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1. Introduction 
 

The safety of structures mainly depends on the lateral 

and twisting behavior as well as the vertical displacement. 

Recently, long and slender beam structures have been 

increasingly used in design and construction with the 

development of high-strength materials and constructional 

technologies, but there has been increasing concern 

regarding the lateral behavior and stability of the structures 

(Brett and Lu 2013, Han et al. 2015, Lee et al. 2017, Patrick 

2016). Therefore, an evaluation of the lateral and torsional 

behavior of a structure is important for the safety of the 

structure during construction as well as the performance of 

the structure under service conditions . Analytical 

investigations into the safety of structures have focused on 

the classical stability theory, which is limited to the critical 

load related to the lateral and torsional instability. 

Therefore, several studies (Darılmaz 2011, Li et al. 2002,  
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Shirazizadeh et al. 2016, We et al. 2014, Xue and Chen 

2015, Lee 2017) employed the finite element method to 

account for the nonlinear properties of material, geometry, 

and boundary conditions in the lateral and torsional 

behavior of structures. Several researchers (Hurff and Kahn 

2012, Kalkan 2014, Lee 2012a, Lee 2012b, Lee and Kalkan 

2012) have examined the influence of lateral deformation 

on the safety of bridge girders. The safety of the structure is 

closely associated with the lateral deformation of the 

structure. Moreover, out-of-plane lateral deformation 

includes in-plane vertical deformation and twisting rotation 

of the structure.  

To evaluate the in-plane and out-of-plane behavior of a 

structure, the displacements are commonly measured using 

displacement meters, such as LVDT (linear variable 

differential transformer) and string potentiometers. 

However, these contact methods cannot directly measure 

the vertical and lateral displacements. Indeed, the vertical 

and lateral displacements are combined with a twisting 

rotation. That is, the displacements and rotation cannot be 

obtained directly from the values measured from the 

displacement meters. In general, the coupled displacements 

are analyzed using the method developed by Zhao et al. 

(1994, 1995) and modified by Stoddard (1997), Kalkan and 

Hurff (2012), and Lee et al. (2017). The current method to 

calculate the independent lateral and vertical displacements 

and twisting angle assumes that each string potentiometer 

comprises a right-angle triangle between the object, 

reference point, and wire. This assumption requires 
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particular care to maintain perfectly horizontal and vertical 

lines of the wires between the potentiometers and structure 

in three-dimensional space.  

Therefore, a noncontact vision-based measurement 

system is used to evaluate the in-plane and out-of-plane 

movements including the twisting angle. The vision-based 

measurement system has been applied effectively to 

measure the displacements in the fields of civil and 

architectural engineering (Feng and Feng 2016, Fukuda et 

al. 2013, Lee et al. 2012, Lin et al. 2015, Ye et al. 2013, Ye 

et al. 2016). The image processing algorithm involved in 

this study is based on the color information of several 

reference objects in Lab color space. To increase the 

accuracy of the area of multiple targets from the entire 

image, a flood fill algorithm with eight directions was used 

to recognize the boundary of the target regions. To 

synchronize the time of the captured targets and a main 

server, this study used a load indicator wirelessly connected 

to a data logger system in the server. In the post-processing 

step, the displacements and rotation of a structure were 

calculated at the targets, which could be located in the top 

or bottom of the structure due to the condition of the 

installation. Then, the coordinates of the centroid of the 

section were used to obtain the relationship between the 

load and vertical displacement, and the load and lateral 

displacement. The proposed vision-based measurement 

system was verified using a laboratory beam test. The test 

results showed that the in-plane and out-of-plane 

displacements including a twisting rotation obtained from 

the proposed vision-based measurement system matched 

well with those from the current measurement method using 

string potentiometers. 

 

 

2. Development of vision-based measurement 
system 
 

2.1 Current measurement method 
 

The structure of a beam mainly supports vertical loads, 

which has attracted attention to the vertical movement of 

the flexural member. In addition to the vertical in-plane 

movement, the safety of the structure is mainly associated 

with the out-of-plane movement. In particular, slender and 

long structural members have been increasingly used with 

the development of high-strength materials and construction 

technologies. Such slender and long members are more 

vulnerable to the out-of-plane movement. The in-plane and 

out-of-plane movements of a structure are combined with 

twisting rotation. Therefore, a method that can measure the 

independent displacements and rotation is required.  

The current method to obtain the vertical and lateral 

movements and rotational angle from the coupled 

deflections is based on the measurement technique using 

three potentiometers proposed originally by Zhao et al. 

(1994, 1995) and later expanded by Stoddard (1997). The 

method was recently expanded by Kalkan and Hurff (2012) 

and Lee et al. (2017). Fig. 1 illustrates the configuration of 

the measurement method using three potentiometers for a 

rectangular beam. Two lateral potentiometers, denoted as 

A  and B , are connected to the top and bottom edges of 

the section, and one vertical potentiometer, denoted as C , 

is placed under the beam and connected to the bottom edge 

of the section. As the beam begins to deform, the initial 

string lengths of those potentiometers vary with the coupled 

deflections, as shown in Fig. 1. As a first step, the vertical 

and lateral deflections at a point of the beam, xB  and yB , 

respectively, to which the lateral and vertical potentiometers 

are connected, are calculated using the following equations 

based on the assumed two right-angled triangles 

  222
fyxo BBBB   (1) 

 

  222
fxyo CBBC   (2) 

where oB  and oC  are the initial string lengths of the 

bottom and vertical potential meters, respectively, and fB  

and fC , are the changed string lengths of the bottom and 

vertical potential meters, respectively. Solving Eqs. (1) and 

(2) give the following two sets of solutions 
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Among the two solutions, Eqs. (3) and (4), one solution 

should be selected and compared with the real behavior of 

the structure. After determining one realistic solution, the 

twisting angle of the beam section is calculated using 

another right-angled triangle assumed at the top lateral 

potentiometer. Therefore, the following equation can be 

obtained using the Pythagorean theorem 

    222
fiyxo A)cos(coshBsinhBB    (9) 
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where h  is the depth of the beam, i  is the initial 

rotational angle, and fA is the changed string length of the 

top lateral potentiometer. The twisting angle of a beam,  , 

obtained from Eq. (9), also produces two solutions, which 

means that one realistic solution should be selected.  

Finally, after determining the twisting angle of the 

beam, the lateral and vertical deflections at the centroid of 

the beam section, uc and vc, respectively, are calculated 

using the following equations, which have been derived 

from the deformed geometry. 

)cos(cos
b

)sin(sin
h

Bu iixc  
22

 (10) 
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where b  is the width of the beam.  

The current measurement method assumes that the three 

potentiometers, physically connected to the beam section in 

the lateral and vertical directions, comprise a right-angle 

triangle at the connection of each potentiometer. In fact, the 

assumption on the right-angle triangles requires special care 

and attention at the installation of the potentiometers in 

three-dimensional space. In addition, a series of calculations 

are carried out to determine the lateral and vertical 

displacements and twisting angle from the coupled 

measurements. Furthermore, the displacements and 

rotations obtained from the current method need to be 

selected for an appropriate solution by comparing the 

solutions with the real behavior of the structure. 

 

2.2 Vision-based system and image processing 
algorithm 

 

For easy and accurate measurements of the in-plane and 

out-of-plane movements including a twisting angle, this  

 

 

study proposes vision-based measurement method that 

calculates the movement of targets attached to an object. In 

general, a method of recognizing a target in the image 

processing converts the target image captured in color to 

those in grayscale. The grayscale image is converted to a 

binary image that has only true and false colors (or, white 

and black colors, respectively) based on an arbitrary 

threshold. The image processing algorithm using the binary 

image has the advantage of analyzing multiple targets 

located in an image using a single and simple operation. On 

the other hand, the true and false colors in the binary image 

are strongly dependent on the value of a certain threshold, 

which should be defined by the users. Fig. 2 presents the 

binary images of a target converted from an original image 

with the change in the threshold value. The size and 

location of the target can differ significantly according to 

the value of the threshold, which means that a trial and error 

method is required to obtain an optimal result.  

Therefore, in this study, color information was used to 

distinguish the area of multiple targets from the entire 

image. Fig. 3 shows the algorithm of the image processing 

method used in this study. The algorithm using the color 

information of the reference targets consists of four steps; 1) 

an image acquisition step to capture the image, 2) an image 

processing step to identify the color information of the 

image, 3) an image analysis step to recognize the targets on 

the image and synchronize the time of the target with that of 

the external load, and 4) a post-processing step to determine 

the in-plane and out-of-plane deformations.  

The accuracy of measurement is determined by the 

resolution of the images obtained in the image acquisition 

step. Therefore, a digital camera that is more cost-effective 

and higher in resolution than a digital camcorder is used to 

achieve the target images. The image processing step is then 

carried out to identify the color information of the captured 

image. The colors of the several reference objects, including 

the targets, specimen, and background, are extracted to 

evaluate the color throughout the entire image per unit 

pixel. The area identified as the target in the image is  

 

Fig. 1 Configuration of the current measurement method using the potentiometers 
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converted to the binary image and is represented by a 

number of one as the true value. To accurately evaluate the 

color information in the image, the Lab color space was 

used instead of the commonly-used RGB color space. This 

is because the Lab color space can distinguish more clearly 

the difference in contrast in the same chroma than the RGB 

color space (Kaur and Kranti 2012) and accurately find the 

region, which matches with the color of the target. Fig. 4 

shows the difference between the Lab and RGB color 

spaces. In the Lab color space, the color information is 

evaluated based on the distance (Dij) between the reference 

colors and the color at a pixel 𝑖  location using the 

following Eq. (12). 

 

 

 

 

 

 

 

 ( ) ( ) ( )2 2 2

1 1

n m

ij j i j i j i
j i

D L L a a b b
 

     
 

(12) 

where iL , ia , and ib  represent the color information at 

the location of a pixel i, and jL , ja , and jb  represent 

the color information of a reference j, as shown in Fig. 4. 

When Dij  becomes zero, the corresponding pixel is 

determined to be the reference target.  

 

 

     
(a) (b) (c) (d) (e) 

Fig. 2 Binary images obtained from the image processing with a threshold value (TH); (a) original image, (b) 

TH=0.9, (c) TH=0.75, (d) TH=0.5, and (e) TH==0.25 

 

Fig. 3 Algorithm for measuring the load and displacements using an image processing method 

  
(a) (b) 

Fig. 4 Color spaces; (a) Lab color space and (b) RGB color space 

Original imageBW image (Threshold : 0.9 )BW image (Threshold : 0.75 )BW image (Threshold : 0.50 )BW image (Threshold : 0.25 )
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In the image analysis step, the flood-fill algorithm was 

used to recognize the boundary of the target area defined in 

the image processing step. The recursive flood fill 

algorithm with eight directions was used to increase the 

recognition rate of the boundary of the target region (Ye et 

al. 2016). The centroid of each target was calculated by 

analyzing the sectional properties of the boundary including 

the target area. Then, the coordinates of the target per each 

frame can be calculated. Using the coordinates of the targets, 

linear regression analysis was carried out to calculate the 

initial slope and displacements in the member and the 

difference of the slope and displacements between the 

frames of an image, as shown in Fig. 5. The load value, 

which is displaced on the indicator, was quantified by the 

OCR (Optical Character Recognition) algorithm (Smith et 

al. 2009). This process was repeated to determine the 

vertical and lateral displacements and twisting rotation of 

the structure synchronized with the load value.  

The design and analysis of structures normally focus on 

the deformations at the centroid. Therefore, in the post-

processing step, the vertical and lateral displacements and 

twisting rotation at the centroid of the structure is calculated 

assuming the rigid body motion of the cross-section. 

Because twisting rotation occurs with respect to the center 

of the section, rotation has no influence on the vertical and 

lateral displacements at the centroid. Therefore, the  

 

 

 

 

 

displacements and rotation at the center of the cross-section 

can be calculated using the following procedure. As an 

example of a structure with a rectangular section shown in 

Fig. 6, the twisting rotation and vertical and lateral 

displacements are first calculated at the targets located in 

the either top or bottom of the structure (points T and B, 

respectively, in Fig. 6). The coordinates of the centroid of 

the section (point C) are then calculated from a reference 

point of the target. Finally, the determined coordinates of 

the centroid are used to obtain the relationship between the 

load and vertical displacement, and the load and lateral 

displacement. 

 

 

3. Experimental program 
 

3.1 Laboratory test 
 

The proposed vision-based measurement system was 

verified using a laboratory beam test. The test beam was 

defined as a doubly-symmetric I-shape that has commonly 

been applied to design and construction in the field. Based 

on the small-sized beam tests performed by Lee et al. 

(2017), the shape and material of the test specimen were 

determined for the laboratory test. The total height of the 

beam was 72 mm, and the width and thickness of the top 

and bottom flanges were 40 mm and 6 mm, respectively.  

 

 

 
(a) (b) 

Fig. 5 Calculation of the slope and displacement of the targets; (a) centroid of the targets and (b) coordinates and 

regression line of the target centroids 

 

Fig. 6 Vertical and lateral displacements and twisting rotation at the center of a cross- section 
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The length of the beam was defined as 1000 mm. The 

specimen was manufactured using polycarbonate with the 

advantage of its linear elasticity; the modulus of elasticity 

of polycarbonate is 2400 N/mm
2
, and the yield strength is 

52 N/mm
2
 (Shah et al. 2005). The specimen defined in this 

study has a width-to-thickness ratio of 3.3 for the top and 

bottom flanges and 10 for the web members, which did not 

show any local buckling problem during the test.  

 

3.2 Specimen setup and instrumentation 
 

The specimen was installed on a simply-supported 

condition. The span length of the beam specimen between 

the supports was 950 mm. The simply-supported condition, 

which was implemented using a roller, restrains the vertical 

and lateral translations but allows in-plane flexural behavior 

of the beam (or, the flexure in the strong axis). When the 

lateral and twisting rotation (out-of-plane) movements 

occur, the beam could be unstable, leading to sudden failure 

of the beam. Therefore, to maintain the lateral stability of 

the beam, lateral support was provided to restrain the lateral 

transition and twisting rotation at the location of the in-

plane simply-supported condition at both ends but allow the 

out-of-plane flexural behavior of the beam (or, the flexure 

in the weak axis). Fig. 7 presents the beam specimen 

installed on both the in-plane and out-of-plane support 

conditions. The ball casters at the top and bottom flanges of 

the beam, shown in Fig. 7, provide a lateral support 

condition to the top and bottom flanges of the beam, to 

restrain the lateral translational movement at the support 

locations. A vertical point load was then applied to the 

middle of the top surface of the beam, and the magnitude of 

the load was measured using a load cell installed in the 

vertical loading system.  

 

 

 

The in-plane and out-of-plane displacements and 

twisting rotation at the mid-span were determined using the 

vision-based measurement system proposed in this study. 

The measurement system could have some interruptions, 

such as difficulties in access, obstructions to installation, 

and traffic conditions. Therefore, the vision-based 

measurement system needs to be installed in the top or 

bottom of the structure. Considering the measurement 

conditions, the vision-based measurement systems were 

carried out for three cases: Case 1 using the targets installed 

on the top surface of the specimen, case 2 using the targets 

on the corner edge of the top part of the specimen, and case 

3 using the targets installed on the corner edge of the 

bottom part of the specimen. Fig. 8 presents the proposed 

vision measurement system and the targets installed at the 

specimen. For case 1, blue-color targets were attached on 

the top surface of the specimen. For case 2, red and green 

colors were attached to the left and right corners of the top 

of the specimen, respectively. Finally, for case 3, where the 

installation of the vision-based system is required in the 

bottom of a structure, similar to case 2, green and red colors 

were attached to the both corners of the bottom part of the 

specimen. In addition to the targets, an indicator connected 

wirelessly to a main server is captured to synchronize the 

time of the target image and server. In this study, the 

magnitude of the load in a data logger system is used as an 

indicator to synchronize the load and displacements, 

obtained from the cameras. That is, a captured image 

includes both the displacements of the targets and the load 

indicator. The cameras used in this study were SONY Alpha 

7R, which has its own automatic function to correct for 

image distortion depending on the lens specifications of the 

camera. The resolution of the image was 7360 pixels in 

width and 4912 pixels in height; hence, the image has a  

 

Fig. 7 Installation of the specimen 
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total of 36 million pixels. The measurement resolution 

obtained from the image processing is approximately 

0.08mm similar to that from a 100mm linear variable 

differential transformer (LVDT). The images were 

automatically acquired at an interval of 1 second. 

For comparison with the proposed vision-based 

measurement system, the current method using string 

potentiometers was used to measure the displacements and 

twisting of the beam at the mid-span, as shown in Fig. 9. 

Because the displacements are combined with the twisting 

of the beam, the measurement technique described in 

Section 2.1 should be used to acquire the independent 

displacement components, lateral and vertical 

displacements and twisting rotation. Therefore, a total of 

three string potentiometers were installed: Two horizontal 

potentiometers at the top and bottom flanges of the beam 

and one vertical potentiometer at the location of the bottom 

flange.  

 

 

 

4. Results and discussions 
 

The in-plane and out-of-plane displacements and 

twisting angle measured from the proposed vision-based 

system were compared with those obtained from the current 

measurement method using string potentiometers. Figs. 10 

to 12 show the vertical and lateral displacements and 

twisting angles at the shear center (or centroid) of the cross-

section at the mid-span of the beam specimen. As the 

vertical load, which mainly governs the in-plane vertical 

movement, increases, the lateral displacement and twisting 

angle also increase the likelihood of lateral instability of the 

beam. In particular, the twisting angle rapidly increases 

with increasing load, as shown in Fig. 12. Therefore, when 

the lateral displacement and twisting angle were 

approximately 2 mm and 3°, respectively, the load was 

stopped to prevent sudden lateral collapse of the beam. The 

proposed vision-based measurement system showed good  

 

Fig. 8 Experimental setup for the vision-based measurement system 

 

Fig. 9 String potentiometers installed at the mid-span 
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agreement with the measurement method using 

potentiometers, which require a particular caution in the 

instrumentation and a series of calculation to determine the 

independent displacements from the measured coupled 

displacements. The lateral displacement and twisting angle 

in the small range of the response, shown in Figs. 10 and 12, 

respectively, show some differences between the vision-

based system and contact method. This might be due to the 

string potentiometers, which assume right-angles at the 

connections of the specimen, potentiometer, and reference 

point.  

Error analysis was performed using the root mean 

squared error (RMSE) to quantify the difference between 

the measurements obtained from the proposed vision-based 

system and those from the current measurement method 

using potentiometers, as follows 

 

 

 

 

( )

RMSE

2
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n

i i
i

x y

n







 

(13) 

where n  is the number of the measurement data, and ix  

and iy  are the displacement components measured from 

the vision-based system and current contact method, 

respectively.  

Table 1 lists the RMSE errors of the displacements and 

twisting angles for the three cases: Case 1 using targets on 

the top surface, case 2 using targets on the corner edge of 

the top part, and case 3 using targets on the corner edge of 

the bottom part. The vision-based system demonstrated high 

measurement accuracy for the in-plane vertical and out-of-

plane lateral movements including the twisting angle with a  

 

Fig. 10 Load and vertical displacement curves measured from the proposed vision-based system and potentiometers 

 

Fig. 11 Load and lateral displacement curves obtained from the string potentiometers and proposed vision-based system 
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maximum RMSE error of 0.690 mm, 0.255 mm, and 0.487°, 

respectively. The measurements were similar in all three 

cases. Therefore, the proposed vision-based system can 

allow flexibility regarding the measurement locations for 

monitoring the in-plane and out-of-plane movements of a 

structure. Furthermore, the proposed vision system can 

synchronize the movements along with the change in load 

applied to the structure, which facilitate measurements and 

evaluations of the structural performance according to the 

applied load. 

 

 

5. Conclusions 
 

Recently, long and slender beam structures have been 

increasingly used in the design and construction with the 

development of high-strength materials and constructional 

technologies, but there has been increasing concern 

regarding the lateral behavior and stability of the structures. 

Therefore, an evaluation of the lateral and torsional 

behavior of a structure is important for the safety of the 

structure during construction as well as the performance of 

the structure under service conditions.  The current 

measurement method using displacement meters cannot 

measure the vertical and lateral displacements directly. 

Therefore, a series of calculations and particular caution 

regarding instrumentation are required to determine the  

 

 

 

 

independent displacements from the couple measurements 

with a twisting angle. Furthermore, the displacements and 

twisting angle calculated from the current method should be 

selected to obtain an appropriate solution by comparing the 

solutions with the real behavior of the structure.  

A vision-based measurement system was proposed to 

acquire the independent in-plane and out-of-plane 

movements including the twisting angle of a structure. The 

image processing algorithm involved in this study was 

based on several reference objects, including multiple 

targets in Lab color space. The proposed vision-based 

measurement system was verified using a laboratory beam 

test. The in-plane and out-of-plane displacements including 

twisting rotation obtained from the proposed vision-based 

measurement system showed a good match with those from 

the current measurement method using string 

potentiometers. As a result, the proposed vision-based 

system can overcome the limitations of the current method, 

such as instrumentation of the displacement meters, analysis 

of the coupled measurements, and selection of an 

appropriate solution. Furthermore, the proposed vision-

based system allows flexibility in installation to account for 

some interruptions and expand the measurement points and 

targets to determine the independent displacements and 

twisting rotation. In addition, a technology using the 

wireless load indicator can synchronize the times between 

the targets and match the movements of the structure and 

load applied externally to the structure. 

 

Fig. 12 Load and twisting angle curves obtained from the string potentiometers and proposed vision-based system 

Table 1 Errors of the vision-based measurement system and contact measurement method 

Components 
RMSEs of the vision-based measurements 

Case 1  Case 2 Case 3 

Vertical displacement (mm) 0.558 0.690 0.660 

Lateral displacement (mm) 0.186 0.255 0.127 

Twisting angle (°) 0.427 0.448 0.481 
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