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Abstract 

 

Monitoring the deformation of long-span bridges is essential for assessing structural health and safety. The existing single-camera 

deformation measurement method is unable to meet the high-precision measurement requirement for the deformation of large-span 

bridges. This paper proposes a real-time deformation measurement method for the long-span bridge using multi-inertial camera system. 

The method is based on visual measurement which the target deformation is measured by multiple cameras. Meanwhile, inertial 

measurement is used to estimate the relative pose of the camera to compensate for camera motion errors. It is applied to the health 

monitoring system of a long-span bridge. The experimental results show that the method proposed in this paper is highly consistent 

with the hydrostatic leveling measurement, with a RMSE of 4.83mm. The method can accurately and real-time measure the 

deformation of large-span bridges with a promising engineering value. 

 

 

1. Introduction 

Bridges, as essential transportation infrastructures, ensure the 

connectivity of roads. Because of the combined influences of 

static load and moving load, the spatial shape of the bridge axis 

will continuously deform (Matsuoka et al., 2020). Excessive 

deformation risks structural damage which potentially results in 

severe accidents such as bridge collapse (Sun et al., 2018; Naser 

et al., 2018). Therefore, real-time measurement of the 

deformation is particularly important, as it can quickly assess the 

health and safety of bridges and assist relevant departments in 

inspection and maintenance (Feng et al., 2018).  

 

A bridge with a single span greater than 100m is called a large-

span bridge. The deformation of large-span bridges usually with 

the characteristics of large amplitude and dynamics deformation. 

Hence, this requires high-precision and real-time measurement 

for the long-span bridge. First of all, the total span length of large-

span bridges usually is beyond 200m. The deformation will 

exceed 100mm when the moving load crosses the bridge. 

Therefore, the accuracy of the deformation measurement should 

meet the millimetre level or higher. What’s more, the bridge will 

deform multiple times within 1 second due to the impact of 

moving loads, which will require real-time measurement.  

 

Traditional methods, such as robotic total stations and level 

stations, cannot well measure bridge deformation in a high-

frequency manner (Santos et al., 2019). Single-camera 

measurement is commonly used for measuring the bridge 

deformation. It uses a camera to take photos of bridges. The 

measurement points are identified by extracting and matching 

features. Then, the pixel displacement of the points is calculated 

based on the time baseline parallax method. Finally, the pixel 

displacement will be converted into physical displacement to 

calculate the deformation of the bridge (Lee et al., 2020).  

 

Though the single-camera method can achieve high-frequency 

deformation measurement at low cost (Yu et al., 2022), their 

uncertainty increases with distance, which means the farther the 

measurement distance, the poorer the accuracy. Some studies 

have overcome the limitation by collaborating with multi-

cameras in unstable structures of bridges (Hu et al., 2023). 

Benchmarks are selected to compensate for the camera motion in 

the dynamic bridge. However, it is difficult to estimate the 

camera poses for the long-span bridges.  

 

Inertial measurement is a new technology that utilizes sensors 

such as gyroscopes and accelerometers to measure the 

acceleration of the moving object in real-time to determine its 

position. Consequently, this paper proposes a multi-inertial 

camera system (MICS) for the deformation of large-span bridges 

by coupling computer vision with inertial sensors. Specifically, 

the multiple cameras in series are selected to measure high-

frequency the deformation of targets in the long-span bridge. 

Meanwhile, inertial sensors are used to estimate the relative pose 

of the camera to compensate for camera motion errors. 

Ultimately, the deformation of the long-span bridge can be 

obtained by a mathematical model to achieve high-precision and 

real-time measurement.  

 

The remainder of the paper is organized as following. The 

principle of a multi-inertial camera measurement system is first 

introduced in the Section 2, including the details  of  target 

identification, inertial measurement and the MICS model. 

Section 3 investigates on the proposed approach to measure 

deformation in a long-span bridge. The final section summarizes 

the method and outlook future research. 
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2. Methodology 

2.1 Principle of MICS 

For the long-span bridge, a multi-inertial camera system (MICS) 

is proposed for real-time deformation measurement, which can 

be flexibly arranged according to the field situation. The system 

mainly consists of multiple inertial cameras which can 

compensate for camera motion. As shown in Figure 1, the 

principle of the MICS has three steps as a blow. 

 

First of all, multiple inertial cameras are installed along the 

bridge axis, and multiple measurement targets are placed 

between adjacent inertial cameras. Secondly, target images 

which are captured by the camera lens are extracted and tracked 

based on computer vision. Meanwhile, inertial sensors measure 

real-time camera poses which are vertical and pitch angle 

deformation. What’s more, the target position and camera pose 

are calculated by the MICS model to measure the deformation of 

the long-span bridge. 

 
 

Figure 1 Multi-inertial camera system coupling computer vision 

with inertial sensors for deformation measurement of large-span 

bridge 

 

The MICS is composed of multiple inertial cameras. One  inertial 

camera integrates an inertial sensor and two cameras to 

simultaneously capture images and measure camera poses. The 

inertial camera is combined with high-frequency cameras 

mounted at both ends responsible for capturing targets. It is 

connected by a rigid body. The measurement frequency is set as 

30Hz. Meanwhile, the relative pose of the camera is estimated by 

the high-precision inertial sensor inside the box. 

 

2.2 Target Extracting and Tracking for the MICS 

To overcome the effective measurement distance limitation of a 

single camera, multiple inertial cameras are collaboratively used 

for deformation measurement. Wherein some targets with 

infrared illumination are selected to improve extracting accuracy 

paired with inertial camera filters. After obtaining the image with 

the inertial camera, the coarse position of the target in the pixel 

plane is determined by a pre-calibrated region of interest (ROI) 

to reduce subsequent computational efforts. Here, the image 

quality in the ROI is enhanced based on the median filtering 

which can eliminate pixel abnormal values. In addition, the target 

pixels are calculated by the maximum weighted pixel value point 

position to identify the target centre. The principle is that the 

maximum value indicates that the position is the brightest area, 

which is usually located at the centre of the target's light emission 

which is relatively stable. The equation is as follows: 

 

𝐶 = Max [∑
ℎ𝑣
𝑢

255

8

𝑢=1

∗ ℎ𝑣]  

𝑣 = 1,2,3… 𝑧 

(1) 

 

where 𝐶 = the vertical pixel coordinate of the point with the 

maximum weighted pixel value 

 𝑣 = the pixel point 

 ℎ𝑣 = the pixel value of 𝑣 

 ℎ𝑣
𝑢 = the pixel value of each point in a 3 X 3 square area 

  centred on 𝑣 

 𝑢 = the pixel number 

 𝑧 = the number of pixels in the area 

 

The displacement of the pixel location to those of the stable 

period is calculated as the relative pixel deformation, as shown in 

the equation: 

 

∆𝐶 = 𝐶𝑖 − 𝐶0 (2) 

 

where  𝑖 = the sequential moment 

 0 = the stable period 

 

2.3 Camera Motion Estimation based on Inertial Sensors 

Most cameras are placed in bridge unstable structures and are 

prone to motion as shown in Figure 2. Therefore, an inertial 

camera is designed to compensate for the camera motion. When 

the bridge deforms, the position of the inertial camera changes 

accordingly. The deformation in pitch angle and vertical 

direction has the greatest impact on target imaging. Hence, the 

inertial sensors embedded inside the camera are used to measure 

them.  
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Figure 2 Camera motion when the bridge deforms 

 

The inertial sensors can be divided into accelerometers and 

gyroscopes based on the different measurement objects. 

Specifically, the accelerometer is used to measure the vertical 

direction deformation of the camera which is the linear motion. 

The deformation in pitch angle is measured by the gyroscope. In 

the MICS, the accelerometers and gyroscopes are integrated into 

an inertial measurement unit to jointly measure the camera 

motion. What’s more, the main focus is on measuring camera 

motion relative to the most recent stable moment to avoid the 

long-term accumulation of inertial sensors’ errors. 

 

In the camera motion estimation, the axis system of the inertial 

sensor and the axis system of the camera image space may not be 

parallel. Therefore, the conversion relationship between the 

camera pose deformation and the data measured by the inertial 

sensor is obtained in advance through calibration. And the 

camera vertical and pitch angle deformation data are corrected in 

inertial measurement based on the conversion relationship. 

 

2.4  Camera Motion Compensation by the MICS Model 

The MICS model is derived herein to compensate for camera 

motion to accurately measure the long-span bridge deformation 

in real time. The bridge mainly deforms in the vertical direction 

where the vertical and pitch angle deformation have the greatest 

impact on the measurement. Hence, the model can be established 

to compensate for the vertical direction and pitch angle 

deformation following the principle of geometric relationship for 

observing a single target with a single camera. Eventually, the 

models are combined based on mathematical relationships to 

derive herein the MICS model. Additionally, the target pixel 

displacement and camera vertical, pitch angle deformation are 

fed into the models which are solved by the least squares method 

to measure the long-span bridge deformation. 

 

Assuming that the camera always remains stationary, as shown 

in Figure 3, the object point, image point, and optical center are 

collinear. In the figure, 𝑦 is the physical deformation, and 𝑑 is the 

pixel size, 𝐿 is the horizontal distance from the camera to the 

target, 𝑓 is the focal length.  

 
 

Figure 3 Camera imaging principle diagram 

The target deformation can be calculated based on the camera 

imaging principle, as shown in the equation: 

 
𝑦

∆𝐶 ∗ 𝑑
=
𝐿

𝑓
= 𝑘 (3) 

 

where  𝑘 = the image scaling factor 

 

However, as shown in Figure 4, when the bridge deforms, the 

deformation will be transmitted to the camera which is also 

installed on the bridge, resulting in deformation in the camera 

pose. Then the measurement errors will be made by deformation 

of the optical center. Therefore, some equations need to be 

constructed to correct the errors. 

 
 

Figure 4 The deformation of the camera pose 

 

This error is mainly caused by the deformation in the camera's 

vertical and pitch angle. The pixel deformation ∆𝑪𝒆 caused by 

camera displacement of the target can be eliminated by the 

relative motion relationship based on the principle of geometric 

relationships, as shown in equation (4): 

 

∆𝑪𝒆 ⋅ 𝑘 = (𝒚𝒎 − 𝒚𝑵) (4) 

 

where  𝒚𝒎 = the physical deformation variables of the target 

 𝒚𝑵 = the physical deformation variables of the camera 

 

However, the image plane will rotate due to the deformation in 

camera pitch angle. Therefore, the ∆𝑪𝒆 should be decomposed 

into the vertical direction of the rotated image plane, denoted as 

∆𝑪𝒅 . From the geometric relationship, equation (5) can be 

obtained: 

 

∆𝑪𝒅 ⋅ 𝑘 = (𝒚𝒎 − 𝒚𝑵) ⋅ cos(∆𝜶𝑵) (5) 

 

where  ∆𝜶𝑵 = the deformation in camera pitch angle 

 

When the camera pitch angle deforms, the stationary 

measurement target will also deform in the image plane. It can be 

found that this deformation has a non-linear relationship with the 

camera pitch angle change, as shown in equation (6): 

 

∆𝑪𝜶 ⋅ 𝑘 = 𝐿 ⋅ 𝑠𝑖𝑛(∆𝜶𝑩) (6) 

 

Above all, the observation equation(7) of the inertial camera can 

be described by coupling the vertical displacement with the pitch 

angle deformation: 

 

∆𝑪𝒕 ∙ 𝑘 = (𝑦𝑚 − 𝑦𝑁) ⋅ cos(∆𝜶𝐭) ± 𝐿 ⋅ sin(∆𝜶𝐭) (7) 

 

where  ∆𝐶𝑡 = the vertical pixel displacement of the target at 𝑡 
 

Equation (7) is the observation equation for a single inertial 

camera. The MICS model can be constructed by combining 

multiple inertial cameras.  
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Figure 5 Schematic diagram of the MICS measurement 

 

Taking Figure 5 as an example, there are three inertial cameras 

and eight targets. The MICS model is shown in equation (8). The 

equation can be solved by the least squares method. 

 

{
 
 
 
 
 
 
 

 
 
 
 
 
 
 
∆𝐶𝐴𝑡

1 ⋅ 𝑘𝐴1 = (𝑦1 − 𝑦𝐴) ⋅ 𝑐𝑜𝑠(∆𝛼𝐴𝑡) − 𝐿𝐴1 ⋅ 𝑠𝑖𝑛(∆𝛼𝐴𝑡)

∆𝐶𝐴𝑡
2 ⋅ 𝑘𝐴2 = (𝑦2 − 𝑦𝐴) ⋅ 𝑐𝑜𝑠(∆𝛼𝐴𝑡) − 𝐿𝐴2 ⋅ 𝑠𝑖𝑛(∆𝛼𝐴𝑡)

∆𝐶𝐴𝑡
3 ⋅ 𝑘𝐴3 = (𝑦3 − 𝑦𝐴) ⋅ 𝑐𝑜𝑠(∆𝛼𝐴𝑡) + 𝐿𝐴3 ⋅ 𝑠𝑖𝑛(∆𝛼𝐴𝑡)

∆𝐶𝐴𝑡
4 ⋅ 𝑘𝐴4 = (𝑦4 − 𝑦𝐴) ⋅ 𝑐𝑜𝑠(∆𝛼𝐴𝑡) + 𝐿𝐴4 ⋅ 𝑠𝑖𝑛(∆𝛼𝐴𝑡)

∆𝐶𝐵𝑡
3 ⋅ 𝑘𝐵3 = (𝑦3 − 𝑦𝐵) ⋅ 𝑐𝑜𝑠(∆𝛼𝐵𝑡) − 𝐿𝐵3 ⋅ 𝑠𝑖𝑛(∆𝛼𝐵𝑡)

∆𝐶𝐵𝑡
4 ⋅ 𝑘𝐵4 = (𝑦4 − 𝑦𝐵) ⋅ 𝑐𝑜𝑠(∆𝛼𝐵𝑡) − 𝐿𝐵4 ⋅ 𝑠𝑖𝑛(∆𝛼𝐵𝑡)

∆𝐶𝐵𝑡
5 ⋅ 𝑘𝐵5 = (𝑦5 − 𝑦𝐵) ⋅ 𝑐𝑜𝑠(∆𝛼𝐵𝑡) + 𝐿𝐵5 ⋅ 𝑠𝑖𝑛(∆𝛼𝐵𝑡)

∆𝐶𝐵𝑡
6 ⋅ 𝑘𝐵6 = (𝑦6 − 𝑦𝐵) ⋅ 𝑐𝑜𝑠(∆𝛼𝐵𝑡) + 𝐿𝐵6 ⋅ 𝑠𝑖𝑛(∆𝛼𝐵𝑡)

∆𝐶𝐶𝑡
5 ⋅ 𝑘𝐶5 = (𝑦5 − 𝑦𝐶) ⋅ 𝑐𝑜𝑠(∆𝛼𝐶𝑡) − 𝐿𝐶5 ⋅ 𝑠𝑖𝑛(∆𝛼𝐶𝑡)

∆𝐶𝐶𝑡
6 ⋅ 𝑘𝐶6 = (𝑦6 − 𝑦𝐶) ⋅ 𝑐𝑜𝑠(∆𝛼𝐶𝑡) − 𝐿𝐶6 ⋅ 𝑠𝑖𝑛(∆𝛼𝐶𝑡)

∆𝐶𝐶𝑡
7 ⋅ 𝑘𝐶7 = (𝑦7 − 𝑦𝐶) ⋅ 𝑐𝑜𝑠(∆𝛼𝐶𝑡) + 𝐿𝐶7 ⋅ 𝑠𝑖𝑛(∆𝛼𝐶𝑡)

∆𝐶𝐶𝑡
8 ⋅ 𝑘𝐶8 = (𝑦8 − 𝑦𝐶) ⋅ 𝑐𝑜𝑠(∆𝛼𝐶𝑡) + 𝐿𝐶8 ⋅ 𝑠𝑖𝑛(∆𝛼𝐶𝑡)

 (8) 

 

In summary, the deformation values of the inertial cameras and 

targets 𝑦1, 𝑦𝐴,... can be solved by the least squares method to be 

treated as the deformation of measuring points in the long-span 

bridge. Then they will be fitted to obtain the overall deformation 

of the bridge, and finally achieve high-precision and real-time 

measurement of the deformation of a large-span bridge. 

 

3. Experiment and Result Analysis 

3.1 Laboratory Experimental Setup 

The laboratory experiment in China is conducted to verify the 

accuracy and effectiveness of inertial camera compensation. The 

layout of the experiment is shown in Figure 6. The proposed 

inertial camera and two targets are employed at equal spacing in 

this experiment with a total length of 20m. Specifically, the 

camera is knocked by heavy objects to deform and the targets 

deform through an axis translation stage which can provide the 

true deformation.  

 
Figure 6 Layout of the laboratory experiment 

 

3.2 Laboratory Experimental Results 

The deformation of measurement targets 1 and 2 in the 

experiment during the knocking process is shown in the 

following Figure 7. From the figure, it can be displayed that the 

measurement results by the inertial camera are highly consistent 

with the truth. When the targets deform by 10mm, the root mean 

square errors(RMSE) of the inertial camera measurement results 

are 0.42mm and 0.44mm, respectively. In this experiment, it can 

be verified that the inertial camera is not affected by the camera's 

environment and effectively compensates for camera motion 

errors through the deformation model shown in equation (7). 

 
 

Figure 7 The target 1 and 2 deformation 

 

3.3 Field Experimental Setup 

The field experiment on the long-span bridge in China is 

conducted to verify the potential of the proposed MICS. The 

bridge crosses the waterway, which is a mixed cable-stayed 

double-track railway bridge with a total length of 1117.5m. The 

field experiment is mainly located in the cross-waterway main 

span of the bridge. Figure 8 shows the layout of the MICS. The 

site spans 600 meters and is equipped with 5 inertial cameras 

evenly spaced, with 3 targets placed between two cameras 

through the steel frame. The A and E cameras in the bridge pier 

are considered stable points without camera displacement. At the 

same time, the hydrostatic leveling is installed on the bridge, with 

a collection frequency of 1Hz, for comparison with the results 

measured by the MICS in this paper. 

 
 

Figure 8 Layout of the MICS in Field experiment: (a) 

Measurement scheme; (b) Site overview of the bridge 

 

When a train crosses through the bridge, it causes the inertial 

camera located at the main beam to move. The following Figures 

9 and 10 show the vertical direction and pitch angle deformation 

of the camera caused by a certain train crossing the bridge. From 

the figure, it can be seen that the maximum deformation is 

beyond –250 mm and 0.08° respectively, resulting in 

measurement errors of up to 100mm or more. Therefore, it is 

essential to use the MICS model to compensate for the errors. 
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Figure 9 the vertical direction deformation of the camera 

 

 
 

Figure 10 the pitch angle deformation of the camera 

 

3.4 Field Experimental Results 

The deformation of four measurement points in the middle of the 

main span of the bridge before and after a train crossing the 

bridge is shown in the following Figures 11, 12. When the train 

passes through the measurement points, the bridge deck is 

subjected to the pressure of moving loads, resulting in significant 

deformation of the bridge. The deformation is manifested as a 

trend of first upward deflection and then downward deflection. 

The trend of deformation is caused by the train's progress. 

Specifically, the train gradually approaches the measurement 

points, and there is a local upward wave peak deformation under 

the action of the load. When the train crosses through the points, 

the deformation of the bridge reaches its maximum with a wave 

valley situation. The accuracy, with the root mean square error 

(RMSE) of 4.76mm, is verified by comparing the MICS 

measurement results of bridge deformation with those of the 

hydrostatic leveling regarded as true.  

 
 

Figure 11 The measurement points 5 and 6 deformation 

 

 
Figure 12 The measurement points 7 and 8 deformation 

 

Figure 13 shows the overall deformation process of the bridge 

with a train passing. Following the direction of the train 

movement, the bridge will gradually deform. Specifically, when 

the train reaches 1/4 span, the force generated by the train is 

mainly concentrated here in camera B, thus the bridge reaches the 

maximum downward deformation at the place 450 meters. The 

left half of the bridge deforms to up due to uneven force 

distribution. When the train reaches 1/2 span, the maximum 

deformation, approximately 251.49mm, occurs near camera C at 

the place of 300 meters. When the train tail reaches a 3/4 span, 

the force generated by the train is mainly concentrated in camera 

D, where there is maximum deformation at the place of 150 

meters. When the train has left, the bridge gradually recovers to 

a stable state.  

 

 

 
 

Figure 13 Measured deformation of the bridge under moving 

load 
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Furthermore, the RMSE of the MICS is 4.94mm compared to the 

hydrostatic leveling as true, which demonstrates the good 

performance of the proposed the MICS in practical engineering 

applications. The difference mainly occurs at measurement 

points with huge deformation of the large-span bridge due to 

different principles. Specifically, the principle of hydrostatic 

leveling measurement is connected pipes for measurement, 

which have a certain lag. However, the sampling time of the 

inertial camera can reach a millisecond level. Consequently, there 

is a difference between the measurement results of the MICS and 

the hydrostatic leveling in specific numerical values. 

 

4. Conclusions 

Monitoring the long-span bridge deformation is essential for 

assessing structural health and safety. This study presents a multi-

inertial camera system to measure real-time deformation by 

fusing the computer vision and inertial sensors. It involves 

connecting multiple inertial cameras in series to extend the 

distance of precise visual measurement. Meanwhile, it addresses 

the camera motion problem due to the camera vertical 

displacement and pitch angle changing in multiple cameras 

measurement. Specifically, the MICS model couples the target 

deformation with the relative pose of the camera which is 

measured by inertial sensors to compensate for camera motion 

errors.  

 

The results of the field experiment demonstrate the effectiveness 

of the proposed MICS approach with the RMSE of 4.94mm. The 

proposed MICS greatly enhances the stability of vision 

measurement in engineering applications, and can well meet the 

accuracy requirements of the long-span bridge deformation 

measurement. In the future, sensor technology innovation or 

algorithm improvement can be used to overcome the limitations 

of visual measurement that cannot be accurately measured in 

harsh environments. 
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