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Abstract. With the continuing requirement of the structural displacement monitoring for
massive civil structures, a vision-based displacement monitoring system is gaining great at-
tention as an inexpensive solution. Currently, a visually servoed paired structured light sys-
tem (ViSP) which measures the relative translational and rotational displacement each in
3DOF has been researched and the various simulation and experiments verified the perfor-
mance of the system. The system is composed of two sides facing with each other, each with
one or two lasers, a 2-DOF manipulator, a camera, and a screen. The 6-DOF displacement is
calculated from the positions of the projected laser beams and the rotation angles of the ma-
nipulators on both sides by using iterative method such as extended Kalman filter (EKF) or
Newton-Raphson. Since the computation time is relatively long due to the multiple iterations,
this paper proposes non-iterative novel incremental displacement estimation (IDE) method
that updates the displacement by using the previously estimated displacement and the differ-
ence of the previous and the current observed data. To verify the performance of the proposed
method, a simulation has been performed and the result shows that the proposed non-iterative
method estimates the displacement with the same level of accuracy in significantly reduced
computation time compared to the EKF with multiple iterations.
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1. INTRODUCTION

Since civil structures are exposed to various external loads such as traffic, earthquake,
and wind load, it is essential to evaluate the structural safety in any moment. For this reason,
structural health monitoring (SHM) has been widely studied for several decades [1]. To esti-
mate structural displacement, one of the important categories of SHM, accelerometers, global
positioning systems (GPS), and laser Doppler vibrometers (LDVs) have been used. However,
these sensors have problems that the accelerometers indirectly estimate the displacement by
integrating the acceleration twice, the cost of GPS with high resolution is significantly high,
and LDVs need reference position for installation and the cost is also high.



To mitigate the aforementioned problems, a vision-based displacement monitoring
system has been researched [2, 3]. Most of the vision-based monitoring system installs the
targets on the structure and the camera from a far captures the images of the targets. Since the
distance between the camera and the target is relatively long, it is highly sensitive to the ex-
ternal environmental changes such as weather or illumination. In other words, the displace-
ment can be calculated only when the line of sight is guaranteed. Also it estimates only 2-
DOF translational displacement.

Therefore, Myung et al. proposed a paired structured light system composed of two
sides facing with each other, each with one or two lasers, a camera, and a screen [4]. The la-
sers on each sides projects their parallel beams to the screen on the opposite side and the cam-
era near the screen captures the image of the screen. Due to this short distance, the system is
robust to the external changes. Also, the translational and rotational displacement each in 3-
DOF can be estimatedwjs132 by calculating the positions of the totally three projected laser
beams. Though the performance of the system has been verified from the previous study [4],
it has a major problem that the measurable range is limited due to the limited screen size. To
solve the problem, a visually servoed paired structured light system (ViSP) was newly pro-
posed by Jeon et al. [5]. In this system, 2-DOF manipulator is added to control the pose of the
lasers for the projected lasers beams to be on the screen all the times.

In the displacement estimation process, an iterative method such as extended Kalman
filter (EKF) or Newton-Raphson have been used. However, the computation time of these
methods is relatively long due to the multiple iterations. Therefore, in this paper, incremental
displacement estimation (IDE) method which updates previously estimated displacement with
the difference of the previous and the current positions of the projected laser beams. In Sec-
tion 2, the architecture and the kinematics of the ViSP are described. In Section 3, the incre-
mental displacement estimation method is proposed. In Section 4, a simulation is introduced
to validate the performance of the proposed system. Concluding remarks are discussed in Sec-
tion 5.

2. VISUALLY SERVOED PAIRED STRUCTURED LIGHT SYSTEM (ViSP)
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Figure 1. Schematic diagram of the visually servoed paired structured light system (ViSP) [5]



The schematic diagram of the visually servoed paired structured light system (ViSP) is
shown in Figure 1. As shown in the figure, each side is composed of one or two lasers with a
2-DOF manipulator, a camera, and a screen. Each laser projects its parallel beam to the screen
on the opposite side and the camera near the screen captures the image of the screen. Since
the distance between the camera and the screen is short, less than 20 cm, the system is robust
to the environmental changes. The manipulator on each side controls the pose of the lasers for
the projected laser beams to be on the screen before it gets off the screen boundary. The 6-
DOF relative displacement between two sides can be calculated from positions of the three
projected laser beams and the rotation angles of the manipulators.

The kinematic equation of the system defines the geometric relationship between the
observed data m = [0, 20, ?Y]" and the estimated displacement p =[x, y, z, 6, ¢, w]". Here O
is the projected laser beam on the screen 4, and ?O and Y are the projected laser beams on
the screen B. x, y, and z are the translational displacement along X, Y, and Z axis, respectively
and 0, ¢, and y are the rotational displacement about X, Y, and Z axis, respectively. To derive
the kinematics, the transformation matrices “75 and ®T can be used. The “7} is a transfor-
mation matrix that transforms the coordinate from screen B to screen 4. Using the transfor-
mation matrix 7 3 and the position of the laser installed, the 40 can be obtained as follows:

‘o="r’1,]0 0 z, 1]. (1)

In Eq. (1), Z43 is the distance from screen 4 to screen B, BTy is the rotation matrix consists of
encoder information of the manipulator on side B, Br B=R(-Openc)  RA-Wpenc) Where Op,,. and
Waene are rotated angles of the manipulator B about X and Z axis, respectively. In the same
way, 20 and Y can be easily obtained as follows:

‘o="r [0 -L z, 1] .. ()
y="roT o Loz, 1] (3)

where L is the offset of the laser point from the center of a screen in Y direction, T is the
rotation matrix consists of encoder information of the manipulator on side 4, and A1 =R~
O tenc) RA(-Waenc) Where G40, and 4., are rotated angles of the manipulator 4 about X and Z
axis, respectively. As z = 0 on screens, z component of “0, 20, and ?Y vectors should be zero.
By applying these constraints, the kinematic equation can be derived as follows:
4 4 B B B By, |F
M, = [ 0, Oy 0, Oy ¥ YyJ (4)
where “O; and AOy denote the x and y component of “O, respectively.
By using the iterative method such as the EKF or the Newton-Raphson method, the es-
timation of p can be obtained. In this paper, however, the newly proposed incremental dis-

placement estimation (IDE) method is used considering a measurement noise which occurs
when detecting the center of the laser beams and the computation time.



3. INCREMENTAL DISPLACEMENT ESTIMATION (IDE)

Although the iterative method such as the EKF or Newton-Raphson can estimate
displacement with high accuracy, the computation time is relatively long due to the multiple
iterations. To reduce the computation time, the non-iterative incremental displacement
estimation (IDE) method which is a modified version of the EKF is proposed [6]. In this
method, the previously estimated displacement ( p (¢]¢)) and the difference of the previous and
the current observed data m (Am) is used for the prediction step. The prediction of the
displacement ( p ), measurement (s ), and displacement ( P ) can be obtained as follows:

p(t+1]1) =ﬁ(t|t)+Jp*(t)-Am(t+l|t)
m(t+1t)=M (p@+1]1)) (5
Pi+1|t)=P()+ 0,

where Am(t+1|f) is the difference of the previous and the current positions of the projected
laser beams calculated by Am(t+1|t)=m(t+1)- m(t) where m () are the positions of the project-
ed laser beams compensated by the current rotation angles of the manipulator. J,"(¢) is the
pseudo-inverse of Jacobian of Eq. (4) and (#+1|¢) means a priori estimate.

In the observation step, the followings equation is applied:

vit+D) =m@+1)—m(t+1]t) ©)
S(t+1)=J,(t+1)-Pt+1|t)-J, (t+1|t)+R.
where R is the covariance matrix of the measurement noise.

The update step can be applied to obtain a posteriori result as follows:

K@t+1)=P(t+1|0)J, (t+1)S ™ (t+1)
p+1|t+1)=p(t+1|t)+K@E+1)v(t+1) (7)
P(t+1|t+1)=P(t+1)—K(t+1)St+1DK" (¢+1).

where P is the displacement error covariance matrix, K is the Kalman gain, and (#+1|¢+1)
means a posteriori estimate.

4. SIMULATION

To validate the performance of the proposed IDE method, a simulation of estimating
the dynamic displacement was conducted. In this simulation, the displacement data, g(), are
obtained from the benchmark study proposed by Spencer et al. [7]. The dynamic displace-
ment is estimated using ViSP with three different method; IDE, EKF with 50 iterations
(EKF(50)), and EKF with 1 iteration (EKF(1)). The displacement results with each different
method were evaluated against the root mean square error (RMSE) and the coefficient of the
cross-correlation (CORR). The displacement results are shown in Table 1 and Figure 2. As
shown in the results, the proposed non-iterative IDE method significantly reduced the compu-
tation time by 98% with the same level of accuracy compared to EKF(50).



Table 1 Root mean square errors (RMSE) and cross-correlation coefficients (CORR) of
dynamic displacement estimation using three methods; the proposed incremental
displacement estimation (IDE) method, the EKF with 50 iterations (EKF(50)), and the EKF
with 1 iteration (EKF(1)), respectively [6].

RMSE RMSE Computation time
Method o CORR
(mm) @) (msec/cycle)
IDE 0.34 0.02 0.99 0.10
EKF(50) 056 015  0.99 425
EKF(1) 120 005 098 0.09
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Figure 2 Simulation results. (a) The estimated 6-DOF displacement from three methods.
Dashed line: estimated displacement by using the EKF with the 50 iterations (EKF(50)).
Dashed dot line: estimated displacement by using the proposed incremental displacement
estimation (IDE) method. Dotted line: estimated displacement by using the EKF with 1
iteration (EKF(1)). Solid line: the true value of (x, v, z;, 0;, @, w:)=(g(?), 0.01, 100, 0.05, 0.01,
-0.01), where all units are in meters and radians. (b) The error of the estimated X-axis
translational displacement from each method. Dashed line: error of the EKF(50). Solid line:
error of the IDE. Dotted line: error of the EKF(1) [6].



5. CONCLUSIONS

In this paper, an incremental displacement method for 6-DOF displacement estimation
was proposed. Similar to EKF, the method is composed of prediction, observation, and update
steps. In this methodthe displacement is estimated from the previously estimated displacement
with the difference between the previous and the current positions of the projected laser
beams. To validate the performance of the proposed method, a simulation with the dynamic
displacement data was performed. The result shows that the proposed method estimates the
displacement with a same level of accuracy in comparison with EKF with 50 iterations within
the significantly reduced computation time. In the future, the multiple modules will be built
and a propagated error minimization method for multi-modules of ViSP will be studied.
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