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Computer-vision-based target tracking can be applied to structural vibration monitoring, but current target tracking
methods suffer from noise in digital image processing. A new target-tracking method based on the sparse optical
flow technique is introduced to improve the accuracy in tracking the target, especially when the target has a large
displacement. The proposed method utilizes the ORB technique to maintain a variety of keypoints and combines
the multi-level strategy with a sparse optical flow algorithm to search the keypoints with a large motion vector for
tracking. Then, an outlier removal method based on Hamming distance and interquartile range (IQR) score is
introduced to minimize the error. The proposed target tracking method is verified through a lab experiment---a
three-story shear building structure subjected to various harmonic excitations. It is compared with existing sparse
optical flow-based target tracking methods and target tracking methods based on three other types of techniques,
i.e., feature matching, dense optical flow, and template matching. The results show that the performance of target
tracking is greatly improved through the use of a multi-level strategy and the proposed outlier removal method. The
proposed sparse optical flow-based target tracking method achieves the best accuracy compared to other existing
target tracking methods.

computer vision acceleration response target tracking sparse optical flow

| 1. Proposed Target Tracking Method

Computer vision techniques have led to great advancements in detecting and tracking objects and are being
increasingly researched for applications in vibration monitoring of structural systems to replace conventional
contact-based discrete sensors. In computer-vision-based vibration monitoring methods, the displacement time
history of a specific target on the structure is measured by the tracking changes in the video frames, and then the
displacement response is converted to acceleration response using numerical differentiation methods. Compared
with conventional measurement, visual-sensing-based methods do not require the installation and maintenance of

expensive sensor setups.

In this entry, a novel sparse-optical-flow-based target tracking approach for structural vibration monitoring is
proposed. As shown in Figure 1, the conventional sparse optical flow algorithm (i.e., LK) is enhanced to track a set
of sparse keypoints accurately. A multi-level strategy is applied to the LK algorithm to enhance the large motion
vector calculation. Moreover, Oriented Fast and Rotated Brief (ORB), a corner extraction algorithm, is used to
detect the keypoints, and an outlier removal method based on Hamming distance and interquartile range (IQR)

score is introduced to minimize the error between the experimental response versus the vision-based response.
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Figure 1. Flowchart of the proposed sparse-optical-flow-based target tracking method. ORB: Oriented Fast and

Rotated Brief, MLK: multi-level Lucas—Kanade algorithm, IQR: interquartile range.

| 2. Vision-Based Sensing System

The visual sensing system used for structural vibration monitoring is based on target tracking techniques. As
shown in Figure 2, this system takes the video frames that record the vibration of a structure as an input and
outputs the acceleration time histories of the structural vibration. It consists of two components: (i) camera
calibration and scale conversion; and (ii) frame tracking strategies and displacement calculation. Target tracking is
used to calculate the motion of the vibrating structure between two continuous frames, i.e., the previous frame and
the current frame. Then, the calculated motion is combined with the frame tracking strategy to obtain the
displacement time history of the structural vibration. The displacement time history is often calculated by either
employing a fixed-frame strategy or an updated-frame strategy. The main difference between these two strategies
is whether the reference frame is kept fixed or is updated when calculating the displacement for each tracked
target. In this study, we employ the updated frame tracking strategy to get the displacement. To save on

computational resources, an ROl is defined in the first frame.
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Figure 2. Flowchart of the visual sensing system.

| 3. Experiments Setup

The accuracy of the proposed method is evaluated by measuring the acceleration response from a three-story
shear building in the laboratory subjected to three different harmonic transient excitations. The overview of the
experimental setup is shown in Figure 3. A three-story shear building structure (see Figure 4) is fixed on the shake
table and subjected to harmonic loads excitation using an excitation system. A reference system measures the
acceleration time series response for the vibration of each floor under different excitation frequencies. A vision
sensor system records the structural vibration for acceleration calculation, where a Nikon Z 7 Mirrorless Digital
Camera equipped with a Nikon NIKKOR Z 24-70 mm f/4 S Lens is positioned at a distance of 900 mm away from

the frame to record the structural vibration in the video.
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1. Waveform generator 4. Shake table 7. Three groups of fiducial markers  10. Control software for oscilloscope
2. Digital power amplifier 5. Three-story structure 8. Oscilloscope 11. Camera
3. Electromagnetic actuator 6. Three accelerometers 9. Sensor signal conditioner 12. Focus flood lights

Figure 3. Overview of the experimental setup.

Ep-m <4

Bottom Floor

Figure 4. Experimental three-story shear building structure. (a) Overview of the structure; (b) close-up shot of the

ArUco marker board fixed on the top floor; (c) left end of the lumped mass steel stick of the middle floor; (d)
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detected ids of the fiducial markers.

4. Qualitative and Quantitative Assessment of the Proposed
Method

The proposed vision-based target tracking method for structural vibration monitoring is evaluated qualitatively and
gquantitatively through the laboratory-scale experiment. It is implemented by carrying out three key steps: (i) sparse
optical flow calculation, (i) Hamming distance-based outlier removal method, and (iii) IQR score-based outlier
removal method. Figure 5 shows two instances of the frame (I, li+1) to compare the effects of three steps
gualitatively. The colored circles in Figure 5 represent the keypoints 2D position: (x;, y;) detected by the ORB
detector in frame It and the optical flow algorithm in frame /.1, and each of them is a local extremum whose pixel
intensity is greater or smaller than all its neighbors. Images in Figure 5a show the pairs of matched keypoints in
the ROIs of the previous frame, I, and the current frame, I, after implementing all three steps. The colored lines
connect the matched keypoints in the ROI of It and their corresponding keypoints in /1. Images in Figure 5b show
the motion trajectories (green lines) for the matched keypoints (green dots) in the ROI of It from time t to t+1. The
matched keypoints shown in Figure 5(a-iii) are much more distinct and have greater clarity compared to the
keypoints observed in Figure 5(a-i). As seen in Figure 6, the response obtained from the proposed method
matches closely with the measured response.

The proposed method is also compared with existing sparse-optical-flow-based target tracking methods (see Table
1) and target tracking methods based on three other types of techniques, i.e., feature matching (see Table 2),
dense optical flow (see Table 3), and template matching (see Table 4). The results show that the performance of
target tracking is greatly improved through the use of a multi-level strategy and the proposed outlier removal
method. The proposed sparse-optical-flow-based target tracking method achieves the best accuracy compared to
other existing target tracking methods.

]t ]t+1

(a) Corresponding Pair Sets of Matched Keypoints (b) Motion Trajectory Sets
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Figure 5. Qualitative example of the sparse-optical-flow-based target tracking. Pairs of matched keypoints in the
ROIs of the previous frame, It, and the current frame, It+1, after implementing (a-i) sparse optical flow calculation,
(a-ii) Hamming distance-based outlier removal method, and (a-iii) IQR score-based outlier removal method. Motion
trajectories for the matched keypoints in the ROI of It from time t to t+1, after implementing (b-i) sparse optical flow
calculation, (b-ii) Hamming distance-based outlier removal method, and (b-iii) IQR score-based outlier removal

method.
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Figure 6. Comparison of middle floor acceleration response from the accelerometer and the proposed method at 2
Hz.

Table 1. RMSE (mm) and its error percentages (%) for sparse optical flow tracking methods.
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Freq Methods Bottom (%) Middle (%) Top (%)
Shi-Tomasi corner + LK [10,14] 0.0184 (+5.747) 0.0170 (+11.2842) 0.0216 (+4.854)
Harris comer + LK [9] 0.0181 (+4.023) 0.0170 (+11.2842) 0.0212 (+2.913)
SURF + LK [15] 0.0253 (+45.402) 0.0165 (+8.553) 0.0226 (+9.709)
2Hz SURF + LK + MLESAC [16] 0.0178 (+2.299) 0.0166 (+9.211) 0.0226 (+9.709)
SURF + LK + Bidir_ error [18] 0.0177 (+1.724) 0.0166 (+9.211) 0.0224 (+8.738)
SURF + MLK 0.0321 (+84.483) 0.0162(+6.579) 0.0213 (+3.398)
Proposed 0.0174 (+0) 0.0152 (+0) 0.0206 (+0)
Shi-Tomasi corner + LK [10,14] 0.0217 (+1.878) 0.1225 (+151.540) 0.2668 (+352.971)
Harris corner + LK [9] 0.0218 (+2.347) 0.1267 (+160.164) 0.2851 (+384.041)
SURF + LK [15] 0.0272 (+27.700) 0.1307 (+168.378) 0.2815 (+377.929)
5Hz SURF + LK + MLESAC [16] 0.0222 (+4.225) 0.1338 (+174.743) 0.2799 (+375.212)
SURF + LK + Bidir. error [18] 0.0223 (+4.695) 0.1320 (+171.047) 0.2740 (+365.195)
SURF + MLK 0.0264 (+23.944) 0.1246 (+155.852) 0.1492 (+153.311)
Proposed 0.0213 (+0) 0.0487 (+0) 0.0589 (+0)
Shi-Tomasi corner + LK [10,14] 0.5975 (+150.945) 0.0839 (+0.157) 0.3693 (+122.336)
Harris corner + LK [9] 0.5058 (+154.431) 0.0638 (+0) 0.3731 (+124.524)
SURF + LK [15] 0.5944 (+149.643) 0.0892 (+8.464) 0.4062 (+144 551)
10 Hz SURF + LK + MLESAC [16] 0.6112 (+156.699) 0.0686 (+7.524) 0.4113 {+147.622)

SURF + LK = Bidir. error [18]
SURF + MLK

FPropozed

0.5070 (+154.935)
0.2830 (+18.858)

0.2381 (=0}

0.0687 (+7.580)
0.0661 (+3.505)

0.0647 (+1.411)

0.4097 (+146.659)

0.1286 (+13.546)

0.1661 (=0}

Freq: frequencies of harmonic excitations; red value: lowest value, i.e, BEST accuracy.

Table 2. RMSE (mm) and its error percentages (%) for feature-matching-based tracking methods.

Freq. Method Bottom (%) Middle (%) Top (%)
Fi-Fixed 0.0243 (+39.655) 0.0235 (+54.605) 0.0266 (+29.126)
2Hz Fia-Updated 0.0407 (+133.908) 0.0349 (+129.605) 0.0366 (+77.670)
Proposed 0.0174 (+0) 0.0152 (+0) 0.0206 (+0)
Fi-Fixed 0.0839 (+293.897) 0.0862 (+77.002) 0.0950 (+51.290)
5Hz Fiv-Updated 0.0725 (+240.378) 0.0798 (+63.860) 0.0813 (+38.031)
Proposed 0.0213 {(+0) 0.0457 (+0) 0.0589 {+0)
Fli-Fixed 0.2499 (+4.958) 0.1071 (+65.533) 0.1841 (+10.837)
10 Hz Fi-Updated 0.2441 (+2.520) 0.0977 (+51.005) 0.1759 (+5.900)
Proposed 0.2381 (+0) 0.0647 (0) 0.1661 (+0)

Freq: frequencies of harmonic excitations; red value: lowest value, i.e., BEST accuracy.

Table 3. RMSE (mm) and error percentages (%) for dense optical flow tracking methods.
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Freq. Method Bottom (%) Middle (%) Top (%)
DOF-Updated 0.0178 (+2.299) 0.0173 (+13.316) 0.0221 (+7.282)
2re Proposed 0.0174 (+0) 0.0152 (+0) 0.0208 (+0)
DOF-Updated 0.0247 (+15.962) 0.0582 (+19.507) 0.0619 (+5.093)
orE Proposed 0.0213 {+0) 0.0487 (+0) 0.0589 (+0)
o DOF-Updated 0.2382 (+0.042) 0.0837 (+0) 0.1670 (+0.542)
z

Proposed

0.2381 (+0)

0.0647 (+1.570)

01661 (+0)

Freq: frequencies of harmonic excitations; red value: lowest value, i.e., BEST accuracy.

Table 4. RMSE (mm) and error percentages (%) of existing template-matching-based target tracking methods.

Freq. Method Bottom (%) Middle (%) Top (%)
Marker-Fixed 0.01886 (+6.897) 0.0173 (+13.818) 0.0219 (+6.311)
2Hz Marker-Updated 0.0341 (+95.977) 0.0414 (+172.368) 0.0245 (+18.932)
Proposed 0.0174 (+=0) 0.0152 (+0) 0.0206 (+0)
Marker-Fixed 0.0357 (+67.6086) 0.0583 (+19.713) 0.0699 (+18.676)
5 Hz Marker-Updated 0.0512 (+140.276) 0.1938 (+207.947) 0.1472 (+149.915)
Proposed 0.0213 (+0) 0.0437 (+0) 0.0589 (+0)
Marker-Fixed 02391 (+0.420) 0.0707 (+9.274) 0.1704 (+2.589)
10Hz Marker-Updated 0.6249 (+162.453) 0.1367 (+111.283) 0.1697 (+2.167)
Proposed 0.2381 (+0) 0.0847 (+1.570) 0.1651 (+0)

Freq: frequencies of harmonic excitations; red value: lowest value, i.e., BEST accuracy.
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