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Abstract. This study proposes the use of a high-speed camera as a holographic visual sensor to obtain the dense full-field 
dynamic parameters of the main beam of a bridge by the field of view through uniaxial rotation photography. Based on 
the basic principle that the frequency and mode of a structure are inherent characteristics, the mode coordinates obtained 
from each field of view are unified, normalized, and matched according to the same name pixels to obtain the dense full-
field dynamic parameters of the entire bridge. The frequency and first three order modes of a self-anchored suspension 
test bridge are collected by the method proposed in this study. The frequency comparison between the accelerometers and 
dial gauges is within 3%, and the mode shapes are more holographic and more realistic than those obtained by limited 
measuring points. In addition, the difference in the curvature mode under various damage conditions obtained by limited 
measurement points is compared with that obtained by the method proposed in this study. Results shows that the dense 
full-field modal curvature difference can reflect the change in the damage location even in a low order, which means the 
sensitivity of the change of damage location in low-order modal.

Keywords: structural health monitoring, holographic visual sensor, uniaxial rotation photography, structural damage iden-
tification.

Introduction 

With engineers’ and researchers’ deepening understanding 
of civil structures, vibration analysis occupies an increas-
ingly important position in the design research of civil 
construction, operation, and maintenance. Modal analysis 
is a method of analyzing structural dynamics, using the 
inherent characteristics of a structure produced recently, 
including dynamic property natural frequencies, damp-
ing ratio, and mode shapes, to describe the structure. The 
main purpose of modal analysis is to obtain the modal 
parameters of a system structure to describe its dynamic 
characteristics.

Vibration testing methods can be divided into two 
types, that is, contact measurement methods and non-
contact measurement methods. Contact measurement 
methods rely mainly on sensors and strain gauges to col-
lect vibration data, which must be set on the surface of a 

structure. Occasionally, an entire structure surface must 
be covered with such instruments to obtain complete 
data, which is labor intensive. In flexible or lightweight 
structures, the introduction of data transmission lines 
and load quality can seriously affect measurement results. 
Meanwhile, noncontact measurement methods are based 
mainly on photoelectric, electromagnetic, and other tech-
nologies and not need establish contact with an object 
during measurement. Typical noncontact measurement 
methods include laser triangulation, ultrasonic measure-
ment, eddy current methods, and machine vision methods 
(Ye & Dong, 2019; Bao & Li, 2019).

With the continuous development of computer vision 
technology and image acquisition equipment, vision-
based displacement and vibration monitoring methods 
have been used in civil engineering for more than 10 years 
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and verified in practical engineering applications (Xu & 
Brownjohn, 2018; Feng et al., 2015; D. Feng & M. Q. Feng, 
2017a, 2017b; Dong et  al., 2018; Chu et  al., 2019; Jiang 
et al., 2020). Owing to their numerous advantages, such as 
long-distance, noncontact, high precision, time and labor 
efficiency, multipoint monitoring, and so on, such meth-
ods have attracted increasing attention from researchers 
and engineers (Ye et  al., 2016b). These methods mainly 
perform target tracking on test structure videos taken by 
a camera to obtain the movement trajectory of a measure-
ment point in the image and determine the displacement 
information of a structure through the geometric rela-
tionship between the image and the real world. A camera 
is erected at a fixed point away from the test structure, 
thereby eliminating the need for contact displacement 
monitoring methods to install fixed support points on the 
structure. In addition, because the field of view of a cam-
era can cover multiple measurement areas on a structure, 
achieving multipoint measurements at a low cost is easy.

Typical visual vibration measurement methods in-
clude those based on optical interference, target tracking, 
and digital image correlation. Based on the principles of 
close-range digital photogrammetry and computer vision, 
Chang and Ji (2007), Ji and Chang (2008) proposed a vid-
eo measurement technique for measuring the vibration 
response of three-dimensional structures in the labora-
tory. Meanwhile, Ho et al. (2012) proposed an infrastruc-
ture dynamic displacement measurement method based 
on multipoint vision. Moreover, Martins et  al. (2013) 
proposed the use of visual technology to measure the 
three-dimensional displacement of suspension bridges. 
Based on correlation theory of digital image processing 
and a multipoint template matching algorithm, Ye et al. 
(2013, 2016a) proposed a computer vision-based long-
distance noncontact distributed structural displacement 
monitoring method for long-span bridges, which realized 
the onsite structural displacement monitoring of distance 
in kilometers. Zhao et  al. (2019) successfully combined 
support vector filtering and Kanade-Lucas-Tomasi (KLT) 
tracking method to identify the dynamic displacement 
of a bridge tower structure. The support vector filter-
ing method first selects a rough area then uses KLT to 
achieve accurate tracking while exhibiting robustness and 
accuracy. Computer vision-based modal parameter visual 
recognition methods have become research hotspots in 
recent years. Camera measurements without structural 
surface pretreatment can directly extract structural mod-
al parameters. This technology mainly combines phase-
based optical flow calculations (Fleet & Jepson, 1990) and 
video motion amplification technology (Wadhwa et  al., 
2013) processing methods. Chen et al. (2015) of MIT suc-
cessfully measured the modal parameters of an antenna 
rod using video motion amplification technology. Sar-
rafi et  al. (2017) used phase-based video motion ampli-
fication technology to measure the modal parameters of 
a fan blade, such as vibration mode and frequency, and 
compared them with those obtained by an accelerometer, 
thereby showing the satisfactory accuracy of the method. 

Yang et al. (2017a) identified the modal parameters of a 
laboratory four-layer frame structure with high accuracy 
and discussed the modal parameters under several condi-
tions, such as when the video frame rate does not meet the 
Shannon sampling theorem, the possibility of recognition 
(Yang et al., 2017b), and the establishment of a highly re-
alistic video motion model for structural dynamic analy-
sis that can replace a finite element model (Yang et  al., 
2018a). Specifically, accurately identifying structural dam-
age is difficult for the traditional structural damage iden-
tification method, which is based on modal parameters, 
owing to limited vibration mode points. Moreover, com-
puter vision technology can provide a simple and prac-
tical method for obtaining the vibration mode of dense 
measurement points, which demonstrates accurate dam-
age identification, thereby providing a solid foundation. Li 
et al. (2011) proposed a structural damage identification 
method based on fractals, which requires dense vibration 
mode data. Furthermore, Yang et al. (2018b) used a fractal 
method to identify structural damage based on computer 
vision to obtain dense vibration mode data.

In addition, the mobile measurement method has been 
developed in recent years. The available measuring points 
get increased in space by using on-board sensors to per-
form indirect measurements. The obtained signal needs 
to be post-processing to separate the vehicle motion and 
the bridge response (Matarazzo & Pakzad, 2018; Eshke-
vari et al., 2020; Yang et al., 2004). The separation method 
is studied respectively, and the bridge modal parameters 
are obtained, including high-resolution mode shapes and 
modal frequencies in various orders. The separation meth-
od requires the information of moderate road roughness 
and refined control on vehicle speed (Malekjafarian et al., 
2015), which needs further studies. However, because of 
its convenience and reusability, it has a very promising 
application.

At the same time, the method based on the analysis 
of time-domain signal of vision-based structural modal 
identification, the modal parameters, including high-def-
inition mode shapes, have been obtained directly (Eshke-
vari et al., 2019). The research has achieved good results 
for small structures in the laboratory. However, it cannot 
decompose modal using time histories directly since there 
is no guarantee that partial mode shapes are orthogonal. 
That means it cannot be used in the method of multiple 
fields of views.

The summary of the aforementioned studies reveals 
that displacement and vibration monitoring using ma-
chine vision is widely studied and applied in engineering. 
However, several problems remain in the method, that is: 
1) few measuring points exist in the displacement tracking 
method through target points or KLT feature points, and 
2) the measurement accuracy and the size of the field of 
view are mutually restricted when applying vision-based 
technologies. To improve the accuracy, the shooting area 
is usually zoomed in by using a telephoto lens to increase 
resolution, but this solution reduces the available field of 
view. This problem becomes more serious when applying 
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vision-based technologies to a large-span bridge. There-
fore, in view of these problems, this study proposes the 
use of fixed-axis rotation photography, which can record 
videos of a large bridge structure from different view ar-
eas; obtain the time history displacement of a main beam, 
with the low edge contour as the target; unify the modal 
parameters of each view area with the same coordinates 
and match them according to the same name pixel points; 
and synthesize the modal parameters of the entire bridge. 
The general idea and process of this paper are shown in 
Figure 1. According to the method proposed in this study, 
the number of measuring points can be increased signifi-
cantly, and dense full-field dynamic parameters can be 
obtained, which reflect the sensitivity of damage identi-
fication to location changes in a low-order mode. Dam-
age identification performance can be improved through 
the use of modal information, especially when high-order 
mode information is difficult to obtain.

1. Theory

The mode shape and frequency of a structure depend on 
M and K. In the experiment discussed in this paper, the 
material characteristics of the experimental object remain 
invariable, and the structural stiffness K is changed to cap-
ture the modes and change rule of the structure and to 
lay a foundation for the subsequent damage identification 
process. The natural frequency wi is a global feature of the 
structure, which means that it is consistent everywhere in 
the target object. However, the amplitude and phase of 
the structural mode sharp fi will change in space; thus, 
the vibration frequency characteristic can be obtained 
by observing the vibration characteristics of any part of 
the target object, and the change in structural stiffness in 
space can be obtained by observing the mode shape. Ac-
cording to the current research, contact and noncontact 
sensors are limited by input costs, field installation con-
ditions, and technical means, and dynamic parameters, 
such as frequency and mode, are obtained through limited 
measuring points. The more the measurement points, the 
better the damage identification effect. A simple support 
beam is taken as an example to illustrate the characteris-
tics described above.

1.1. Eigenmodes analysis

The beam is simplified into a concentrated mass system 
supported by a spring and damper for modal analysis, as 
shown in Figure 2. The dynamic differential equation of 
the system can be expressed as

( ) ( ) ( ) ( )+ + =x t x t x t f tM C K , (1)

where, M represents the mass matrix, C is the viscous 
damping matrix, and K is the stiffness matrix. x,  x , and 
x represent the vectors for displacement, velocity, and 
acceleration of each point on the simple support beam, 
respectively. Assuming sinusoidal solutions to Eqn (1), 
the eigenmodes of this system are the orthogonal solu-
tions to the generalized eigenvalue problem given by 
f = w f2

i i iK M . The set of eigenvectors or eigenmodes  
f1 … fn define a modal matrix F shown in Eqn (2) which 
diagonalizes the mass and stiffness matrices into modal 
masses mi and modal stiffnesses ki.

F = [f1, f2 … fN], (2)

FTMF = diag(mi), (3)

FTKF = diag(ki). (4)

The matrix F defines modal coordinates q(t) where 
u(t) = Fq(t). In these modal coordinates, the equations 
of motion are decoupled into single-degree-of-freedom 
systems defined by modal masses mi, damping ci, stiff-
nesses ki, and forces ( ) ( )= fT

i it tf f . Under the common 
assumption of Rayleigh damping, modal damping can be 
expressed as = α +βi i ic m k . 

In an undamped system, the natural frequency is 
w = /i i ik m , thereby giving the decoupled equation of 
motion for each mode as

( ) ( ) ( )+ ξ w +w =22 i
i i i

i
t t t

f
q q q

m
 , (5)

Figure 1. General idea and flow chart

Figure 2. Ideal model of concentrated mass for simply 
supported beams
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giving the modal damping factor

 α
ξ = = +βw  w w 

1
2 2

i
i i

i i i

c
m

. (6)

Then, the unit impulse response for the ith mode can 
be obtained by solving Eqn (5).

( )
−ξ w 
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sin( )

i it

i di
i di

eh t t
m

, (7)

where the damped natural frequency is w = w −ξ21di i i  . Taking the Fourier transform of the unit, impulse re-
sponse hi(t) becomes the convolution: 

( ) ( ) ( )   d w−w −d w+wξ w
w =      w ξ w +w   
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1 * di dii i

i
i di i i

H
im

. (8)

Therefore, the transfer function of a single mode is 
the convolution of the spike of the resonance frequency 
with the Lorentz distribution (the Fourier transform of the 
exponential decay), whose width depends on the mode 
frequency and damping. The time spectrum obtained by 
the broad-spectrum excitation is presented as the trans-
fer function of the target, and the damping of the target 
can be derived by observing the width of the resonant 
peak of the time spectrum. The effects of damping can be 
observed through the motion spectrum, or the Lorentz 
window is used to match and identify the motion spectra.

The natural frequency of an object is a global charac-
teristic and does not change depending on how it is ob-
served. Thus, the time spectrum obtained from different 
locations is consistent. An object’s power spectrum of lo-
cal motion at different locations can be obtained by using 
the invariance of frequency wi in space. All the coincident 
peaks in the power spectrum correspond to the natural 
frequency. Therefore, the position, size, and direction of 
each pixel are extracted to form the power spectrum of 
local motion, and the average can be transferred to the 
global power spectrum.

The amplitude and phase of the time history signals 
at each point of the simple support beam are obtained by 
Fourier transform. The amplitude represents the ampli-
tude of motion, whereas the phase indicates the direction 
of motion. The signals at each point of the correspond-
ing frequency can be calculated using the amplitude and 
phase, thereby obtaining the modal characteristics of the 
structure under the corresponding natural vibration fre-
quency. In modal parameters, frequency and damping 
are the global characteristics of a structure. Theoretically, 
the frequency and damping of all modes can be obtained 

from one measuring point (avoiding nodes of each mode). 
Numerous points must be measured to obtain the mode 
shape; thus, the mode shape is a local characteristic of a 
structure. The more measuring points, the more real the 
mode shape reflected. The traditional measurement meth-
od can fit only the mode shape through a limited num-
ber of points. From the perspective of health monitoring, 
several important information is ignored, and detecting 
structural stiffness changes at an early stage is difficult. 
According to the Shannon–Nyquist sampling theorem, 
in the analog/digital signal conversion process, when the 
sampling frequency fs.max is more than 2 times the high-
est frequency fmax in the signal, the sampled digital signal 
completely retains the information in the original signal. 
Therefore, generally, to obtain the third natural frequency 
of a measured object, the arrangement of 2i + 1, that is, 
seven measurement points, meets the requirements. How-
ever, if additional measurement points are arranged, then 
natural frequencies can be obtained accurately, and ac-
curate mode shape parameters can be provided through 
modal damage identification. The concept can be ex-
plained through a numerical simulation.

1.2. Characteristics of dense full-field modal

A numerical calculation model is established by taking the 
simple support beam shown in Figure 1 as an example. 
The beam length is 3 m, the section is rectangular, height 
H = 0.01 m, and width B = 0.15 m. The beam is divided 
into 24 elements along its length and is a single degree 
of freedom along the vertical axis, as shown in Figure 3. 
The material is Q345 steel, and E  = 2.1×105 MPa. Ele-
ment damage is simulated by reducing two thirds of the 
elastic modulus of the material, and the damage condition 
is shown in Table 1.

Two data acquisition methods are adopted by taking 
the process of obtaining the first three order dynamic pa-
rameters of the simple support beam as an example. One 
method is based on the Shannon–Nyquist sampling theo-
rem and uses seven measurement points as data sources 
(limited measure points), as shown in Figure 3. The other 
method uses all nodes as data sources (dense measure 
points) to compare and analyze the impact of significant 
changes in the number of measurement points on the 
modal parameter analysis. Based on the theory discussed 
in Section 2.1, the first three frequencies and modes are 
obtained and regularized according to the maximum dis-
placement.

Figure 3. Numerical model

Table 1. Damage condition

Damage condition 1 2 3 4 5 6 7
Damage units None 6 7 8 9 10 11
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The first three order frequencies are obtained by dense 
and limited measuring points, which are 5.85 Hz, 16.12 
Hz, and 36.61 Hz. According to Figure 4, the mode shapes 
of low-order modes obtained by dense and limited mea-
suring points tend to be consistent with their mode shapes 
under different damage conditions. 

However, as mode order improves, mode shapes 
formed by dense measuring points can better reflect real 
mode shapes and their shape trends under different dam-
age conditions. At the same time, according to existing 
research (Dessi & Camerlengo, 2015), the mode shape 
cannot quantify damage location and damage degree eas-

ily and is rarely employed directly in damage identifica-
tion. However, the curvature mode or flexibility mode 
obtained through transformation has a satisfactory effect 
on damage identification. The displacement modes of each 
node are first calculated by taking the curvature mode as 
an example, then the curvature mode matrix is obtained 
through difference approximation.

+ −″

−

ϕ − ϕ + ϕ
ϕ = 1 1

1

2i i i
i

i il l
, (9)

where ( )ϕi x  represents displacement modes, i is the ith 
measurement points, and lt–1 is the distance between two 

a) Mode 1 obtained by limited measuring points b) Mode 1 obtained by dense measuring points

c) Mode 2 obtained by limited measuring points d) Mode 2 obtained by dense measuring points

e) Mode 3 obtained by limited measuring points f) Mode 3 obtained by dense measuring points

Figure 4. Comparison of modes obtained by dense and limited measuring points
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adjacent measuring points i –1 and i. The modal curvature 
difference D before and after damage is

″ ″D = ϕ −ϕu d , (10)

where, ″ϕu and ″ϕd  represent the modal matrix of the cur-
vature before and after damage, respectively, obtained 
through difference calculation:

d = Dmax . (11)

Structural damage identification can be realized by us-
ing the property of the maximum value d of the modal 
curvature change vector, and the degree of damage can be 
reflected by its size.

According to the results, the curvature difference of 
each node in each damage and undamaged condition in 
Mode 1 is taken as an example to illustrate the results. 
As shown in Figure 5a, the curvature mode difference of 
conditions 2 and 3 is very small, and in conditions 5 and 
6, the node values are basically the same. The relationship 
between the damage and change in the damage condition 
is not clear; thus, identifying the damage on this basis is 
difficult. From Figure 5b, the initial location of the dam-
age is apparent (node number 12 mutations), and with 
the damage position extending continuously to the left, 
the abrupt position of the curvature difference of the left 
node also shifts to the left, thereby showing the correlation 
in the damage position change and reflecting the sensi-
tivity of damage identification. Meanwhile, highly dense 
measuring points can be predicted, which are sensitive to 

damage identification. A self-anchored suspension bridge 
is taken as an example in the following section to explain 
how highly dense detection points can be achieved and 
dense full-field dynamic parameters can be obtained.

2. Test overview

2.1. Test object and data acquisition scheme

Based on the previous study of our research team (Wang 
et  al., 2016; Shao et  al., 2020; Deng et  al., 2020), a 1:30 
model of the Taohuayu Yellow River Bridge is constructed. 
A total of 52 C30 concrete deck slabs (1.16×0.45×0.2 m) 
are prepared and laid on a steel box girder to simulate 
vehicles on the bridge and serve as counterweights. 

The test vehicle is a flat car made from a 10 cm-thick 
steel plate, which can increase the counterweight accord-
ing to the requirements of the test content. Meanwhile, 
to ensure that the test vehicle does not deviate during the 
driving process, channel steel is laid on the bridge deck 
as the guide rail of the test vehicle, as shown in Figure 6.

Every pixel can be used as a displacement sensor to 
monitor structures. However, many tests only obtain the 
motion response of the critical structural parts (Feng 
et al., 2017; Dong et al., 2019). In this study, a high-speed 
camera system, proposed in previous work (Deng et al., 
2020), was adopted as a noncontact remote bridge intel-
ligent sensing holographic monitoring system to obtain 
the structural dynamic response. The main components 

a) Curvature modal difference of Mode 1 obtained by limited measuring points

b) Curvature modal difference of Mode 1 obtained by dense measuring points

Figure 5. Comparison of mode difference obtained by dense and limited measuring points
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include holographic vision sensor, PTZ, and control sys-
tem, it is set up 5 m from the test bridge facade. The fixed 
angle rotation of the camera is controlled by a computer 
to realize the acquisition of the fixed-section image of the 
test bridge at a fixed position, as shown in Figures 7 and 
8. In this experiment, according to the previous research 
results (Deng et al., 2020), the entire bridge is divided into 
six visual fields to collect image information. The environ-
mental action, vehicle load, and structural state are known 
and controllable variables in the test. When a holographic 
visual sensor is used to monitor the holographic shape of 
the test bridge under various damage conditions, the tem-
perature, illuminance, and humidity in the laboratory en-
vironment will have a certain impact on the test results. To 
obtain relatively stable original data under various dam-
age/action conditions, the test is performed at 9:00 a.m., 
with good light intensity and relatively constant tempera-

ture and humidity under relatively constant ideal indoor 
environment conditions with minimal disturbance, from 
July to December 2019, and recorded as the environmen-
tal label information.

To improve accuracy as much as possible, the image 
acquisition time of each field of view is set to one min-
ute. The mechanical structure requires sufficient time to 
eliminate vibrations when the platform changes from view 
i to view i + 1. Although extremely small, the vibrations 
cannot be ignored in the video. After the onsite test, the 
platform needs to stand for 5 minutes to eliminate the in-
fluence of the vibrations. At the same time, accelerometers 
were installed on the pedestal and platform to collect the 
vibration signal of the platform in the process of rotation, 
which is shown in Figure 9. In the subsequent processing 
of the time history signal obtained by a high-speed cam-
era, the signal is used as white noise for denoising.

Figure 6. Reduced-scale model

Figure 7. Experiment site layout

Figure 8. Principle of image collection
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Given that the scale ratio of the test bridge to the ac-
tual bridge is 1:30 in the longitudinal length, the length 
of the test bridge along the bridge length direction is 1/30 
the length of the actual bridge. To simulate a vehicle pass-
ing over the actual bridge at a speed of approximately 
80–100 km/h, controlling the speed of the test vehicle to 
approximately 0.74–0.93 m/s through the traction motor 
is necessary. Under the condition that the test vehicle runs 
continuously back and forth on the test bridge, the cruis-
ing fixed point of the six fields of view is set in the holo-
graphic detection system. To ensure adequate constraints 
between the fields of view and those for the unity and 
synthesis of subsequent modal vibration modes, a 20–30% 
overlap must exist between the fields of view. As shown in 
Figure 8, videos that are at least one-minute long are col-
lected for each field of view. A high-speed camera collects 
seven videos from fields of view 1 to 6.

To verify the feasibility of the image collection method, 
11 dial gauges are arranged along the axis of the bridge to 
capture the dynamic displacement, while the high-speed 
camera takes videos of the bridge. The arrangement of the 
dial gauges is displayed in Figure 10.

Accelerometers are arranged along the central axis of 
the bridge and bridge tower. The acceleration signal of the 
bridge is collected by the accelerometers and high-speed 
camera. A total of 14 accelerometers are arranged, 12 of 
which are placed along the central axis of the main beam. 

One accelerometer is arranged in each of the two main 
towers. Accelerometer Nos. 6 and 7 measure the vertical 
vibration and transverse vibration at the midspan posi-
tion, respectively; accelerometer Nos. 13 and 14 measure 
the vibration in the longitudinal direction of the two main 
towers; and the other accelerometers measure the vertical 
vibration. The arrangement of the accelerometers is shown 
in Figure 11.

The method proposed in this paper collects the image 
of the bridge facade. In theory, only the vertical degrees 
of freedom are calculated, and the out of plane degrees of 
freedom are not included. The suspension bridge is sym-
metrical along the central axis, and the damage condi-
tions are set symmetrically along the central axis without 
considering the out of plane changes. Therefore, the dial 
indicator and accelerometer are arranged along the central 
axis of the test bridge.

2.2. Test content

To provide additional samples for data analysis, the char-
acteristics of the bridge structure behavior can be moni-
tored by the holographic visual sensor. The following two 
conditions are proposed for collecting the test bridge 
structure deformation data: (1) Under the condition of a 
nondestructive structure, the running speed of ordinary 
vehicles is simulated by adding different weights (total 
weight of vehicle and counterweights are 25 kg and 50 kg);  

Figure 9. The layout of accelerometers

Figure 10. Arrangement of dial gauges

Figure 11. Arrangement of dial accelerometers
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(2) The displacement and acceleration data of the test 
bridge are collected by applying different single-point ex-
citation forces, that is, 300 kN and 600 kN, in the same 
position, as shown in Figure 12. The test condition design 
is presented in Table 2.

In order to ensure that the load corresponding to each 
test condition is consistent, three measures are mainly ad-
opted: (1) a variable-speed motor is used as the traction 
device of the test vehicle, and the control speed of the test 
vehicle is adjusted to be consistent in all test conditions; 
(2) the deck of the test bridge is equipped with a running 
track to ensure that the driving path of the test vehicle is 
consistent; (3) the pavement material with the surface of 
polyester is used to avoid bumping; to keep the level of 
modal excitations constant along the bridge length.

3. Dense measuring point displacement 
monitoring method

In this study, the motion of a bridge structure in a single 
field of view collected by a holographic visual sensor be-
longs to small motions according to the machine vision 
standard. Although it can lead to motion extraction dif-
ficulties, it is relatively easy to analyze. Given that the mo-
tion of a structure in a specific state often contains complex 
nonlinearity, small deformations can be well simulated by 
a linear system. According to the above assumptions, a 
method for extracting the natural frequencies and corre-
sponding modes of a bridge structure in a single field of 
view is established. The modal characteristics of the cor-
responding bridge structure in a single field of view are 
obtained by combining the analysis of the characteristic 
modes with the experimental object in this study.

Figure 13 presents the general framework of the struc-
tural displacement monitoring system based on machine 
vision, which mainly includes four steps and makes cor-
responding adjustments according to the application 
scenario, the presence or absence of artificial targets, the 
implementation algorithm, and so on.

Step 1. The geometric relationship between the image 
coordinates and world coordinates is obtained through 
calibration. This step takes advantage of existing research 
results and thus will not be described in the paper. In this 
study, the calibration method of Zhang (2000, 2004) is 
used directly and not explained in detail.

Step 2. Selecting appropriate feature points accord-
ing to the tracking object (in this study, the contour of 
the lower edge of the main beam) is necessary to obtain 
the position information of the selected target on the 
measured structure. As the tracking target of the visual 
monitoring system, the targets are key to the accuracy of 
the displacement measurement. The targets are divided 
mainly into two types. (1) Artificial targets are added on 
the structure surface to enhance the distinction between 
the tracking target and the surrounding environment and 
to improve the tracking accuracy. (2) The image features 
and texture structure of the structure surface are used as 
the targets. Given that the objective of this study is to trace 
the lower-edge contour of the entire test bridge girder to 
capture a few individual points, the two aforementioned 
types of markers are not applicable. In this study, the fol-
lowing target tracking methods are proposed according to 
the characteristics of clear target tracking (the lower-edge 
contour of the main beam).

The midspan view is taken as an example to illustrate 
the method for extracting the contour of the lower edge of 
the main beam of the test bridge feature points. First, the 
premise is that the position of each view is fixed. To re-
duce unnecessary calculations and noise, the first frame of 
the video is extracted and converted into a picture accord-
ing to the previous research results (Deng et al., 2018) by 
employing the edge function in MATLAB. Next, the gray-

Figure 12. Serial number of suspension cables

Table 2. Test condition and measurement method

Serial 
number

Test condition Measurement methods

Excitation type Type Quantity Traditional measurement methods Visual measurement method
1

Test vehicle Dynamic load
25 kg Accelerometer Dial gauge Holographic visual sensor

2 50 kg Accelerometer Dial gauge Holographic visual sensor
3

Force hammer Single point 
force

300 KN Accelerometer Dial gauge Holographic visual sensor
4 600 KN Accelerometer Dial gauge Holographic visual sensor

Figure 13. General framework of computer vision-based 
structural displacement monitoring system
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scale and contour information of the image is extracted, 
and the Canny edge detector is adopted for the extraction 
process. This operator determines the edge points in four 
steps, that is, smoothing the images with a Gaussian filter, 
computing the gradient amplitude and direction through 
finite-difference computing with a first-order derivative, 
applying no maximum suppression to the gradient ampli-
tude, and using a double threshold to detect and connect 
the edges.

The Canny edge detector can effectively extract the 
contours of the bridge structure from the static images 
collected by the holographic visual sensor. The extracted 
contours are further processed with MATLAB to decon-
textualize the contours of useless parts, thereby leaving 
only the lower-edge contour of the deck slabs to reflect 
the variation in the structural shape.

Given that the fields of view in the six images are 
fixed, the contours of the bridge structure are determined 
through the following method. The six images containing 
the initial boundary of the bridge structure are taken as 
the original images. The coordinates of each pixel in the 
boundary are extracted from the six images. Each pixel is 
marked in the original images based on these coordinates, 
thereby revealing the position of the initial boundary. The 
flowchart of virtual mark point setting of lower-edge con-
tour of main beam is shown in Figure 14a. The manual 
marking helps suppress noise in the images. In the sub-
sequent target tracking, the contours can be tracked au-
tomatically based on the marked pixels, thereby revealing 
the displacement of the lower-edge contour of the bridge 
main beam. The comparison between the proposed meth-
od and conventional algorithm for feature point extraction 
is shown in Figure 14b.

Step 3. According to the selected marker points for tar-
get tracking, because the structural deformation of the test 
bridge belongs to small motions in the field of machine 

vision, first, the K-nearest neighbor classification method 
(Goldstein, 2003) is used to extract the k-nearest neigh-
bor matching. Next, the best matching is selected through 
threshold processing. Based on single-strain matrix trans-
formation, the random sampling consistency method 
(RANSAC) (Matas & Chum, 2004) is used to remove the 
abnormal matching.

Step 4. The displacement of each point on the contour 
line in the image is obtained by comparing the tracked 
position with the initial position. In addition, the unique 
information in the image is transformed into the actual 
displacement in the world coordinate by using the camera 
calibration information.

According to the above steps, the time history dis-
placement information of dense measuring points of the 
structural feature contour can be obtained directly, as 
shown in Figure 15. According to the theory mentioned 
in Section 1.1, the time history displacement information 
of dense measuring points can be transformed to more 
accurate modal information, including frequency and 
mode shape, than that of limited measuring points. At the 
same time, according to Section 1.2, the more holographic 
mode shapes can better identify the damage.

4. Establishment of modal spatial  
relations in different fields of view

As described in Section 1.1, the basic principle of this 
chapter states that the frequency and mode shape of each 
stage of the structure are inherent characteristics. Although 
the two characteristics are obtained from different fields of 
view, they can form the mode shapes of the entire bridge 
as long as they are normalized and constrained by the fea-
ture points. However, because the data acquisition method 
used in this study for large-scale bridges is fixed-axis rota-
tion photography, only one field of view involves orthogo-
nal photography, and the rest involves tilt photography.  

Figure 14. Feature point extraction based on feature contour

a) Flowchart of virtual mark point setting of lower-edge contour of main beam

b) The comparison between the proposed method and conventional algorithm for feature point extraction
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Thus, according to the method described in Section 3, the 
amplitude of the time displacement information of each 
tracked pixel point is not at the same scale even in the 
same field of view.

Compared with small components, ignoring the dif-
ference between the actual size represented by the center 
pixel and the edge pixel of the image is feasible. However, 
the object in the video photographed by the method pro-
posed in this study is a large component, the scope of a 
single field of view is wide, and the closer the camera to 
the image, the larger the size difference between the center 
pixel and the edge pixel of the image, which cannot be 
ignored. In this case, the two actual parallel lines (e.g., the 
upper contour and lower contour of the bridge slab) will 
converge to a point in the image, and orthogonality is no 
longer maintained, which belongs to the distortion gener-
ated by the three-dimensional object in the projected im-
age, that is, perspective mapping. To unify the actual size 
of each pixel in the image, perspective transformation is 
necessary. However, the video cannot perform perspective 
transformation directly. Thus, this study first proposes to 
obtain the amplitude and phase values of each point of the 
contour of each frequency then form the modal informa-
tion of each frequency and use the method of perspective 
transformation to unify the coordinates and finally, match 
the mode of each field of view with the same name pixel 
points to form the constraint and synthesize the mode of 
the entire bridge.

The mode of each field of view is a two-dimensional 
value without a reference object. Thus, there is no basis to 
unify the coordinate system of each point. In this study, 
based on the perspective transformation, the original im-

age is used as a mask, and the mode information of each 
point of the lower-edge contour is added, as shown in Fig-
ure 16. The original image is used as the reference, and 
the perspective transformation is conducted to unify the 
modal coordinates of each point.

Image geometric transformation refers to the geomet-
ric transformation of image pixel position without chang-
ing the original image content. It involves basic transfor-
mation, including translation, rotation, scaling, reflection, 
and crosscutting. Perspective transformation and other 
types of composite transformation are combined through 
basic transformation, and the image formed by a camera 
tilted to shoot the target structure on the original imag-
ing plane will be deformed. If the image is mapped to the 
plane where the target structure is located, which is equiv-
alent to shooting the target structure perpendicularly, then 
the real shape of the target structure can be obtained. This 
process is called perspective transformation (Mezirow, 
2014), and its mathematical model is shown as Eqn (12):

     ′
     ′ =
     ′     

11 12 13
21 22 23
31 32 33

x a a a x
y a a a y
z a a a z

, (12)

where 
 
 
 
 

11 12 13
21 22 23
31 32 33

a a a
a a a
a a a

 is the transformation matrix, the 

source point is ( , , )Tx y z , and the target point is ′ ′( , , ')Tx y z  . 
The image is a two-dimensional object; thus, the value 
of z of the source coordinate is always 1. Similarly, the 
converted image is a two-dimensional object, and the 
corresponding coordinate is = ′ ′/X x z  and = ′ ′/Y y z .  

Figure 15. Obtain the modal information schematic diagram of the structure through the image

Figure 16. Schematic diagram of mode masked by initial image
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Next, Eqns (13) and (14) can be obtained according to 
Eqn (12).

+ +′
= =

′ + +
11 21 31

13 23 33

a u a v axX
z a u a v a

; (13)

+ +′
= =

′ + +
12 22 32

13 23 33

a u a v ayY
z a u a v a

. (14)

According to the principle of perspective conversion, 
it is known that it belongs to a linear transformation. In 
the actual projection imaging process, distortion will in-
evitably occur. If the distortion is not eliminated, the result 
of the modal perspective conversion will produce an er-
ror. Therefore, the deformation correction must be carried 
out, before calculating the perspective conversion matrix 
of the initial state image. Here, Zhang’s calibration method 
is also adopted.

Given that the data acquisition method of the intel-
ligent NRS involves the cycle rotation of a fixed axis, the 
corresponding rotation angle of each visual field is fixed, 
and the corresponding perspective transformation is con-
ducted for the image collected in each visual field. More-
over, the perspective transformation is performed based 
on the lower-edge contour of the bridge deck. The trans-

formed image retains the complete information of the 
experimental beam. Although the information of the rest 
parts is distorted, the deformation of the bridge structure 
in this field of view is real, as shown in Figure 17.

After the mode shapes of each order obtained from the 
six fields of view are perspective transformed, the same 
pixel points of the same order mode shape in the overlap-
ping part between the fields of view can be used for the 
constraint, as shown in Figure 18. The coordinate points 
of the mode shapes in the overlapping area are used to 
normalize and unify the mode shapes coordinates of each 
view area, then the mode shapes of each order of the en-
tire bridge can be obtained, as shown in Figure 19.

5. Experimental results and analysis
5.1. Frequency extraction

The results of the dial gauges, accelerometers, and method 
used in this study (i.e., the holographic visual sensor) are 
compared. The frequency of any point of the object is the 
same; thus, the time history curve of the point at the lower 
edge of the midspan bridge deck (as shown in Figure 20) 
and power spectrum after Fourier transform can be se-
lected to obtain the first three natural frequencies.

Figure 17. Perspective transformation based on lower contour of bridge deck

Figure 18. Modal information matching of each field of view using initial state image as mask

Figure 19. Constraint of modal shapes of fields of view
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The working conditions of this part of the test are 
shown in Table 3. First, the test bridge is excited by the 
motor traction test vehicle, and single-point excitation is 
conducted with a force hammer. The natural frequency 
of the test bridge is obtained by the accelerometers, dial 
gauges, and holographic visual sensor to verify the accu-
racy of the dynamic signal obtained by the holographic 
visual sensor.

The time history curve obtained by the holographic 
visual sensor is compared with that obtained by the dial 
gauges under conditions A1, A2, B1, and B2. The two 
curves are in good agreement, and the overall trend is the 
same, as shown in Figure 21.

To further verify the accuracy of the data obtained by 
the holographic visual sensor, the displacement time his-
tory data collected by the holographic visual sensor and 
accelerometers are used to obtain the first three order nat-
ural frequencies of the test bridge under the no damage 
condition through Fourier transform, as shown in Figure 
22. According to Figure 22, the holographic visual sensor 

can obtain the first three order frequencies well, which is 
consistent with the frequency value obtained by the ac-
celerometers. The results are shown in Table 4.

Table 4 shows that after Fourier transform, the time 
history displacement obtained by the holographic visual 
sensor and accelerometers is highly consistent with the 
frequency, and the highest error is 2.8%. Thus, it can be 
proven that obtaining the dynamic parameters of a struc-
ture with a holographic visual sensor is feasible. 

At the same time, the results demonstrate that under 
60 kg single-point excitation, the holographic visual sen-
sor and accelerators can obtain the first three order fre-
quencies of the test bridge. However, under 30 kg single-
point excitation, the second- and third-order frequency 
information obtained by the holographic visual sensor 
after Fourier Transform is not obvious but can be ob-
tained by the accelerometers. This finding means that the 
amplitude of the 30 kg single-point excitation is not suf-
ficiently high. However, the accelerometers are adequately 
sensitive to capture time history information completely, 
whereas owing to its resolution, the holographic visual 
sensor loses a part of its amplitude information, thereby 
resulting in the loss of relatively high-order frequency.  

Figure 20. Example view field of frequency  
and mode extraction

Table 3. Test conditions

Test 
condition

Serial 
number

Parameters 

Test load (kg) Test speed (m/s)

Driving 
excitation

A1 25 0.5

A2 50 0.5

Force 
excitation

B1 30 /

B2 60 /

Figure 21. Comparison of displacement extraction between holographic visual sensor and dial gauges

a) Time domain of A1 b) Time ldomain of A2

c) Time domain of B1 d) Time domain of B2
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The current Sony FDR-AX700 4K HDR HD digital cam-
era is used as the holographic visual sensor. A single-point 
excitation of 30 kg is insufficient to excite second- and 
third-order frequencies, but 60 kg is adequate. At the same 
time, Figures 22a and 22b show that under the driving 
excitation, the participation degree under each order fre-
quency obtained by the holographic visual sensor is the 
same as that obtained by the accelerators. However, the 
PSD amplitude under condition A2 with a 50 kg vehicle 
weight is extremely obvious, which shows that 50 kg is 
suitable as the intensity. Therefore, the equipment limi-
tation and excitation mode should be considered when 
using this method to collect dynamic parameters at this 
stage.

5.2. Mode shape extraction

According to Section 5.1, the time history information ob-
tained by driving excitation is selected for modal analysis. 
In this study, the dense full-field measurement is proposed 
to extract the time history information of all points on the 
lower-edge contour of the main beam. After Fourier trans-
form, the amplitude and phase corresponding to the first 
three natural frequencies can be obtained, then the first 
three order dense full-field mode shapes can be obtained. 
The acquisition of the amplitude and phase is shown in 
Figure 23, but the amount of data is too large to display. 
Therefore, the amplitude and phase of seven points in the 
midspan view (as shown in Figure 20) of condition A1 
are selected as an example to display, as shown in Table 5.

a) Comparison between measured frequencies of A1

c) Comparison between measured frequencies of B1

b) Comparison between measured frequencies of A2

d) Comparison between measured frequencies of B2

Figure 22. Comparison of frequencies measured by accelerometers and holographic visual sensor

Table 4. Comparison of frequencies obtained by holographic visual sensor and accelerometers

Serial number condition order Holographic Visual Sensor Accelerometers Error

1 A1
First 2.173 2.197 1.1%

Second 3.784 3.857 1.9%
Third 4.907 4.883 0.5%

2 A2
First 2.112 2.100 0.6%

Second 3.735 3.650 2.8%
Third 4.700 4.822 2.5%

3 B1
First 2.129 2.173 2.0%

Second / 3.784 /
Third 5.005 5.029 0.5%

4 B2
First 2.291 2.329 1.6%

Second 3.784 3.442 9.9%
Third 5.029 5.029 0
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In Table 5, the maximum value of the amplitude of 
the corresponding measuring point of each mode is used 
as the normalization factor, and the positive and nega-
tive vibration modes of each measuring point are deter-
mined by the phase angle (Ф = 0°~180° is positive, and 
Ф  =  –180°~0° is negative in this study). Given that the 
phase angle determines only the positive and negative 
problems of the vibration mode of the measuring point, 
its numerical value does not play a substantial role in the 
judgment of the positive and negative problems of the vi-
bration mode. Thus, considering the error of the phase 
measurement value in the measurement process too much 
is unnecessary. The mode shape is the ratio of two ampli-
tudes between each measuring point to the selected refer-
ence point on the structure to be measured, which is inde-
pendent of the vibration size of each measuring point. The 
mode shape can be obtained by comparing the value of 
each measuring point with the value of the normalization 
factor, as shown in Figure 24. The figure presents the first 
three order modes of the main beam in the midspan field 
of view obtained by the method described in this paper.

To further verify whether the mode shapes obtained 
by the holographic visual sensor are credible, the mode 
shapes obtained from the six visual fields are constrained 
to form the entire bridge mode shape, as described in Sec-
tion 4, then compared with the first three modes obtained 
by the accelerometers, as shown in Figure 25. The mode 
shapes and their trend obtained by the two methods are 

consistent; thus, the mode shapes obtained by the holo-
graphic visual sensor are reliable. In this study, a camera 
is used as a sensor to collect the vibration information 
of the test bridge to obtain the dense full-field dynamic 
modal parameters of the structure. Then, the amplitude 
and phase information of all points of the lower-edge con-
tour of the test bridge in six fields of view is extracted, 
and through the same name pixel points for normalization 
and feature matching, the continuous mode shape can be 
obtained, which can obviously help with damage identifi-
cation (Yang et al., 2018a).

According to existing research, damage identification 
with mode shapes requires a high-order mode to show its 
advantages (Dessi & Camerlengo, 2015). However, based 
on the theory mentioned in Section 1, a low-order mode 
shape obtained by dense measuring points can also reflect 
sensitivity to damage identification. Substantial intensive 
measuring point information can be obtained using the 
full-field girder alignment monitoring method proposed 
in this study compared with the traditional measuring 
method. In the test, the suspender was removed sym-
metrically in the transverse direction to make artificial 
damage. According to the method described in Section 1,  
several damage conditions listed in Table 6 are simulated 
in the laboratory, and the modal curvature difference un-
der each damage condition is obtained separately by the 
method described in this paper and accelerometers, as 
shown in Figure 26.

Figure 23. Schematic diagram of obtained amplitude and phase

Table 5. Amplitude and phase of first three order response frequencies

Modal order Measuring point 1 2 3 4 5 6 7

1
Amplitude 0.00239 0.00162 8.55E-4 0 8.55E-4 0.00162 0.00239
Phase (°) –90.65 –21.47 –6.61 0.52 103.13 141.54 121.68

2
Amplitude 0.00106 0.0011 0.00112 0.00113 0.00112 0.0011 0.00106
Phase (°) 81.06 151.76 46.08 179.57 40.1 124.64 121.47

3
Amplitude 0.0015 0.00185 0.00207 0.00215 0.00207 0.00185 0.0015
Phase (°) –67.74 –63.64 –155.75 –115.28 –24.56 –59.72 –55.91
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Figure 26 shows that the modal curvature difference 
obtained by the limited measuring points changes under 
various damage conditions. However, reflecting the chang-
es of the conditions listed in the Table 6 is difficult, and 
the differences between the modal curvature differences 
are irregular. 

However, Figure 27 demonstrates that the modal cur-
vature difference of the first three order modes under each 
damage condition obtained by the dense full-field mode 
experiences a sudden change in the corresponding dam-
age location, and the corresponding sudden change loca-
tion changes with the different damage locations, which 
one-to-one corresponds to the damage location. 

This finding shows that even in the low-order mode, 
as long as the dense modal information can be obtained, 
it can also reflect sensitivity to damage. The advantage of 
this outcome in practical applications is that a high-order 
mode is extremely sensitive to damage but difficult to 
obtain, whereas a low-order mode can be obtained accu-
rately. The dense full-field mode obtained by the technical 
means proposed in this study can also reflect sensitivity 
to damage in the low order, which can undoubtedly in-
crease the ease of use of damage identification by dynamic 
parameters. Although the mutation position does not ex-

hibit the largest modal difference, the method proposed in 
this study can be used to establish long-term monitoring 
conveniently, and the damage location can be obtained by 
observing its changes.

Conclusions

In this study, the dynamic response of a suspension bridge 
girder under a simulated vehicle load condition is col-
lected using a high-speed camera as a holographic visual 
sensor. First, virtual marker points are established with the 
coordinates of the lower-edge contour line of the main 
beam, and the marker points are tracked by the dense op-
tical flow algorithm to obtain the time history displace-
ment information of each point on the contour line. Sec-
ond, the dense full-field mode shape and frequency of the 
main beam are obtained. Finally, relevant dynamic param-
eters, such as the frequency and mode shape of the entire 
bridge girder, are identified by establishing the constraints 

Figure 24. First three order mode shapes of midspan field of view

Figure 25. Comparison of mode extraction between accelerometers and holographic visual sensor

Table 6. Suspension cable damage units

Damage condition 1 2 3 4 5 6
Damage units 24 23 22 21 20 19
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Figure 26. Modal curvature difference of first three order modes under different damage conditions obtained  
by limited point mode shape

Figure 27. Modal curvature difference of first three order modes under different damage conditions obtained  
by dense full-field mode shape
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between the fields of view. Through this series of technical 
means, noncontact measurement and analysis are realized, 
and the following characteristics are summarized:

(1) Collecting the dynamic information of a bridge 
structure with a high-speed camera is convenient, 
fast, and holographic.

(2) (The tracking method proposed in this study does 
not need to use manual marker for target tracking. 
The coordinates of each pixel on the lower-edge 
contour line of the test bridge are extracted from 
the original frame image and used to constrain the 
feature point extraction in the machine vision al-
gorithm, then the feature points of the contour line 
are marked and tracked through this coordinate. 
Compared with other methods for setting virtual 
markers, though manual intervention is neces-
sary for the early stage, this method can track the 
alignment and obtain displacement information of 
more dense measuring points.

(3) The time history displacement information ob-
tained by the holographic visual sensor and dial 
gauges is in good agreement and exhibits the same 
trend, which shows that the holographic visual 
sensor has sufficient sampling frequency and ac-
curacy to obtain the displacement information of 
the main beam of the test bridge.

(4) The first three order frequencies of the main beam 
of the test bridge can be obtained by the holo-
graphic visual sensor. Compared with that of the 
accelerometers, the maximum error of the holo-
graphic visual sensor is 2.8%, which fully meets 
the needs of the engineering project. Although the 
method proposed in this study is dense measur-
ing points limited by the frame rate of the camera 
used in the simulation, only the first three order 
frequencies can be obtained. As the frame rate of 
the equipment used increases, high frequencies 
can be obtained.

(5) The first three order modes of the fields of view can 
be obtained by the technical means adopted in this 
study, and the mode shape of the entire bridge can 
be formed by the constraint of the same name pixel 
point between the fields of view, which is consist-
ent with the measured mode shape trend. Howev-
er, this method provides more intensive time his-
tory information than a traditional contact sensor, 
and the mode shape is continuous and smooth.

(6) Compared with the traditional method, which 
requires high-order modal parameters for dam-
age identification, the dense full-field modal pa-
rameters obtained by the method proposed in this 
study can reflect sensitivity to damage location in 
a low order when used to obtain the modal cur-
vature difference for damage identification. How-
ever, damage degree quantification needs further 
research. The use of modal curvature for damage 
identification requires high denoising, and the cor-
responding denoising technology also needs fur-
ther investigation.
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