inclina-
tions a, f#, and y simultaneously.

3.2. Experiment Test. Experiment test is carried out to verify
the calculation accuracy. The experiment object is a small-
scaled power transmission tower. The height is 1,000 mm,
the width is 300 mm, and the length is 300 mm, as shown in
Figure 5. The direction of Z-axis is vertical from bottom to
top of experiment model, the direction of Y-axis is horizontal
from back to front of experiment model, and the direction of
X-axis is horizontal from left to right of experiment model.
Four elevating feet are used to generate inclinations. The
inclinations a, f3, and y of power transmission tower during
test are measured by a dual-axis digital angle inclinometer, as
shown in Figure 5. The measurement resolution of inclinom-
eter is 0.1°, and the measurement accuracy of inclinometer is
0.1°. Big pixel size and short distance between stereo camera
and test model will increase the measurement accuracy. In
this experiment, the number of pixels is about 4 million,
and the distance between stereo camera and test model is
about 0.4 m.

The first experiment test is carried out to verify the mea-
surement accuracy of inclination rotating only in the Y direc-
tion. Four cases are studied, as shown in Figure 6. In the four
cases, the values of inclinations a and y are always 0, and
the values of inclinations f are 0, 5, 10, and 15°, respectively.
The inclinations are controlled using the inclinometer. The
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TasLE 1: The calculated and measured values of 3D inclinations (unit: degree).

The calculated values by proposed

The measured values by

Four cases method inclinometer Maximum measurement error
a s Y s 4

Case 1 0 0 0 0 0 0.00

Case 2 0.08 4.92 0.07 5 0 0.08

Case 3 0.09 9.89 0.09 10 0 0.11

Case 4 0.04 15.07 0.06 15 0 0.07
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FiGure 7: The reference and current 3D models in the second experiment test.

reference 3D models (cases 2—4) and current 3D model (case 1)
are reconstructed, as shown in Figure 6, and the 3D inclina-
tions are calculated, as shown in Table 1. It can be seen that
the calculated values are close to the measured ones, and the
maximum measurement error is 0.11°, indicating that the
method is accurate for 3D inclination calculation.

The second experiment test is carried out to verify the
measurement accuracy of inclination rotating simultaneously
in the X and Y directions. Four cases are studied (case 1 and
cases 5-7), as shown in Figure 7. In the four cases, the values
of inclination « are always 0, the values of inclination f are 0,
5,10, and 15°, respectively, and the values of inclination y are

0, 5, 5, and 10°, respectively. The reference 3D models (cases
5-7) and current 3D model (case 1) are reconstructed, as
shown in Figure 7. Then, the 3D inclinations are calculated,
as shown in Table 2. It can be seen that the calculated values
are close to the measured ones, and the maximum measure-
ment error is 0.08°, indicating that the method is accurate for
3D inclination calculation.

The accuracy of disparity map has a deep effect on the
calculation results of 3D inclination. In this research, a com-
bination of multichannel RGB stereo pairs and Sobel edge
detection stereo pairs is proposed to calculate the disparity
map. In addition, there are also some other methods, such as
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TasLE 2: The calculated and measured values of 3D inclinations (unit: degree).

The calculated values by proposed

The measured values by

Four cases method inclinometer Maximum measurement error
a p Y a p Y

Case 1 0 0 0 - 0 0 0.00

Case 5 0.07 4.93 5.05 - 5 5 0.07

Case 6 0.09 15.08 5.08 - 15 5 0.08

Case 7 0.04 10.06 10.04 - 10 10 0.06
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Figure 8: The 3D models calculated by different methods. (a) The proposed method. (b) MAD method. (c) SAD method. (d) SSD method.
(e) MSD method. (f) NCC method. (g) SSDA method. (h) SATD method.

mean absolute differences (MAD) method, sum of absolute
differences (SAD) method, sum of squared differences (SSD)
method, mean square differences (MSD) method, normal-
ized cross-correlation (NCC) method, sequential similarity
detection algorithm (SSDA) method, and sum of absolute
transformed difference (SATD) method. Hence, a compari-
son of these methods is carried out. The 3D models recon-
structed by these methods are shown in Figure 8, and
furthermore the values of 3D inclination calculated by these
methods are compared, as shown in Table 3. By comparison
of the maximum absolute errors of these methods, it can be
seen that the proposed method has the smallest error of all,
indicating good calculation accuracy of the proposed method.

4. Conclusion and Discussion

4.1. Conclusion. This research proposes a method of high-
accuracy measurement of 3D inclinations using the stereo

images of power transmission towers. The main conclusions
are drawn as follows:

(1) A method of calculating the matching cost using a
combination of multichannel RGB stereo pairs and
Sobel edge detection stereo pairs is proposed to
obtain accurate matching cost, and a method of
invalid disparity judgment is proposed to precisely
detect the invalid disparities in small closed areas.
The experiment result shows that the 3D model
reconstructed by the proposed methods presents
good 3D reconstruction quality by comparison with
the other methods such as left-right consistency
check method, uniqueness detection method, and
subpixel fitting method.

(2) A progressive search method is proposed to effi-
ciently get the optimal values of the model parame-
ters D, 8;, 8,, €1, ¢, €3, and ¢4 for 3D reconstruction.
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TasLE 3: The calculated and measured values of 3D inclinations by different methods (unit: degree).

The values of 3D inclination

Method Maximum absolute error
a s Y
Inclinometer (true values) - 5.00 5.00 0.00
The proposed method 0.07 4.93 5.05 0.07
MAD method 0.31 5.64 4.15 0.85
SAD method 0.34 5.41 431 0.69
SSD method 0.28 4.79 5.26 0.28
MSD method 0.45 5.89 4.51 0.89
NCC method 0.10 4.87 5.09 0.13
SSDA method 0.24 4.73 4.85 0.27
SATD method 0.21 4.76 5.19 0.24
The optimal values in the experiment test are D =167, field environment is more complex than experiment
6, =35, 6, =130, ¢;=1, ¢,=1, c5=1, and ¢4 =1, environment, and the factors such as the light, vibra-
respectively. The experiment result shows that the tion, and weather should be considered in the further
3D model presents better reconstruction quality after research.
parameter optimization.
(3) A 3D inclination calculation method is proposed to v 1 eme
calculate the 3D rotation angles using giffei‘ent 3p  Data Availability

reconstruction models. The experiment results show
that the proposed method is more accurate for cal-
culation of 3D inclinations than MAD method, SAD
method, SSD method, MSD method, NCC method,
SSDA method, and SATD method.

4.2. Discussion

(1) The size of power transmission tower does not influ-
ence the application of this method because this
method can use part of the power transmission tower
for calculation whether the tower is large or small.
This means that if the size of tower is large, only a
small part of this tower can be used for calculation.

(2) The 3D inclinations can be static or dynamic by set-
ting the frame rate of stereo images, so the sampling
frequency of dynamic measurement is determined by
frame rate, i.e., high frame rate indicates high sam-
pling frequency. Because the processing time of a
stereo image to calculate 3D inclinations is about
several minutes, the measurement of 3D inclinations
is offline measurement.

(3) The 3D reconstruction model is built under the
WCS, which has no relevance to camera poses, so
the camera poses do not affect the 3D reconstruction
model. Compared with traditional inclination mea-
surement methods such as inclinometer, which only
measure one or two directions of rotation angles at
most, this proposed method can measure the 3D
inclinations @, f#, and y simultaneously.

(4) The result is tested under experiment environment,
which is different from field environment. The future
work is to further verify the proposed method in the
field test, which will have great value in the construc-
tion, operation, and maintenance of power lines. The

The data used to support the findings can be obtained by
contacting via civilgxwangg@hotmail.com.
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