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Realization of Smooth Pursuit for a Quantized Compliant Camera
Positioning System

Michael D. Kim*“

Abstract—This paper presents a discrete switching controller for a
realization of smooth pursuit. The human eye can produce both rapid and
smooth movements, positioned by muscles that are a collection of quantized
flexible motor units. From a control point of view, smooth pursuit can be
considered as velocity matching control of an impulsive dynamical system.
This may be feasible by a conventional pulsewidth modulation (PWM)
controller; however, it causes high-frequency switching in each motor unit
and may damage a compliant actuation system. The proposed controller
generates reduced switching by optimizing a series of discrete switching
commands at each primitive in an open-loop manner. This study uses a
camera positioner driven by quantized compliant actuators and aims to
match the velocity of a target object, while images are being captured
to avoid motion blur. After images are obtained, the discrete switching
controller suppresses residual vibrations to reduce switching further.
Experimental results demonstrate that the proposed discrete switching
controller outperformed the classical PWM controller and successfully
tracked an object of interest during an exposure window.

Index Terms—Compliant, quantized, robot vision, smooth pursuit,
vibration.

I. INTRODUCTION

Compliant actuators have been widely studied in recent years to
mimic biological systems. One of the interest systems has been the hu-
man ocular system that has two representative movements: saccade and
smooth pursuit. The saccade is an accurate rapid point-to-point motion
whose settling time is 50 ms and velocity is known to be 250-500°/s
[1]. Smooth pursuit is the key component for tracking, which allows
the eyes to follow a moving object of interest [2].

Inspired by these observations, there have been various efforts in the
robotic eye system. Camera positioning systems driven by compliant
mechanisms have been proposed [3], [4] and focused on the generation
of saccade-like movements. There have also been studies that focused
on smooth pursuit and object detection using humanoid vision systems
[5]H7] and robotic eyes [8], [9] actuated by conventional servo motors.
However, the quantization effect in the actuation system was not taken
into account although existing studies have shown notable results.

A physiological study has reported that the human ocular system
is controlled by impulsive inputs [10]. In addition, motor units in the
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Fig. 1. Robotic vision system. (a) One-degree-of-freedom motion generated
by an antagonistic pair actuators. (b) Pictorial representation of the camera
positioning system. (c) Cellular actuator. (d) Pictorial representation of the
cellular actuator.

biological system, muscle fibers, are operated in an ON—OFF manner
[11]. These physiological pieces of evidence indicate that open-loop
quantized controllers that switch the binary states in motor units are
utilized to generate movements. Such velocity control is fairly easy
when an electromagnetic servomotor is used. However, this is not the
case in the neuromotor system primarily due to recruitment [10]. Mus-
cles are essentially quantized actuators that cannot produce continuous
force. Despite quantized force production, we are not aware of this dis-
crete actuation in the eye and able to perceive the features of a moving
object. Although possible neuromotor mechanisms in smooth pursuit
are debatable, from an engineering point of view, this problem can be
seen as velocity matching control of an impulsive dynamical system.

This paper presents a realization of smooth pursuit for a quantized
compliant actuation system. Fig. 1(a) shows a robotic vision system
developed by the authors’ group [12]. The design was inspired by the
biological system that a camera was driven by an antagonistic pair
of cellular actuators. The cellular actuator exhibits quantization and
compliance. Saccade-like movements have been investigated in the
authors’ previous works [13]-[15], and thus, this study focuses on
smooth pursuit. The initial concept of this work has been presented
in [16]. This paper includes refinement of the proposed method,
performance metrics, and additional experimental results.

The proposed controller is designed to generate velocity profiles for
tracking an object of interest only during exposure windows of a cam-
era. Additionally, discrete switching commands are generated to sup-
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press residual vibrations after acquiring images, which could decrease
the amount of switching. We consider that tracking the object of inter-
est only when images are being obtained fulfills the function of smooth
pursuit. The proposed method is validated by a direct comparison with
the reference motion and by pseudotracking a slowly moving object.

II. CAMERA POSITIONING SYSTEM
A. Mechanism

The robotic vision system is driven by the cellular actuator consist-
ing of 16 piezoelectric (PZT) actuators, as shown in Fig. 1(c). When
the PZT actuator is activated, a linear displacement is generated at
the output point of the cellular actuator through the multilayer mecha-
nism, as depicted in Fig. 1(d) [12]. This multilayer mechanism is made
of brass and has a thickness of 170 pm, introducing compliance and
enabling linear motion at the output point. Two cellular actuators are
connected to a moving platen via a rod and placed in an antagonistic
fashion. The rod and pivot axes are perpendicular, while a linear offset
exists. Therefore, the camera experiences a rotational motion when the
rod is positioned by the cellular actuators, as depicted in Fig. 1(b). A
high ratio of the translation motion to the rotational motion is used to
introduce quantization to the system and achieve a sufficient angular
displacement of +£10.3°. The resolution and travel range of the system
can be determined by adjusting this ratio and the number of PZTs in
the cellular actuator.

B. Cellular Actuator: Compliance and Quantization

In this study, each PZT actuator is independently operated in a quan-
tized manner, as if each motor unit in the biological system is switched
between contraction and relaxation. To activate or deactivate the PZT
actuators, impulsive inputs are given to the system. Therefore, the
cellular actuator is a quantized system. This approach is similar to
biological muscular tissue in that the action is generated by the recruit-
ment of individual PZT actuators activated. In a control perspective,
the binary operation of motor units avoids hysteresis and nonlinearity
in the PZT actuator [14]. In addition, the cellular actuator exhibits com-
pliance, as aforementioned in Section II-A. The compliant mechanism
enables rapid motion comparable to the ocular motion by amplifying
displacement from the limited PZT stroke.

C. Dynamics

The camera positioning system was experimentally modeled by ob-
servation of step and shaped responses. It was observed that the poles
are located at —13.6 + 570.3, —13.6 — 570.3, and —200 with no ze-
ros. In this paper, the nondominant pole was neglected, and thus, the
system was modeled as a second-order linear system. Assuming no ex-
ternal disturbances, the model of the camera positioning system driven
by the quantized complaint cellular actuator can be represented as

G(s) = .S

_— 1
82 + 2wy s + w? M

where K is the residue, w, is the natural frequency, and ( is the
damping coefficient. The value of w,, (, and K are 71.63 rad/s, 0.19,
and 3288.3, respectively.

III. QUANTIZATION EFFECTS

Due to independent binary operations in the individual units, the
output displacements of the cellular actuator are discrete, as shown in
Fig. 2(a). Consequently, the angular displacements of the camera posi-
tioning system with respect to the number of PZT actuators activated
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Fig. 2. Quantization effect. (a) Discrete output positions due to the binary
operation. (b) Calibration.
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Fig.3. Stepresponse of the camera positioning system. This study is interested
in generation of motion with the velocity slower than the early stage of the step
response.

are discrete, as shown in Fig. 2(b). We observed a resolution of 0.6407°
with the standard deviation of 0.0032° in the camera positioning system.

Let p;. be the activation level of the cellular actuator, and a total of
k PZT actuators are activated. Then, the corresponding discrete output
position 6. is

Or =z-p 2)

where z is a linear mapping observed in Fig. 2(b).

To reproduce smooth-pursuit-like movements, this study aims to
generate an arbitrary velocity profile from a discrete position ;. to the
next discrete position ;. , 1. The motion y can be achieved by

y(t) = f(x(2), u(#), t), y(0) = 6; 3)

where £ is the time, f is the dynamics of the camera positioning system,
x is the state, and u is the control input.

In order to achieve an arbitrary velocity profile, appropriate u(t)
needs to be determined. Due to quantization effects in the actuation
system, the control input must be discretized, while control inputs of
conventional systems are continuous. Therefore, u(t) € Z must be
imposed.

Fig. 3 shows a response of the camera positioning system when
a single PZT actuator is activated. Let the maximum velocity in the
course of transient response be simply equivalent to ypea /tpeax- For
tracking a slowly moving object, this paper focuses on velocity profiles
that are slower than veln,.x. We consider velocity profiles comparable
to vel, . as saccades.

Assume that a desired motion has a constant velocity that is ten times
slower than vely, .., as shown in Fig. 3. A conventional controller with
pulsewidth modulation (PWM) quantization can be used to generate
a slowly moving profiles; however, high-frequency switching in the
individual PZT actuators may be necessary due to quantization [16].
In practice, this is not desirable because it may potentially damage the
complaint mechanism. In addition, this approach has little in common
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Fig. 4. Generation of discrete commands for velocity matching. The timings
of primitive movements are determined to achieve the target positions indicated
by blue circles at the time when the next primitive is generated.

with the actuation strategy in the biological system [17]. Therefore, a
discrete switching controller should be developed.

IV. COMMANDS FOR SMOOTH PURSUIT

The proposed discrete switching controller is designed to track an
object of interest only during the exposure windows. The discrete
switching controller first generates commands to match the velocity
of a target object, similar to smooth pursuit in the biological system.
The commands are given to the system during the exposure windows,
and thus, images can be obtained in the course of motion, while
avoiding or mitigating blurriness of the object of interest. After images
are obtained, additional discrete switching commands are generated
for suppressing vibrations and reaching the desired position. The
commands for vibration suppression require less switching than in the
tracking period. No additional switching is required once the vibration
is fully suppressed. Therefore, the second part limits switching in indi-
vidual PZT units and avoids fatigue in the thin compliant mechanism.

A. Tracking Commands

The time response of the camera positioning system can be
represented as

n

Ai ' 1(t = t:) E_gw“ [t_ti} =
y(t) :; 2 = a sin(wa(t —t:) + 1)

+ %0, (4)
A, € ZVi

where 1y is the initial position, n is the total number of inputs given to
the system, 1(¢) is the unit step function, A; is the amplitude of the ith
step input, ¢; is the time of the given ith step input, wy is the damped

natural frequency, and ¢) = atan( @ ).

The procedure of the proposed discrete switching controller is de-
picted in Fig. 4. A total of m pulses are given to the system to achieve
the desired motion from the activation level p;. at time T} to py; at
time T}, 1. There is a tradeoff between the number of pulses m and
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tracking performance. The number of pulses must be chosen to make
the control frequency w. at least two times greater than the natural
frequency w, to meet the Nyquist criterion.

Due to redundancies in the actuation system, a number of solutions
exist. We reduce the solution space by generating the ON signal in a
periodical manner

——t -1 ©)

where j denotes the jth pulse. Some redundancy remains, so we narrow
the solution space further by introducing the following constraints:

|Ann._j| = |Auﬁ'1| =1 (6}

P <Y Ai<pys Vi )

This bounds the activation level between the start and desired discrete
positions at any time, limiting the amplitude of residual oscillations in
the compliant actuation system.

The desired profile yq.(t) is divided into m target positions y, ;
along the trajectory with a constant time interval as

Yar,j = ydes(tol'l-_j+1)- (8)

At each primitive, a piecewise function consisting of ON and OFF step
inputs is given to the system to satisfy (8) by adjusting At;. Due to
residual vibration, the time interval At; is not simply linear with ,, ;
as in PWM. Timings of the OFF commands ¢, ; are determined at each
primitive in a recursive manner as follows.

Residual vibrations may exist in the system due to control inputs.
Let the residual vibration at t.,; be introduced into the system at
tr; with an amplitude of A, ; and a phase of ¢, ;. Unlike A;, the
amplitude of the residual vibration A, ; is not necessarily an integer.
After a pulse-like command is generated, three different signals, the
residual vibration, and vibrations due to ON and OFF commands, can
be represented as a single impulse response. Let B, ;, By ;. and By ;
be the decayed amplitudes of the residual vibrations at time #.,; due
to A, j, Agy ;. and Ay ;, respectively:

By = Ar,; - e nltoniTins) ©)
B = =Ag; e tntior; ~tonj) (10)
Bogj = — Ao, - (1)
Similarly, phases at time . ; can be determined as
@, ; = waltor; —trj) + &r;j (12)
Pon,j = wa(torr; —ton;) + 9 (13)
Do, = (14)

where @, ;, ®,, ;, and P ; are the phases of B, ;, By, j, and Bog ;,
respectively, at £.4 ;. An equivalent single impulse input with an ampli-
tude of Beqy and a phase of ®.qv given at time tof,; representing these
three signals can be determined as

Boyy =/(B1)? + (B2)2 (15)
B2
Boq = atan (E) (16)
where
B1 = B, ; cos(®, ;) + Bonj €08(Pon ;) + Bugr.; cos(Pog ;) (A7)
B2 = B, ; sin(®, ;) + Bon,;j $i0(Pon ;) + Bosr,; sin(Pog ;).  (18)

Therefore, after j pulse-like commands are given to the system, the
response of the camera positioning system at time 7 can be represented
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as

Beqv

A0

x 8in(wq (7 — tor,j) + @eqv)) , T > tofj (19)

e Swn (7T —tor ;)

5 (7) =yrer+z(

where y,s is the reference position to the desired motion, which is
initially 6.

Timings of primitive movements are determined to achieve target
positions at the time when the next primitive is generated. Therefore,
timing of the OFF command can be determined by solving (19) for
tor; While setting 7 = £5n ;41 and y; = Y ;- Since the pulse-like
commands are generated at each primitive, the solution must satisfy

tor,i € [ton,js fonj+1]- (20

Therefore, Z,4; can be numerically determined by using bracketing
methods [18], guaranteeing convergence. The following target
positions can be achieved by substituting A, j 1, ¢ j+1,and £, ;44
with Beg,, ®eqy, and t.g ;, respectively, and repeating (9)—(20) from
j=1ltoj=m.

B. Changing the Base Position

Due to the nature of pulse-like commands, the response settles back
to the base position yp,.. after the target position is achieved at each
primitive. In addition, the amplitude of the residual vibration Bq,
increases as the target position y, ; gets closer to the desired discrete
position 6y ;1.

To avoid this issue, we change the base position yp, t0 65,1 When
Yar,; €Xceeds the midpoint m, or vice versa. In this case, the ON
command is omitted and does not obey (5). After the base position is
changed, the calculation of command timings is identical except the
signs of succeeding A;s are inverted. The same procedures (9)—(20)
are used to determine the succeeding f ;.

Fig. 5(a) depicts the concept of changing the base position when
the target position crosses the midpoint. It can be considered as the
discrete switching controller is pushing the actuation system toward
the midpoint by inducing the residual vibrations until the base position
Upase 18 changed. Then, the discrete switching controller is gradually
diminishing the residual vibrations to settle the actuation system at the
desired discrete position fg 1.

By changing the base position, the amplitude of the residual vibra-
tion B, can be reduced, and the range is approximately [0, "12‘ I];
however, the range of B.q, is approximately [0, |A;|] if the base posi-
tion remains unchanged. This can be observed from Fig. 5(b) showing
comparisons in the amplitude of the residual vibration between with
and without changing the reference position. At each primitive, the dis-
crete controller compensates for the discrepancy between the position
due to a total of j — 1 pulse-like commands and target position ¥y, ;.
This discrepancy can be expressed as |yrer — Yar,j| — ¥j—1 (fon,j+1)-
and the maximum displacement that the controller can generate at each
primitive i Aymax = y(Aton). Therefore, changing the base position
also helps to avoid possible failure of the controller due to excessive
position discrepancy.

The program containing the proposed discrete switching controller is
summarized by the pseudocode in Algorithm 1. Fig. 6 shows a simula-
tion result of the proposed controller when tracking an arbitrary motion
(velmax /10) presented in Fig. 3. Although minor position errors exist,
it can be observed that the proposed controller successfully achieved
the desired motion at low control frequency.

1403
Algorithm 1: Discrete Controller for Tracking.
1: Input: desired motion yqes(t); number of pulses m;
2: Define timings of ON commands %, ; by (5)
3: Define target positions yy, ; by (6)
4: for each primitive 7 do
A3 if Ydes,j—1 — Ydes,; Crosses the midpoint then
6: Change the base position yp,s.
Tz Omit On command and ignore (5)
8: Invert the signs of succeeding A;s
9: Determine timings of OFF commands . ;
by (9)-(20)
10: Update residual vibrations:
Br j+1 = Beqy, ¢r,j+1 = Peqv, and &r j11 = tofr j
11: Output: Discrete switching input u(¢)
_LD‘:n";‘;:d"fﬂr::"::‘q E ,=withaut switching reference
=
B Zos
; 5
“M_irlju_)igl_____________ g
B 0.4
§
EQH
B H
k; 5 o 15 20
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Fig. 5. (a) Conceptual depiction of the change in the base position when the
desired motion crosses the midpoint. (b) Amplitude of the residual vibrations
as the camera positioning system reaches to the desired position. Comparison
between with and without changing the base.
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Fig. 6. Discrete switching commands for generating an arbitrary movement.
The base position is changed in the highlighted region.

C. Vibration Suppression Commands

The proposed method is designed to match the velocity of the
object of interest only during the exposure window, unlike other visual
tracking methods for feeding video. We consider that acquisition
of few images in one PZT increment is sufficient, since the field of
view of the camera is not significantly changed. After the robotic
vision system obtains images, the tracking commands are no longer
necessary. Therefore, we suppress residual vibrations in the flexible
system, while the camera positioning system reaches the desired
quantized position. By this approach, switching can be further reduced,
which prevents fatigue in the thin-layered mechanism. In order to
achieve vibration suppression, the real and imaginary components
of the residual vibrations must be zero. Therefore, a set of vibration
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suppression commands can be determined as follows:

D Ap-en(h) L cos gy =0 1)
i=1
D A;-een 8 sing; = 0. (22)
i=1

The solutions satisfying both (21) and (22) are not unique due to
nonlinearity in the equations. Schultz and Ueda have investigated
on vibration suppression commands using a quantized system for
point-to-point movements in [19]. Numerical approaches for searching
a pattern of A and determining phases ¢ were used. Although
one condition was relaxed that the system is undamped ({ = 0) in
[19], it was concluded that no statements in regard to existence,
nonexistence, or uniqueness of the solutions can be made using
classical mathematical methods. Solutions to systems of nonlinear
equations are still a topic of mathematics research.

In this study, commands after the tracking region are determined
to suppress residual vibrations in a minimum command fashion. This
introduces

m]+msa
> A; =1 such that (m; + m;) is minimized

i—F

(23)

where mq and ms are the number of switching in tracking and
vibration suppression commands, respectively.

If the last point of the tracking region is above the midpoint
M, an additional even number of switches are required because

1 A; = 1. Similarly, if the last point of the tracking region is below
the midpoint M, an additional odd number of switches are re-
quired because ) "', A; = 0. In this case, one additional switch is not
the minimum number that can satisfy (21) and (22), as B, is not neces-
sarily an integer and decays in time. We include the first ON switch after
the exposure window in the tracking commands to make 1", A4; = 1.

Let Bimck and @y be the amplitude and phase of the residual
vibrations due to m; switches during the exposure window, respec-
tively. Since By is approximately [0, ";"], introducing two addi-
tional switches is sufficient to suppress the residual vibration. This can
be explained by using the complex plane representation.

Fig. 7 shows the complex plane, and the red arrow represents the
residual vibration due to tracking commands. The solid lines represent
an example for an undamped system, and the dashed lines represent
an example for an underdamped system. The residual vibration can
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Fig. 8. Generated commands are resuable by suppressing residual vibrations
in each increment if the velocity is constant. Also, both the object and back-
ground can be captured without motion blur in a short period of time by visual-
motor coordination.

be suppressed in the next quadrant, where @, exists. For vibration
suppression, the sum of vectors in the complex plane must be equal to
zero. A counter residual vibration whose amplitude and phase are Birack
and 7 + Py, respectively, can be generated in the following quadrant
by having two additional switches. The discrete switching commands
for vibration suppression also satisfy (6) and (7).

The two additional phases ¢,.; and ¢, to suppress the residual
vibration for an undamped system ({ = 0) can be given as

m (a4

v s =& i
Dust wck + 5~ 5

‘:ﬁus? = q"vsl +a

24
(25)

where o« = acos(1 — . Then, timing of the two commands,

(Bt )?
]
t,s1 and ¢, .9, to suppress the residual vibration can be determined by

using the following relationship:
t; = ‘:f)‘i ;‘! Wy -

For an underdamped system, the amplitudes of the residual vibra-
tion and the first switch for vibration suppression are exponentially
decaying, which introduces additional nonlinear terms compared to
the undamped system. Due to this, the phases of each switch for an
underdamped system exist slightly after that for an undamped system.
The solutions to timing of the vibration suppression commands can be
obtained by using numerical methods, and the phases of an undamped
system can be used as a reference to find a local minimum.

The entire set of discrete switching commands for both tracking and
vibration suppression can be summarized as

(26)

m1+2

u(t) = Y Ai-1(k) 7)
=1

where A = [A; --- Ay, —11]andt = [ty --- ty, tys1 tysa]-

Fig. 8 shows one possible visual-motor application by suppress-
ing residual vibrations after the exposure window. Tracking switch-
ing commands run first for object tracking, and vibration suppression
switching commands follow for background image capturing. Repeat-
ing this switching in a short period of time enables updating images of
both the object of interest and background. In addition, the generated
commands in a single quantized increment are reusable if the velocity
of the tracking profile is constant in multiple quantized increments.
In addition, an arbitrary motion can be generated in the succeeding

quantized region. This is because no residual vibrations exist when the
tracking controller is initiated in each incremented position.
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Fig. 10. Validation of the proposed controller. (a)—(d) Proposed method is

directly compared with the reference and the PWM controller. (e) and (f) Com-
parisons between the proposed method, consisting of both the tracking and
vibration suppression (VS) controllers, and the tracking-only controller. (a)
Test #1: Tracking. (b) Test #2: Tracking. (c) Test #3: Tracking. (d) Test #4:
Tracking. (e) Test #5: Tracking and VS. (f) Test #6: Tracking and VS.

V. EXPERIMENTAL RESULTS AND DISCUSSIONS

A. Controller Validation by a Position Sensor

The proposed discrete controller for tracking an arbitrary velocity
profile and vibration suppression is experimentally validated. The mo-
tion of the camera positioning system is directly compared with the
reference motion. The experimental setup is shown in Fig. 9. The re-
sponse is measured by a Micro-Epsilon optoNCDT 2200 laser position
sensor. The position resolution, linearity, and measurement frequency
of the laser sensor are 0.3 pm, 6 pm, and 10 kHz, respectively.

The robotic vision system was operated by a National Instruments
cRIO-9024 running VxWorks at 1 kHz and cRI0O-9118 running field-
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TABLEI
TEST CONDITIONS: TRACKING REGION
Test # | Mean Speed [N Test # | Mean Speed [o8
1 1.28 degfsec  36.0 Hz 4 7.31 deg/sec  57.1 Hz
2 3.56 degf/sec  55.5 Hz 5 5.88 deg/sec  97.0 Hz
3 3.12 deg/sec  48.8 Hz 6 2.57 deg/sec  59.0 Hz
20.00 HProposed WPWM 17.33
15.00
[5a]
2 10.00
=
5.00 2I08 2.??
0.340.48 0.51 0.22 0.68
0.00 _—
Test #1 Test #2 Test #3 Test #4
Fig. 11. MSE: Quantitative evaluation of the tracking performances.
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Fig. 12. Tracking a long motion profile with w, = 36 Hz.

programmable gate arrays at 40 MHz. The robotic vision system em-
ploys a Ximea subminiature camera MU9PC-MH.

1) Tracking: Fig. 10(a)—(d) shows experimental comparisons of
the tracking performance between the proposed controller and a con-
ventional PWM method. For the PWM controller, the iterative linear—
quadratic regulator method [20] was used, and the control law u was
quantized to |u| at each sampling. A total of four different motion
profiles were tested, where the speed ranged from 1.28 to 7.31 °/s, as
described in Table 1. All velocity profiles were in the range of a single
PZT activation level. For a direct comparison, the PWM controller had
the same amount of switching, and the commands were generated in an
open-loop manner. The tracking commands were generated only in the
indicated period. Thus, the response due to residual oscillations after
the tracking region can be neglected in this experiment.

It can be observed from Fig. 10(a)—(d) that the proposed controller
successfully tracked the slowly varying reference profiles with low con-
trol frequency w, and reduced switching. The proposed method outper-
formed the conventional PWM method. However, significant position
errors are observed from the PWM method. Tracking performances are
evaluated quantitatively by the average sum of squared error (MSE):
msg = Lo & -edt

5 T (28)

where e is the position error.

Fig. 11 presents the integrated sum of tracking errors. It can be
checked that the performance metric of the proposed method is better
than that of the PWM method for all cases. This is because the PWM
method does not account for dynamics of the system. Minor position
errors are observed from the proposed method due to quantization
effects and low control frequency; however, it was not significant.

Fig. 12 shows that the proposed controller is also capable of gen-
erating a long range of motion in a long period of time. The camera
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TABLE IT
RESULTS OF VIBRATION SUPPRESSION
Improvement in  Reduction in
Tesl settling time switches
5 393 ms 16
6 239 ms 5

Fig. 13.

Experimental setup for pseudotracking.

positioning system was controller at 36 Hz, and the response was mea-
sured by a YUMO E6B2-CWZ3E encoder due to limitation of the laser
Sensor.

2) Vibration Suppression: The vibration suppression commands
after the tracking region discussed in Section IV-C were also validated
using the same setup shown in Fig. 9. The proposed method consisting
of both tracking and vibration suppression controllers was compared
with the tracking-only controller. For the tracking-only controller, no
further switches were generated after the image acquisition period.

It can be observed from Fig. 10(e) and (f) that the proposed con-
troller successfully suppressed the residual vibration after the image
acquisition period while reaching to the target discrete position. It im-
proved the settling time and reduced the number of switchings, as
demonstrated in Table II. Since the residual vibrations are completely
suppressed, any desired motions can be generated in the succeeding
quantized region using the same approach.

B. Controller Validation by Pseudotracking

For realization of smooth pursuit, in this study, the robotic position-
ing system tracks an object of interest and captures its image during the
motion. The experimental setup for pseudotracking is shown in Fig. 13.
A checkerboard was positioned by a linear stage, and the camera posi-
tioning system was pseudotracking the object at a constant velocity of
8°/s. The proposed controller is capable of generating slower motion
profiles than 8 °/s, as presented in the previous tests and demonstrated
in Table I; however, the camera may capture a clean image of the in-
terest object without tracking if the motion is substantially slow. It was
assumed that motion of the object is known, since motion estimation
of moving objects is not in the scope of this study.

The proposed controller generated discrete switching commands to
match checkerboard motion during the exposure window. The obtained
image would not exhibit blurriness, if the camera positioning system
successfully tracks a moving object during the exposure window.

Two experiments were conducted, where VGA-size and UVGA-size
images were obtained in the course of motion at 28.6 and 12.5 frames/s,
respectively. Fig. 14 shows the cropped images of the obtained results.
The first column shows the images obtained by the proposed method,
and the last column shows the reference images obtained at rest. The
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Fig. 14. Results of pseudotracking. (a) Tracking. (b) Camera at rest. (c) Ref-
erence. (d) Tracking. (e) Camera at rest. (f) Reference.
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Fig. 15. Quantitative evaluations of the images obtained by pseudotracking.

images in the middle were obtained when the object was in motion,
while the camera was at rest; the motion of the object is not negligible
as they are blurry.

From tracking test #1, no significant blurriness was observed in
the image obtained by the proposed method, as shown in Fig. 14(a).
Thus, it can be concluded that the controller successfully matched the
motion of the slowly moving object. From tracking test #2, the image
obtained by the proposed method was comparable with the reference, as
shown in Fig. 14(d); however, minor blurriness exists. This was mainly
because the motion of the camera orientation system was rotational,
while the motion of the object was translational. In addition, the degree
of blurriness was amplified in test #2 due to a long exposure time.
Although the camera positioning system successfully generated the
desired movements, minor blurriness cannot be avoided.

The results are also evaluated in a quantitative manner. The perfor-
mance metric is defined to calculate the sharpness of the edges on the
checkerboard image as follows:

Y max(w(z) - (I (z) ® Gx))
h

Sharpness metric = (29)

where 1. is the kth horizontal line of the image, &G, is the horizontal
Sobel kernel, w is a noise filter, @ is the convolution operator, and h is
the height of the image.

The quantitative evaluation is presented in Fig. 15. It can be observed
that the images by the proposed method exhibit comparable sharpness
with the reference. Although the value of the proposed method in test #2
is weaker than that of the reference image, this is due to a discrepancy
in the motion vector and a long exposure time as aforementioned. The
image obtained when the camera was at rest exhibits low values due to
blurriness. We conclude that the proposed discrete switching controller
was effective, since the sharpness of the images was preserved by
tracking the object.
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VI. CONCLUSION

This paper has presented a discrete switching controller to generate
an arbitrary velocity profile for a quantized compliant actuator-driven
robotic vision system. The proposed method is designed to match the
velocity of the object of interest only during the exposure window. Dur-
ing the exposure window, tracking motion is generated by combining
and optimizing a series of pulse-like commands at each primitive. Then,
residual vibrations are suppressed, while reaching the desired quantized
position. Although the classical feedback controller with PWM quan-
tization is capable of generating an arbitrary velocity profile, it causes
high-frequency switching that would damage the thin compliant me-
chanical structure. The proposed controller is an open-loop method and
requires less frequent switching than the existing methods.

The proposed method was validated by comparisons with the ref-
erence and the PWM method and by pseudotracking the object. The
experimental results show that the performance metrics of the proposed
method were better than that of the conventional PWM method. In ad-
dition, after vibration suppression, the proposed method presented an
improved settling time, while reaching to the desired discrete position.
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