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Abstract
Modular structures are growing into a promising field in the construction field. However, the error between bolting, which 
occurs during on-site construction of a modular system, is one of the biggest drawbacks of a modular structure and is a seri-
ous problem that must be resolved. If this error keeps occurring, it can weaken the strength of the overall modular structure 
and can cause further damage. Therefore, precise measurement of displacement errors is required to reduce construction 
errors of modular systems. In this paper, we propose a measurement technique based on vison-based images without using 
displacement meter such as LVDT. This technique is consist of raspberry-pi cameras which is much more economical than 
displacement meters. Through image processing algorithm, displacement and angle can be measured. As a result, it is judged 
that the error rate for bolting can be minimized during construction of a modular system by measuring an error range of up 
to 0.24% through this technique presented in this paper.

Keywords  Displacement measurement · Image processing · Circle detection · Modular system

1  Introduction

Modular system is that all parts like frames, plumbing, and 
insulations are manufactured in advance at facilities so that 
those are assembled fast in site. It can make the 80% of 
construction process manufactured and reduce the construc-
tion period up to 50% (Kim & Lee, 2011). This systems are 
mainly constructed with the steel structure as a basic unit 
frame. Also bolt joint strength in modular system directly 
affects the overall system after it combined. The system is 
quite effective system for low-story buildings in constructive 
side but it also can be a drawback for high-story buildings 
in structural side. To deal with this weakness, it is required 
enough capacity for internal strength in modular joint. Fur-
thermore, new research of modular joint has been studied 
(Choi & Kim, 2014). The modular joints are used for con-
necting other modular with bolts so discorded bolt holes 
are led to construction error. It is very difficult to make two 
holes straight in sites. Therefore, it is suggested that the 

nominal bolt diameter is generally used 2 mm lager than 
bolts (Kulak et al., 2001).

There are two possible errors in modular system. One 
occurs in manufacturing and the other occurs in deliver-
ing, which are manufacturing error and construction error 
by deformation of modular, respectively. As the precise of 
construction in modular system required, it is important to 
minimize the error (Shin et al., 2017). The construction error 
by deformation of modular can be diminished by using fas-
tener or preventing impact load. But manufacturing error 
is inevitable when consisting modular system, even though 
quality management is implemented. Reducing this con-
struction error is mandatory for maximizing its advantages 
and increasing its possibility of use. In order to reduce the 
construction error of such the modular system, a precise dis-
placement measuring method taking into account the char-
acteristics of the modular are required. Also, the most gen-
eral error in modular system is the difference of bolt holes 
arrangement. The error of tightening bolts affects directly 
the joint strength of its modular system. If the error occurs 
in site, it delays the construction period because it disturb 
quick installation of modular frame. Therefore, a necessity 
to reduce construction errors has emerged by applying image 
processing technique to the modular construction process. 
In this study, the image processing method that can find 
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construction error by measuring deformation of the modular 
system is introduced and verified through the experiments.

1.1 � Image Processing Review

A variety of image processing techniques have been devel-
oped by many researchers. Wang et al. (2018) suggested 
the algorithm using long pulse thermography in order to 
evaluate the damage of the composites. Vision-based image 
processing method has been frequently used to find crack or 
deformation on the structures (Kim, 2016; Ni et al., 2019). 
Lee and Shinozuka (2005) made a technique that chases 
target trace and finds the target in real time. This method 
was applied to bridges which hardly measure displacement 
with displacement device such as linear variable differential 
transformers (LVDT). Potenza et al. (2017) also detected the 
damage on steel bridge by mobile robots and UAV. Moreo-
ver, other image processing technique applied to high-rise 
building. Park et al. (2010) suggested new type of method, 
which were vision-based image processing. This method 
is based on shear deformation so that the displacement of 
top story in a building can be easily obtained. Also, Choi 
et al. (2011) presented a new concept of technique using 
image processing named dynamic displacement vision sys-
tem (DDVS), which applies mm/pixel coefficient (MPC) to 
calibrate the distortion of video images captured by cam-
corder. To prove the DDVS algorithm, it was used to meas-
ure dynamic displacement in shaking table test.

1.2 � Scope

This study aims to verify of image processing method by 
measuring the deformable variations in modular system 
based on video image. This technology is consist of two 
units, which are image filming unit and image analysis unit. 
At image filming unit, raspberry-pi cameras are used to film. 
4 cameras are located on the each spot where the column is. 
After capturing image, it is sent to the image analysis unit 
by wireless data communication. At image analysis unit, 

MATLAB program is the main data processing tool. Using 
MATLAB program, the captured image is used to be meas-
ured the error of arrangement of bolt hole.

Two experiments are implemented for this technology. 
First, an experiment was conducted to verify the image pro-
cessing algorithm. Secondly, a reduced modular specimen 
was set up in a small laboratory-level space, and the arrange-
ment of bolt holes was simply set up with L-shaped plate to 
conduct measuring experiment of 2-D displacements. The 
reason why L-shaped plate was used is to alternate other 
modular unit so that it is checked how many angle is rotated 
on each modular joint. At this test, the bolt-to-bolt distance 
(dij), the edge distance from bolt (uix, uiy), and the angle (θi) 
of each corner were measured so that the reliability of the 
algorithm was confirmed by comparing the measured data 
and the actual distance. Finally, the experiment was carried 
out in the realized modular transport process and the error 
rate of the measured data is to be checked. By confirming 
this technique, it aims to minimize errors in the actual con-
struction site by checking errors in manufacturing.

2 � Concept of the Measuring Algorithm

2.1 � Scale Model Experiment

It is common to use a crane to transport the modular unit 
after fastening it with a lifting frame of the same size as 
the unit. The same lifting method is used in manufactur-
ing plants and construction sites. 4 cameras for capturing 
the bolt arrangement were installed at the corner of the lift-
ing frame. If one camera had been used, the focal length 
became much farther than original length in order to shoot 
all bolt arrays, which affects the distortion of the image or 
the accuracy of the bolt array measurement. Therefore, the 
technology, as shown in Fig. 1, was configured to measure 
the bolt arrangement of each column and the bolt distance 
between columns by arranging each camera for each column.

Fig. 1   Concept of modular 
system
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For the algorithm review, as shown in Fig. 2, it was 
made into a scale model and constructed in a shape that 
can be photographed horizontally. The image filming unit 
is equipped with four cameras capable of photographing on 
the edge of base plate, the target (called Marker), instead of 
the real bolt hole, marked with 4 black circles was photo-
graphed. 4 camera modules were connected with raspberry-
pi and the target was shot at the same time with the cameras. 
The images captured by each camera are transmitted through 
wireless data communication to a single board computer 
(Raspberry-pi), and the bolt arrangement and overall dimen-
sions are measured using the image processing algorithm. 
Figure 3 and 4 shows the actual test set-up and devices of the 
image filming unit. The distance between camera and bolt 
hole was set to 200 mm and one bolt hole can be captured in 
one camera module (Fig. 2).

2.2 � Specimens

To verify the image processing algorithm, the target, 
named ‘Marker’, was made with 4 black circles on a white 

background as shown in Fig. 5. 4 black circles mean 24 mm 
of bolt holes where M22 bolts can be fastened at each corner 
of a modular unit. Utilizing one bolt hole (black circle), dis-
tance between bolts (dij), distance between bolt and edge of 
Marker (uix, uiy) and corner angles (θi) were measured. Four 
specimens were set. The reference specimen is BH-0 which 
has no variables. Additional variations are set as the name of 
specimens go from BH-0 to BH-3. B1 keeps its position, B2 
keeps moving to the down for 1 mm, B3 for 1 mm to the right 
and B4 for each 1 mm to the left and down simultaneously. 
The BH-2P was also set by reducing the corner angles from 
BH-2 specimen, as shown on Table 1.

2.3 � Image Processing Algorithm

First, a shared folder was created to transmit the images 
acquired from the raspberry-pi to a computer for analysis in 
real time. Using raspberry-pi cameras located at each cor-
ner of the base plate, shot bolt holes images located at four 
corners and saved them in a shared folder. Afterwards, the 
four corner images saved in the shared folder were loaded 

Fig. 2   Concept of measuring displacement of modular system

Fig. 3   Test set-up of scale model Fig. 4   Raspberry-pi and Camera module
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on MATLAB for analysis and made scale images grey. 
The center coordinates of the circle were extracted and the 
radius length was obtained using a circular Hough trans-
ducer algorithm (Atherton & Kerbyson, 1999). At this time, 
the obtained center coordinate and radius length were in 
pixel unit so these were required to convert into mm unit 
for comparison with the actual length. In order to obtain 
millimeter per pixel (mm/pixel) in each image, the diameter 
(mm) of the black circle is divided by the diameter of the 
pixel unit extracted from the image. If the obtained mm/

pixel value is different from other mm/pixel value detected 
in other black circle, find the mm/pixel value again. In the 
following order, measure the distance between the centers of 
each of the four camera lenses and the black circles extracted 
from each image as shown in Fig. 6. By multiplying the mm/
pixel value of each image obtained previously, Xi distance 
between the center of the camera lens and the bolt hole can 
be measured. In each image, after measuring Xi distance, add 
X0 distance between the cameras lens. X0 is 210 mm which 
is initially set. Finally, the distance (dij) between each bolt 

Fig. 5   Detail of target (marker)

Table 1   Exact size of each specimen

Specimens Variations (mm or °)

d12 d23 d34 d41 D12 D23 D34 D41 u1x u1y u2x u2y u3x u3y u4x u4y θ1 θ2 θ3 θ4

BH-0 210 210 210 210 300 300 300 300 45 45 45 45 45 45 45 45 90°
BH-1 211 208 209 44 46 46 46
BH-2 212 206 208 43 47 47 47
BH-3 213 204 207 42 48 48 48
BH-2P 212 206 208 298 298 44.7 43 45.3 43.3 47 46.7 90° 89.62° 90.76° 89.62°

Fig. 6   Find distances between two black circles
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hole can be measured. Additionally, although the distance 
(dij) between the bolt holes matches the actual distance, the 
edge distances (uix, uiy) and the entire outer frame could be 
significantly different. If so, it can be difficult to fasten the 
modular units during construction. Using the algorithm to 
prevent this, after found the boundary of Marker, distance 
(uix, uiy) between the edge and each circle are measured. The 
total length of the frame (Dij) can be obtained by adding the 
dij distance and the measured distance (uix, uiy) between the 
corner and the bolt hole, except BH-2P. Because this algo-
rithm can only measure in X or Y direction. Also, using 4 
edge of Marker obtained previously, an angle (θi) of each 
corner can be measured. Figure 7 is an algorithm that meas-
ures the distance and angle using image processing.

2.4 � Result of Algorithm Verification Test

Table 2 shows the whole test results of image processing. 
In the case of the distance between bolts (dij), maximum 
difference was 0.46 mm and the distance between the cor-
ners of the frame (Dij) showed a slightly larger than other 
measurement distances, which maximum difference of 

2.86 mm occurred. In measuring the Dij distance, it is dif-
ficult to extract the boundary of the edge accurately due to 
the distortion of the camera lens. That is why the Dij error 
is larger than dij error is. In the case of edge distance (uix, 
uiy), maximum error occurred at B1, which was 1.42 mm. 
But other edge distances showed the difference 0.5 mm 
below. It is believed that the conversion factor (mm/pixel) 
could influence the when the unit conversion of the edge 
distance. The angle (θi) of the frame edge was 1.41° from 
the B3 edge (θ3) of the specimen (BH-2P) whose angle 
was adjusted, showing the greatest difference. The error 
rate at this was 1.55%. Figure 8 shows the difference 
between the real size (RS) and the image processing size 
(IS). Figure 9 shows the actual shape (RS) and the image 
processing result (IS) as relative errors. The distance 
between the edges of the frame (Dij), which showed the 
greatest absolute difference, showed an error within 1%, 
and the edge distances (u1x, u1y) showed a maximum error 
of 3.16%. The rest of the variables showed an error within 
1.5%. In addition, the specimens except for the BH-2P 
specimens have an error rate of 0.14%, which is estimated 
to be nearly accurate.

3 � Experiment of Deformed Modular Unit 
Measurement

3.1 � Experimental Plan

Image processing algorithm was reviewed and verified in 
scale model test. Full scale of experiment for deformed 
modular unit were conducted. As shown in Fig. 10, it is 
similar to the actual modular size but it was manufactured 
in a size of 4000 mm × 2000 mm × 1500 mm that can be 
tested in a laboratory. For the transport of the modular 
unit, the lifting frame was manufactured in same size of 
the modular unit. The lifting frame and the modular unit 
were fastened with eye bolts and six chains (1500 mm) in a 
same way at construction site. 4 raspberry-pi cameras were 
installed at each corner of the lifting frame and the dis-
tances between the each camera was 1840 mm (Y0) for the 
short side and 3840 mm (X0) for the long side. The varia-
tions in this experiment is shown in Fig. 11. The L-shaped 
steel plate located at each corner is 160 mm × 80 mm 
(t = 6 mm) with two M22 bolt holes (24 mm). The experi-
ment was conducted while the No.4 L-shaped plate is 
moving diagonally or rotating its angle in anticlockwise 
on the outer vertex. When the plate changed diagonally, 
the specimens were named BH-C and the other specimens 
were named BH-A when its angle was changed. Exact size 
of specimens show in Table 3.

Fig. 7   Algorithm of suggested image processing
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3.2 � Algorithm for Deformed Modular Test

The concept of algorithm used in this experiment is as 
same as the previous experiment using a raspberry-pi 
and MATLAB. Each image captured on the raspberry-
pi cameras is transmitted to a computer for analysis 

through wireless data communication. If the transmitted 
images are distorted, they are calibrated by MATLAB to 
increase the accuracy of image analysis. The images are 
cropped in 514 × 346 pixel to make the plate on the center 
of the image for effective interpretation. Find the two 
bolt holes in each cut-out image and measure mm/pixel 
through the actual distance (mm) and the distance on the 

Table 2   Results of image processing

Specimens Variations (mm)

d12 d23 d34 d41 D12 D23 D34 D41

RS IS RS IS RS IS RS IS RS IS RS IS RS IS RS IS

BH-0 210 209.93 210 210.01 210 209.89 210 210.07 300 298.38 300 300.29 300 298.92 300 300.17
BH-1 209.92 211 211.12 208 207.98 209 208.78 298.36 300.32 299.02 298.96
BH-2 209.98 212 212.46 206 206.06 208 208.11 297.14 300.76 299.01 299.60
BH-3 209.98 213 213.24 204 204.18 207 207.10 297.90 300.19 298.39 299.50
BH-2P 209.91 212 212.22 206 206.07 208 208.04 297.79 298 298.58 298 296.12 299.17

Specimens Variations (mm)

u1x u1y u2x u2y u3x u3y u4x u4y

RS IS RS IS RS IS RS IS RS IS RS IS RS IS RS IS

BH-0 45 44.67 45 44.43 45 44.43 45 45.29 45 44.74 45 44.73 45 44.62 45 44.56
BH-1 43.73 44.54 44.54 44 44.09 46 45.67 44.90 46 45.53 46 45.66
BH-2 43.83 44.61 44.61 43 43.28 47 46.73 44.92 47 46.56 47 46.80
BH-3 43.61 44.32 44.32 42 41.80 48 47.31 44.98 48 47.24 48 47.71
BH-2P 43.58 44.25 44.7 44.25 43 42.62 45.3 44.83 43.3 43.10 47 46.43 46.7 46.26

Specimens Variations (°)

θ1 θ2 θ3 θ4

RS IS RS IS RS IS RS IS

BH-0 90 89.97 90 89.86 90 89.84 90 89.94
BH-1 89.68 90.19 89.93 89.94
BH-2 89.68 89.97 89.75 89.90
BH-3 89.85 89.95 90.08 89.98
BH-2P 89.80 89.62 89.48 90.77 89.36 89.62 89.68
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image (pixel). If the bolt hole is not found, the existing 
RGB color map is changed to the HSV color map. Then, 
convert the image into black and white when value is 
in average. Convert back to RGB and find the center of 
the bolt and mm/pixel value. The reason why especially 
brightness in average among hue, saturation and value is 
that the bolt hole could not be found when modular is. 
Although the error rate is the least among them as shown 
in Fig. 12, brightness (value) is changed to average before 
it converts back to RGB to find the bolt hole. The distance 
(Xi or Yi) between the center of the lens and the center of 
the bolt is measured. Next, it is multiplied by mm/pixel 
value to convert the distance into mm unit. Finally it is 
found that the distance between two holes by adding X0 
(or Y0), as shown in Fig. 13. Also, the corner angle is 
measured, using the slope of the connected line between 
the centers of the two bolts in each image.

3.3 � Algorithm Test Results

Table 4 shows image processing size of test results. In short 
side of the modular unit (D12, D34), the maximum displace-
ment error occurred, which was 1.81 mm at BH-A-10. In 
long side (D13, D24), up to 0.75 mm is differe°nt with the 
original length. Also, 1.5 mm error occurred in diagonal 
length (CD14, CD23). So it is judged that these errors can 
be acceptable because extra bolt hole is 2 mm. Besides, in 
angle case, maximum error occurred 0.84° at θ3. As shown 
in Figs. 14 and 15, it was confirmed that the maximum 
error rates of Dij and CDij are 0.08% and 0.1% for BH-C and 
BH-A, respectively. On the other hand, in case of θi is 0.26% 
and 0.24% respectively. It is confirmed that the error rate 
could occur three times more than error rate of the Dij and 
CDij. The reason for the greater error in angle measurement 
is predicted to be due to various influences such as camera 
distortion, accuracy of bolt center coordinate extraction, 
or distance between camera and the plate. If the cameras 
were rotated before the test, the distance between bolt holes 
would be more lager as much as sine (θ0) (θ0 is the angle 
of the center axis of camera to the target). Positively, when 
comparing the actual distance and the measured distance 
by image processing, it is judged that the reliability of this 
technology is verified by comparing with each error rate.

As shown in Fig. 16, average and standard deviation for 
total specimens (BH-C and BH-A) can be confirmed. No.4 
plate was a moved and rotated as a variation so that the dis-
tances and angle measured at No.4 plate have large standard 
deviation. The maximum difference of standard occurred 
at CD14. When the deformed modular test was conducted, 
variations were set up in person. Figure 17 shows that the 
averages of variations are less than 0.4 mm, putting up with 
the error cause of the plate installation. So, numerical dif-
ference between IS and the other IS in BH-C-0 (reference) 
are more reliable than the difference (IS-RS).

4 � Conclusion

This paper suggests that the algorithm of measuring the 
deformation of the bolt array of the modular system using 
image processing and the practicality by using the actual 
modular is verified. The accuracy of the algorithm was con-
firmed through the comparison analysis of the actual length 
and angle (RS) and the data of image processing (IS). For 
length variations (Dij and CDij), maximum error rate was 
confirmed 0.1%. Also, maximum error rate for the rota-
tion was confirmed 0.26%. This results is based on the 4 
raspberry-pi cameras is assumed that the axis is straight 
to the target. Through this analysis, it is believed that an 
image processing technology can be used at the manufac-
turing plant and site if a communication network is capable 

Fig. 10   Experiment for deformed modular unit

Fig. 11   Upside view of modular unit
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Table 3   Exact size of specimens 
for deformed modular unit test

RS real size, IS image processing size

Specimens Frame size (mm) Diagonal distance 
(mm)

Perpendicularity (°)

D12 D34 D13 D24 CD14 CD23 θ1 θ2 θ3 θ4

Real size (RS) Real size (RS) Real size (RS)

Cross BH-C-0 1840 1840 3840 3840 4258.07 4258.07 360 360 360 360
BH-C-5 1835 3835 4251.40
BH-C-10 1830 3830 4244.73
BH-C-15 1825 3825 4238.07
BH-C-20 1820 3820 4231.40
BH-C-25 1815 3815 4224.74
BH-C-30 1810 3810 4218.08

Angle BH-A-1 1841.41 3838.62 4257.44
BH-A-2 1842.84 3837.26 4256.83 361
BH-A-3 1844.30 3835.92 4256.2 362
BH-A-4 1845.78 3834.61 4255.72 363
BH-A-5 1847.28 3833.33 4255.22 364
BH-A-6 1848.80 3832.08 4254.75 365
BH-A-7 1850.35 3830.85 4254.31 366
BH-A-8 1851.91 3829.65 4253.91 367
BH-A-9 1853.50 3828.47 4253.54 368
BH-A-10 1855.11 3827.32 4253.21 369

Table 4   Exact size of specimens 
for deformed modular unit test 
result

RS: real size, IS image processing size

Specimens Frame size (mm) Diagonal distance 
(mm)

Perpendicularity ( °)

D12 D34 D13 D24 CD14 CD23 θ1 θ2 θ3 θ4

Image processing size (IS) Image processing 
size

Image processing size 
(IS)

Cross BH-C-0 1839.54 1839.33 3839.44 3839.35 4257.03 4259.06 0.30 0.37 −0.77 −0.48
BH-C-5 1839.56 1834.68 3839.77 3834.03 4250.20 4258.83 0.34 0.17 −0.73 −0.38
BH-C-10 1839.69 1829.46 3839.49 3828.89 4243.42 4258.87 0.28 0.41 −0.92 −0.35
BH-C-15 1839.69 1823.57 3839.79 3825.08 4237.36 4258.99 0.39 0.48 −0.67 −0.51
BH-C-20 1839.55 1819.18 3839.76 3820.11 4230.93 4258.82 0.39 0.22 −0.68 −0.37
BH-C-25 1839.53 1814.43 3839.46 3814.73 4224.11 4259.09 0.30 0.37 −0.85 0.04
BH-C-30 1839.69 1809.01 3839.40 3809.27 4216.87 4259.15 0.35 0.40 −0.80 −0.58

Angle BH-A-1 1839.58 1840.85 3839.63 3838.45 4257.13 4258.72 0.25 0.33 −0.83 0.36
BH-A-2 1839.47 1841.81 3839.76 3836.87 4256.13 4258.66 0.25 0.21 −0.74 1.42
BH-A-3 1839.67 1843.41 3839.78 3835.94 4255.80 4258.67 0.16 0.40 −0.74 2.47
BH-A-4 1839.37 1844.68 3839.33 3834.68 4255.48 4259.13 0.26 0.40 −0.70 3.57
BH-A-5 1839.68 1846.17 3839.93 3833.01 4254.10 4258.88 0.21 0.30 −0.85 4.30
BH-A-6 1839.60 1847.70 3839.71 3831.81 4253.78 4258.87 0.26 0.25 −0.64 5.34
BH-A-7 1839.60 1849.48 3839.86 3830.79 4253.59 4258.78 0.36 0.32 −0.76 6.51
BH-A-8 1839.47 1850.74 3839.42 3829.25 4253.04 4258.94 0.22 0.23 −0.83 7.64
BH-A-9 1839.45 1852.36 3839.54 3828.17 4252.82 4258.81 0.32 0.32 −0.68 8.68
BH-A-10 1839.60 1853.29 3839.69 3826.58 4251.71 4258.86 0.25 0.21 −0.67 9.46
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Fig. 12   Hue, Saturation and Value (HSV) error rate

Fig. 13   Find the distance between two bolt holes
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Fig. 15   Error rate of BH-A specimens

0

0.2

0.4

0.6

0.8

1

1.2

1.4

| I
S

-R
S

 | 
 (

m
m

 o
r 

)

Variations

Avg

S.D

D12 D34 D13 D24 CD14 CD23   ϴ1        ϴ2 ϴ3 ϴ4

Fig. 16   Statistical result of │IS-RS│



1917International Journal of Steel Structures (2022) 22(6):1908–1917	

1 3

of transmitting captured image. In addition, as a result of 
considering the maximum displacement error and error rate 
for each variable through two experiments. Also, through 
the average and deviation numerical difference (IS-RS), the 
reliability of the image processing technology is confirmed. 
Therefore, it is ensured that this technology can be used as 
a solution that can measure the self-deformation of a modu-
lar in a modular manufacturing plant or construction site. 
Finally, it is considered that it can have a great influence on 
the reduction of the construction period.
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