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Abstract. In response to the simultaneous movement of seismic isolators and
cameras during earthquakes, this paper proposes a three-dimensional displace-
ment measurement method based on monocular vision. This method involves
placing a chessboard target on the upper and lower supports of the isolator and
using a camera to monitor the target. The system identifies image feature points
and calculates the relative position between the camera and the target using cor-
ner detection and the PnP algorithm, thereby determining the positional relation-
ship between the targets and calculating the three-dimensional displacement of
the seismic isolator. To improve image clarity, this paper introduces video super-
resolution processing technology. Real-time hybrid experiment results show that,
despite the increased measurement error due to camera movement, the displace-
ment measurement accuracy of this method is still controlled within 2.5mm,
demonstrating its effectiveness under the impact of earthquakes.

Keywords: Seismic isolation bearing; Monocular vision; PnP algorithm; Video
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1 Introduction

Seismic isolators, subject to environmental loads, seismic effects, material aging, and
human factors, are prone to deformation and damage. As vertical load-bearing compo-
nents and vibration energy dissipation devices, they are often the most vulnerable key
components in a structure. Therefore, rapid and direct measurement of the displacement
of seismic isolators during earthquakes is crucial for assessing the performance of ex-
isting seismic isolation structures and bearings.

Traditional methods of displacement measurement for seismic isolatorst!?!, such as
accelerometers and displacement sensors, are typically contact-based, making monitor-
ing systems expensive and maintenance complex, thus limiting their application to a
few engineering projects. In recent years, vision-based measurement methods have be-
come popular due to their non-contact nature, multi-point monitoring capabilities, low
cost, and high precision. However, these methods generally require fixed cameras,
which may also move during an earthquake. Although GPS or INS systems can be used
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to track camera position, GPS signals are weak indoors, and high-precision INS sys-
tems are costly, negating the cost advantage. Hence, literature® introduced a computer
vision-based method for measuring the displacement of seismic isolators. This method
involves installing targets on the upper and lower connecting plates of the isolator and
using two orthogonally positioned cameras to track the target displacements, thereby
measuring horizontal and vertical displacements. Despite its accuracy, the need for two
cameras increases costs and makes installation more inconvenient, limiting practical
application.

Recent studies have employed a single camera to measure the three-dimensional dis-
placement of a structure. For example, Chang et al.[*! tracked multiple points on a planar
pattern to measure the three-dimensional translation and rotation of a target attached to
a structure, while Lin et al.l’] used a single camera to capture circular and sinusoidal
stripe patterns, analyzing these patterns' changes to measure three-dimensional vibra-
tions. Although these methods are precise, they require the camera to be stationary and
have high resolution. Addressing the monitoring needs of seismic isolators, this paper
proposes a new method that utilizes a monocular camera and targets located above and
below the isolator to track its displacement, thereby measuring the tri-directional dis-
placement of the seismic isolator during an earthquake. Compared to dual-camera sys-
tems, this method only uses one camera, reducing hardware costs and simplifying in-
stallation. Unlike other monocular vision methods, our approach can still perform
measurements even when both the camera and the seismic isolator are in motion.

2 Monocular Vision Measurement Method for
Displacement of Base Isolators

2.1  Camera Setup and Target Design

To measure the displacement of seismic isolators, the camera is fixed on the beam top
or ground near the isolator, and both the camera and the target move during an earth-
quake. To ensure measurement accuracy, artificial targets are set up along the horizon-
tal direction of the structure, designed as circular patterns with a 3x3 chessboard grid.
Due to the typically low indoor lighting conditions at the seismic isolation layer, green
is chosen for the circle's color to minimize interference. The diameter of the circle is
60mm, and each square of the chessboard grid measures 12.5mm x 12.5mm. As shown
in Figure 1:

Fig. 1. Target Pattern
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The targets are placed at the upper and lower piers of the seismic isolator. Thus, the
deformation of the isolator during an earthquake can be represented by the relative dis-
placement of the upper and lower targets, with the target plane perpendicular to the
camera's optical axis. The arrangement of the camera and target points for measuring
the displacement of the seismic isolator is shown in Figure 2:
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Fig. 2. Schematic of the Camera and Target Position Relationship

2.2 Target Recognition and Positioning

Firstly, the camera is calibrated to obtain the intrinsic matrix, and then used to capture
video of the seismic isolator, which is subsequently split into static images for prepro-
cessing. This preprocessing includes the application of Gaussian and median filtering
to reduce noise. Subsequently, each image undergoes HSV color transformation to ex-
tract the green of the target, creating a binary mask. By analyzing the area and aspect
ratio of connected components, the positions of the upper and lower targets are identi-
fied. Sub-pixel level Shi-Tomasi algorithm is then used to precisely identify the chess-
board corners, selecting the top-left corner as the coordinate origin to locate the 16
corners of the chessboard grid. Due to insufficient clarity of the features at the outer-
most four corners, these four corner points are removed, retaining 12 corner points.The
detection scenario is illustrated in Figure 3.

Fig. 3. Corner Detection Algorithm
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2.3 Calculation of Three-Dimensional Displacement of Base Isolators

When using the camera imaging model, any three-dimensional scene can be trans-
formed into a two-dimensional image through perspective projection. This process typ-
ically involves a linear camera model, as shown in Figure 4. In this model, o0.x.y.z.

represents the camera's coordinate system, o,xy is the image coordinate system of the
image plane, o,uv is the pixel coordinate system of the image plane, and O, XY, Z,
denotes the coordinate system of the observed world.
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Fig. 4. Linear Camera Model

In the linear camera model, there is a mapping relationship between a point in the
world coordinate system and a point in the pixel coordinate system. Specifically, when
the coordinates of this point in the world coordinate system are (.Y,Y,Z), correspond-

ingly, this point can be mapped to the corresponding point (u,v) in the pixel coordinate

system through perspective projection. This projection mapping relationship can be for-
malized using homogeneous coordinates and matrix transformations:

o . X X
u Uu
o 7 v of® Y |-xm|? )
Z|lVv|= vV, =
c y 0 OTIZ Z
1 0O 0 1 O ) |

In the formula, f,, f, , u, , v, are internal parameters of the camera, which can be ob-
tained through camera calibration. R is the rotation matrix, a 3 x 3 orthogonal unit ma-
trix. 7 is the three-dimensional translation vector from the origin of the world coordi-

nate system to the origin of the camera coordinate system. K is the camera's intrinsic
parameter matrix, and M is the camera's extrinsic parameter matrix.
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Having mastered the internal parameters of the camera and acquired the three-di-
mensional world coordinates of sufficient spatial points along with their corresponding
two-dimensional pixel coordinates on the image, the linear camera model can be used
to estimate the rotation matrix and translation vector. This process essentially involves
solving the Perspective-n-Point (PnP®l) problem.

In a monocular vision system, by setting a reference plane as the world coordinate
system base point and using the PnP algorithm, it is possible to calculate the three-
dimensional displacement of an object. In measuring the displacement of seismic iso-
lators, the earthquake causes both the camera and the upper and lower plates of the
isolator to move relative to the ground. The measurement focuses on the relative dis-
placement between these plates. Therefore, it is necessary to establish an independent
world coordinate system for each target, and by measuring the difference in distance
between the camera and the upper and lower plates, the three-dimensional displacement
of the seismic isolator can be precisely obtained.

From the solution of the PnP algorithm, the rotation matrices and translation vectors
for the upper and lower targets relative to the camera are obtained. The pose of the
upper target relative to the camera is represented as a transformation matrix:

M, ., {R' "} )

0" 1

Similarly, the pose of the lower target relative to the camera can be represented as a
transformation matrix:

R

b tb
54

M b _cam — |:

To obtain the pose of the upper target within the coordinate system of the lower
target, it is first necessary to find the pose of the camera in the coordinate system of the
lower target. This can be achieved by taking the inverse of M . Additionally, since

b_cam

the rotation matrix is orthogonal:

) Rl R/t
Mmmj :Mhimm :|:0[; lh h} (4)

By combining the transformation of the upper target relative to the camera with the
transformation of the camera in the coordinate system of the lower target, the pose of
the upper target in the coordinate system of the lower target is obtained:

R —R't | [R ¢ R'R Rt —t,)
M[b:Mmmb.M’mm:|:0; lh /7:|,|:0; 1‘:|:|: (;Tz b rl b (5)

Taking point P =(X,Y,Z) in the upper target coordinate system and

IR S}

P, =(X,.%,,Z,) in the lower target coordinate system, the coordinate relationship
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between the upper and lower targets can be determined through the pose of the upper
target in the coordinate system of the lower target:

Xh XI
Yb _ RbTRz RIZ- (tr - tb) Y/ (6)
Z, 0" 1 Z,

1 1

Both the upper and lower targets choose their coordinate system origins to be located
on the targets, denoted as B, =(0,0,0). By doing so, the coordinates of the origin of the

upper target's coordinate system in the lower target's coordinate system can be obtained.
Where ?,and ¢, are the components of the translation vectors ¢, and f, respectively,

and R,; are the elements of the rotation matrix &,.

0
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3 Video Super-Resolution Processing for Base Isolator
Displacement Using Deep Learning Methods

3.1 Dataset Preparation

In performing visual measurement tasks, the quality of video data is a key factor in
obtaining accurate measurement results. High-quality video can significantly improve
the accuracy and reliability of structural displacement detection. Particularly in chal-
lenging environments like seismic isolation layers, video quality is affected by camera
motion, which reduces clarity and causes motion blur, ultimately impacting the preci-
sion of measurement results. To mitigate this effect, this paper introduces video super-
resolution technology to enhance the accuracy and effectiveness of the entire measure-
ment process.

To train the BasicVSR++" network model, recorded 43 video clips of seismic iso-
lators under various earthquake motions, with the videos captured while the camera
was stationary. These videos had resolutions of 1920x1080 (120 fps) and 3840x2160
(30 fps). After downsampling and adding Gaussian blur and noise, low-resolution
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videos were created, as shown in Figure 5. The dataset comprises 1064 training se-
quences, 118 validation sequences, and 146 test sequences.

BD

Fig. 5. Image Downsampling

3.2  Model Training

The experiment utilized the MMEditing platform based on PyTorch. The training con-
figuration spanned 100 epochs, employing the Adam optimizer with an initial learning
rate of 0.001 and beta parameters set to (0.9, 0.99). The Charbonnier loss function was
selected as the loss function for training, with a loss weight of 1.0, and mean reduction
was used to optimize pixel-level reconstruction quality. Balancing hardware constraints
and efficiency considerations, the batch size was set to 1.

3.3 Model Evaluation and Testing

To evaluate the effectiveness of video super-resolution, this study primarily utilized
two metrics: Peak Signal-to-Noise Ratio (PSNR) and Structural Similarity Index Meas-
ure (SSIM). PSNR assesses image quality by comparing the pixel intensity differences
between the original and reconstructed images, while SSIM evaluates the structure and
texture of images, more accurately reflecting the human eye's perception of detail. Test
results showed that the model achieved a PSNR of 30.2146 dB and an SSIM of 0.9034,
demonstrating its effectiveness in terms of pixel accuracy and structural preservation.

The video data that requires displacement measurement is processed using a trained
model for video super-resolution, and then the displacement measurement is per-
formed. Figure 6 compares the super-resolution reconstruction effects of the seismic
isolator displacement detection video. The left side shows the image before reconstruc-
tion, and the right side displays the image after reconstruction, which reveals richer
details and improved visual effects.
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Fig. 6. Comparison of Video Before and After Super-Resolution Reconstruction

4 Experimental Verification

4.1 Experimental Setup

This study's experimental section is based on the displacement measurement of base
isolators using real-time hybrid testing. The experiments were conducted on LRB200
rubber base isolators using a specific earthquake wave, and videos of the entire process
were recorded to verify the effectiveness and accuracy of the proposed method. Since
the equipment used in the experiment could only impose displacement in one direction,
the experiment focused on the most challenging of the three-dimensional displace-
ments—the depth direction.

In this experiment, testing control and load equipment from MTS Company were
used. To simulate the performance of a camera under seismic activity, a small-scale
vibration platform model WS-Z30-50 was utilized. During video capture, a Nikon Z30
camera was employed, set to a resolution of 1920x1080 and a frame rate of 120 frames
per second, ensuring that the camera's optical axis was parallel to the target's normal.
The experimental site is shown in Figure 7.

In the experiment, the actuator loaded the earthquake motion file, as shown in Table
1, and filming was divided into two scenarios: First, under static conditions, the camera
was fixed to the ground to record the unidirectional movement of the target to analyze
the displacement characteristics of the seismic isolator. Second, the camera was
mounted on a vibration table to simulate the effects of an earthquake, recording the
impact of seismic motion on the target and assessing performance under dynamic con-
ditions.

Table 1. Farthquake infomnation

Earthquake wave filename MORGAN SJL360.AT2
Earthquake Morgan Hill
Seismic station San Justo Dam
Magnitude 6.19
Fault distance(km) 31.88
Vs30(m/s) 543.63

Characteristic period(s) 0.38
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Fig. 7. Test Site Image

4.2  Experimental Results and Analysis
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Fig. 8. Displacement time history with camera stationary
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Fig. 9. Displacement time history with camera in motion
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Using the described visual method, the base isolator's displacement history was ob-
tained and compared with displacement meter readings. Figure 8 shows the stationary
camera scenario, while Figure 9 shows the camera in motion. As shown in Figures 8§,
and 9, whether the camera is stationary or in motion, the displacement time histories
obtained using the visual method proposed in this paper are essentially consistent with
the results obtained by the displacement meter. The error in displacement peaks is
shown in Table 2.

Table 2. Comparison of Horizontal Displacement Peaks of Base Isolators Obtained by Differ-
ent Measurement Methods

Displacement .
Test Condi- Meter Visual Method
tion Displacement Displacement Error Value Error Rate
Peak (mm) Peak (mm) (mm) (%)
Camera Sta- 69.716 71.160 1.444 2.071
tionary
Camera in 61.009 63.114 2.104 3.449
Motion

As shown in Table 1, compared with the results measured by the displacement meter,
the measurement errors using the visual method proposed in this paper are all less than
4%. The maximum absolute error in horizontal displacement peaks is 2.104mm, which
fully meets the accuracy requirements for measuring horizontal displacement of base
isolators. This demonstrates that the proposed visual method can effectively perform
horizontal deformation detection of base isolators under various conditions.

5 Conclusion

This paper proposes a method for three-dimensional displacement detection of base
isolators, which combines image feature recognition technology and the PnP algorithm
to achieve automatic detection and positioning of target markers. The introduction of
video super-resolution technology effectively improves the quality of the video, vali-
dating its effectiveness in testing the depth direction displacement of base isolators.
Experimental results demonstrate that the depth direction displacement time histories
obtained using this method are nearly identical to those obtained by displacement me-
ters. Compared with the results obtained by displacement meters, the absolute error in
horizontal displacement peaks is 2.104 mm, with an error ratio of less than 4%, indi-
cating that the method can accurately measure the displacement of base isolators, meet-
ing the accuracy requirements and demonstrating practical utility.
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