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A B S T R A C T

In current standards and codes for vibration serviceability assessment, the serviceability limits are generally
defined by acceleration related criteria or indices such as root-mean-square (RMS) or peak value of acceleration
time histories. The accelerations are collected by using conventional accelerometers, which have several
drawbacks such as traffic closure, setup time, and labor force to deal with the cable wiring work. It may not be
convenient or practical to conduct such monitoring, especially for certain field applications. This study proposes
to assess the vibration serviceability of a footbridge using computer vision-based methods. The proposed vision-
based approach shows great advantages such as non-contact, long distance, low cost, time saving, and ease of
use. The proposed approach is validated by a series of experiments on a footbridge under various types of
pedestrian loading including walking, jumping and running with different paces (beat per minute). Displacement
and velocity are first estimated from the image sequence and then converted to acceleration for the assessment of
vibration serviceability. The feasibility of the proposed approach is verified by the comparative analysis between
the results of serviceability assessments using the proposed approach and the conventional accelerometers.
Consideration and recommendations of the process of converting displacement/velocity to acceleration are also
discussed. The proposed approach provides a promising and efficient alternative for the vibration serviceability
assessment of footbridges combined with the current standards and codes. As a result, it provides another ap-
proach for the serviceability assessment using different data type such as displacement and velocity.

1. Introduction

With the development of high performance structural materials and
aesthetic requirements for structures, longer and slender footbridges
have attracted great public attention and a large amount of modern
footbridges with lightweight and lively structures have been con-
structed in the last several decades [1]. This trend makes a large
achievement of infrastructures in the progress of smart cities. However,
it also causes critical issue: excessive vibrations of slender footbridges
caused by pedestrian live load. These excessive vibrations may cause
another problem, i.e., human comfort, since the main function of
footbridges are to convey pedestrians. In this respect, it means that the
estimated dynamic response of the footbridges has to be evaluated
against human comfort level [2]. In general vibration produced by
human-induced loads is a structural vibration serviceability problem
rather than a structural safety (structural damage) problem. A famous
example related to vibration serviceability problems of the footbridges
is the Millennium Bridge over Thames River in England. In 2000, at the

opening of the newly built footbridge, excessive vibrations which were
descripted as “swaying violently” was reported when a group of pe-
destrians crossed the footbridge [3]. In a local news article, BBC News
descripted this bridge as “Wobbly” Millennium Bridge [4]. It took £5
million and about eight months to solve the problem, while the original
cost of the “Wobbly” bridge was £18.2 million [4]. Examples about
footbridge collapse incidents due to soldiers marching movement in
unison over the bridge such as Broughton Footbridge in England and
Angers Bridge in France can date back to nineteenth century [5].

The vibration serviceability has become a hot topic of research and
practice in the community of structural engineering and large amount
of work has been done to assess the footbridge vibration level and to
mitigate the excessive levels of vibrations in slender footbridges.
Živanović et al. (2005) [1] summarized the main research focus of
footbridge vibration serviceability which generally includes: (1) vi-
bration source related work such as human force estimation and mod-
elling, (2) vibration path related work such as stiffness, mass and
damping, (3) human perception related work such as estimation of
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human comfort level, (4) human-structure interaction, (5) design
guidelines and (6) vibration reduction measures. Among these topics,
estimation of human comfort level is one of the most direct and in-
tuitive ways to assess the vibration serviceability considering that the
main function of footbridge is to convey pedestrian. Organizations and
agencies established standards and codes such as ISO 10137 by Inter-
national Organization for Standardization [6], Euro code 5 by European
Committee for Standardization (ECS) [7], BS 5400 by British Standards
Institution [8] and Setra code by French Technical Department for
Transport, Roads And Bridges Engineering and Road Safety [9]. In most
of the standards and codes, the acceleration related indices combined
with vibration frequencies are used to define the serviceability limit.
For example, ISO 10137 uses the maximum 1-second running RMS
value of the frequency-weighted acceleration time histories. Euro code
5, BS5400 and Setra selected the peak value of acceleration at the
fundamental frequencies of structures. In addition to the standards and
codes established by the organizations and agencies above, researchers
also proposed different serviceability assessment criteria. Mackenzie
et al. (2005) [10] proposed the serviceability assessment by defining
the acceleration limits as a function of footbridge height, parapet height
and route redundancy etc. Kasperski (2006) [11] conducted a series of
experiments on a footbridge, and based on the ratio of pedestrians
alarmed by vibration, he presented that the RMS limit recommended by
ISO 10137 is excessive and should be reduced to 60% for footbridge
serviceability. Barker (2007) [12] recommended using the root-mean-
quad (RMQ) of acceleration to assess the vibration serviceability in-
stead. Živanović and Pavia (2009) [2] proposed a probabilistic ap-
proach for the assessment of vibration serviceability based on the ac-
celeration measurements. Setareh (2016) [5] investigated the
relationships between various evaluation parameters such peak value of
acceleration, peak value of weighted acceleration, RMS and vibration
dose value (VDV) and found that based on the relationships, VDV can
also be a good index for the definition of serviceability limit. Dey et al.
(2017, 2018) [13,14] conducted a series of experiment on a large scale
aluminum pedestrian bridge in laboratory and evaluated and calibrated
various guidelines for the serviceability based on the experimental data.
Feng et al. (2019) [15] analyzed the correlation between the peak ac-
celeration of footbridge vibration and the pedestrian comfort level
collected by doing pedestrian questionnaire and based on the correla-
tion they proposed a procedure of using acceleration data to assess
footbridge vibration serviceability.

The current research and practice for vibration serviceability is
based on the estimation of vibration level collected from conventional
sensors such as the accelerometers [16]. The drawbacks of using con-
ventional sensors are traffic closure, setup time, cost and labor force to
deal with the cable wiring work. It is not convenient to conduct such
experiments, especially for field application. Placing the accelerometers
in the wearable equipment of a human subject on the structure might be
a smart way to quickly measure the vibrations, but it is not easy to
separate the vibration components of the structures and the human
subject. With the development of imaging devices and computer vision
technology, computer vision-based applications such as structural vi-
bration/displacement/deformation monitoring [17–19], human load
estimation [20], vehicle load estimation [21], local structural damage
detection [22] and three-dimensional reconstruction of structures [23]
is gathering increasing attention in the field of structural health mon-
itoring (SHM). Due to the advantages such as non-contact, long dis-
tance, low cost, time saving, and ease of use, computer vision-based
structural vibration monitoring methods has become the viable alter-
natives to the conventional sensors in current practice of structural
monitoring [24–26]. By using cameras to record the structures and
tracking the motion of targets on them, the displacement of structures
can be easily obtained. To fit the standards and codes of vibration
serviceability assessment, acceleration data can be calculated from
displacement data with numerical differentiation.

This study proposes a non-contact approach for footbridge

serviceability assessment by using computer vision-based methods and
combining with current standards and codes. With a non-contact, cost-
effective and time-saving way, the vision-based approach can overcome
the drawbacks of using conventional sensors for the experimental as-
sessment of vibration serviceability of footbridges. Živanović et al.
(2005) [1] in their review paper summarized that in the early stage of
research work on vibration serviceability, using displacement and ve-
locity to assess human perception is a more direct and intuitive way and
was recommended by lots of researchers. By using vision-based
methods, the displacement and velocity are easier to obtain compared
with conventional displacement sensor and velocimeter. With the dis-
placement data from vision-based methods, it may supply a possible
alternative to define the vibration serviceability criteria based on dis-
placement and velocity.

2. Vibration limit for serviceability assessment in current
standards and codes

In this section, the current standards and codes employed by dif-
ferent countries and areas for vibration serviceability assessment of
footbridges are discussed. Fig. 1 illustrates the acceleration limits for
footbridge vibration serviceability in different standards and codes. The
footbridge vibration serviceability assessment is based on the human
comfort level of structures. Except for ISO 10137, the others employed
the peak value of accelerations as the limits for serviceability. ISO
10137 use RMS value of the frequency weighted accelerations. It pro-
vides a base curve using RMS value for serviceability limit and re-
commends that for footbridges the serviceability limit is calculated by
multiplying the base curve with the factor 60 for active pedestrians. To
give a comparative view with other standards and codes, in this study
the RMS value provided by ISO 10137 is converted to the equivalent
acceleration peak value by multiplying by the factor 2 . The peak ac-
celeration limit of the standards and codes mentioned above are shown
in Fig. 1. Detailed formulas to determine the curves in Fig. 1 are listed
in Table 1. For ISO 10137, BS 5400 and Euro code 5, a unique curve of
serviceability limit of peak acceleration against fundamental fre-
quencies of the structures is provided. The region under the curve is
acceptable for serviceability level and the region above the curve is
unacceptable. For Setra standard as shown in Fig. 1, it gives three
curves to indicate the vibration serviceability level such as min comfort
level, mid (medium) comfort level and max (extreme) comfort level.

Fig. 1. Acceleration limits for footbridge vibration serviceability in different
standards and codes.
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3. Vision-based displacement/velocity measurement using feature
matching

In general, there are four steps to extract structural displacement/
velocity from video or image sequence. In this study, a vision-based
displacement/velocity measurement method using feature matching is
employed. Fig. 2 shows the procedure of the proposed method.

Firstly, the camera is calibrated to estimate the relationship between
the image coordinates and the real-world coordinates. Here the scale
ratio is used which calculate the ratio between the actual dimension in
physical unit (e.g. millimeter) and the image dimension in pixel [17].
For example, if the actual height of an object in real world is D mm, and
the height of the object in image is d pixel, the scale ratio, SR, will be

=SR D
d (1)

The scale ratio expressed in Eq. (1) is only suitable for the case when
the axis of the camera and lens is perpendicular to the motion plane of
the measurement target. For the cases that there is an inclination be-
tween them, Ref. [17] gives a detailed discussion. The reader is ad-
dressed to that reference for more information.

Secondly, the camera records the video or image sequence of the
structural motion. Feature points (also called key points, or kps) are
extracted from the region of interest (ROI) of each image. A ROI is
generally a sub region of an image that represent the measurement
target of a structure. As shown in Fig. 3, ROI 1 and ROI 2 are parts of a
beam of a bridge. The feature point means a small image patch of the
ROI with distinction such as corner, texture and gradient. On the right-
top of Fig. 3, extracted feature points are marked with circles in dif-
ferent color. In general, two components are required to define a fea-
ture point: feature detector and descriptor. Detector is to locate the
region of the feature in an image and descriptor is a vector to descript
the feature in mathematical language. In this study, SIFT (Scale-in-
variant feature transform) detector is applied to locate the feature point
and VGG (Visual Geometry Group) descriptor is employed to descript
the SIFT feature [27]. It is noted in Ref. [27], that using SIFT detector
and VGG descriptor performs better than using the original SIFT feature
method (SIFT detector and SIFT descriptor). The ROI selected in Fig. 3
is with the size of 209 × 210 pixels and 120 feature points (kps) are
extracted.

Thirdly, the feature points extracted in two images are matched
based on the similarity of the feature points. The similarity of two
feature points can be calculated by the distance of the descriptors of
them. The feature match pairs are selected by the one with the best
similarity, i.e., with smallest distance. After the initial feature

matching, there might be some wrong matches as shown in Fig. 3. The
RANSAC (RANdom SAmple Consensus) method is implemented to re-
move the outliers [27]. On the right-bottom of Fig. 3, it shows that
three wrong matches are removed from the initial match. Depending on
whether displacement or velocity is required in the end, the feature
matching is performed between different image pairs. Fig. 4 shows two
different feature matching strategies. The top of the Fig. 4 illustrates the
feature matching between the ROI of the first frame in the image se-
quence and the ROI of Frame i (i = 2, 3, 4, …). In other words, the first
frame is not updated during the feature matching. The location change
between the two ROIs is the relative displacement at the time of Frame i
to the initial frame (Frame 1) and this is exactly the concept of dis-
placement. While on the bottom of Fig. 4, the feature matching is
performed between the consecutive frames such as Frame 1 and Frame
2, Frame 2 and Frame 3, and Frame i-1 and Frame i, etc. The frame is
always updated during the feature matching. The location change be-
tween the two ROIs of consecutive frames is the incremental of the
displacement at the time of the Frame i-1 to Frame i and this refers to
the concept of velocity. Using update frame strategy might be better to
get more good matches when the structure moves over time and the
light condition or surface feature changes along with the motion. The
number of matched feature pairs shows the performance of the strategy.
A higher number means the high matching quality. Fig. 5 gives an
example to show the comparison of the performance of the feature
matching using two different strategies. In this case, 120 feature points
are extracted in the ROI of each image, and the number of matched
pairs using frame update strategy within an image sequence is more
than the one without using frame update. It means that feature
matching using frame update give better performance. Dong et al.
(2019) [28] summarized the pros and cons of using the two different
strategies. In this study, whether the former or the latter is used de-
pends on the requirement of whether displacement or velocity is ne-
cessary. In the experimental section, more details will be discussed
according to the results.

At last, the displacement/velocity can be calculated by taking the
average of the location change of the matched feature points in two
images. The displacements in x and y direction, X and Y, in physical
unit can be calculated by
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1 1 are the image coordinates of the jth matched
feature point of between the ROIs of Frame i and Frame 1, n is the total
number of the matched feature point between the ROIs of Frame i and
Frame 1, and SRx and SRy are the scale ratio in x and y direction. The
velocity in x and y direction, VX and VY, in physical unit can be cal-
culated by
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1 1 are the image coordinates of the jth matched
feature point of between the ROIs of Frame i and Frame i − 1, and Δt is
time interval of the image sampling which is the reciprocal of the
sampling rate.

Table 1
Detailed acceleration limits for footbridge vibration serviceability in different
standards and codes.

Code Vertical peak acceleration (m/s2)

ISO 10137 (2007) = + <
= <
= <

a f f
a f
a f f

0.1414 0.9899, 1 4
0.4243, 4 8
0.053 , 8 80

limit

limit

limit

Euro code 5 (European committee for
Standardization, 1997)

=a 0.7limit

BS5400 (British Standards Institution,
1978)

=a f0.5limit 0.5

Setra (French Technical Department for
Transport, Roads and Bridges
Engineering and Road Safety, 2006)

<
< <
< <

a
a
a

0.5,Extreme
0.5 0.1,Medium
1.0 2.5,Low

limit
limit
limit

Camera 
calibration

Feature 
extraction

Feature matching 
and outlier removal 

Displacement/velocity 
calculation 

Fig. 2. Procedure for proposed vision-based dis-
placement/velocity measurement method using fea-
ture matching.
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The procedure for proposed vision-based displacement/velocity
measurement method using feature matching is implemented by using
Python programming language and OpenCV (Open Source Computer
Vision Library). The reason of the programming language selection is
that they are open source and free for users, and it is easy to employ
Python and OpenCV to develop a user-friendly software. The image
data acquisition device used in this study is a customer-grade portable
camera and the cost of the customer-grade camera is within hundreds of
US dollars. And a camera can be employed to achieve multiple points
measurement. The total cost of the proposed monitoring system is order
of magnitude lower than the conventional sensor-based monitoring
which would cost over thousands of US dollars including the sensors,

cable, data acquisition module and commercial software.

4. Experimental verification and field application

4.1. Experimental setup

A series of experiments were conducted on a footbridge on a campus
in the southeast of the United States. As shown in Fig. 6, the footbridge
comprises of 19.5 m long vertical truss frames which are connected via
splice connection in the middle and spans an entire length of 39 m over
a pond. The width of the bridge is 4.17 m. The vertical truss members
on the left and the right side have HSS 10 × 10 × 3/8 top and bottom

Fig. 3. Feature extraction and outlier removal.

Fig. 4. Feature matching for displacement and velocity.
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chords and are stabilized with HSS 6 × 4 × 3/8 type vertical and HSS
4 × 4 × 1/4 type diagonal steel members. The lateral stability is
provided by another truss frame that is 3.65 m wide which is con-
structed with HSS 3 × 3 × 1/4 type diagonal cross braces, W12 × 22
type lateral members. Two separate spans are spliced in the middle and
the entire frame holds a thin layered aluminum-concrete composite
deck [29]. In general, the bridge is under light pedestrian traffic loads
and small vehicles such as golf carts. The fundamental frequency of the
footbridge is 2.54 Hz as presented in the authors previous publication
[30]. In this experiment, a camera with the resolution of 1920 × 1080
pixels and the speed of 60 frame per second was employed to monitor
the vibration of the mid-span, marked as P1. An accelerometer was also
installed at the mid-span to record the vibration of the footbridge. The
sampling rate of the accelerometer was 200 Hz.

Eight people were employed to conduct this experiment. One person
stood on the mid span as the passive subject (footbridge bystander) and
the other seven people moved as active subjects (pedestrians) by
walking, running and jumping with different paces in different loading
cases respectively. The reason why eight people was employed is that
ISO 10137 states that a group size of 8 to 15 people are the average
pedestrian flow based on the daily occurrence rate. For this footbridge,
the daily occurrence rate as observed is smaller than the range stated in
ISO 10137. Here the low bound of the group size of 8 to 15 people was
selected. Table 2 lists the loading cases conducted in this experiment. In
Case 1 to 3, the seven people walked on the footbridge in a group by
following the beats played by a metronome which can guide the people
to walk with the predesignated paces. The paces produced by the me-
tronome are 101, 120 and 201 beats per minute (bpm), respectively,
which are equivalent to 1.68, 2.0 and 3.35 Hz. Here 1.68 Hz and
3.35 Hz are close to the value calculated by subtracting and adding the
fundamental frequency of the footbridge with one third of it. In Refs.
[1,31], it is presented that the frequency of people walking on foot-
bridges follows a normal distribution with a mean pacing rate of 2.0 Hz
and standard deviation of 0.173 Hz. That is the reason that 2.0 Hz was

chosen in this experiment. In Case 4, the seven people randomly walked
on the footbridge with their normal paces. In Case 5, the seven people
ran by following the metronome with the pace of 180 bpm (3 Hz) and
the frequency 3 Hz for running is in the range 2.0–3.5 Hz defined by
[32]. In Case 6, the seven people randomly ran on the footbridge. In
Case 7, the seven people jumped on the footbridge by following the
metronome with the pace of 150 bpm (2.5 Hz) which is close to the
fundamental frequency of the structure (2.54 Hz). In Case 8, the seven
people jumped on the footbridge with random paces. During the ex-
periment, the camera and accelerometer both recorded the vibrations of
all the loading cases.

4.2. Result analysis

4.2.1. Comparison of displacement results from two different feature
matching strategies

In this section the measurement results from Case 5 is selected to
compare the performance of displacement measurement using the vi-
sion-based methods with frame update and no frame update strategies.
With no frame update, the displacement can be calculated directly from
Eq. (2). With frame update, the displacement is calculated by accu-
mulating the displacement change between the two consecutive images
since the location change in two consecutive images actually is the
incremental value of displacement at the time of current frame.

Fig. 7 shows the displacements from two different matching stra-
tegies. The correlation coefficient between the two time histories is
91.68%. As stated in [28], the displacement by using the strategy of
frame update has the accumulating errors when converting the velo-
city/acceleration to displacement and this phenomena also occurs in
Fig. 7a. While in frequency domain, both of them give the consistent
frequencies: (1) 2.534 Hz (close to fundamental frequency, 2.54 Hz)
and (2) 3.001 Hz (frequency of people running beat, 3.0 Hz). From this
comparison, it is recommended that if displacement is required for
serviceability assessment, the vision-based method with no frame up-
date should be used.

4.2.2. Comparison of velocity results from two different feature matching
strategies

Here Case 5 is also selected to do the comparison: to compare the
performance of velocity measurement using the vision-based methods
with frame update and no frame update strategies. With frame update,
the velocity can be calculated directly from Eq. (3). With no frame
update, the velocity is obtained by calculating the numerical differ-
entiation (derivative) of the displacement which is calculated by using
Eq. (2). The procedure of calculating the velocity (V) and acceleration
(a) from displacement by using numerical differentiation are expressed
as:

= +V Y Y
ti

i i1
(4)

Fig. 5. Matched pairs of an image sequences using different feature matching strategies.

Fig. 6. Experimental setup.
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= +a V V
ti

i i1
(5)

where i is number of data sample, Vi is the velocity of the ith data
sample, ai is the acceleration of the ith data sample, and Δt is sampling
time of each data sample. In this study, Δt is equal to 1/fcam, where fcam

is the frame rate of the camera. Fig. 8 shows the velocities from two
different matching strategies. The correlation coefficient between the
two time histories is 97.03%. Comparing to the results of displacement
(correlation coefficient is 91.68%), the velocity results show higher
consistency, which means calculating velocity from displacement using
numerical differentiation gives more reliable results. In frequency do-
main, the two frequencies are also 2.534 Hz and 3.001 Hz which are
consistent with those in Section 4.2.1. From this comparison, it is
suggested that if velocity is required for serviceability assessment, the
vision-based method with either frame update or no frame update is
good.

4.2.3. Comparison of acceleration results from two different feature
matching strategies and accelerometer

The acceleration can be calculated by taking the first derivative of
the velocity or by taking the second derivative of the displacement

using numerical methods as expressed in Eqs. (4) and (5). Fig. 9 and
Fig. 10 shows the acceleration data (raw data, without filtering) di-
rectly calculated from displacement (no frame update) and velocity
(frame update). Fig. 11 shows the acceleration data collected by ac-
celerometer. Comparing with Fig. 9a, Fig. 10a and Fig. 11a, it can be
seen that the ranges of the raw acceleration data obtained from vision-
based methods are both from −2 m/s2 to 2 m/s2, while the range of the
acceleration collected by accelerometer is from −0.5 m/s2 to 0.5 m/s2.
Comparing Fig. 7b, Fig. 8b, Fig. 9b, Fig. 10b, and Fig. 11b, it is in-
dicated that high order modes are mixed into the acceleration time
histories when converting displacement to acceleration and velocity to
acceleration. The reason is thought due to the numerical differentiation.
It might also induce the large spikes in acceleration data and a large
range, e.g. from −2 m/s2 to 2 m/s2.

To eliminate the high order modes mixed in the acceleration data
obtained from vision-based methods in Fig. 9 and Fig. 10, a low-pass
filtering is required. Fig. 12 shows the comparison of filtered accel-
eration obtained from vision-based methods with the data from accel-
erometer. From Fig. 12a, it is suggested that the three acceleration time
histories are consistent with each other very well. Fig. 12b shows the
zoomed window of Fig. 12a within the range of 18 s to 22 s. Large

Table 2
Experimental cases.

Case Loading form Pace (bpm, beat per minute) Frequency (Hz)

1 Seven people, walking with a metronome 101 1.68
2 Seven people, walking with a metronome 120 2.0
3 Seven people, walking with a metronome 201 3.35
4 Seven people, random walking Random pace –
5 Seven people, running with a metronome 180 3.0
6 Seven people, random running Random pace –
7 Seven people, random jumping 150 2.5
8 Seven people, random jumping Random pace –

Fig. 7. Comparison of displacement results from two different feature matching strategies of Case 5: (a) comparison in time domain, and (b) comparison in frequency
domain.
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Fig. 8. Comparison of velocity results from two different feature matching strategies of Case 5: (a) comparison in time domain, and (b) comparison in frequency
domain.

(a)

(b)

2.534 Hz

3.001 Hz

High order modes 
induced by numerical 

differentiation 

Fig. 9. Acceleration (raw data) directly calculated from the displacement data by using vision-based method with no frame update of Case 5: (a) in time domain, and
(b) in frequency domain.
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(a)

(b)

2.534 Hz

3.001 Hz

High order modes 
induced by numerical 

differentiation 

Fig. 10. Acceleration (raw data) directly calculated from the velocity data by using vision-based method with frame update of Case 5: (a) in time domain, and (b) in
frequency domain.

(a)

(b)

2.534 Hz

3.001 Hz

Fig. 11. Acceleration data collected by accelerometer of Case 5: (a) in time domain, and (b) in frequency domain.
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spikes in the raw acceleration data obtained from vision-based methods
shown in Fig. 9a and Fig. 10a are removed and the amplitude range is
within −0.5 m/s2 to 0.5 m/s2.The high order modes in Fig. 9b and
Fig. 10b are eliminated as shown in Fig. 12c. This is important because
in current standards and codes for vibration serviceability assessment,
the peak acceleration value or RMS is used to define the serviceability
limits. Spikes in the raw acceleration time histories due to the numer-
ical differentiation would cause higher peak value and RMS, which
result in underestimated serviceability assessment results. Table 3 lists
the correlation matrix of time acceleration histories obtained from

vision-based methods (camera) with low-pass filtering and accel-
erometer. It can be seen that the correlation coefficients between the
data extracted from camera and accelerometer are 96.07% (frame up-
date) and 95.72% (no frame update), which gives a quite consistent
verification. Also, the correlation coefficient between the data obtained
from two feature matching strategies is very high, 99.38%. If the ac-
celeration collected by the conventional sensor, i.e., accelerometer is
regarded as the ground truth, considering the high consistencies be-
tween the three acceleration time histories, the acceleration obtained
from both the two feature matching strategies are suitable for service-
ability assessment.

4.2.4. Vibration serviceability assessment based on human comfort level
From the comparisons in Section 4.2.2 and 4.2.3, it is noted that the

measurement results of velocity and acceleration obtained by using two
different feature matching strategies are very consistent with each other
and the acceleration results derived by using the two strategies are also
very close to the results obtained from the conventional accelerometers.
However, as indicated in Section 4.2.1, the displacement data extracted
from the feature matching strategy of frame update could produce

(a)

(b)

(c)

2.534 Hz

3.001 Hz

Fig. 12. Comparison of filtered acceleration obtained from vision-based methods with the data from accelerometer of Case 5: (a) in time domain, and (b) in frequency
domain.

Table 3
Correlation matrix of time acceleration histories.

Accelerometer Camera-frame
update

Camera-no frame
update

Accelerometer 1 96.07% 95.72%
Camera-frame update 96.07% 1 99.38%
Camera-no frame

update
95.72% 99.38% 1

C.-Z. Dong, et al. Engineering Structures 224 (2020) 111224
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accumulated errors, which make the displacement measurement accu-
racy be lower than the strategy with no frame update. Based on the
consideration for more accurate data sources including displacement,
velocity and acceleration obtained from vision-based methods, the
feature matching strategy with no frame update is implemented in this
study to first extract the displacement data from the images. Then the
displacement data are converted to velocity and acceleration by using
numerical differentiation and low-pass filtering for the purposes of
structural vibration serviceability assessment as expressed in Eqs. (4)
and (5). All the loading cases in this study are processed by following
this procedure to get the final acceleration time histories from image
sequences. The computation times for acceleration data sample from
image sequence collected in each case are very close and the average
time is around 0.06 s including the image feature matching and the
derivation operation. The data processing was carried out on a personal
computer with the AMD Ryzen 5 2600X CPU, 16 Gb RAM and Windows
10 system. To keep the paper reasonably concise, the displacement and
acceleration time histories of all the loading cases are not listed here.
The RMS and peak value calculated from the acceleration data by using
vision-based methods and conventional accelerometers are shown di-
rectly. Table 4 lists the RMS and peak value of the acceleration data
(apeak). Here the RMS is also converted to the equivalent peak accel-
eration value (apeak-RMS) as indicated in Fig. 1. apeak-RMS and apeak are
applied to assess the vibration serviceability comparing with the ser-
viceability limits based on human comfort shown in Fig. 1. In Table 4,
the column titled by “Cam” (Camera) is the value calculated by the
displacement data obtained from the vision-based method with no
frame update and the column titled by “Accl” (Acceleration) is the
value calculated by the acceleration obtained from accelerometer.

Table 5 lists the results of the vibration serviceability assessment of
different cases using vision-based methods and accelerometer. Since the
assessment of the vibration serviceability is also related to the vibration
frequencies as presented in the standards such as BS 5400 and ISO
10137 (Fig. 1), in Fig. 13 the vibration results of all the loading cases in
frequency domain are also listed. The results of two different ap-
proaches are very consistent. It can be seen that the level of vibration

serviceability of Cases 1 to 4 is within the limits of ISO 10137, Euro
code 5 and BS 5400. For the Setra code, it is within the maximum
comfort level. Cases 1 to 4 are the cases of human walking with dif-
ferent paces (1.68 Hz, 2.0 Hz, 3.35 Hz and random pace). Among the
four cases, walking with the frequency of 3.35 Hz (Case 4) causes the
largest RMS and apeak.

Fig. 13a to 13c show the vibration results of the walking cases with
different paces (loading frequencies). It can be seen that the walking
loads excite both the fundamental frequencies and loading frequencies.
And the vibration modes related to the two frequencies have higher
energy, which can be seen from the amplitudes of related frequencies.
However, there are still some small differences of the contributions of
the two frequencies in the vibration signals of the three cases. In Case 1
as shown in Fig. 13a, the amplitude of the loading frequency (1.68 Hz)
is just around 25% of the amplitude of the fundamental frequency
(2.54 Hz), while in Case 2 as shown in Fig. 13b, the amplitude of the
loading frequency (2.0 Hz) is around 3.8 times of the amplitude of the
fundamental frequency (2.54 Hz). In Case 3 as shown in Fig. 13c, the
amplitudes of the loading frequency (3.35 Hz) and the fundamental
frequency (2.54 Hz) are very close. From Fig. 13d, it is noted that more
vibration frequencies are excited when the walking pace (or loading
frequency) is random. Especially the four frequencies around the fun-
damental frequency (2.54 Hz) exhibit the highest energy in the vibra-
tion signal and the amplitude of the fundamental frequency is around
twice of the other frequencies such as 1.955 Hz, 3.787 Hz and 4.773 Hz.
In Fig. 13a to 13d, it is also observed that there are some discrepancies
in the comparison between the data from camera and accelerometer
and the data from camera shows some noise around 5 Hz. The reason
might be that during the walking load cases, the structural displace-
ment components around 5 Hz, which is higher than the fundamental
frequency of the structure and the loading frequency, are too small and
difficult to capture. Noise inevitably exists in the displacement mea-
surements when using the vision-based methods. In this case, noise
would not affect the serviceability assessment since the vibration
components of fundamental frequency and loading frequencies are not
contaminated by the noise around 5 Hz. The noise problem can be
mitigated by applying some possible solutions such as improving the
camera resolution or attaching the manual markers with rich features
on the surface as tracking targets instead of using natural features on
the bridge surface.

In Case 5, seven people running at the frequency of 3 Hz caused
larger RMS and apeak than walking cases, but the vibration service-
ability level is still within the limits of ISO 10137, Euro code 5 and BS
5400. For the Setra code, it is in the range between mid and maximum
comfort level. However, when the seven people ran with random paces
(Case 6), the vibration serviceability level exceeds the limits defined by
ISO 10137, Euro code 5 and BS 5400. Also, for Setra code, it moves to
the level between minimum and mid comfort level. The reason for the
increase of RMS and apeak might be that during the random running
case, as shown in Fig. 13f the seven people’s random running induced a

Table 4
RMS and peak value of the acceleration data.

Case RMS (m/s2) apeak-RMS (m/s2) apeak (m/s2)

Cam Accl Cam Accl Cam Accl

1 0.0324 0.0341 0.0458 0.0482 0.099 0.124
2 0.0564 0.0389 0.0798 0.055 0.176 0.118
3 0.147 0.110 0.207 0.156 0.341 0.467
4 0.0373 0.0351 0.0527 0.0497 0.0857 0.109
5 0.369 0.330 0.522 0.468 0.659 0.650
6 0.474 0.495 0.671 0.701 1.051 1.178
7 0.904 0.892 1.279 1.262 1.919 1.836
8 0.6151 0.584 0.870 0.826 1.500 1.426

Table 5
Serviceability assessment of different cases.

Case Serviceability Assessment

ISO 10137 Euro code 5 BS 5400 Setra

Cam Accl Cam Accl Cam Accl Cam Accl

1: 1.68 Hz walking Under limit Under limit Under limit Under limit Under limit Under limit Max comfort Max comfort
2: 2.0 Hz walking Under limit Under limit Under limit Under limit Under limit Under limit Max comfort Max comfort
3: 3.35 Hz walking Under limit Under limit Under limit Under limit Under limit Under limit Max comfort Max comfort
4: random walking Under limit Under limit Under limit Under limit Under limit Under limit Max comfort Max comfort
5: 3.0 Hz running Under limit Under limit Under limit Under limit Under limit Under limit Mid-Max comfort Mid-Max comfort
6: random running Exceed limit Exceed limit Exceed limit Exceed limit Exceed limit Exceed limit Min-Mid comfort Min-Mid comfort
7: 2.5 Hz jumping Exceed limit Exceed limit Exceed limit Exceed limit Exceed limit Exceed limit Min-Mid comfort Min-Mid comfort
8: random jumping Exceed limit Exceed limit Exceed limit Exceed limit Exceed limit Exceed limit Min-Mid comfort Min-Mid comfort
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dominant frequency, 2.548 Hz which is the resonant frequency of the
footbridge and this component make up a large portion in the time
history. The resonant effect induced larger amplitude of acceleration
responses and larger RMS and apeak. While in Case 5 shown in Fig. 13e,
the dominant frequency of running with the frequency of 3.0 Hz is
3.001 Hz which is not the resonant frequency.

In Case 7 as shown in Table 4, when the seven people kept jumping
on the bridge with the frequency (2.54 Hz) which is identical with the
fundamental frequency of the structure, the RMS and the peak value are
the largest among all the eight loading cases. In Fig. 13g, it can be seen
that the loading frequency (2.5 Hz) in the Case 7 show the highest
amplitude of the structural vibration. In addition, the vibration servi-
ceability assessment result of Case 7 also exceeds the limits defined by
ISO 10137, Euro code 5 and BS5400, and it reaches the Min-Mid
comfort level defined by Setra. When seven people jumping with
random frequencies on the bridge, the vibration serviceability assess-
ment result of Case 8 is similar to the results of Case 6 and Case 7. In
Fig. 13h, the dominant frequency is also close the fundamental fre-
quency of the structure. It is also observed from Fig. 13d, 13f and 13 h,
when the people walk, run and jump with random frequency, the
dominant frequency of the vibration responses of the structure is always
around the fundamental frequency of the structure. The fundamental
frequency of the structure might be slightly affected by the loading
types and paces of the pedestrian. In addition to support the vibration
serviceability assessment, these observations can also benefit the en-
gineering practices in structural design for the purposes of vibration

serviceability.
From the results shown in Table 4, Table 5 and Fig. 13, it can be

seen that the proposed method by using computer vision techniques to
assess the vibration serviceability can give very consistent results
compared to that obtained from conventional accelerometers. It is
promising to apply the proposed method in the future engineering
practices for vibration serviceability assessment. However, as a non-
contact and optical-based method, the proposed method might be in-
fluenced by the adverse environmental factors such as illumination
change and camera shaking induced by the ground vibration or wind
effects. The SIFT feature detector and VGG descriptor implemented in
this study were presented in Refs. [33,34] to be robust to the illumi-
nation change within selected datasets, the robustness to the illumi-
nation change in field application remains to be validated in the future.
The measurement errors due to the camera shaking in real environment
can be mitigated by using the background reference subtraction ap-
proach as stated in the previous work [28]. The reader is addressed to
Ref. [28] for more details.

5. Conclusions

In this study, the vibration serviceability assessment based on
human comfort of a footbridge using computer vision techniques is
investigated. A series of experiments of footbridge under different types
of human loading including walking, running and jumping with dif-
ferent paces (frequencies) are conducted to verify the proposed

Fig. 13. Frequency spectra of the acceleration time histories obtained from vision-based method and accelerometer of all cases.

C.-Z. Dong, et al. Engineering Structures 224 (2020) 111224

11



approach. The main approaches, findings, and conclusions are as fol-
lows:

(1) The vibration serviceability assessment criteria in current standards
and codes are discussed and ISO 10137, Euro code 5, BS 5400 and
Setra are taken as the reference for serviceability assessment;

(2) A vision-based displacement/velocity monitoring approach is pro-
posed by using feature matching. Two different feature matching
strategies such as matching between first frame and current frame
(no frame update) and matching between consecutive frames
(frame update) are compared and it is suggested that the feature
matching with no frame update gives good displacement, velocity
and acceleration, while the feature matching with no frame update
does not perform good in terms of displacement measurement.

(3) The feature matching with no frame update is applied to estimate
the displacement data from image sequence and the displacement is
first converted to acceleration and then indicators such RMS and
apeak are calculated for the serviceability assessment compared with
the conventional accelerometer.

(4) The random running, random jumping and jumping with the fre-
quency that is close to the fundamental frequency of the footbridge
can induce the serviceability level to exceed the limits defined by
the current standards and codes.

(5) The human loads of different types and paces can induce a slight
change (within 0.1 Hz in this experiment) of the fundamental fre-
quencies of the footbridge and this would affect the serviceability
assessment since the serviceability limit defined in standards and
codes is related the fundamental frequency.

The serviceability assessment in current standards and codes is
based on the human comfort and human comfort is a concept of per-
ception. It is stated in literature that both the displacement and velocity
can trigger the perception of human [1]. For example, the minimum
displacement that human can percept is 0.001 mm [35]. Smith (1969)
applied displacement as the indicator for human comfort and service-
ability [36]. It is also noted that in Japan by Yoneda (2002), velocity is
used as the index to assess footbridge serviceability [37]. Živanović
et al (2004) stated that “Usually, acceleration response was measured
because it was established as the best parameter for describing people’s re-
action to vibrations and, also, it was easy to measure it using widely
available accelerometers” [1]. This explains the main reasons why ac-
celeration is used in most of the standards and codes for serviceability
assessment. Although in current standards and codes, acceleration is
still the most common data type for serviceability assessment, dis-
placement and velocity can also be employed as another alternative.
Considering the advantages of vision-based methods such as non-con-
tact, long distance, low cost, time saving, and ease of use compared to
conventional accelerometers [38], it is shown that using vision-based
methods to collect displacement, velocity and acceleration would be a
practical and efficient choice for vibration serviceability assessment for
many field scenarios. As a result, this paper presents a novel approach
for such practical serviceability assessment using different data types,
i.e. displacement and velocity. It is interesting to observe that such
novelties that were discussed in a forward look for sensing and mon-
itoring for structures for serviceability [39] are now realized and many
others technologies can be expected to positively impact structural
engineering in the near future.
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