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Real-time Displacement Monitoring Using Camera Video Records
with Camera Motion Correction

Abstract: Structure from Motion (SfM) method can reconstruct the story drift ratio,
but the camera motion produced by earthquakes reduces the measuring accuracy. This
paper improves the applicability of the traditional method by correcting camera motion
according to the identification of translation and rotation of camera. Experiments at
different levels are designed to prove the proposed method. First, one set of experiments

proves the motion correction method by the Single-degree-of-freedom (SDOF) system.

The error of maximum response is 4.5% for the case with less rotation. As for the
camera motion with larger rotation, the average error increases to 7.9%, which still
meets the practical utilization. After that, the accuracy of using SfM method is
confirmed by the Multi-degree-of-freedom (MDOF) system with the average error of
4.9%. This paper is expected to extend approaches for the application of the SfM

method in the case of huge earthquakes.

Keywords: Story drift; SHM system; Structure from Motion; Camera motion

correction; Shaking table test;



1. Introduction

Maximum story drifts of a structure during an earthquake are significant to
identifying the damage level and remaining seismic capacity [1,2]. By contrast, drift
measurement remains a problem [3—5]. There are mainly two ways to obtain story drifts.
One way works directly by attached sensors based on inductive difference [6—8], laser
[9-11], Fiber Bragg Grating (FBG) [12-14], or Linear Variable Differential
Transformer (LVDT) [15-16]. These sensors are capable of displacement sensing,
while installation will be a huge problem due to the requirement of reference points,
especially when applied to real structures. Another way is to reconstruct displacement
indirectly according to the acceleration data, such as integration [17-18], numerical
models [19-20], or Bayesian-based methods [21-22]. Nevertheless, the accuracy is
highly related to the original settings, hence showing considerable error when the

settings differ from real conditions.

Considering above shortcomings, researchers expect to observe real-time drifts
directly by the image identification of videos taken during earthquakes. Compared with
other visual-based technology, Structure from Motion(SfM) method has proven to be a
potential tool for reconstructing drifts due to the low requirements of reference points,
especially for the 3D reconstruction with an unknown camera position [23]. Several
SfM-based techniques have been proposed under different assumptions of camera

motion: 1). Ignore camera motion. Cameras are assumed to be constant during detection

[24-26], which is not capable for drift monitoring during earthquakes. 2). Correct

camera motion in the meantime. This research has just begun several years ago. Camera

motion will be estimated and utilized for calibration of identified structural drift [27-
28]. Several problems exist in recent work. On the one hand, some work did not correct
rotation [27], which limited the utilization under huge earthquakes. On the other hand,
the reference points were mainly identified from the rigid feature [28], which cost larger
calculations and may increase the error when the image distortion happens under huge
earthquakes. When drift detection under possible huge earthquakes is considered, these

two problems should be discussed.

Another problem is related to the experiments for feasibility verification. The

characteristics of the experiments reported recently have been summarized as follows:

1). Only simulation is utilized to confirm the feasibility of the proposed method
[29].

2). The structure or member has no vibration [27, 29, 30].



3). Only the translation is considered [27]. The camera has no rotation.

4) Only the translation and slight rotation of the camera are considered. The

camera motion is introduced by a shaking table. The rotation is aroused because of the

translation [28].

It should be noted that the influence of rotation has been underestimated in recent
experiments of the camera motion correction for the SfM-based method. Since a huge
earthquake will give a rather random motion to the camera, which includes not only
translation but also considerable rotation, an experiment containing both rotation and

translation of the camera is needed to verify the feasibility of the proposed method.

This paper has proposed an image identification method for drift detection with
the correction of camera motion in the meantime. Reference points are directly obtained
from several attached square markers at the surface of the target structure rather than
identifying the rigid feature. In each time step, the camera's translation and rotation
(both in and out of the plane) will be identified by comparing the coordinates of
reference points and solving the projection equation further. Then, the SfM method has
been selected to obtain the structural drift from the revised image. Experiments with
fewer or larger camera rotations are carried out to prove the feasibility of the proposed
method.

This paper is arranged as follows. Section 2 introduces the basic principle of
image identification with camera motion, including the correction of camera motion
and drift detection based on the SfM method. Section 3 proves the proposed motion
correction method by two shaking table tests with fewer and larger camera rotations. In
Section 4, the displacement of a 3-story shaking table test is detected by the SfM method
to verify the accuracy when applied to the real-scale multi-degree of freedom (MDOF)

system. Conclusion is then drawn, and future research potential is discussed.

2. Methodology

The aim is to determine the deformation of the structure by distinguishing images
at each time step and calculating the real-time drift ratio. As Figure 1 shows, for each

time step ¢;, this process involves three steps:
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Figure 1. Basic description of image identification

1). Identification of coordinates of selected points. The reference points are
selected from the attached signals. After that, projective correction is utilized to get rid

of the influence of lens distortion;

2). Camera motion correction of identified coordinates. By fitting the points with
the reference coordinates, the translation and rotation (both in and out of the plane) are

identified and then utilized for calibration in this time step;

3). Displacement identification using the SfM method. The detailed methodology

has been further clarified in this section.

The possible error during the drift detection mainly origin from the following parts:

1). Camera motion. The camera motion will give a huge change to the coordinate

of the point in a figure.

2). Pixel identification. The identified accuracy is limited by the size of a pixel;

3). Assumption of rigid body. An SfM method assumes the coordinate of a part of

the target will remain constant.

In this paper, the errors of 2) and 3) are ignored, and the main target is the
correction of camera motion, which is clarified in detail below. Besides, though not
fully discussed in this paper, the quantification of measuring uncertainty caused by the
error is also a meaningful topic for the proposed observation method [31-32], which is

expected to be carried out in the future.



2.1 Identification of coordinates
2.1.1 Point selection

The first step is to confirm the coordinates for the target structure. Considering the
pictures taken by two cameras, there are three coordinate systems for the location
identification of the target building. By translating the figures to the grey-scale map, a
normal boundary recognition algorithm can identify all the points in the target structure

in the two projected coordinate systems [33—-35].

Since the story drift angle can be calculated by the relative displacement between
the bottom and top floor, it is enough to use only two points to simplify the calculation.
As shown in Figure 2, points A and B are set on the top and bottom floors. The
calculated coordinates of the two points are a;-b, and a,-b, corresponding to the image
taken by cameras 1 and 2. Considering the projective influence and the camera motion,

the identified coordinates still need to be revised to achieve true coordinates A and B.

Original coordinate system

Projected coordinate system | A(xypzsl) Projected coordinate system 2
Shaking correc(tion y \ | /
a1V b .
h k bll (xbllsybllal) . o\ A1.(3.f.11=,".f11a]) B (xp.vg.zp,1) ° AZ . ';")2 ((iﬂz’{:ﬂz’g
) B _ S BT B S Dy (Xp2:V 2,
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Camera 1 \ Target structure B, (x50, 1) Camera 2

Figure 2. Points identification period

2.1.2 Projective correction

For each time step, the correct coordinates (A, B) can be obtained by correcting

the projective. The back projection of point A can be shown as Equation 1.

A, =PA (1)

where A; is the coordinate of the points on the projected coordinate system 1

corresponding to point A. P, is the camera projection matrix of camera 1 containing all

the transformation of coordinates, which is connected to the camera setting and location.
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Considering the initial positional shift, the projection matrix P; can be shown as

Equation 2.
E = Kl[Rl |t1] ()

where K is the internal matrix controlling the transformation from 3D to 2D. R, and C,
correspond to the transformational matrix of initial rotation and translation. Considering
the photo center of camera 1 as the original coordinate system's original points, the
values of the internal parameter matrix (K;) and external parameter matrix (R, and #;)

are shown in Equation 3.

a, 0 p, 1 0 O 0
K =0 a, Dy | R=/0 1 0|, t,=-RC,=|0 3)
0O 0 1 0 0 1 0

where ay, a,; are the focal length f transferred by the pixel density in the x and y

direction ( m, and m,), as shown in Equation 4.
ag=f-m., a,=f-m, (4)
By transferring the original point from the photo center of camera 1 to the

reference point B on the structure, the external parameter matrixes R; and ¢, are

rewritten as

i ha hs Iy
R =|r, nhs hels t=—RC =1, | (5)
7, Thg N I

where r1-r19 are the transfer parameters for rotation, and ¢;;-#3 are the parameters for

translation.

Hence, when a camera's initial location and focal length are determined, the
parameter matrixes K, Ry, and ¢, are decided, further determining the projection matrix
Py. Since the projection will reduce the information from 3D to 2D, at least 2 cameras

are needed to solve the 3D coordinates of the target structure.



2.2 Shaking correction

If the camera is shaking during the video taking, the parameter matrixes will
change continuously due to the location disturbing, where the correction of the

parameter matrixes is needed. Hence, another external matrix is introduced to correct
the influence of camera motions. The projection matrix p' is as follows:

Ply = Kl[le |tm1][R1 |t1] (6)

where R,,; and t,,; are the correction matrix of the motion of camera 1. Therefore, the

influence can be corrected if the camera motion can be determined at each step.

2 P
s

\ Before correction

(1. Translation (). In plane rotation

(3). Out plane rotation

Figure 3. Type of shaking correction

As shown in Figure 3, the camera's shaking can be decomposed to the rotation
(both in and out plane) and translational motion. Since the influences caused by these
three effects are not coupled with each other, they have been revised separately in this
Section. Besides, as the distance between the camera and the target structure is much
bigger than the camera motion, changes in image size introduced by the camera motion

are not considered.

2.2.1 Identification of fixed ground

The first thing for motion correction is to find a fixed ground of the target structure
as a reference. For a normal SfM method, the fixed ground is identified from the
boundary definition of the segmentation results. In this paper, two target points and two
reference points are signed in advance, corresponding to the target structure and fixed
ground, as Figure 4 shows. Generally speaking, the reference and target points are

totally picked from the bottom and top of the target structure.
8
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Figure 4. Target and reference points on the target structure

2.2.2 Correction of in-plane rotation

The camera rotation will introduce a global diversion. The influence can be
compensated by subtracting the introduced diversion from the coordinates of each point.
Assuming two reference points are fixed without any relative displacement, the angle
of the connecting line is constant and hence taken as a conference. Defining the time
before the earthquake happens as the initial state, the angle difference o between the
reference line (initial state) and line at time ¢ is selected as the camera rotation angle,
as shown in Figure 5. Similar to the correction of the camera location, the influence of

the rotation in the plane can be corrected as Equation 7.

C A ‘@
B 2 @ a
Rotation ¢ )
D, X L Reference line
lar---@ d, ..
b, Line at ¢,
Rotation x-y
Initial state Time step ¢
Figure 5. Correction of camera rotation in-plane
B cosa -sina 0
A =R a, R =|cosa cosa 0 (7)

0 0 1

where R, is the transfer matrix for the rotation in the x-y direction.

2.2.3 Correction of out-plane rotation

Similar to the in-plane rotation correction, the rotation out of the plane is corrected



by comparing the reference points before and after, as clarified in Figure 6. Taking point
A as an example, the relationship between the coordinates of reference points and points

at time ¢, 1s shown in Equation 8.

-, Reference points Points at time ¢,
I a)
Zy ==
' Dl & & B] dl el Ebl
Zw
Out-plane rotation Initial state Time step ¢;

Figure 6. Correction of out-plane camera rotation

4 =RRA, ®)

where R, and R, defined in Equation 9 are the transfer matrix for the rotation in y-z and

x-z directions.

1 0 0 cosy O siny
R =|0 cosp -sinf|, R =0 1 0 9)
0 sinf  cosf -siny 0 cosy

where f and y are the rotation angles in the y-z and x-z directions, respectively.

Hence, by solving equation 8 using the coordinates of reference points and points
at time ¢;, f and y can be calculated and further utilized to correct the rotation, as
Equation 10 shows. It should be noted that points A and C can also be utilized for the
calculation since the structure deformation is relatively small compared with the

influence of camera motion.

A =R 'Ra, (10)

2.2.4 Correction of translational motion

Translational motion can be directly obtained from the coordinate difference

between the reference points in the initial state and time ¢, as Figure 7 shows.

10
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Figure 7. Correction of out-plane camera rotation

The correction of translational motion can then be revised using Equation 11

t
A =a+R, R=|1 (11
t

where R, is the transfer matrix for translational motion. £, #, and ¢, correspond to the
difference in the x, y, and z directions.

2.3 Detection of relative drift
2.3.1 Combination of motion correction and projective correction

Combining the projective correction in Section 2.1 and the motion correction in
Section 2.2, the relationship between the projected (a;) and real (A) coordinates is
shown in Equation 12.

a,=PA, B =K[R,|RIR 1] (12)

where R,,; and R, can be calculated by Equation 13 based on Section 2.2

R

mlzxyz’

t
RRR., t,=|t, | (13)
t

z

11



2.3.2 Drift detection

For each time step ¢, the real coordinates (A;) can be obtained based on Equation
12. The real-time drift can then be directly calculated from the difference of real

coordinates of target points, as described in Equation 14 and Figure 8.

Ad, =(A,—A,)-m. (14)

where Ad; is the relative displacement at time #;. m is the pixel density. Ay and A; are

the real coordinates at initial time ¢y, and time ¢;.

Ad,

hmmatl

Difference
of target point

Height "

Target structure

Figure 8. Drift detection

3. Experiments to confirm the motion correction method

The arrangement for the experiments in this Section is clarified in Table 1. Two
cases are designed corresponding to the condition with a small or huge earthquake. A
steel specimen shown in Figure 9 is utilized in both two cases. The basic parameters of
the specimen, camera, and laser sensor have been listed in Table 2. The experiment

setup and discussion of results are shown below.

Table 1 Arrangement of experiment

Case Target

Camera motion Section Specimen Detection

condition

1 Small translation(main),
3.1
earthquake rotation(minor) SDOF relative drift of
system 1F

2 Translation & rotation 3.2

Huge

12
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Figure 9. Utilized one-story scared specimen (a) Concept (b) real specimen

Table 2 Basic parameters of the utilized instruments

Instruments  Fabricator Basic parameters

Resolution: 8192x5464
Camera Canon EOSRS
Size: 138.5x97.5%88 (mm?)

Resolution: 50um

Laser sensor KEYENCE LB 300 Testing range: =+ 100 (mm)

Size: 86x56x28 (mm?)

Material: steel
Specimen Own product
Size: 450x380%200 (mm?)

It should be noted that the dimensions of the instruments for observation will
remain the same size as shown in Table 2 when applied to a real structure. Besides, the

measured range of the real structure is determined by the size of the figure, which can

13



be adjusted by the camera setting and the distance between the camera and the real

structure.

3.1 Camera motion with slight rotation
3.1.1 Experiment setup

The experiment is set as shown in Figure 10. The 1 story specimen mentioned
above is bolted with the 1-direction shaking table. NS direction of the Hachinohe
earthquake (1968) is selected to be the input ground motion [36]. Drifts of the specimen

are detected by two systems. 1). A reference group is formed by two laser sensors

attached to the right side of the shaking table. One on the upside is used to detect the
1F drift, and the other on the lower side is used for the ground motion. The drift from
laser sensors is set as the reference group. 2). An_SfM system as an experimental group
is formed by two cameras bolted with a cantilever beam. Since the cantilever beam is
not rigid, besides a similar motion with the shaking table, cameras will have slight extra
translation and rotation caused by the shaking of the cantilever beam. At the corner of
the specimen, a squared signal is attached as the target and reference points. The
detected drift by the SfM system is then compared with the results by the laser sensors
to confirm the feasibility of the proposed correction method of camera motion under a
slight rotation case. The basic concept is further shown in Figure 11 as an experimental
flow chart. To simplify the setting of the experiment, the cameras are directly placed in
front of the specimen. It should be noted that the location of the cameras may also

influence the accuracy of measurement, which will be discussed in the future [37].

| Target point

Camera 1

Figure 10. Experiment setup for case 1

14



Initial Setup Reference grou
keterence group

Specimen

+ from laser sensor

=
e
Laser sensor Hachinohe, NS EE ﬂ comparison
. : <
SfM system Ground motion a‘é Experimental group
* bolted on cantilever =) + from SfM system
+ shaking together

* without correction

* slight rotation - with correction

Figure 11. Flow chart of the experiment (Section 3 - case 1)

3.1.2 Result and discussion

As shown in Figure 12, there are three kinds of measured relative drifts,
corresponding to results from the reference group (laser), and the results from the
experimental group (SfM system) with & without correction of the camera motion.
During the detection, the drift obtained from the reference group is regarded as an
accurate value. Though a huge error exists in the experimental group without correction,
it fits well with the reference group after correcting the camera motion. The slight error
that existed in the results of the experimental group without correction may originate
from the possible_pixel error of the identified coordinate of each point and the fitting

error for the rotation correction.

100
I \]41 Laser

fl\ P — ——-SM with correction
_ . .
g Ny ! lAJ Iy |- ——-SfM without correction
g 50 P ; I B

[
R=5
= |
=
<
o
4 i
=
s
=
[}
a4
| | | |

Time (s)

Figure 12. Identified story drift before and after correction of camera motion (casel)

Table 3 Calculated error for case 1 (%)

15



Parameter Laser Without correction With correction

Value (mm) 46.7 89.3 443
R? / 0.021 0.944
Errror (%)  / 91.2 4.9

100

100

y =0.9057*x + 0.1689

50 R®=0.9441 50+

-50 -50 ¢

Experimental group with correction (mm)
Experimental group without correction (mm)

y=0.4516%x + 6.855
20% error line R? =0.02093
100 ' - : -100
-100 -50 0 50 100 -100 -50 0 50 100
Reference group (mm) Reference group (mm)
(a) (b)

Figure 13. Error evaluation of Case 1 (a) with correction (b) without correction

Error is then analyzed first by evaluating the dependency between the detected
relative drift of the reference group and the experimental group, which is shown in
Figure 13. After that, the error of the maximum absolute value of each group is shown
in Table 3.

After correction of the camera motion, the linear fitting coefficient increases from
0.02 to 0.94, and the error of maximum absolute value reduces from 91.2% to 4.9%,
which proves the feasibility of the proposed method for the correction of camera motion
under case 1. It should be noted that the time of the detected drifts for reference and
experimental groups is kept the same by fitting the measured peak values with each
other. Hence, it may arouse possible errors. In the future, the synchronization error will
be discussed when an SHM system is established using the camera and traditional

sensors together as the next step.

16



3.2 Camera motion with larger rotation

3.2.1 Experiment setup

With the same instruments as shown in Table 1, the experiment is set as shown in
Figure 14, and the basic concept is described in Figure 15 as an experimental flow chart.
At this time, in order to introduce a larger rotation, a much more random camera motion

has been introduced according to the experimenter’s movement.

Reference point
Shaking table
.

Figure 14. Experiment setup for case 2

Initial Setup
. Reference group
Specimen
g - from laser sensor
Laser sensor Hachinohe, NS 5
[— H comparison
=
StM system Ground motion & )
+ on the ground — Experimental group
) a
+ shaking separately + from SfM system
+ move by worker * without correction
+ larger rotation - with correction

Figure 15. Flow chart of the experiment (Section 3 - case 2)

3.2.2 Result and Discussion

Similar to Section 3.1.2, the results for the reference and experimental groups have

been shown in Figure 16. The correction of camera motion reduces the error.
17
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Figure 16. Identified story drift before and after correction of camera motion (case2)
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Figure 17. Error evaluation of Case 2 (a) with correction (b) without correction

Table 4 Calculated error for case 2 (%)

Parameter Laser Without correction With correction With correction (case 1)

Value (mm) 519  70.4 482 /
R2 / 0.098 0.828 0.944
Error (%)  / 37 7.3 49

18



Then, the same procedure is utilized in case 2, with the results shown in Figure 17
and Table 4. After the correction of the camera motion, the linear fitting coefficient
increases from 0.09 to 0.83, and the error of maximum absolute value reduces from 37%
to 7.3% under a signal-to-noise ratio of about -3dB, which proves the feasibility of the

proposed method for the correction of camera motion under case 2.

However, it should be noted that compared with the error in case 1, the error
increases from 4.9% to 7.3%, and the linear fitting coefficient decreases from 0.94 to
0.83, which indicates a huge influence on camera rotation. To ensure the feasibility of
the proposed method under huge earthquakes with possible larger rotation, the method

can still be updated.

4. Experiment to confirm the SfM method
4.1 Experiment setup

The SfM method is further applied in a 3-story shaking table test to confirm the
real application's accuracy. The flow chart of the experiment is shown in Figure 18,
with the setup shown in Figure 19. The drift of each floor has been measured by the
laser sensor and the proposed image identification method based on the camera video
records. Only the ability of the utilized SfM method is expected to be confirmed here.

Hence, there is no camera motion during this measurement procedure.

Initial Setup

Reference group
Specimen * from laser sensor

Kobe

— H comparison

Ground motion

Experimental group
* from SfM system

Laser sensor

SfM system

Figure 18. Flow chart of the experiment (Section 4)
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Figure 19. Setup of the experiment (3 stories shaking table experiment)

Kobe (1995) has been selected as the input ground motion in three directions. The
same instruments, including the camera and laser sensor, have been applied to the

experiment.

4.2 Result and Discussion

The measured displacement of floors 1 to 3 by the laser sensor and image-based
identification method is plotted in Figure 20 and further compared in Figure 21. The
two displacements can fit well in each case with a linear fitting coefficient over 0.9,
which indicates that the SfM methods work well even for real-scared MDOF systems.
However, the displacement from the camera shows a slight oscillation with a system

error of about Imm in the beginning and final parts, which should be noticed when the

measured displacement is smaller than 10mm.

150

100

D
[}

displacement(mm)
A
S (=)

-100

-150

-

0 20

40

60

150

100

50

-100

-150

ﬁ/\

0 20

40
t(s)

20

60

150

100

50

-50

-100

Laser

— — —Camera
)

-150

20

40

t(s)

60



(a) IF (b) 2F (c) 3F

Figure 20. Time domain of the identified relative displacement of each floor
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Figure 21. Comparison of relative displacement of each floor from laser sensor and camera

Then, the maximum error has also been calculated and displayed in Table 5.
Though the error slightly increases with the increase in displacement, all the computed

errors are within 10%, which is suitable for practical utilization.

Table 5 Calculated error of relative story drift ratio (%)

Floor 1 2 3 Average (%)

Response laser (mm) 107 112 119 /

Response SfM (mm) 105 118 128 /

R? 0.992 0993 0979 0.988

Error (%) 14 53 79 49
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5. Conclusion

This paper has proposed a method for correcting camera motion in real-time
displacement detection of target structures using camera video records. The proposed
motion correction method has been verified using a scaled steel structure subjected to
two different camera motions. After that, the ability of the SfM method is proved by an

MDOF experiment. The following conclusions can be drawn based on this research:

1). After correction of the camera motion, the linear fitting coefficient increases
from 0.02 to 0.94 for case 1 and from 0.09 to 0.83 for case 2, and the error of maximum
absolute value reduces from 91% to 4.9% for case 1 and from 37% to 7.3%, which

proves the feasibility of the proposed method for the correction of camera motion.

2). When the rotation of camera motion becomes more intense, the error increases
from 4.9% to 7.3%, and the linear fitting coefficient decreases from 0.94 to 0.83, which
indicates a huge influence on camera rotation. Nevertheless, the error still keeps
relatively low, which means the proposed method is capable also under the case with

large camera rotation.

3). An MDOF shaking table experiment has been utilized to confirm the feasibility
of the proposed SfM method, and an average error of 4.9% for drift identification shows

good applicability.
In the future, the following aspects are expected to be analyzed:

1). The influence of the camera location and the resolution of the video on the

accuracy of measured drift.
2). The sensitivity and uncertainty of the proposed method.

3). The performance of the proposed method when utilized in the observation of

real structures.
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Highlight:
* Motion correction method is proposed to deal with real-time camera motion in all

directions during the structural drift identification using SFM method.

* Motion correction method is verified by two single-degree-of-freedom experiments

with slight and huge rotation.

*Error of identified maximum drift decreased to 7.3% after correcting camera motion.

* SFM method is verified by a multi-degree-of-freedom experiment with an average

error of 4.5%.
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