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ABSTRACT 

Unmanned Aerial Vehicles (UAVs) offer mobility and flexibility for vision-based 
structural health monitoring but are susceptible to motion-induced errors in 
displacement tracking. This study proposes a dual-laser compensation method 
in which two fixed laser beams, projected near the target to serve as reference 
points, are tracked to estimate UAV translation and rotation via affine 
transformation. By removing this motion component from the measured signal, 
the actual structural displacement can be obtained. Validation through both 
laboratory and field tests on a railway bridge demonstrates the effectiveness of 
the proposed method. 

1. Introduction 

Unmanned Aerial Vehicles (UAVs) have emerged 

as effective tools for structural health monitoring 

(SHM), offering rapid deployment, large-area 

coverage, and vision-based non-contact 

displacement monitoring [1]. However, UAV 

mobility introduces motion errors caused by wind, 

control inaccuracies, and navigation noise, which 

complicate the separation of true structural motion 

from camera movement [2]. 

Existing correction approaches include applying 

high-pass filtering to vibration data [3], using pixels 

assumed to be stationary within the frame [4], and 
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employing sensors to measure camera vibrations [5]. 

However, these methods have inherent limitations; 

for example, stationary pixels may not exist in certain 

scenarios, such as in mid-span frames of a bridge [6], 

and additional onboard sensors increase system 

complexity and payload weight. Moreover, filtering 

techniques can inadvertently attenuate low-

frequency structural responses that are critical for 

evaluating bridge behavior under operational loads. 

In this study, we propose a novel dual-laser–aided 

vision correction method. Two fixed, ground-based 

laser points are projected onto the bridge, and their 

apparent motion in the UAV video is used to estimate 
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an affine transformation representing UAV-induced 

movement. This approach enables simultaneous 

correction of both translational and rotational 

camera motions. By removing the motion 

component from the observed target displacement, 

the actual structural displacement can be obtained. 

The performance of the proposed method is 

validated through laboratory tests and field 

experiments on operational railway bridges, 

demonstrating its potential for accurate, non-contact 

displacement monitoring in challenging field 

conditions. 

2. Theoretical background 

2.1. Computer Vision-Based Displacement 
Measurement with Sub-Pixel Refinement 

In this study, the template matching method [7] 

was used to track the target’s movement in the video 

frames. Zero-mean normalized cross-correlation 

(ZNCC) was applied, as it is insensitive to offset and 

linear changes in illumination [8]. 
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Where  ,i jf x y  and  ' , 'i jg x y  represent the 

image intensity values in the template region and the 
new frame, respectively; 

mf  and 
mg  are the average 

intensity values in the template region and the new 
frame; f  and g  denote the standard deviations 

of the intensity values in the template region and the 
new frame. 

The integer-pixel location obtained from the 
ZNCC matrix provides only a coarse estimate of the 
target displacement. To further improve 
displacement measurement accuracy, sub-pixel 
tracking using the quadratic interpolation method 
[9] was implemented. The normalized cross-
correlation matrix around the best match is locally 
approximated using a second-order (quadratic) 
surface: 
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To fit this surface, a 3×3 neighborhood around the 

maximum point  ,i jx y  in the similarity matrix is 

selected, yielding 9 known similarity values. Then the 
subpixel maximum  ,s sx y  of the surface is found by 

setting the gradients to zero: 
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Solving this linear system yields the refined 
displacement in sub-pixel units relative to the integer 
peak location. 
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The total displacement is the integer-pixel 

estimate plus the sub-pixel correction in Equations 

(5)-(6). An illustration of the sub-pixel refinement 

using quadratic interpolation is shown in Figure 1. 

Figure 1a presents the coarse ZNCC values on a 3×3 

pixel grid, and Figure 1b shows the quadratic surface 

fitted to this 3×3 neighborhood. The new extremum, 

marked by a triangle, indicates the refined sub-pixel 

best-matching location. 

a)                                                  b) 

 

Figure 1. Quadratic peak refinement. (a) 3×3 

correlation values, (b) fitted quadratic surface. 

2.2. Dual-Laser Correction Using Affine 
Transformation 

During measurement, the UAV experienced 

significant motions, including both translation and 

rotation, as shown in Figure 2. In earlier research 

[10], a single laser beam was projected from a fixed 

ground location onto the structure, and the apparent 

motion of the laser spot was subtracted from the 

measured target displacement to estimate the true 

structural displacement. 

true measured laserD D D   (7) 
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Where Dtrue denotes the true displacement of the 

target, Dmeasured is the apparent displacement of the 

target measured from the UAV video, and Dlaser is the 

apparent motion of the laser spot. 

The single-laser approach assumes that the laser 

spot experiences the same apparent motion as the 

target—an assumption valid only under ideal 

conditions when the laser spot is vertically aligned 

beneath the target in the camera frame (Figure 3a). 

In practice, the laser may be projected from 

hundreds of meters away, making perfect vertical 

alignment impractical. When the laser and target are 

laterally separated, UAV rotation induces different 

apparent motions for each, violating the equal-

motion assumption and reducing compensation 

accuracy. 

To address these limitations, we propose a dual-

laser vision-based correction method (Figure 3b). 

Two laser beams are projected from the ground onto 

stable reference points near the measurement target. 

Tracking the apparent motion of both laser spots in 

the UAV’s camera frame enables estimation of the 

UAV’s rigid-body motion parameters—translation 

and rotation.  

Let the coordinates in the initial frame as follows. 

The laser 1 and laser 2 has the coordinate of  

 1 1,L Lx y   and  2 2,L Lx y ; the coordinate of the 

target is  ,T Tx y . In the next frame, the laser 1 and 

laser 2 has the coordinate of  ' '

1 1,L Lx y  and 

 ' '

2 2,L Lx y ; the coordinate of the target is  ', 'T Tx y . 

The rotation angle of the frame is calculated as 
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The translation vector of the frame is calculated as 
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where R is rotation matrix 
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The apparent target displacement due to UAV 

movement is 
'
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The true vertical displacement of the target is 

' ˆ
true T TD y y   (12) 

It is noted that when UAV rotation θ = 0, the 

rotation matrix R becomes the identity matrix. 

Therefore, Equation (12) simplifies to Equation (7), 

as only translational motion remains. 

 

Figure 2. UAV translation and rotation during displacement measurement. 

a) 

 

 

b) 
 

 

Figure 3. UAV movement compensation using. (a) Single laser point, (b) dual laser points.
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2. Experiments and Results 

2.1. Laboratory experiments 

The laboratory experiment setup is shown in 

Figure 4. A UAV (DJI Mavic 3 Pro) was used to 

measure the displacement of a laboratory-scale steel 

beam. The total length of the beam is 2 meters and 

simply supported at both ends. To induce 

displacement, a person walked from one end of the 

beam to the other three times during the 

measurement period. The video was recorded at a 

frame rate of 120 fps with a resolution of 4096 × 

2160 pixels. During measurement, the UAV hovered 

at a distance of approximately 5 meters from the 

beam. 

Two green laser pointers (500 mW, 532 nm) were 

positioned approximately 12 m from the beam, each 

mounted on a rigid, heavy tripod to ensure stability

 and eliminate vibration during measurements. A 

high-precision displacement sensor (Micro-Epsilon 

ILD 1420-500, 2 kHz sampling rate) was installed 

beneath the beam, projecting its laser beam 

perpendicularly onto the steel surface. This sensor 

provided reference measurements of the beam’s true 

displacement at the target point. 

The displacement results are shown in Figure 5. 

Figure 5a presents the apparent displacement of the 

target and laser points, representing the 

displacement measured by the UAV without any 

compensation for UAV motion. As observed, the 

displacement fluctuates significantly, with a peak-to-

peak value of approximately 120 mm. After 

compensation, the displacement of the target closely 

matches the true displacement measured by the 

laser sensor (Figure 5b). 

 

a) 

 

 

b) 
 

 

Figure 4. Experimental setup of laboratory experiments. 

a) 

 

 

b) 

 

 

Figure 5. Comparison of laser-measured and UAV-measured displacements before and after motion 

compensation. (a) Apparent displacement of the target and laser points, (b) Displacement measured by laser 

sensors compared with compensated UAV measurement. 
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2.2. Tắc River Bridge Field Test 

As shown in Figure 6, the field test was conducted 

on a railway truss bridge crossing the Tắc River, with 

a total span length of 66.3 m and a design load of 14 

tons. Two laser pointers were mounted on separate 

tripods positioned approximately 120 m from the 

target. For displacement reference, a Sony RX100 VII 

camera was mounted on a tripod at the same location 

as the laser pointers, recording at a frame rate of 30 

fps and a resolution of 3840 × 2160 pixels. The 

measurement was carried out on a sunny day with 

moderate wind conditions. 

To synchronize the UAV and the Sony camera, one 

of the laser pointers was switched on and off at the 

beginning of the recording. The two video streams 

were then aligned in post-processing by matching 

the frames in which the laser changed from the off 

state to the on state. 

A steel plate with a printed QR code measuring 

200 × 200 mm was installed on the bridge. Using a 

QR code as the target offers two main advantages. 

First, it ensures that the target can be automatically 

and reliably detected without the need for manual 

selection of the target area—a process that can 

introduce errors. For example, if during target 

selection pixels belonging to a different structure or 

the background are mistakenly included, the 

measurement will be incorrect. Second, the scaling 

factor for converting between world coordinates and 

pixel coordinates can be automatically calculated 

using the known dimensions of the QR code. 

Figure 7a shows the displacement of the target 

obtained from UAV video data before applying dual-

laser motion compensation. The apparent 

displacement of the target and laser points is large 

due to UAV movement, with a peak-to-peak 

amplitude of approximately 300 mm. After applying 

the dual-laser compensation, the displacement 

becomes much smaller and closely matches the 

actual movement of the bridge. The results from the 

fixed camera are similar to those from the UAV, but 

appear smoother because the Sony camera’s frame 

rate is much lower than that of the UAV (Figure 7b). 

We compared the compensated UAV-derived 

displacement of the target with the reference 

displacement measured by the fixed Sony camera. 

Agreement was evaluated using the root-mean-

square error (RMSE), mean absolute error (MAE), 

and Pearson correlation coefficient (r). The 

compensated UAV signal closely tracked the 

reference, showing RMSE of 4.35 mm, MAE of 3.37 

mm, and a high correlation (r = 0.91). However, 

occasional peaks discrepancies remained quite large 

(≈ 20 mm), primarily due to two factors as follows. 

First, the fixed camera used as the reference was 

positioned at a long stand-off distance from the 

structure and was not actively stabilized. Because the 

projected laser spots on the structure were too small 

to be visible from that distance, the fixed camera 

could not apply the same dual-laser compensation as 

the UAV. Consequently, its measurements were 

affected by tripod vibrations and wind-induced 

sway. Given the long focal length and large pixel-to-

millimeter scale factor, even sub-pixel image jitter 

could result in several millimeters of apparent 

displacement. Thus, part of the reported discrepancy 

(RMSE = 4.35 mm, occasional peaks ≈ 20 mm) likely 

originated from motion of the unstabilized reference 

camera, rather than inaccuracy of the UAV-based 

measurement. 

Second, minor out-of-plane (z-axis) UAV motion may 

have induced small apparent scale and perspective 

variations that cannot be fully modeled by the two-

point affine compensation. These transient effects 

occasionally caused short spikes in the displacement 

difference but did not alter the overall displacement 

trend. 

Table 1. Error metrics comparing compensated UAV 

displacement with the reference. 

RMSE 

(mm) 

MAE 

(mm) 

Pearson 

correlation  

4.35  3.37  0.91 
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a) 

 

 

b) 
 

 

Figure 6. Tắc River Bridge Field Test (June 25, 2025). (a) UAV setup and laser points projected onto the QR 

target on the bridge beam, (b). Location of the fixed camera and laser assembly positioned away from the bridge. 

a) 

 

 

b) 

 

 

 

Figure 7. Comparison of laser-measured and UAV-measured displacements before and after motion 

compensation. (a) Apparent displacement of the target and laser points, (b) Displacement measured by fixed 

camera (Sony RX100 VII) compared with compensated UAV measurement. 

3. Conclusion  

This study proposed and validated a dual-laser 

motion compensation method for UAV-based vision 

displacement measurement of railway bridges. By 

projecting two fixed laser beams onto reference 

points near the measurement target, UAV-induced 

translation and rotation were estimated through 

affine transformation and subsequently removed 

from the measured signal, allowing accurate 

recovery of the true structural displacement. The 

method was verified through both laboratory and 

field tests on an operational railway bridge, 

demonstrating a significant improvement in 

measurement accuracy compared with 

uncompensated UAV data. These findings highlight 

the potential of the proposed dual-laser approach for 

enhancing non-contact, vision-based displacement 

monitoring in dynamic bridge environments. 

In future work, the reference camera will be 

actively stabilized using in-frame fiducial markers or 

laser references to ensure a more reliable ground 

truth. Moreover, the UAV compensation framework 

will be extended to employ three non-collinear 

reference points to estimate a full planar 

homography, thereby improving robustness against 

perspective and scale variations. 
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