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Abstract

This study presents a vision-based methodology for acquiring absolute and inter-story displace-
ments of multi-story buildings during dynamic and shake-table tests using only two video cam-
eras. One camera is mounted on top of the building to track multiple targets positioned along
the structure’s height, while a second external camera provides redundancy for roof displace-
ment measurements and compensates for noise caused by vibrations affecting the top-mounted
camera. This setup enables the estimation of horizontal displacements across multiple floors.
The methodology was validated through a full-scale 6-story building test on the Large High-
Performance Outdoor Shake Table at the University of California San Diego. The results
demonstrate high accuracy and resolution in displacement time series data.

Keywords: Absolute and Inter-story Displacement, Digital Image Correlation, Shake-Table
Testing, Structural Health Monitoring, Vision-Based Monitoring.
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1 INTRODUCTION

Shake-table testing is a crucial method in earthquake engineering, enabling the study of
structural response under seismic excitation [1],[2]. Measuring displacements during such tests
is challenging, as displacement sensors such as Linear Variable Displacement Transducers
(LVDTs) and String Potentiometers (SPs) require fixed reference points, which are not always
available, especially in large-scale tests [3]. An alternative approach involves double integration
of accelerometer data [4], but this can introduce errors, particularly in inter-story drift estima-
tions and residual displacements [5],[6].

To address these limitations, computer-vision emerged as a promising tool for direct dis-
placement measurement [7]. This method allows frame-by-frame tracking of multiple points,
even with a single camera, and can leverage cost-effective hardware. While vision-based sys-
tems were primarily used for bridges [8], their application to building monitoring, particularly
in shake-table testing, grow, especially in the last five years [9]-[19]. Proposed approaches em-
ployed external cameras mounted on tripods [9]-[14] or UAVs [15], though some studies posi-
tioned cameras within the buildings being monitored [16]-[19]. However, these configurations
often require multiple cameras, leading to increased setup complexity, synchronization chal-
lenges, and high computational demands for data processing. Additionally, motion compensa-
tion for UAV-mounted cameras and disturbances in internally placed cameras can affect
measurement accuracy.

This study presents a novel and simplified vision-based methodology for measuring absolute
and relative horizontal displacements in multi-story buildings during shake-table testing. It in-
troduces a combined use of two strategically positioned cameras: one on the roof, capturing
target displacements along the structure’s height, and the other outside the building, providing
redundant roof displacement measurements to compensate for motion-induced noise. Never-
theless, the application of the proposed approach is not confined to shake-table testing, possible
applications cover different monitoring needs in the dynamic response of multi-story buildings,
as is for example the case of push-and-release tests [20]. The proposed methodology was vali-
dated into two steps: first a simplified application on a 1-DOF desktop shake table was per-
formed aiming at verifying the effectiveness of the Upsampling Cross-Correlation (UCC)
algorithm [21] when used in environmental conditions. Successively, by applying it for the first
application during the shake-table testing of a six-story mass timber building on the Large High-
Performance Outdoor Shake Table (LHPOST®6) at the University of California, San Diego. The
results demonstrate that the proposed method offers a reliable and accurate alternative to tradi-
tional displacement monitoring techniques.

2 METHODOLOGY

The proposed vision-based methodology can be implemented either in a planar configuration
with two cameras or in a three-dimensional setup using camera triplets. In both approaches,
displacement extraction relies on the Upsampling Cross-Correlation (UCC) algorithm, which
enables sub-pixel accuracy, up to 1/100 of a pixel, when high-contrast targets are used, such as
chessboard-patterned squares with varying sizes and designs as in [22][23].

2.1 Planar configuration

The proposed methodology can be better understood by examining first its planar configu-
ration with only two cameras, applied to a six-story building subjected to a unidirectional input
(Figure 1). The internal camera is mounted at the roof corner, facing downward, and captures
the motion of targets TO-T5 (represented by red lines in Figure 1), which are strategically de-
signed and positioned to avoid overlapping during the movement of the building. Additionally,
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this camera records the shake-table motion by measuring the displacement difference between
TO and T1, enabling a comparison with the controller response.

The second camera, an external one, is installed on the reaction mass at the ground floor
(LO), acting as a fixed reference point. This camera solely tracks the roof displacement by mon-
itoring the motion of the target T6, which is positioned near the internal camera. The roof-level
displacement (L6) is, thus, recorded twice: once by the external camera via T6 and once by the
internal camera via TO. In an ideal noise-free scenario, these measurements should be identical.
Any discrepancies between them are caused by vibrations and rotations affecting the internal
roof-mounted camera. The redundancy of the two cameras enables displacement correction, the
noise introduced in the rooftop camera cab be obtained by subtracting the motion of TO from
that of T6. Subsequently, such noise can be used to correct the other readings obtained from the
same rooftop camera.

Displacements
acquired by the
top-level camera

T6 isacquired by
external camera

) L4 -
Real displacements !

distribution: 3
e.g., L3 disp. =T1-T3

shake-table
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Figure 1: Basics of the proposed methodology during a monodirectional input in the shake table.

2.2 Three-dimensional configuration

The proposed configuration can be expanded to capture the motion of the building in three
dimensions. To achieve this goal, two cameras are positioned at opposite corners of the build-
ing’s roof to monitor multi-level horizontal displacements along the global x and y axes, as well
as the movement of the shake table. Placing the cameras in these opposing positions improves
data accuracy, particularly in cases where floor rotation occurs, assuming the floors behave as
rigid diaphragms. The proposed setup ensures redundant displacement measurements across
the widest possible horizontal distance. The two roof-mounted cameras, oriented downward,
track multiple targets strategically sized and placed along the building’s height to prevent over-
lapping during ground motion playback. In addition to the internal cameras, the vision-based
system incorporates four external cameras, which serve two purposes: they provide redundant
recordings of the roof-level horizontal displacements and help reduce data noise. The external
cameras capture roof displacements by tracking two reference targets—one for each global axis
(x and y)—positioned near the corresponding internal cameras.
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3 PRELIMINAR APPLICATION ON A DESKTOP SHAKE-TABLE

Aiming at evaluating the efficiency of the UCC algorithm with light conditions proper of
outdoor environments, as in the case of the full-scale tests performed at the LHPOST®6, a sim-
plified application was performed on an indoor 1-DOF desktop shake table. Both harmonic
sinewaves and real ground motions were played back with and without light aiming at compar-
ing time-histories of displacements acquired by the camera and by the controller. Since the
controller of the desktop shake table provides also the response in terms of accelerations
through double derivative of displacements, the same procedure was applied to the signals ac-
quired by the cameras to have an estimation of the capability to acquire also time-series of
accelerations, even though this is not the primary objective of the proposed methodology. Fur-
thermore, the frequency contents of the signals of displacement provided by the controller and
acquired by the camera were compared in the range 0 Hz-25 Hz.

The configuration used is depicted in Figure 2 and it encompasses a Teledyne FLIR
BLACKFLY S BFS-U3-23S3M-C camera, with Tamron 23FM50SP lens having a focal length
of 50 mm. The camera was installed on a tripod located at a distance D =5 m from the desktop
shake table. A single target of 20x20 mm, having pattern and square shape as suggested in
[22],[23], installed on a steel “L” profile directly bolted on the shake table, was used. The di-
mension of the field of view (FOV) was 500x250 pixels, since £60 mm of displacement was
expected for all the tests, while an acquisition speed of 100 frames per second (FPS) was used.
Figure 2 shows also the first frame of two video footages acquired with and without light to
provide a quick insight on the effect of different light conditions.

First frame of the
ROI acquired with
light

: ) First frame of the
installation of the target ROI acquired with-

P out light

Figure 2: Desktop shake table: configuration under investigation.

Results described hereafter refer to a 2 Hz sinewave lasting 60 seconds and the ChiChi
ground motion scaled to ensure analogous displacements as those produced by the waveform
(£60 mm). The tests were repeated twice, with and without light.

Figure 3 compares the time-histories of displacements and accelerations recorded with and
without light (orange and violet line, respectively) together with the controller data (green line)
for the 2 Hz sinewave. It is worth noting that in both the conditions the algorithm can follow
almost perfectly the path of the sinewave. Table 1 reports the highest positive and negative
values of displacements and accelerations together with percentage errors evaluated in corre-
spondence to positive and negative peak values. Generally, the acquisition performed with light



Gioiella L., Micozzi F., McBain M., Morici M., Zona A., Dall’Asta A., Simpson B.G., Barbosa A.R.

provided lower errors either in terms of displacement (2.20% instead of 2.27%) and of acceler-
ations (7.12% versus 14.13%). For what concerns the accelerations, it is useful to underline that
a 2 Hz sinewave leads to an acceleration of 0.965 g. Such value results also in the vibration of
the desktop where the 1-DOF shake table was installed.

The bottom graph of Figure 3 reports the frequency contents of the displacement signals.
The fundamental frequency of the input is perfectly recognized no matter what the environmen-
tal conditions are. The other peaks are in part related to the tripod of the camera, and probably
to the fundamental frequencies of the desktop supporting the small shake-table.

Sinewave 2 Hz  Source Max  min Positive Peak Error  Negative Peak Error
[%6] [%]
Displacement v-pb without light 60.50 -60.70 1.91 2.27
[mm] controller 59.37 -59.35
v-b with light 60.48 -60.67 1.86 2.20
controller 59.38 -59.36
Acceleration v-pb without light  1.047 -1.102 8.42 14.13
[a] controller 0.965 -0.965
v-b with light 1.017 -1.034 5.30 7.12
controller 0.965 -0.965

Table 1. Desktop shake-table testing, statistics of the 2 Hz sinewave.

Figure 4 and Table 2 show results related to the ChiChi ground motion. Also in this case,
the algorithm performed better with light than without, with the positive and negative peak
errors that pass from 0.92% to 0.79% and from 1.19% to 1.09%, respectively, when considering
displacements. It is worth observing that the path of displacements is perfectly recognized no
matter what the light condition is, while the one in terms of accelerations is significantly noisier,
especially without light. Moreover, the positive and negative errors are greater, especially with-
out light (11.86% versus 7.52%, and 28.68% instead of 4.63%). Finally, the frequency content
of the signals is overlapped in the range 0 Hz-7 Hz and very similar up to 25 Hz (upper bound
value of the compared range).

ChiChi ground motion  Source Max  min Positive Peak Error  Negative Peak Error
[%] [%]
Displacement v-b without light 57.74 -60.98 0.92 1.19
[mm] controller 57.22 -60.26
v-b with light 57.67 -60.92 0.79 1.09
controller 57.21 -60.26
Acceleration v-b without light 0.255 -0.144 11.86 28.68
[a] controller 0.228 -0.112
v-b with light 0.245 -0.117 7.52 4.63
controller 0.228 -0.112

Table 2: Desktop shake-table testing, statistics of the ChiChi ground motion.
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Figure 3: Desktop shake-table testing, results of the 2 Hz sinewave.
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Figure 4: Desktop shake-table testing, results of the ChiChi ground motion.

4 FIRST APPLICATION TO A FULL-SCALE SHAKE-TABLE TESTING

This section reports few results related to the first application of the proposed methodology
that took place in January 2024 at the LHPOST®6 of the UCSD, with reference to the Maule
Chile ground motion performed in the x-y directions simultaneously.
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4.1 Testbed building and camera setup

The first implementation of the proposed vision-based methodology took place during Phase
Il of the NHERI Converging Design Project shake-table tests [24],[25]. The test specimen was
a six-story mass timber building (Figure 5a) featuring a structural system composed of beams
and columns with pinned connections supporting gravitational loads. Horizontal resistance was
provided by four perimeter post-tensioned rocking walls, each incorporating a different lateral
force-resisting system in the North-South (y) direction, tested separately across the three project
phases. During Phase I, the lateral system consisted of Buckling-Restrained Braces (BRBSs).

The goal of the vision-based methodology was to measure the building’s displacements in
the lateral (y) direction using only two video cameras, one internal and one external. The inter-
nal camera, referred to as the “roof camera,” was mounted at the North-East corner of the roof
(L7), facing downward. The external camera, labeled as the “ground camera,” was positioned
at ground level (LO), approximately 26 meters from the building’s East side.

The FOV of each camera was determined based on multiple considerations, including: i)
optical system characteristics; ii) floor-to-floor heights of the structure, corresponding to the
sensor distances; iii) upsampling ratio (set to 100 in the proposed application) for the UCC
algorithm; iv) expected displacement magnitudes; v) dimensions and numbers of targets as de-
scending by the previous factors; vi) capability of the chosen laptop to handle the data stream
from the camera sensor (one laptop per each camera).

A
[t

Figure 5: Testbed building (a); FOV and targets acquired by the roof camera (b) and by the ground camera (c).

Two Teledyne FLIR BLACKFLY S BFS-U3-23S3M-C cameras were employed, analo-
gously to the one used for the 1-DOF desktop shake table, each linked to a laptop via USB3.0.
The rooftop camera featured a lens with a 16 mm focal length. Its FOV was configured at
800 x 700 pixels (width x height) to capture the movement of targets positioned at levels LO
(reaction mass, size 200 mm x 200 mm), L1 (shake table, size 200 mm x 200 mm), L2 (eleva-
tion of +4.32 m, size 100 mm x 100 mm), L3 (+7.67 m, size 100 mm x 100 mm), and L5
(+14.38 m, size 50 mm x 50 mm). The displacements at L0 and L1 represent, respectively, the
motion of the roof with and without shake-table motion. Since the ground-level camera records
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only the lateral y-axis displacement of the roof to provide redundancy and mitigate potential
noise, its FOV was set to 900 x 300 pixels, focusing on a single target (T7, 100 mm x 100 mm)
located along the roof slab thickness (+21.08 m), with a lens of 50 mm focal length. Figure 5b)
and Figure 5c) illustrate, respectively, the FOV and targets used for the rooftop and ground-
mounted cameras. The recordings analysed in this research were captured at 100 FPS, a balance
between hardware capacity, resulting size of the acquired videos, and expected performance,
given the values of the other parameters (FOVs, ROIs, target dimensions).

4.2 Results from the Maule Chile ground motion playback

Over 50 playbacks constitute the sequence of tests conducted for phase 11. Among these, the
present article highlights specific outcomes related to the Maule Chile seismic excitation, ap-
plied in two dimensions at the intensity level of the Risk-targeted Maximum Considered Earth-
quake (MCEr), with a peak ground acceleration (PGA) in the lateral (y) direction of interest
reaching 0.508 g.

The roof lateral displacement derived from the roof camera (T0) and the ground camera (T7)
are compared in Figure 6. From the upper close-up that shows the first seconds of the motion,
it can be noted that the signal acquired by the roof camera is notably disturbed as compared to
the one acquired by the ground camera, because of the high frequency vibration induced by the
shake table. The lower close-up shows, instead, that the noise is strongly reduced in the last part
of the recordings (free vibration of the building) as the table is no longer working.

300 T T T T T T

TO

250 - ‘ \ = , 7|+
200 - ﬂ‘ \‘ \ NVL “i [
150 | “ ‘ “ l OMA fW\ ”W

il s

‘ 1
100 F W ! ‘ .
| \\ 220
50 | “
|

() frmmommsartd] J

displacement [mm]

Hw I “‘\‘

50 ! ”'[ ‘} \|l "‘:\‘ ‘

-100 |

‘ |
-150 F ‘ “ |

96 98 100 102, 104

0 20 40 60 80 100 120 140
time [s]

2200 I 1 1 1

Figure 6: Full-scale shake-table testing under (Maule Chile ground motion playback), comparison of the roof
lateral displacement derived from the roof camera (T0) and the ground camera (T7).

The platen longitudinal and lateral displacements measured by the shake-table controller
(acquired at 512 Hz) and by the roof camera are compared in Figure 7. It is worth noting that,
except for the resampling of the recording of the controller at the same frequency of the cameras
(100 Hz) and alignment of the signals, no other treatment was done. Given that the displace-
ments extracted from the roof camera are obtained as difference of displacements between two
targets (TO and T1) having nearly the same distance from the camera, the disturbance high-
lighted in the signal acquired by the roof camera, as shown for the target TO in Figure 6, are
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automatically compensated. This is confirmed by the close-ups in Figure 7, referring to the peak
displacements, showing that the shake-table motion identified by the roof camera is almost free
of noise, despite the significant disturbances induced by the high accelerations experienced on
the roof (in the order of nearly 1 g).
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Figure 7: Full-scale shake-table testing under (Maule Chile ground motion playback), comparisons of the platen
longitudinal and lateral displacements measured by the shake-table controller and by the cameras.

The peak values (positive and negative) of the platen displacement are reported in Table 3
to quantify the precision of the vision-based acquisition with respect to the controller, as de-
scribed through the Root Mean Square Error (RMSE). Moreover, it is useful to also introduce
the Normalized RMSE (RMSEN) that provides the same information in terms of percentage.
The RMSE and RMSEN are, respectively, 3.15 mm and 12.35% (y direction) and 1.88 mm and
11.30% (x direction). By considering only the percentage errors calculated in correspondence
of the highest positive and negative peak displacements, respectively, the values notably de-
crease to 2.72% and -1.84% for the y direction and 0.31% and 4.00% for the x. It is useful to
remark that the response of the platen motion is referred to its Center of Mass (CoM), while the
roof camera provided data referred to the Northeast corner (NE), consequently slight differ-
ences might be a consequence of building rotations.

Direc- Source  Max min RMSE RMSEN Positive Peak Er-  Negative Peak Er-
tion [mm] [mm] [mm] [%] ror [%] ror [%]
y roof 120.28  -117.05 3.15 12.35 2.72 1.84
cam.
control- 117.09 -114.93
ler
X roof 76.71 -81.73  1.88 11.30 0.31 4.00
cam.
control-  76.47 -78.59
ler

Table 3: Full-scale shake-table testing under (Maule Chile ground motion playback), statistics of the shake-table
motion acquired by roof camera and controller.
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5 CONCLUSIONS

The application of the proposed vision-based methodology led to the following observations:

e The methodology exploits computer-vision to monitor displacements with a minimal num-
ber of video cameras, achieving highly accurate results compared to the shake-table con-
troller’s displacement readings.

e The combined use of internal and external cameras allows for the compensation of spurious
displacements (noise) caused by vibrations affecting the internal camera during input mo-
tion playback.

e The methodology proves efficient, requiring fewer cameras compared to the large number
of contact sensors typically used in testing, significantly reducing setup time.

e The proposed approach utilizes cost-effective hardware alongside highly efficient video
processing software, with the potential for real-time extraction of displacement time histo-
ries at multiple points within the cameras' field of view.

e The UCC algorithm in combination with the squared chessboard targets are effective also
in outdoor environmental conditions characterized by variable light conditions.
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