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ABSTRACT 

Computer-vision methods for structural monitoring have attracted much attention in recent years thanks 
to the possibility of measuring an unprecedented number of displacement time histories from a single 
sensor in the absence of stationary points close to the structure, using hardware with accessible costs 
that is simple to set up and operate by structural engineers with basic video photography knowledge 
and programming skills. Past experimental studies showed the potentialities of computer-vision algo-
rithms to provide accurate results that can be equivalent to those obtained from accelerometers and 
displacement transducers, even when very small displacements are experienced, as in the case of stiff 
structures and/or low load levels typical of operational conditions. Such achievement is made possible 
thanks to the development in the last decade of sophisticated and computationally efficient computer-
vision algorithms able to achieve resolutions that are a small fraction of the dimension of a single pixel 
in the captured video footages, while being able to track large displacements. This opens unexplored 
territories in structural identification and condition assessment of civil structures, freeing structural en-
gineers from the inevitable limitations imposed by a reduced number of pointwise contact sensors, as 
is commonly the case in many temporary or permanent structural monitoring setups. Accordingly, the 
objective of this article is to provide a critical discussion of the potential benefits of computer-vision 
structural monitoring applied to a full-scale building where the use of traditional contact sensors faces 
major difficulties and limitations. Insight is given to the extraction of the time-history of displacements, 
with compensation of vibrations and external disturbances in the video camera.  
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1. INTRODUCTION 

In dynamic testing of civil constructions, as for example is the case of shake table testing in earthquake 
engineering [1][2], displacement measurements are crucial for assessing the structural performance. 
Commonly displacements are obtained using contact sensors [3] such as Linear Variable Displacement 
Transducers (LVDTs) and/or String-Potentiometers (SPs), or double integration of accelerometer data 
[4]. LVDTs and SPs need stationary points close to the specimen, usually to be realized to this purpose, 
thus, affecting budget. The use of accelerometers requires double integration, implying several delicate 
operations that may induce errors in the displacement estimates [5][6] even though baseline corrections 
and filtering procedures are applied. Moreover, the use of contact sensors requires their use in large 
amounts, which means also time-consuming operations related to cables running. GPS-based monitor-
ing has also been attempted but lacks sufficient accuracy [7]. Computer-vision [8] emerged as an effec-
tive alternative for displacement monitoring. While mostly used for bridges [8][9], its application in 
buildings grew [10]-[20], especially in the last five years. Traditional vision-based approaches rely on 
external cameras [10]-[14] or Unmanned Aerial Vehicles (UAVs) [16], requiring multiple cameras, 
large data storage, synchronization issues, compensation of the UAV own movement, making real-time 
processing difficult. Internal cameras face challenges with motion-induced disturbances [17]-[20]. 

This study introduces a novel, simple vision-based methodology combining internal and external cam-
eras installed, respectively, at the roof edge and on the ground (fixed-base) to measure horizontal dis-
placements in multi-story buildings during shake table testing. The roof camera captures floor displace-
ments by recording only the movements of dedicated targets located throughout the building height, 
while the ground camera provides redundancy for the top-level motion and improves accuracy. The 
second acquisition of roof displacements provided by the ground camera is useful to compensate for 
possible sources of noise (vibrations) induced by the playback of the input in the video camera installed 
on the roof. The proposed methodology was validated through shake table testing of a six-story mass 
timber structure at University California at San Diego (UCSD) 6-DOFs Large High Performance Out-
door Shake Table (LHPOST6) facility, showing strong potential as a primary displacement monitoring 
tool. However, the proposed methodology is not confined to shake table testing, since it can cover 
different monitoring needs in the dynamic response of multi-story buildings, as is for example the case 
of push-and-release tests [21]. 

2. PROPOSED VISION-BASED METHODOLOGY 

The proposed vision-based methodology can be applied either in planar configuration with only two 
cameras, or in three-dimensional one with triplets of cameras. In both cases the methodology exploits 
the Upsampling Cross-Correlation (UCC) algorithm [22] for the extraction of displacements, that can 
achieve sub-pixel resolution (indicatively up to 1/100 of a pixel) when used with high-contrast targets, 
as those using a chessboard square shape with different patterns and dimensions [23][24]. 

2.1. Planar configuration 

It is possible to have an insight into the proposed methodology when applied into its planar configura-
tion working with only two cameras, considering a four-story building subjected to a monodirectional 
input (Figure 1). The internal camera is installed on the roof corner looking downward. The camera 
acquires the motion of targets T0-T3 (red lines in Figure 1) designed and located so that they do not 
overlap during motion. The same camera can catch also the shake table motion as difference between 
the displacements T0 and T1, providing the chance to compare it with the controller response. The 
second camera, the external one, is located on the reaction mass at ground floor (L0), considered as a 
fixed base. Such a camera acquires only roof displacement in the proximity of the internal camera 
through the movement of the target T4 installed nearby. The roof (L4) displacement is acquired twice, 
from the external camera by pointing at T4 and from the internal one, by following T0. In the hypothet-
ical condition of no noise, the top floor displacements should coincide. If differences are detected they 
descend from the vibrations and rotations induced on the roof camera. The redundancy of cameras 
allows correcting displacements through the subtraction of the motion of T0 from T4.  



 

 

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

2.2. Three-dimensional configuration 

The proposed setup can be extended to capture movement in three dimensions. For this aim two sensors 
are installed on opposite corners of the building roof to track multi-level horizontal displacements along 
the global x and y directions, as well as the motion of the shake table. Placing the cameras at the oppos-
ing corners enhances data accuracy, particularly in the event of floor rotation, assuming the floors be-
have as rigid diaphragms. This arrangement allows for duplicate displacement measurements at the 
greatest possible horizontal distance. The two roof cameras, directed downward, acquire the movement 
of multiple targets, which are strategically sized and positioned along the building height to prevent 
overlapping during ground motions playback. In addition to the internal cameras, the proposed vision-
based system is completed by four additional external cameras, which serve a dual function: they pro-
vide redundancy by also recording roof-level horizontal displacements and are useful to mitigate data 
noise. The acquisition of roof displacements by external cameras is achieved thanks to two targets, one 
per each global axis x and y, positioned near each internal camera. 

3. APPLICATION  

3.1. Testbed building and camera setup 

During phase II shake table testing of the NHERI Converging Design Project [25][26] the first applica-
tion of the proposed vision-based methodology took place. The specimen is a six-story mass timber 
building (Figure 2a) whose structural layout consists of beams and columns with pinned joints that 
sustain gravitational loads, while the resistance to horizontal actions is ensured by four perimetral post-
tensioned rocking walls, detailed in turns with three different lateral force resisting systems in the lateral 
(y North-South) direction, each of which was tested during one of the three phases of the project. During 
phase II the lateral resisting system consisted of Buckling-Restrained Braces (BRBs).  

The objective of the vision-based methodology was the measurement of the displacements in the lateral 
direction (y) of the building with only two video cameras, one internal and the other external. The 
internal roof camera was installed in the North-East corner of the roof (L7) pointing downward. The 
external ground camera was in-stalled at nearly 26 m from the East side of the building at the ground 
level (L0). The field of view (FOV) of each camera was sized considering different factors: i) optical 
hardware specifications; ii) inter-story heights of the building that coincide with the distances from the 
sensor; iii) upsampling factor (assumed equal to 100) for the UCC algorithm; iv) magnitude of the 
expected displacements; v) size and number of targets based on the requirements of the previous factors; 
vi) capacity of the adopted laptop to manage the stream of data from the camera sensor. 

Two video cameras (Teledyne Blackfly S BFS-U3-23S3M-C) connected each to a laptop through 
USB3.0 were used for the application. The roof camera was equipped with a lens having 16 mm focal 
length. The FOV was sized 800 × 700 pixels (width × height) to acquire the displacements of targets 
located at levels L0 (reaction mass, size 200 mm × 200 mm), L1 (shake table, size 200 mm × 200 mm), 
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L2 (height of +4.32 m above ground, size 100 mm × 100 mm), L3 (+7.67 m, size 100 mm × 100 mm) 
and L5 (+14.38 m, size 50 mm × 50 mm). The displacements of the levels L0 and L1 are, respectively, 
the displacement of the roof with and without the shake table motion. Since the ground camera acquires 
only the lateral y roof displacement for providing redundancy and control of the eventual noise, a FOV 
of 900 × 300 pixels with a single target (T7 100 mm × 100 mm) located on the thickness of roof floor 
(+21.08 m) was designed, while the lens used has 50 mm focal length. Figure 2b) and Figure 2c) show, 
respectively, the FOV and targets used for the roof and for the ground camera. The acquisitions reported 
in this study were recorded at 100 frames per second as a balanced compromise between hardware video 
recording limits, dimension of the resulting video and expected performances. 

 

 
Figure 2. Testbed structure (a), view from the roof camera (b), and from the ground camera (c). 

3.2. Selected results 

The results refer to a 5-minute ambient vibration (AV) test performed at very beginning of the test 
sequence and the first white noise performed in the lateral y direction (WNY). Figure 3 shows the com-
parison of the frequency contents between the signals of displacements acquired by the roof (T0 and 
T1) and the ground camera (T7) with reference to the AV test (Figure3a) and to the WNY (Figure3b) 
underlining that the analysed signals are characterized by different energy contents. 

 
Figure 3. Fundamental frequencies identified in the range 0 Hz – 5 Hz during a) AV test and b) WNY test. 

It is worth noting that the cameras can identify the frequencies even though the absolute displacements 
achieved at the roof level with respect to the ground are significantly different between the two tests, 
nearly 3 mm for the AV test and nearly 80 mm for the WNY. The figures analyse the signals in the 
range 0 Hz-5 Hz. For the AV test there is a first frequency at nearly 1.19 Hz and a second one at nearly 
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1.61 Hz, while during the WNY the first frequency becomes nearly 1.02 Hz. The shift of the first fre-
quency is related to a lower contribution in terms of stiffness of non-structural components during the 
WNY and above all to the rocking behaviour of the walls that do not occur during an AV test. Form the 
power spectrum of the WNY excitation it is highlighted only one of the two frequencies identified 
during the AV test. This aspect can be explained by the fact that the WNY excitation involves only the 
lateral Y direction consequently it is possible to identify just the frequency of the vibration mode be-
longing to that direction. Differently, the AV test can highlight the fundamental frequencies belonging 
to vibration modes of both the horizontal directions X and Y. An interesting aspect is related to the 
difference in the frequency content between T0 and T7 from one side and T1 in the other (Figure 3b). 
Since both T0 and T7 acquire the shake table motion, they can also show the frequency content of the 
input, reported in cyan dotted line. 

The Wavelet synchrosqueezed transform [27] provides a deeper insight into the trend of the identified 
frequencies in the time-frequency plane. Figure 4 shows the frequencies identified in the analyzed tests 
with reference to the signal acquired by the ground camera through target T7. It is worth noting that for 
both tests the first frequency, 1.19 Hz (AV) and 1.02 Hz (WNY), highlighted through a red dashed line, 
remains constant over time. 

 
Figure 4. Wavelet synchrosqueezed transform of the T7 signal during a) AV test and b) WNY test. 

The roof lateral displacement derived from the roof camera (T0, red solid line) and the ground camera 
(T7, grey dash-dot line) are compared in Figure 5. It can be noted that both signals have similar noise, 
and the peaks are almost perfectly overlapped among them, as pointed out in the close-up. 

 
Figure 5. Comparison of the roof lateral displacement from the roof camera (T0) and the ground camera (T7). 
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The platen lateral displacements measured by the shake table controller (acquired at 512 Hz) and by the 
roof camera are compared in Figure 6 (blue solid line and cyan dot-solid line, respectively). 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 
(T0 and T1) having nearly the same distance from the camera, the disturbance highlighted in the signal 
acquired by the roof camera, as shown for the target T0 in Figure 5, are automatically compensated. 
The peak values (positive and negative) of the platen displacement are reported in Table 1 to quantify 
the precision of the vision-based acquisition with respect to the controller, as described 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, 0.59 mm and 3.20%. By considering only the percentage errors calculated in correspond-
ence of the highest positive and negative displacements Max Error and min Error, respectively, the 
values notably decrease to 1.19% and -1.39%. 

 
Figure 6. Comparisons of platen displacements measured by the shake table controller and by the roof camera. 

 
Table 1. Statistics of the shake table motion acquired by roof camera and controller. 

Source Max min RMSE RMSEN Max Error min Error 
 [mm] [mm] [mm] [%] [%] [%] 

roof camera 46.58 -52.36 
0.59 3.20 1.19 -1.39 

controller 46.03 -53.10 

4. CONCLUSIONS 

The application of the proposed vision-based methodology resulted in the following observations: 

• The proposed approach exploits the possibilities of computer-vision to monitor displacements 
using a limited number of video cameras, obtaining very accurate results as compared to the 
displacements reading of the shake table controller. 

• The combined use of internal and external cameras permits compensation for spurious displace-
ments (noise) due to the vibration induced on the internal camera by the playback of the input 
motion. 

• The video cameras can properly estimate the first frequency of the building either during ambient 
vibration and white noise excitation, which have very different order of magnitude of the absolute 
displacements at the roof level (nearly 3 mm and nearly 80 mm, respectively). 

• The proposed methodology is convenient since it exploits a small number of cameras when com-
pared to the usual number of contact sensors installed during testing operations, with extremely 
reduced time-consuming operations. 

• The proposed methodology exploits cost-effective hardware together with very efficient software 
for video processing, potentially ready for real-time extraction of displacement time-histories of 
multiple points within the field of view of the adopted video cameras. 
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