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To work a field of inquiry requires instinctive sense
for the valuable and important areas.

Such competitive fields have a specific atmosphere.

Those working within these fields must drive basic technology
and by iterative refinement glimpse new applications and possibilities.

Being the driving force behind such advancements allows a particular perspective,
one only available to those on the cusp of tremendous things.

The direct experience of the forces involved in creative production is exhilarating
and we feel a motive in both the eddies and currents of the creative flow.
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Concept

The real physical world essentially has parallel and real-time computing architectures, including sensors and robots, as
well as social and psychological phenomena. Realizing an equivalent architecture based on engineering technology will
help us to understand the real world, bring various advantages to applications, allow us to achieve performance levels far
exceeding conventional systems, and eventually make it possible to build genuinely new information systems. Our labora-
tory, in particular, conducts research on exploring parallel, high-speed, and real-time operations for sensory information
processing, some of which are listed below. Also, we are focusing on finding new industrial markets and strongly promot-
ing technology transfer of our research outcomes in diverse ways, including collaborative research and commercialization.

i .Research on Sensor Fusion theory, construction of system architectures, and applications to high-speed intelligent
robots aimed at the engineered re-formation of the five senses. In particular, applications include the development of
high-speed intelligent robots based on sensor feedback using visual sensorsand tactile sensors and the development of
new tasks.

.Research on Dynamic Vision System for development of fundamental technology and creation of application system by
adaptively acquiring information of moving objects based on high-speed image processing and dynamic optics. In
particular, technology development of high-speed optical axis control and variable optical systems, and implementation
of application system on image measurement/information presentation in dynamic environment.

.Research on System Vision Design for designing high-speed image processing technology (theory, algorithms, and
devices) and the realization of application systems. In particular, the development of application-oriented high-speed
image processing systems and innovative applications creating new value by driving at speeds that far exceed the
capabilities of the human eye.

iv. Research on Active Perception for creating a new style of interaction by using sensation-enhancing technology and its

applications, in particular, the construction of a modality that is meaningful for humans and the realization of futuristic
information environments and human interfaces based on various high-speed technologies.
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A human being recognizes external environment
by using many kinds of sensory information. By
integrating these information and making up lack of
information for each other, a more reliable and mul-
tilateral recognition can be achieved. The purpose
of Sensor Fusion Project is to realize new sensing
architecture by integrating multi-sensor information
and to develop hierarchical and decentralized
architecture for recognizing human beings further.
As a result, more reliable and multilateral informa-
tion can be extracted, which can realize high level
recognition mechanism.
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In recent years, there has been an increasing
demand for robotic handling of towel-like objects in linen
and laun- dry services. One such task involves picking
up a towel randomly and aligning it to a predetermined
position and posture. However, it is difficult for robots to
handle these towel-like flexible objects because defor-
mation occurs during robotic manipulation, and manipu-
lation based on estimation of deformation status is
rather challenging and unfeasible for most robotic
systems.

As per the below illustration, we propose to realize
this task using a method that combines human-robot
cooperation for static manipulation (grasping) and

Phase two|

(highspeed motion strategy to realize
dynamic manipulation of flexible object)

Robotic high-speed manipulation‘ '
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high-speed robotic motion strategy for dynamic manipu-
lation (aligning). Specifically, a human worker picks up a
towel and holds it for robot to grasp, and then, the robot
quickly aligns the towel to desired area of the table,
using high-speed motion strategy after grasping the
towel. In this manner, the challenging issue of deforma-
tion of the flexible towel-like object is addressed by
human cognition and high-speed motion strategy. In
order to ensure that human workers remain dominant
and safe during the cooperative operation phase, a new
hand-arm robotic system utilizing high-speed actuators
and high-speed visual feedback with a micro-macro
configuration is developed.

Human-robot cooperation
(safe humasrobot cooperation to realize}
static manipulation of flexible object)

___High-speed arm _
. (Macro part) S

High-speed hand
(Micro part) "~
- Local camera

-~

Human worker
1
1
1
1
1
1
1
1
1
1
1
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Flexible object
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Humans realize various complex tasks with their
upper limbs based on bimanual coordination. A funda-
mental feature of our bimanual coordination is the natu-
ral tendency to synchronize the upper limbs, resulting in
preferred symmetrical patterns of interlimb coordination.
In this early-stage study, based on the coarse-to-fine
human-robot collaboration framework, we investigate
the possibility of human-robot collaboration for accurate
manipulation under force feedback utilizing the bimanu-
al synchronous mechanism.

The concept of this study is shown in Fig.1. The
human-robot collaboration is realized by the integration
of the machine side (consisting an assistant robotic
module and a force feedback device) for accurate local
motion and the human side for coarse global motion.
High-speed sensory feedback and high-speed actuators
are utilized in the assistant robotic module, to realize
high bandwidth feedback control in a limited work range.
The human side guides the assistant robotic module in
a global motion manner such that a manipulation target

Machine
Assistant robot

Force foedback (accurate local motion)

device
<

Al
|
|

| Forcefeedback&CD information L )Hummguidance /‘
( <

Bimanual

I synchronous motion >

Fig.1 Concept of this study
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In this research, we present the study of combining
human visual and haptic perception in human-robot
interaction to realize collaborative manipulation. In our
human-robot collaboration scheme, cognitive capabili-
ties of human and accurate motion control capabilities
of robot are well integrated. Human operator is desig-
nated for coarse global-motion under feedback interfac-

should be always kept within the work range of the
assistant robotic module, under force feedback. Force
feedback generated by a device based on the sensor
information of the assistant robotic module is provided
to the left hand of the human operator. The human
operator percepts the force feedback information and
moves the left arm according to the force feedback
protocol. At the same time, he/she moves the right
hand, which is holding the assistant robotic module, to
conduct the same motion as the left arm, forming the
naturally synchronous bimanual coordination. There-
fore, a closed-loop for coarse global motion with the aim
of keeping the target to be always within the work range
of the assistant robotic module is realized. On the other
hand, accurate local motion by the assistant robotic
module is implemented simultaneously, forming the
human-robot collaboration in a coarse-to-fine manner.
Primary results suggested the effectiveness of the
proposed method.

Passive support (three joints)

Projector ¢

Projected ™
sqhare

Force feedback
device

Fig.2 Experimental system
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Combinations of visual and haptic modalities for human-robot
interaction and collaboration

es utilizing human visual as well as haptic modalities.
Fine local-motion in an active manner without involving
human intention-aware is realized by a dynamic com-
pensation robotic module with high-speed visual feed-
back. Primary experimental results verified effectiveness
of the proposed method.
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It is challenging to realize accurate pick-and-place of
tiny bearing balls under uncertainties. The uncertainties
may be attributed to environmental disturbances as well
as to positioning errors of a typical industrial robot. We
propose to realize the task by a dynamic compensation
robot. It consists of a commercial industrial robot and an
add-on module with 2DOF compensation actuators.
The former is for fast and coarse global motion realized
either by coarse teaching-playback programming or by
motion planning with the use of computer vision. The
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latter is to conduct real-time compensation in a local
manner under high-speed visual feedback. In the
demonstrations, random disturbances are exerted on
the working stage. Along with the main robot conducting
coarse global motion, fine positioning is realized by the
compensation module under 1000 fps visual feedback.
This technology is useful for robotic assembly applica-
tions where high accuracy is difficult to achieve under
uncertain working environment.
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We propose an active assistant robot to realize
high-performance manipulation that is traditionally
difficult for human. In this line-following demonstration,
human operator moves the assistant robot (2-DOFs) to
realize coarse global-motion while keeping the target
within the limited work range of the assistant robot. A
projected square area is used as visual indication for
human operation. With the active assistance of the
robot based on 1,000Hz visual feedback in local
manner, tracking error (between image center and line

center) is reduced dramatically compared to that of
human control motion. The robot is developed based on
the dynamic compensation approach with a new
high-speed vision system. 1,000 fps imaging and
processing are implemented within a single Vision Chip
simultaneously. This technology can be used in a broad
range of application scenarios where required accuracy
is beyond traditional human capability, such as laser
cutting, welding, sealing as well as assembly.
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We demonstrate contour following task under dynam-
ic compensation scheme with a newly developed
high-speed Vision Chip developed by Sony and Ishika-
wa Watanabe Laboratory of the University of Tokyo.
Given an arbitrary contour pattern, the industrial robot's
trajectory is firstly programmed with sparse teaching
points chosen roughly. The compensation module
(2-DOFs) under 1,000 Hz visual feedback by the new
Vision Chip will then realize real-time motion to keep the
target contour always in the center of the image, even
under systematic uncertainties such as backlash of the
main robot, or external disturbances of the workpiece.
By realizing image processing on the new Vision Chip,
there is no need to provide a device for image process-
ing.
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Traditionally it is difficult for industrial robots to
achieve highs-speed motion with high accuracy due to
large dynamical uncertainties. We present a solution
using dynamic compensation by adopting high-speed
vision and compensation actuators to compensate for
the uncertainties caused by the system itself as well as
the external environment. In this study, we present two
application tasks: fast and accurate contour-tracking
and high-speed peg-and-hole alignment, with a com-
mercial industrial robot. Traditionally, the playback
method is the most common approach to control an
industrial robot. However, it is time-consuming and
exhausting to teach an accurate path point by point. We
propose to perform the 2D contour-tracking task by
adding a high-speed robotic module under the dynamic
compensation scheme. Through this method, a coarse
global path can be easily taught with very few roughly
chosen teaching points. The errors between the coarse
path and the target path are then dynamically compen-
sated by the high-speed robotic module under 1,000 fps
visual feedback. As a result, accurate tracking for a
target contour with random pattern is achieved with fast
speed. The proposed method is also capable of com-
pensation of external uncertainties. For example, the
same tracking result can be obtained under unknown
external disturbances. It should be noted that since the
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coarse motion is smooth with constant velocity, it is
energy efficient for the industrial robot. The same tech-
nology is demonstrated with the task of high-speed
peg-and-hole alignment. Here, we require the main
robot to move at high-speed while the pose of the work-
piece is uncertain. The coarse motion is roughly taught
and can be random within a certain range of each hole.
Letting the main robot perform the coarse motion, fast
and accurate alignment is achieved through fine com-
pensation by the high-speed robotic module.

This technology can improve existing industrial
robots’ performance while at the same time reduce the
workload of robot operators. It may find applications in
many industrial tasks, such as in welding, painting as
well as assemblv.
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With the goal of pursuing the limit of the machine system beyond the human being by improving both hardware
and control method, we developed an entirely new bipedal running robot system "ACHIRES" (Actively Coordinat-
ed High-speed Image-processing Running Experiment System) using the high-speed visual feedback, and we
have realized a high speed running as the first step of this research.
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In this research, the control method for bipedal
running system ACHIRES was improved to accomplish
more reliable running. ACHIRES is a high-speed biped-
al running system that consists of high-power bipedal
robot and high-speed vision. In the previous method,
the posture information acquired from the high-speed
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vision was used only when both legs were off the
ground, and the control was feed-forward otherwise.
Adapting the new method with the visual feedback intro-
duced to almost all process of running, now ACHIRES
can run more reliably for a longer time in a more
forward-bent posture like human.
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High Speed Bipedal Robot Running Using High Speed Visual Feedback
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ACHIRES is composed of high-speed vision and
high-speed actuators to achieve instantaneous recogni-
tion and behavior. The similar technologies are used in
our Janken (Rock Paper Scissors) Robot. High-speed
vision detects the state of the biped robot including the
timing of landing at 600 fps. The biped mechanism with
the leg length of 14 cm is set to run in the sagittal plane.
At present, the running velocity reaches 4.2 km/h.
Simple control based on high-speed performance of
sensory-motor system enables the biped robot to stably
run without falling, unlike computationally expensive
ZMP-based control which is commonly used for
balance. The aerial posture is recovered to compensate
for the deviation from the stable trajectory using
high-speed visual feedback.

ZMP based control

Proposed system
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We also address a task of somersaulting. While
running, the robot takes a big swing with one foot and
jumps. After takeoff, both legs are controlled to curl up
for high-speed rotation in the air. ACHIRES is going to
be improved to push the envelope while demonstrating
various biped locomotion tasks.

| Bipedal Robot |

O High-power actuator
O Non-ZMP-based control

| High-speed Vision |

O state recognition
O Aerial posture control

Leg length : 14 cm
Max speed : 4.2 km/h

Frame rate : 600 fps
Resolution : 1280 X 700

Posture recovery motion
with high-speed visual feedback
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Dynamlc Horizontal Movement of
a Bipedal Robot Using Frictional Asymmetry
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In this research, dynamic horizontal movement is
considered with the goal of achieving high-speed
dynamic leg motion. We propose a new movement prin-
ciple using frictional asymmetry for legged robots. This
motion strategy consists of sliding motion based on the
kinematic constraint and jumping motion which makes

EZEIEXTINMEZRIA LIZEIN) 2 [H758)

. HEBYIAL—YI3IVERIG) BESIOR
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T, K EEEQERISECAESKET D EEEE
Lz 8REY 3 VESHHECRNZBIRBRER
CIEL, BEFEOEMEERIEUE.

use of lightweight high torque motors. In addition,
motion characteristics based on the dynamics are ana-
lyzed. Experimental results are also shown in which a
2-DOF bipedal robot takes fast short steps repetitively
with compensation of landing time by high-speed visual
feedback control.

60][ms]

120.[ms] 1:80.[ms]

240 [ms] 360I[ms] 420 [ms]
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Janken (rock-paper-scissors) robot with

100% winning rate (human-machine cooperation system)
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In this research we develop a janken (rock-pa-
per-scissors) robot with 100% winning rate as one
example of human-machine cooperation systems.
Human being plays one of rock, paper and scissors at
the timing of one, two, three. According to the timing,
the robot hand plays one of three kinds so as to beat
the human being.

Recognition of human hand can be performed at 1ms
with a high-speed vision, and the position and the shape
of the human hand are recognized. The wrist joint angle
of the robot hand is controlled based on the position of
the human hand. The vision recognizes one of rock,
paper and scissors based on the shape of the human
hand. After that, the robot hand plays one of rock, paper
and scissors so as to beat the human being in 1ms.
This technology is one example that show a possibility
of cooperation control within a few miliseconds. And this
technology can be applied to motion support of human
beings and cooperation work between human beings
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and robots etc. without time delay.

Considering from another point of view, locating facto-
ries oversea has been advantageous in labor-intensive
process that requires human's eyes and hands because
it is difficult to make the process automatic or it is not
worth the cost. However, by realizing faster process
than human's working speed, the productivity can be
improved in regards to cost. Currently although the
cost-cutting of the robot is difficult, it is possible to
change the location condition of the factory fundamen-
tally by increasing the speed of the robot including
visual function.

hlgh speed vision
hand shape recognition (1ms)

high-speed
robot hand

visual feedback
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The second version of the janken (rock-paper-scis-
sors) robot system with 100% winning rate has been
developed. The robot realizes 100% winning rate by
high speed recognition of high speed vision and high
speed acuation of a robot hand. In the first version, a
final shape of the robot hand is delayed about 20ms
after the finished shape of a human hand. In the second
version, a final shape of the robot hand is completed
almost the same time of the finished shape of a human
hand.

JN—I3>3  Version 3
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The third version of the Janken (rock-paper-scissors)
robot with 100% winning rate has been developed. In
this version, we incorporated the high-speed tracking
technologies "1ms Auto Pan-Tilt" and "Lumipen 2" in
order to extend a field of view of the high speed vision
system. The inclusion of these technologies additionally
enables the system to dynamically track the human
hand and recognize its shape in high speed, regardless
of where it moves, as well as improves the synchroniza-
tion between the motion of the robot hand and that of
the human hand. Using high-speed vision together with

OMmw FOZFRTDLVT  Name of robot
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Human
. = . Range where human
Total Time of Shaping: about 60ms cannot recognize
Start Finish | = 30~s0ms

- > time

ms
Finish
Robot (1st Version)

Finish
Robot (2nd Version)
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the high-speed actuation of the robot hand enables the
robot to achieve a 100 % winning rate.

Visual feedback
for hand control

High-speed
vision

captured image High-speed

robot hand

Projector

Visual feedback
for mirror control

Retroreflective background

N
Galvanometer mirrors

COOMy FOBARBOBIL TUwAITAOMRY FITI.TUoAITAIIOSHRT, IOMNY ~IEAHSH
JTY. F/2, BBOBIZ, NJanken (rock-paper-scissors) robot] T, Bi&HIF, [Janken robot]TY.

The name of this robot is "Janken (rock-paper-scissors) robot", and the abbreviated form is "Janken robot".
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Robotic Pitching by Rolling Ball on Fingers

for a Randomly Located Target
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In this study, a robotic pitching task is considered with
the goal of achieving dynamic manipulation. To control
the pitching direction of the ball, the strategy using the
rolling of the ball on fingers is derived with reference to
human pitching. The effect of shift in the release timing
on the pitching direction is analyzed based on the ball
dynamics. Experimental results are shown in which a
high-speed manipulator composed of a 4 DOFs robot
arm with a 10 DOFs robot hand throws a ball towards a
randomly-located target recognized with high-speed
vision. As for robotic high-speed pitching based on the
“kinetic chain" which is observed in human throwing,
you can also see here.

Target

R
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We have been developing robotic systems that
individually achieve fundamental actions of baseball,
such as throwing, tracking of the ball, batting, running,
and catching. We achieved these tasks by controlling
high-speed robots based on real-time visual feedback
from high-speed cameras. Before integrating these abili-
ties into one robot, we here summarize the technical
elements of each task.

Throwing:This robot can throw a ball with high preci-
sion using its fingers, similarly to human throwing. To
throw a high-speed ball, we proposed a strategy
focused on the superposition of wave patterns based on
the kinetic chain. This robot can throw the ball into the
strike zone with a success rate of 90%.

Tracking:The AVS, Active Vision System, can
achieve a wide field of view by rotating a camera around
its pan and tilt axes. Thanks to high-speed actuators
and high-speed visual feedback, this system can track a
target moving at a high velocity. 1ms Auto Pan/Tilt can
track even faster objects by moving two mirrors rather
than a camera itself in order to control the gaze direc-
tion.

Batting:The batting robot can hit a ball anywhere in
the strike zone by controlling the arm in response to the

S5RICENTED NyFT 1 VJ0Ry FERRL
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position of the ball every 1 ms. We adopt a simple con-
trol law without prediction or learning, since all required
information is acquired from the high-speed active
vision. In addition, the batting robot can control the strike
direction by using a planar bat ( Ball Control in
High-speed Batting Motion ).

Running:The high-speed running robot can run with a
forward leaning posture thanks to two features: The first
is a small and high-speed motion mechanism with
high-speed, light-weight actuators, and the second is
high-speed visual feedback that recognizes the state
and posture of the robot and modifies them in real time.
This robot doesn't use ZMP-based control, which is
commonly used for biped robots, and runs with an
unstable posture in ZMP. We achieved running at 4.2
km/h with 14 cm long legs.

Catching:We developed two catching robots: One
with a fixed hand, and one with a hand connecting with
high-speed arm. Both use a high-speed hand that can
open and close its fingers 10 times per second. These
robots can catch a flying ball by controlling its manipula-
tors in response to movements of the ball measured
with high-speed vision.
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Light-weight Ball Catching with High-speed Visual Feedback
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High-speed manipulation has great potential to
produce new robotic skills utilizing the feature of
high-speed motion. The purpose of this study is to
achieve catching a light-weight ball with a high-speed
hand-arm system and high-speed visual feedback. One
of the main problems in catching a high-speed moving
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light-weight ball is a ball bouncing off after hitting the
hand easily. Therefore in this paper, we propose the
catching strategy that reduces relative velocity between
the hand and a ball. We show experimental results of a
high-speed manipulator catching a ball.
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Analysis of Rolling Manipulation for Breaking Ball Throwing

with Robot Hand-Arm
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The purpose of the work is to achieve high-speed
dynamic manipulation. As one example, we deal with a
breaking ball throwing. There are some previous
researches about throwing with ball spin, but we will
especially concentrate on making spin rate bigger.
There are also some studies and measurements to ana-

13
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lyze pitching technique scientifically, However little is
known about body motions affecting ball spin. In this
research, we modelize throwing motion as swing motion
of a accelerating 1 DOF link and compare simulation
results with human throwing.
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Fig.2 (a) Throwing O[s]
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Fig.2 (b) Throwing 14[ms]
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Multifingered Hand §K/|stem equipped with compact size,

low-friction actuator
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We developed compact size, low-friction and
high-torque actuator "MagLinkage" which enables
dynamic shock absorption control. MagLinkage is con-
sisted of a compact size DD motor (uDD motor, MTL
inc.), low-reduction ratio and compact-size gear box
(Shindenssha), and magnet gear (MagTran, FEC inc.).
When a load is applied to the output shaft side, it rotates

agLinkage”
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with a slight torque, and this angle change can be accu-
rately measured with the encoder on the motor side.
MagLinkage realizes a virtual spring / damper charac-
teristic with a wide dynamic range and no external
sensor. A torque limiter function is also provided
because the magnet gear will step out when an over-
load is applied to the output shaft.
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We realized "the shock absorption control (Maxwell
model control)" proposed by our laboratory using the
MagLinkage hand. The MagLinkage hand can slide and
grasp a thin object on the table. By sliding the object
with high speed and soft touch, the hand succeeded in
grasping one piece from the pile of cards. This is a
difficult task with a typical robot hand. The MagLinkage
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hand is suitable for high-speed and dynamic shock
absorption control. For high-speed and precise position-
ing control, it is suitable to use the "lightweight
high-speed multi-finger hand system". Applications of
1ms high-speed sensing (vision, proximity and tactile)
can be expanded by using an appropriate hand depend-
ing on an application.

%D Maglinkage [ Y1207 v D « SRS EU—BKAAHE, ASHIT T e 41—+ I—,
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Thanks MagLinkage was developed with technical support from Microtech Laboratories, Inc., FEC, Inc, , Shindensha, Inc.
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High-Speed Ring Insertion by Dynamic Observable Contact Hand
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As an application example of "Lightweight
High-Speed Multifingered Hand System" which we are
developing in this laboratory, we realize high-speed ring
insertion into a shaft part. The clearance between parts
is 0 to 36 micro-meters (extremely small). Insertion time
of a human is 2.58s. On the other hand, our system
archived insertion time 2.42s by using new insertion
strategy "Dynamic Observable Contact (DOC) hand". In
order to reduce the impact force at insertion and correct
the position error between the parts, 1ms joint stiffness

Fig.1. Overview of the insertion system

control of the hand and arm tip speed control are exe-
cuted simultaneously. DOC hand enables that “6-DOF
dynamic passivity”: The grasp system should exhibit
passivity with respect to the impact in any direction and
“2 Object-pose observability”: The position and orienta-
tion of the grasping object should be observed in the
grasp system.

This work was conducted by a joint research project
between Ishikawa Group Laboratory and OMRON co.,
Itd.
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Fig.1. Insertion result of the robot hand and a human
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High-speed and High-precision Robotic Hand for Micromanipulation
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Fig.1 The overview of the hand.



In recent years, industrial robots have been widely
introduced to manufacturing process for automating and
speeding up production. However, some tasks are still
difficult for industrial robots to complete and are remain-
ing to be automated. For example, skilled human opera-
tors conduct assembly of the watches as yet. In order to
realize fast automation of manipulation of micro objects,
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Lightweight High-Speed Multifingered Hand System
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Dynamic grasping using a newly developed
high-speed hand system and high-speed vision is
proposed. In the high-speed hand system, a newly
designed actuator provides the finger with excellent
features: It is lightweight (about 110g per finger),and it is
moved with speed reaching about 4m/s and 4N power
at a finger tip, and backlash is small enough for

we incorporated high precision to existing high-speed
robotic hand, which realized dynamic manipulation of
objects such as dynamic catching and pen spinning.
The high-speed and high-accuracy hand realized high
operation accuracy of several micrometers at finger tip
with the same extent of operating speed as the existing
high-speed hand.
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[ Dynamic Regrasping ]

[ Dynamic Pen Spinning ]
[ Dynamic Dribbling ]

[ Dynamic Catching ]
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high-gain feedback control. As a result high-speed
motion at 180deg/0.1s is realized. With high-speed
visual feedback at a rate of 1KHz, the hand can grasp
and handle dynamically moving object. Experimental
results are shown in which a falling object is caught by
high-speed hand.
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Active sensing using vibration with robot hand
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In recent years, the demand for production using gen-
eral-purpose robots has increased in order to achieve
high-mix low-volume production. Because of this, the
demand for automation of product inspection has also
increased. On the other hand, except for visual inspec-
tion using cameras, dedicated machines are often used
for automatic product inspection.

Therefore, in this research, we deal with the product
inspection using a general-purpose robot hand. Specifi-
cally, it deals with vibration inspection that detects
abnormalities inside the object that cannot be detected
by visual inspection. By using a general-purpose robot
hand for inspection, it is possible to detect abnormalities
in products during production work, which is thought to
lead to improved productivity.

We propose the inspection method that a robot hand
attached a 6-axis force sensor to the fingertip grasps the

1 XI& : RBHRFBEDDTOMIL HHiE
Fig.1 Target: Bolt fastening in an opaque box.
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object and applies vibration. Then, by analyzing the
time-series data of the force at that time, the abnormali-
ty is detected. This time, evaluations are done by
ROC-AUC (Area Under the Receiver Operating Charac-
teristic Curve) for three features (the peak-to-peak value
of the signal, the peak-to-peak value of the filtered
signal(80-1000 Hz bandpass filter), and the power of
high-frequecy vibration) of each axis. In addition, the
parameters of vibration are determined using the
Bayesian optimization method to improve detection
accuracy.

We have conducted experiments and succeeded in
inspecting the looseness of bolts of objects fastened
with bolts (in a place that cannot be seen from the
outside) and discriminating liquids with different viscosi-
ties in containers that cannot be seen from the outside.

2 Oy RV RICKDIIRADIRDERF
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Fig.2 Vibration to the target by the robot hand
(vibrates in the direction of the arrow.)
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Rubik's Cube handling using a high-speed multi-fingerd hand

and a high-speed vision system
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In this research, we realized manipulation of Rubik's
cube using a high-speed robot hand with three fingers.
The experimental system consists of a high-speed
vision and a high-speed robot hand, and the high-speed
vision can calculate the center of gravity position and
angle of the Rubik's cube at 500 fps. The manipulation

(c) t=0.040

(b) t=0.342 (c) t=0.416

(a) t=0.698

(b) t=0.758 (c) t=0.818
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realized in this research is a total of three operations,
two kinds of regrasping and one-face turning of the
Rubik’ s cube. By combining these three operations all
the faces can be turned. In the experiment, these three
operations were performed in a row in 1 second and we
succeeded in 30 continuous operations in 10 seconds.

(d) t=0.060 (e) t=0.080 (f) t=0.100

BHBZEME (1)
Regrasping(1)

(d) t=0.488 () t=0.560 () t=0.636

BEEZEEF (2)
Regrasping(2)

(d) t=0.878

1 B@EREF

Face turning

(e) t=0.938

(f) t=0.998
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Screwing nut with high-speed robot hand using high-speed visual feedback
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This research focuses on the manipulation in assem-
bling of industrial products with general purpose robot
hand, and nut screwing task is chosen as an example of
such task. Marker is attached on the head of nut to
manipulate, and vision sensor get the rotation of the nut.
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In addition the detection of location of nut, correction by
active search is introduced. From rotation information
from vision sensor, robot hand catches the nut immedi-
ately after it is off from its base.
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Manipulation of Thread-Rotor Object by a Robotic hand
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Button spinner, a hand-toy similar to Yo-Yo, consists
of a loop of thread and a button as a rotor. When we
play a button spinner, the rotor spins at very high speed,
up to 6,000 rpm, according to the periodic and oscillat-
ing finger motion, by the power transferred through a
pair of twisted thread. The power transmission via flexi-
ble objects, which converts slow and linear motion to
high-speed rotation is a promising method, because of
the simple mechanism and smooth behavior due to its
flexibility. However, to take advantage of the power
transmission, we need to regulate the power stably,
under the uncertainties of non-linear system which is
caused by its flexible components. By introducing the
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high-speed robotic system in sensing and manipulation,
we can easily control the related systems without any
estimation.

In this research, with the high-speed robotic system,
we successfully conducted the robotic button spinner
and were able to control not only the rotation angle but
also the position of the rotor along the thread. The con-
trol error was less than the resolution of measurement in
angular position, and less than 5 pixels (about 0.8 mm)
in the position of the rotor along the thread. The core
structure of the button spinner can be applied to not only
high speed rotating systems such as a shaker and a
generator, but also machine control.
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Connecting manipulation of cable
and connector by high-speed multi-fingered hand
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Higher speed and accuracy are recently required in
manufacturing and FA lines.

In this research,we propose a method of manipulation
of connectors and cables , the coordinates of which are
detected by high-speed visual-servo system. The
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high-speed robot hand rapidly carries the position of
one connector which is tracked by high-speed camera,
and then solves the tiny position error between connec-
tors by adding connector a slight vibration before begin-
ning insertion to the other connector.
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Winding Manipulator Based on High-speed Visual Feedback Control
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Controlling a robot to manipulate objects dexterously
is an important research field in robotics. In particular,
casting manipulation is a manipulation in which an end
effector is attached to a robot, and the robot project it in
order to grasp a distant object. Manipulation beyond the
original operating range of the robot is expected. In
research on conventional casting manipulations, model-
ing of flexible objects manipulated by robots and feed-
forward control based on parameter identification are
the mainstream approaches.

In this research, we propose casting manipulation
based on high-speed visual feedback control with a
whip. We aim to realize object grasping by manipulating
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the whip with dexterity by utilizing its deformation. The
tip speed of the whip is very high, and it is difficult to
properly control. Thus, in addition to the trajectory
design of the robot arm using the whip as a manipulator,
we captured the winding motion of the whip around the
object with a high-speed vision system and made use of
visual feedback to achieve robust winding of the whip .
In the experiment, we constructed a flexible manipulator
system consisting of a robot arm, a whip, and a
high-speed vision system, and we controlled the trajec-
tory of the robot by visual feedback based on how the
whip winds around an object. We confirmed that the
whip can successfully be wound around the object.
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Manipulation of Flexible Arm using Shape Information

with High-speed Vision

AR TREEREY I VI RFTAEZRALEZEDIL
FITITP—LDHEETD.

EBIEP —ADT +— BNy OHIEICANDZY
HELTEYIYEYMMEBEINTNDIEDD,
BENEGLEBERESE DDLU —AL— FOREHEES
ToTCER.

AARTIL @REIYIVIRTLADBAICLDOT

This research focuses on the high-speed visual feed-
back control of flexible arm.

Vision sensor is regarded as a promissing device to
control flexible manipulators. However, vision sensor
has disadvantages such as long image processing time
and shortage of frame rate.

In this research, these disadvantages are reduced by
introducing high-speed vision systems to the feedback
control system. Moreover, high-speed vision system is
used to obtain rich information : the shape of flexible
arm, which is utilized to feedback control.

Through some experiments, vibration information of
the flexible arm is captured from its shape, and it is con-
firmed that suppression of its oscillation can be done
with proposed system.
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Sonic-speed Manipulation of a Bull Whip with a High-speed Robot Arm
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In this research, we propose an entirely new ultra
high-speed actuation technique with whip manipulation
by a high-speed robot manipulator. By using the charac-
teristics of the whip, we can realize dexterous manipula-
tion of the whip. In particular, we aim to achieve a son-
ic-speed manipulation at the free end of the whip.

To achieve this, we explore a feasibility of the son-
ic-speed manipulation of the whip by a trajectory plan-
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ning of the robot arm. The trajectory is obtained by an
analysis of whip manipulation by a human subject. Then
we performed an experiment of the sonic-speed manip-
ulation of the whip using the trajectory. Finally we con-
firmed that the sonic-speed manipulation can be
demonstrated and there exists a high feasibility of the
whip manipulation with the proposed method.
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High-speed Hitting Grasping with Magripper
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In this study, Magripper, a highly backdrivable gripper,
and hitting grasping, high-speed grasping framework,
are developed to achieve high-speed hitting grasping
executed seamlessly from reaching. The gripper is
designed to achieve both high speediness and environ-
mental adaptability. To realize high-speed hitting grasp-
ing with Magripper, the framework using three elements
were developed.

+ Designed Magripper, a highly backdrivable gripper;

» Implemented deformation control based the Zener
model in Magripper;

» Proposed the concept of hitting grasping using
Magripper.

Magripper

We introduce a magnetic gear and developed
Magripper, a highly backdrivable 1-actuator gripper, to
achieve both high speed and environmental adaptabili-
ty. Backdrivability and high-speed operation at the
moment of contact are realized by using a DD-motor,
the magnetic gear, and link mechanism. Magripper is
composed of one actuator and can be fabricated at rela-
tively low cost, making it suitable for factory automation
applications.

Implementation of deformation control based the
Zener model

We implemented deformation control based the
Zener model in Magripper as backdrive control and
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improve its adaptability to dynamic manipulation. By
mounting the Zener model, which can switch between
the Maxwell model and Voigt model with parameters, on
the gripper, we successfully achieved both grasping
task and adaptability to environment with higher back-
drivability.

Hitting grasping

We proposed the concept of hitting grasping using
Magripper, which is grasping manipulation with hitting of
the environment and objects, and experimentally
demonstrate its implementation in a high-speed robot
system. Overall, seamless reaching and fast grasping
on the assumption of hitting objects and the environ-
ment are achieved. In this manner, a different approach
from the static and quasi-static approaches to avoid
hitting environment could be used. In the experiments,
Magripper dynamically and robustly grasped a wood
block, a wood cylinder, and a plastic coin with the same
strategy and same parameters. In addition, the
high-speed roulette betting task was achieved as a
demonstration within 1 s. In particular, coin grasping
with high-speed movement is an extremely difficult task
because collisions with environmental objects such as
the floor and desk are likely, and the robot may break.
These could be achieved using only servo control via
only encoder information without image processing,
tactile sensors, or proximity sensors.

Experimental snapshots
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In this study, a visual shock absorber capable of
adapting to free-fall objects with various weights and
speeds is designed and realized. An experiment was
conducted for the receiving of balls in free-fall and the
adaptive shock absorber succeeded in adaptively
receiving the light wood ball with different velocities. To
realize an adaptive visual shock absorber, the frame-
work using three elements were developed.

» Visual low-rebound control using 1000 Hz
high-speed visual object tracking for the object non-con-
tact state;

+ High backdrivability of the magnetic gear for the
moment of object contact;

« Plastic deformation control of a parallel-expressed
Maxwell model for the object contact state.

Visual low-rebound control

We implemented low-rebound control using 1000 Hz
high-speed visual object tracking. 1000 Hz high-speed
visual object tracking was used for preparation with
position and velocity control in the object non-contact
state. Calculating the 3D position of an object using
1000Hz high-speed image processing with larger time
density sensing, the control suppresses the object

o
Non-contact Visual

state Low-rebound control
¥ - =
[
Moment of .
contact
High-backdrivability
\/ . magnetic gear
Contact Plastic deformation
state

control

concept

2.30

AKHARTIE, ADICRRITDFHRONBEBELE
“OMRy FOER"ERA, BREEV_Ea L —5YDF
FNRENTLENT DB EIREUIZ. ZRHIH
DI, DOUBDBZRBZEETRNICERTEIT DHNE
PDE ANDICK > TEMH/ BN EE ZSEN
[CERI D ENTBETR CTHD. MBEDERXOR

22

IRT D, MEERDT 1 — RNy IHEIETIEIXTM TEE0)
EREECREITDIERE./\— RO T PICRNTX
NT D, WREEIC KD, FEFAREED S BADAREN
Y= AUV RICHIEERTIT D, AAR TR B EE
=Rz E?ﬂ%’%f@é”l\ﬂagsﬁder”Eix?r Uiz,

Visual-base T illi 5| R I8 DMaxwell € 7 L Z M Z
T

1000HzERE Y 3 VY AT AICKDEENHIEIE
DHEEZRBVZ MHRIBOMaxwel €7 )L
HIEZREFE L2, MaxwellE T IVIERFED NG Z O
Ny FOBUBHERZDCET, EROTVE—S
Y RFHEFERDTOEMDUIBENRDRFENIE
BICRELRVZO.EBEZVEI RDOBEHNTEE
E18B, FRMIHICKRIBENZEMaxwel EFT LIS 1E
REFTIYN—ZBEIICERT DMaxwell ETILH S
FEMHBOZHRE A DDBDBABINICK > THBZE
BmTED,

repulsion before an impact to reduce the relative veloci-
ty between the end effector and the object.

Magnetic gear

The main contribution of this study is visual-based
low-rebound control and plastic deformation control that
is integrated with the high backdrivability of the magnet-
ic gear. The magnetic gear can absorb passively shock
in the moment of contact, which is difficult for traditional
feedback control to deal with. The magnetic gear allows
the seamless transfer of control from the non-contact
state to the contact state. In this study, we designed
Magslider, linear mechanism with a magnetic gear as
shown in the figure.

Plastic deformation control

We developed visual-based plastic deformation con-
trol based on a parallel-expressed Maxwell model using
estimation of impact force integral term with high-speed
image processing. The parallel-expressed Maxwell
model is transformed from the Maxwell model, which
connects a spring and a damper in series if the viscosity
term is transformed and the integral term of the external
force is added.
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In this study, a deformation control for generating pas-
sive response to an external force is designed and
implemented. This control strategy treats the shift in
position and posture attributable to an external force as
the deformation of the robot. The deformation dynamics
are constructed from the deformation models, which
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Impedance control for smoothly receiving the impact
of an incoming object is designed and realized. The
control strategy is based on the idea that the back drive
motion of an end-effector attributable to the collision
impact is regarded as plastic deformation of the robot.
The impedance dynamics is constructed from the Max-
well model, which describes plastic deformation. Next,
two types of control methods are proposed in terms of
the connection configuration of the spring and the
damper. Physical simulation of catching a rolling object
with a robotic arm is executed to validate and analyze
the proposed methods. Experimetal results based on

o)

t/17wjau9)7J

SRF v v FUITDRIBEREE L, EZMADE 1
WOEMHILIZEY APy a v I PITI—N\ERE
Lz, REOMGIZOMY FOBUHERERZDCE
T, ERD Y E—F Y RHH E R DMaxwell £
FTILER—RICULEHBRIRZHTZ>TD, S8

Visual shock absorber is proposed with the goal of
achieving anti-rebound of a collision object for
high-speed catching. Based on the idea that the trajec-
tory of an end-effector which stops a ball without
rebound is regarded as the robot’ s plastic deformation,
impact absorption is performed by adopting the Maxwell
model which represents plastic deformation. We devel-
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include plastic and elastic behavior. Next, control meth-
ods are proposed to passively achieve deformation
characteristics. Physical simulations with a robotic arm
are executed to validate the proposed control law.

The single part of plastic deformation control based
on the concept can also be seen here.

Shift in position and posture
attributable to an external force

Deformation of a manipulator

L1
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the concept can also be seen as the Visual Shock
Absorber.

Back drive motion
due to impact absorption

Plastic deformation
of a robotic arm

Al
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oped the visual shock absorber which consists of series
connection between passive elastic structure and soft-
ware damper with high-speed vision, whose architec-
ture corresponds to the Maxwell model. Experimental
results are shown in which a 2-DOF manipulator with
high-speed vision recieves the impact of rolling object
without rebound.
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Dynamic Human-Robot Interactive System
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In this research, we developed a dynamic human-ro-
bot interactive system which can adapt to a human
operation at high speed and low delay, using a
high-speed robot hand system consisting of a
high-speed vision system and a high-speed robot hand.
Then, the human operator and the robot hand grasped
the same object, enabled cooperative motion according
to the human operations (Figure (a)), and realized a
highly accurate peg-in-hole while keeping collaborative
motion (Figure (b)).

As the proposed concrete method, by tracking the

left and right

(a) collaborative motion

2.34

up and down
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markers attached on the same object by the high-speed
vision system, we recognized the three-dimensional
position and orientation of the board to be manipulated
by the human operator every 1 millisecond. Based on
the visual recognition result, the cooperative motion
according to the human motion was realized. Here, it is
a feature of this result that utilizing the high-speed
performance of the robot system realizes it only by kine-
matics calculation without performing complex dynam-
ics calculation.

(b) collaborative peg-in-hole

@R0OMy ~/N\Y FZRNZABEDZEBERBIEE

Human Cooperative Task with Multiple Degree of
Freedom Using a High-speed Hand System
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Recently, robotics research and development have
been done actively, and some robots are introduced in
human life environment. This means that cooperation
between human and robot is significantly important. And
it is very interested in human-robot cooperation in that
context.

We demonstrated a human—cooperative task multiple
degree of freedom using high-speed hand and
high-speed camera. In details we have constructed the
system in which robots and humans maintain the
balance of a board. We constructed a high-speed
human-robot cooperative system using high-speed

camera and high-speed robot hand. In example task,
we focused on the human-robot cooperative task with
multiple degree of freedom with visual feedback. We
proposed basic strategy of the cooperative task. We
explained image processing algorithm for estimating the
object state (position and three-dimensional angles).
Next, we described inverse kinematics of the robot hand
and control of the hand. We showed experimental
results of the proposed strategy, image processing, and
robot hand control. That task was successful using
proposed method.
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Human motion is very flexible for tasks, while it is low
in speed and precision, therefore support and assis-
tance of human motion by robots are considered to be
desirable.

In this study, in order to achieve such functions, we
developed a new portable module for accurately con-
trolling a human hand position and constructed a
high-speed and high-accuracy positioning control
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system using image tracking by a high-speed vision
system. In order to evaluate its performance, we execut-
ed tracing tests of circle or line trajectory with the
system. Finally, we performed a task of catching a
falling small ball, which cannot be achieved by a human
subject only. Although the task was nearly impossible to
make a success of by a human only, the success rate
was dramatically improved with the proposed method.

236 ANEOVYADOREDIEDHOOMY Y RT I

BN (R D0X—RILA—5) OBRIEICH
NWTC, SIRDHNTHILCHABDBEICEIRZT, 5
XSZERNWTHNEIDIARZRRI DT EICKD,
ARz 2TEEMESE<TD. LHL, COXDIE
D1 — RNy OPRBENES, BESERFEEHTRE
HTHD. FL, MARMRRTELZELTE, AB
DRFBEICIIRENH DI, BRSNDIEE (Fl
ZIE, A DOA=FIVA—=5) ICX2T, FRATE
BONR#ESEEEE<, SABEHERT D.

ZCTAMATIE, SREY3VEERPIFa
I—9NPSEHSNDOMNY FEY2—ILERNT,
ROMBREEZMET DEEEEBNI D EICK
D, ¥ DO0OX— RV =5 DRINDEDRIEFET
BEICTD. BIC, BEADETNERERICESNTESES

25

BE TRE#H H it (Dynamic Compensation)
ZEEATDCEICKD, ABOHENVEMEERELEN
5, ¥ OOX— A=Y DS IEEERIET
3.

BIEABZHIRDELTIE, 70 100X —FILD
UERC 50 Y O0OX—FILOOEEEAT DB
BIREERIRLCL\D. UBDHDPILIMIEZR T
DFa1T—RICEEL, OBDOHDPILIMEIAE
DMEREL, BAREZETDS. COESE, aREY 3
VTPIEMEBERIDCECIDUOEERET
DEBIFIC, MOEOMBREZSTAIL, ZODREN
MIBBDEDICEEPIF 2T —INMZDONEE
HIET B,



Usually, it is easy for humans to perform macro
manipulations with visual feedback. However, due to
poor visual acuity, it becomes difficult for humans to
accurately perform micrometer-order manipulation. To
solve this problem, we propose to improve the human
manipulation performance through robotic cooperation
by a high-speed robotic module. The robotic module
consists of 1,000 fps high-speed vision and high-speed
actuators to realize robust visual supervision and fine
accommodation to human coarse manipulation. As a
result, the system enables human to realize high preci-
sion manipulation while the workload can be reduced
and the working efficiency can be improved. As a
demonstration task, micrometer-order peg-and-hole
alignment in two dimension is presented here. The
1-DOF robotic module drives the workpiece with hole
(with a diameter of 70 um) on it. It aligns the hole with
the peg (with a diameter of 50 um), which is held by the
human, by adapting its position with micrometer-order
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accuracy.

This technology can be useful in many industrial
applications. For example, it can be used in the preci-
sion assembly & fabrication industry to improve the
production quality and efficiency of human workers. It
also can be adopted in extreme work environments
such as in outer space, where light or zero gravity
hinders highly accurate human manipulation.

| One dimensional
| actuator
(vdirection)

Robotic
. module

Hole (70um)
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Human-Robot Cooperative System

using a High-speed Vision System and a Robot Hand
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Recently, robotics research and development have
been done actively, and some robots are introduced in
human life environment. This means that cooperation
between human and robot is significantly important. And
it is very interested in human-robot cooperation in that
context.
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In this research, we aim at a realization of human-ro-
bot cooperative task that the board which is grasped by
a human subject and a robot hand is controlled to be
keep horizontally. By using the high-speed robot hand
system, we achieved this task robustly.

1. 3585 RO DEREHBR (ERER)
Figure 1. Experimental result of cooperative task
(continuous photos)
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Recently, there has been significant progress in the
development of master-slave robot hand system. Espe-
cially we focus on master-slave robot hand systems that
can realize non-contact sensing and intuitive mapping
between human hand motion and robot hand motion.
Such a master-slave robot hand system can be effec-
tive from a viewpoint of usability. However, conventional
systems are not able to adapt to dynamically changing
environments because of their high latency from input to

BTHD.
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output.

Therefore, we developed a master-slave manipulation
system using a high-speed robot hand system. This
system can reproduce the high-speed motion of human
hand at the slave side, and the latency of the proposed
system is so small that humans cannot recognize it.
Furthermore, the hardness of target object can be mea-
sured at high-speed. We confirmed the effectiveness of
our proposed system through experiments.

Oms

165ms

330ms

495ms

660ms

825ms

®1. FUVIE2LU—Y 3 VORERBER (ERSH)
Figure 1. Experimental result of telemanipulation (continuous photos)
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We have developed a proximity sensor that enables
high-speed, high-precision measurement with a single
board and a single power supply (Fig. 1). The range of
distance detection is 0 to 30 mm, the tilt angle is -45 to +
45 ° , and measurement period is 1 ms with USB power
supply.

The distance resolution at short distances is 1.6 times
higher (<26.7 ym) than the previous sensor [1].

Fig. 2 is a circuit block diagram of the developed
sensor. Based on the circuit configuration of the special
optical triangulation sensor developed in the past [1],
amplifier circuit (the first stage) was made into a custom
IC by the 0.18 yum COMS process.
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Furthermore, by replacing the analog circuit (latter
stage) with a digital filter, the measurement accuracy is
improved and the size of sensor is reduced.

When this sensor is mounted on the fingertips of a
robot hand, the fingertip position can be adjusted at high
speed. For example, it can be used to correct the hand
position error after direct teaching of the collaborative
robot arm and to correct the camera estimation error. It
is also possible to scan the shape of an object surface
with high accuracy.

This work was conducted by a joint research project
between Ishikawa Group Laboratory and Toyoda Gosei
co., ltd.
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Fig.2. (a) Block diagram of the circuit.

2.40
SEREIGDER « & DS

A

Super tactile-based active touch [CKD

High-speed, low-contact force insertion using super tactile-based active touch
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We propose a new assembly strategy that uses
high-sensitivity contact detection with our high-speed,
high-precision proximity sensor. The insertion position is
adjusted by measuring the posture of thin plate part
grasped by two fingers of the high-speed lightweight
hand. Since the contact between the parts and the
insertion position are detected based on the change in

MTFDBER@ T+ —FUITHPEDODHTHAZL
TorEBEE OF 1+ —F VT8 iE ESuper
tactile-baesd active touchZFERA LIZIZEDEA
BRTY. @FT 1 —FVINRBOHIDBRSE, T1—F
VIODRHBREICIDBAZERLUIIN,

The following pictures are (a) when the insertion is
performed only on a teaching trajectory, (b) insertion
result when the teaching trajectory and super
tactile-baesd active touch are used. In case of (a) only
teaching trajectory, insertion task was failed due to posi-
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the posture of the thin plate parts, the robot hand can
insert the parts at a high speed with an extremely small
contact force. This is a strategy that combines high-sen-
sitivity contact detection (super tactile) with the proximity
sensor and tracing motion (active touch). We therefore
call it "Super tactile-based active touch".

(b)Super tactile-baesd active touchZ B 1) © C
CTCRIBREZBIE UIBAZERTEETY. BBk
DORTA IR =ILVEFEAEHRBRSINTRES T, 7Y
I 4 —RNyIR-IATOSREBEABIBDIEERE
HBROEBROYTY.

tion error. On the other hand, in case of (b), position
error could be corrected and insertion could be
achieved. The proposal of a high-speed insertion strate-
gy based on the sensor feedback is the first known to
us.
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%h -Speed, Non-deformation Catching of a Marshmallow
with High- speed Vision and Proximity Sensor
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We developed the 1ms sensor fusion system with the
high-speed active vision sensor and the high-speed,
high-precision proximity sensor. The control algorithm of
the high-speed robot hand became simple and robust
by the combination of the sensor feedbacks, because
the combination of the feedbacks enabled continuous
sensing from non-contact to contact state with high-res-
olution without visual occlusion. Since the contact was
detected based on the distance value of the proximity
sensor, the hand could control fingertip position without

Soft object
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High-speed robot hand
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depending on the contact force. The hand could stop
the fingertip motion before deforming the sof object
(marshmallow).

The feedback control makes it possible to grasp sodt
objects with unknown characteristics at high speed and
non-deformation. Therefore, the control can be applied
to manufacturing lines of soft foods. Especially, it can be
expected to be applied to processes including multiple
works such as "assembly of boxes", "grasping of cakes"
and "packaging of boxes".

Ay,l lx J(dy —dypp)dt|

1) Visalbased posiion con
Yrop1 )]
)

Fig. 1: (@)The high-speed, high-precision proximity sensor, (b)The high-speed active vision sensor,
(c)illustration of the catching experiment and 1ms feedback control modules.
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High-Speed Catching of a Paper Balloon
using High-Performance Proximity Sensor
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For high-speed and super soft-touch catching, we
developed a fingertip-size, high-performance proximity
sensor. The sensor detects tilt angles of and the
distance to an object surface independent of the reflec-
tance. The measurement time is within 1 ms an the
peak-to-peak distance error in a short distance is less
than 31 micro meters. Although the detection principle is
a method proposed in the past (Masuda et. al, 1981) ,
we designed an analog circuit suitable for the principle
and optimized the optical design of the detection
element. We achieved small-size, high-speed and
high-accuracy proximity sensor. High-speed, high-accu-
racy measurement enables "super tactile sensing”
which continuously detects the object from non-contact

WADsH [mm): 180 % 285 %385

Fig.1. The high-speed robot hand equipped with the
high-performance proximity sensor
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Fast Recognition of the surrounding environment is a
central topic for mobile robots. Detection and tracking of
obstacles at an earlier stage contribute to safer opera-
tions. For instance, in intelligent transportation systems,
collision avoidance at intersections with poor visibility
requires very high responsiveness. Time for performing
an appropriate maneuver is reportedly only a few milli-
seconds.

In this study, we propose a high-speed tracking tech-

Overview of the proposed algorithm
Generic obstacle detection via Stereo IPM
Images 1PM Diff. of IPMs.
Obstacle
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to contact state, allowing the robot hand to grasp a frag-
ile object at high speed and with a soft touch. The hand
was able to catch the paper balloon with a deformation
equal to or less than that achievable by a human
performing the same catching task.

The hand autonomously adjusts the grasping position
according to the object position, posture, shape and
softness. This technology can be applied to various
robot fields such as industrial robots and home service
robots. Now, we are developing 1ms sensor fusion
system with the high-speed vision sensor and the prox-
imity sensor. We will realize more challenging,
high-speed and precise catching.

Fig.2. (a) Block diagram of the circuit. (b)Schematic
diagram of the arrangement of the circuit board.
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nique of generic obstacles on the ground surface using
stereo high-speed vision. Obstacles are detected by
stereo inverse perspective mapping (stereo IPM) as
illustrated in the figure below and then tracked at high
speed by exploiting the traits of high-speed vision — a
huge computational load reduction by the self-window-
ing method applied to the histogram spaces. Experi-
ments using RC car demonstrated over 500 fps
real-time tracking.

Results
Tracking results

Estimated position and
computation time

Diff. of IPMs,

Estimated positi 005 01 015 02 05 03 035 04 0
stimated position Time ls]
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Visual Odometry via Downward High-speed Vision
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Self-localization of a mobile robot has become a key
technology to achieve various kinds of applications
ranging from vehicle navigation to autonomous driving.
While Global Navigation Satellite System (GNSS) is
widely appreciated for vehicle localization, its accuracy
considerably decrease at a place surrounded by
skyscrapers, or inside a tunnel where GNSS module no
longer communicates with satellites. Manufacturer and
researchers have devoted their efforts to compensate
for such weakness, by using vehicle-attached sensors
capable of retrieving vehicle's motion.

We propose a visual odometry technique using
high-speed cameras installed vertically to the ground.
Thanks to this camera configuration, we can reduce the
problem to a continuous two dimensional image regis-
tration problem since transformation between adjacent
frames can be regarded to be affine. While this configu-
ration narrows the field of view to a very small region,
high-speed cameras solve the issue by capturing
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BIREERIAERIPOC ZRNTEREDREEZH
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frames every few milliseconds to make adjacent frames
have enough overlaps to successfully estimate image
displacements even in high-speed motion. We
employed rotation invariant phase-only correlation as an
image registration technique to achieve robust and
accurate estimation even on the surface of extremely
poor texture like snowy surface.

245 EREY 3 VZEAVCIESHERERD
Traffic Light Detection Using High-speed Vision

3 e

Automatic traffic light detection plays an important
role for driver-assistance system and autonomous vehi-
cles. Based on the fact that LED traffic light flashes in
proportion to the input AC power frequency, we propose
a traffic light detection method which focuses on the
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flash pattern extraction using high-speed vision. Exploit-
ing temporal information is shown to be very effective in
the experiments. It is considered to be more robust than
visual information-only methods.
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In recent years, there has been an increasing
demand for robotic handling of towel-like objects in linen
and laun- dry services. One such task involves picking
up a towel randomly and aligning it to a predetermined
position and posture. However, it is difficult for robots to
handle these towel-like flexible objects because defor-
mation occurs during robotic manipulation, and manipu-
lation based on estimation of deformation status is
rather challenging and unfeasible for most robotic
systems. To solve this problem, we achieved this task
using a method that combines human-robot coopera-
tion for static manipulation (grasping) and high-speed
robotic motion strategy for dynamic manipulation (align-
ing) in our previous work. In this reserach, we propose a

Suspended towel-like object

(a)Recognize corner state
\ Camera J]
/

Position of corner

Orientation of corner
(Using SVM)

Types of corner
(Left or right)
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method to realize the towel spreading operation by a
robot at high-speed and the towel alignment operation
continuously, aiming at further automation. For the towel
spreading operation, we extracted the lowest point of
the suspended towel as a corner using information from
two ToF cameras, and recognized the state of the
corner using a machine learning-based method, then
we realized the grasping motion of the robot based on
the recognition result. After that, a newly developed
end-effector (a gripper fixed at both ends and a gripper
that moves between them) is used to realize the spread-
ing motion, and the robot arm is used to realize the
alignment motion.

(b)Grasp corner  (c)Spread towel-like object  (d)Align towel-like object
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With the increasingly diverse needs of users, the
production line is shifting from the conventional low-mix
high-volume production to high-mix low-volume produc-
tion, and the flexibility and intelligence of machines and
industrial robots are required. In response to this, we
have proposed an intelligent system based on Dynamic
compensation, in which a compensation module that
controls a high-speed actuator based on high-speed
sensor information is installed ahead of existing robots
and human-operated machines, and developed a
system that uses dynamic compensation to perform a
variety of tasks.

However, in previous studies, the compensation
motion was limited to two-dimensional motion. There-
fore, in this study, we developed a high-speed 3-axis
position compensation module with high-speed visual
feedback for high-speed and high-accuracy 3-D motion.
Specifically, we constructed a compact and lightweight
three-axis (x-, y-, z-axis) delta robot that can be mount-
ed on the end point of a robot arm. We measured the
horizontal accuracy in the x- and y-axis directions using

a laser displacement meter, and confirmed that the
motion accuracy was less than 7% at 20 Hz or less in a
circular orbit with a radius of 3 mm, and that the repeat-
ability was less than 1.3% of the distance traveled even
when there was 50% horizontal movement in the z-axis
direction.

KERY AT LD
Overview of the experimental system
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Fully Automated Beads Art Assembly based on
Dynamic Compensation Approach
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Smart manufacturing within the context of Industrial
4.0 has become increasingly important in the context of
manufacturing evolution, which is changing from tradi-
tional high-volume, limited-species production to
low-volume, multi-species, short-cycle production.
Moreover, the significant damage to the supply chain
caused by the pandemic has proven the urgency to
build next-generation manufacturing systems that are
resilient to future pandemics, requiring the strengthening
of robotic automation and less reliance on humans. In
response to this, we have proposed Dynamic compen-
sation to improve the autonomy of industrial robots.

In this study, we demonstrate the implementation of a
simplified scenario of smart manufacturing of

Beads picking
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Beads art assembly and result
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made-to-order bead art. Specifically, using a system
equipped with a three-dimensional position compensa-
tion module at the end of an industrial robot arm, the
proposed system picks up beads on a rotating stage
that resembles a belt conveyor and create bead art. By
controlling the robot based on dynamic compensation, it
is possible to achieve conflicting bandwidths behaviors
required for automatic assembly: real-time positional
accuracy of the working target, which directly affects
production quality, and intelligent motion planning,
which represents long-term adaptation to online chang-
es and uncertainties without relying on human interven-
tion or preconfiguration.

Result
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This study focuses on robotic assistance scenario for
peg-and-hole alignment with micrometer-order clear-
ance as shown in Fig.1. The objective of the robotic
assistance is to cooperate with a human operator based
on a coarse-to-fine strategy in which the human opera-
tor conducts coarse alignment and the robotic assis-
tance realizes fine alignment.

Robotic-assisted fine alignment was achieved by
mimicking the process toward annularity of an annlar
solar eclipse as shown in Fig.2 and Fig.3. The first prin-
cipal axis of a specified image feature (we call it a
eclipse feature) was calculated by subtracting the
surfaces of a hole part (a small gear with an inner diam-
eter of 1 mm) and a peg part (a shaft with a diameter of
0.95 mm). Control strategy was developed to realize
accurate alignment. The effectiveness of the proposed
method was verified by experimental evaluation, which
showed that peg-and-hole alignments were successfully

Hole part
\ Peg part Al
€
m bg ‘ 'fA
~m
ﬂ/ E> a, bé
Al \ A2 h A2
Eclipse feature (2)
(yellow area) First contact state
(€]
Initial state 3
Al
e
“f cvd
c:l a 9 g.h
A2
4) (3)

Converged state Second contact state

Fig.2 Alignment strategy mimicking annular
solar eclipse
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realized with errors smaller than the clearance of
+25um.

*
@
Alignment with posture constraints

Alignment without posture constraints

Fig.1 Scenario of human-robot collaboration
for peg and hole alignment.

1 trial for case "RB": Initial state 1 trial for case "RB": Converged state

1 trial for case "C": Initial state 1 trial for case "C":

Converged state

Fig.3 eclipse features of initial and converged states
for hole positions at RB and C
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Traditionally, it is difficult for a general robot to
achieve fast speed, good accuracy, and good adaptabil-
ity to unstructured environment simultaneously. In this monit{
research, we developed a sealant dispensing robot for
moving targets of no prior knowledge (shape, placed
pose and position, moving speed, etc.) based on our
previously proposed dynamic compensation framework. a;fﬂ:g:;:
To realize accurate sealant dispensing for works of
unknown shape that are randomly placed on a moving
conveyor, the robot as shown in Fig.1, was designed
based on a coarse-to-fine strategy such that an arm part
(2-DOF) for long-term adaptation of uncertainties in a
global manner (global planning), and a hand part
(2-DOF) for real-time adaptation of uncertainties in a |

status lampg,
—A

hand part
of robot

local manner (real-time error absortion). Specifically, the | =

hand part was capable of high-speed feedback motion | == 1S (random pose)
control by utilizing 1,000 fps vision feedback. Primary )

evaluation results as shown in Fig.2 demonstrated the Fig.1 Developed robot system

effectiveness of the developed system.

&

{

Wor(k typé A/

Fig.2 working target before and after dispensing

251 ZOMOMFTHR

Other research topics

rOMmy RHOBRIFEN—=ILEOMRY EAYT DIV R T ADRH, SIN5IEY 3 Y (CPV) [CKDERY—T v
FOSYFVITIRT A, BRBE/NY REBVES A TIvDIF vy F T, SR\ET + — RNy DO ZRANE
SA4FTIvOTSREVT, EAF RILOICEDLS ZEOM Y ~ORDERE, ARF-0/Ry ~HREFEDZHOEZRD
B SRV EalL—Y3aVDREODZBREI A PIVIT 1+ — RNy DIRT A, FEEREERMR UEBISIRDE
¥ BREEIREYRTAICRITDI A FTIORBEDES, SRFTvvFUIIYRT A (BARERKEER
B, AB-OMRy FREOROOBERISLE, ARy ~\Y RHASOEMBEEMEWMRBRHICIDIBERT DY
AT ADRE, BRB\EERNVZ100GF v TF v U VTV RT A, BB ZYHBRIMEY X5 A (1ms &
EEMRE Y AT L), UPILIA ARRBIREERY TN, AmsEI 2PV T 1 — RNV DI RFT A, B8/
Y RICRBDEBNSRT LYY VT, @RBIE/\Y FERABZANCERIRD, 8RR\E T+ — RNV IZER
WEIBRTE), EYaPIL1 YE=F Y RCKDOM Y ~OFE, BEED « — RN\ v O ZALZREILETE),
1B8HEMDOMY ~OBE/ NS — V8RN, &R POT « Y3 VI RTACKLINBIHAOSHEEL, BETE—
XY MEHEER\ R 3RTHIRRE, 2REY 3 VOROHOMNHFHET /L, BEEEEEBELZEY
BIRFE, SEBNIRDENEE BTEIDRSE, RERTZRA U DFIEHDOSEE, mBIBDIRREFEETILD
H@Eﬁi@iﬂ@’é%ﬂw% BHELVYICLBEREZRBWEPOT 1T I VT, MBI —VEESDIEHD

BEEIHVADED), ERBREEAVCERERS, ST/\S UL Y IOBEEARVEINEEEREY—IL, §HO8
7 1 — BNy DICEDLS REBEBFEIEY X5 A, Robotics Aided Drawing (RAD) Y X5 A, (REEES
T 1 ZRIC K DMAIRDIET, ABDORMECHT DEEBNMSHEEDERT, REEMEZANCEERFT v v F
VO, Ry FO—=DBSREYIVICKBDFIVFIT, BREIaPIVT + — RNy D EBIEER_EBETT,
BINLREZBICHIT DIBEEED2RITEN, BNBECED<SR. SHBELYFVIFEE aR2E/N\V R
ECYIVIRTAZERNEA—RYa—FT 1 VD, 8RP—LAZBENCEHRRUMN Y OBNRD, EI a7/
DAVTSAPIYRERNEERENRT « PUR « IR—ILPSA YA+, 8&RBH/\Y RICKDN— ROEEEF
BUREERD, 8:&21E/\Y REANZETE LEHE, RFILRESICEDBUBOER, RENGECEDIIEER
O—« VU8 ZEBHV_Ea U - ZAVNCERITBEE SRDIE/N\Y RERWBLAZRALEV I
FryFUT Ry FD—DRSECYIVICLDADI—I3VEBELEY Ty Sy F U, =dl)
ADIRTIRETT, N\ R PAEI AP T —RCLKBIERFDSvF VD, 8RV_E2AL—Y3aVYIRTA,
SRZE/\Y RZAVEREBOA FEO, SRITBEMEICHITDIN—IUHE, 2RSE/\Y RZBUVES 1
SV DUTSREVT, 8&EZIE/\Y REBNZEER VO L, &RZiE/\Y RERVEBNRIFNFSDHS,
SREBNPDMNIKIER, 28DSRBIE/\Y RERSAYEBNCHDENSITOEEMHEE 2R P —A%
BUOEBNSRRIZEIMAEDIRD, Ry FDO—DBSEEY 3 VI RATLAOI U —LARH 8REY 3 VDD
DRy FO—DBE RIBRBISREY 3 VICKDIERBIADEEMOE, SRE\EMEBLI TRy FD—D
V2T ADOBRETO>TIND.

35



Throwing and Batting robot system, High-speed Manipulation System, Column Parallel Vision System (CPV),
Card Throwing and Shooting by a High-speed Multifingered Hand and a Vision System, Dynamic Active Catch-
ing Using High-speed Multifingered Hand, Somersault Based on Sliding Motion Using Torque Asymmetry,
Pixel-parallel collision detection for safe human-robot-coexistence, Visual Feedback System Using
Multi-High-Speed Vision for High-Speed Manipulation, Adjustment of Discount Rate Using Index for Progress of
Learning, Acquisition of Dynamics Matching in Sensory-Motor Fusion System, High-speed Catching System
(exhibited in National Museum of Emerging Science and Innovation since 2005 to 2014), Emergency stop for
safe human-robot-coexistence, A system for tactile sense through human sensory nerve fiber, 1ms Sensory-Mo-
tor Fusion System, Visual Haptization System, 1ms Visual Feedback System, Active 3D Sensing using a Multi-
fingered Hand, Tool Manipulation by a Multifingered Hand Using a High-speed Vision, Grasping Using
High-Speed Visual Feedback, Visual Impedance for Robot Control, Optimal Grasping Using Visual and Tactile
Feedback, Jumping Patterns Analysis for 1-DOF Two-legged Robot, Object Tracking Using Networked
High-Speed Vision, Sensor Selection Method Considering Communication Delays, Integration of Active Explora-
tion and Task Oriented Motion, Learning of Force Control Parameter using Vision, A Model of Acquiring a Skilled
Movement by Searching the Optimal Trajectory and Learning the Inverse Model, An Active Sensing Method
Using Estimated Errors for Multisensor Fusion Systems, Haptic Motion of Distributed Tactile Sensor for Obtain-
ing Tactile Pattern, Auditory-Visual Fusion Using Multi-lnput Hidden Markov Model, Spatial Resolution Improve-
ment Method using High Speed Active Vision System, Real time 3D Shape Recognition Using Image
Moment-Based Features, Portable Assist Tool with Visual and Force Feedback, Robotics Aided Drawing (RAD)
system, Touching an Object by Visual Information, Effects of Active Perception for Visuo-Motor Sensory Integra-
tion, High-speed Catching Based on Inverse Motion Approach, Object Tracking Using Networked High-Speed
Vision, High Speed Bipedal Robot Running Using High Speed Visual Feedback and Planar Sliding Analysis of a
Biped Robot in Centroid Acceleration Space, High-speed and accurate picking task based on dynamic compen-
sation concept, Card Throwing and Shooting by a High-speed Multifingered Hand and a Vision System, Dynamic
Manipulation of a Rhythmic Gymnastics Ribbon with a High-speed Robot Arm, Fast Peg-and-Hole Alignment
Using Visual Compliance, Card Manipulation using Card Deformation by a High-speed Multifingered Hand,
Rotational Holding of Discotic Flexible Object using a Multifingered Hand, Knotting manipulation based on skill
synthesis, High-speed Throwing Motion Based on Wave Propagation, High-Speed Batting Using a Multi-Jointed
Manipulator, Soft Catching with a soft finger, Target Tracking Behind Occlusions Using a Networked High-Speed
Vision System, 3D Shape Reconstruction of an Object in the Air, High-speed Tracking by Hand-eye Configured
Visual Servoing with Cylindrical Coordinate Approachare, Dynamic Grasping Using High-speed Visual Feed-
back, One Handed Knotting of flexible rope using a High-speed Multifingered Hand, Ball Control in High-speed
Batting Motion, Dynamic Regrasping Using a High-speed Multifingered Hand and a High-speed Vision System,
Dynamic Pen Spinning Using a High-speed Multifingered Hand with High-speed Tactile Sensor, Dynamic Hold-
ing Using a High-Speed Multifingered Hand, Catching a small object in high-speed motion, Dynamic Folding of a
Cloth using Dual High-speed Multifingered Hands and Sliders, Dynamic Manipulation of a Linear Flexible Object
with a High-speed Robot Arm, Frame Synchronization for Networked High-Speed Vision Systems, Network
System for High-Speed Vision, Collision-avoidance of High Speed Mobility using Environmental High-speed
Vision, High-speed Visual and Tactile Sensors Network System going on.
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Various phenomena including humans basically
have dynamics, and many of them cannot be han-
dled with conventional sensing methods. Dynamic
Vision System (DVS) is a system that adaptively
measures, understands, and applies dynamic
objects using a vision which is devised in optics.
Utilizing dynamic measurement systems corre-
sponding to the target dynamics makes it possible
to perform advanced measurement and informa-
tion presentation that eliminates the dynamics,
which is one of the causes of information quality
deterioration, and can be expected to create vari-
ous new applications.

DVS is a research concept aiming at establish-
ment and development of new image measure-
ment technology by both the development of
fundamental technology with devised optics/pro-
cessing and various application development to
dynamic targets. Specifically, it has realized appli-
cations in a wide range of fields such as visual
media, human interface, inspection/FA, sports,
medical/biotechnology, and aims to expand further
basic technology and application development.
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Figure 1. A photograph of the prototype (a),
and cross-sectional view of the
Dynamorph lens to illustrate its
focusing mechanism (b)-(d).
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High-speed focusing technology has been desired for
decades. The focusing speed of conventional optical
systems is limited by the slow response time involved
with the physical actuation of lenses. One possible solu-
tion is to develop variable-focus devices. Production of
practical focusing devices with both high response
speed and high optical performance is, however, still a
challenge. A liquid interface is known to be suitable for
the surface of such a lens due to its almost perfect
spherical shape and deformability. Therefore, liquid
lenses show great potential to realize both high-speed
focusing and high optical performance.

We developed a liquid lens using a liquid-liquid inter-
face that can arbitrarily control the focal length in milli-
seconds and achieve practical imaging performance.
This lens dynamically changes the curvature of the
interface by means of liquid pressure, as shown in Fig.
1. Two immiscible liquids, indicated as liquids 1 and 2,
are infused in two chambers, but they are interfaced at
a circular hole that works as an aperture of the lens.
This interface works as a refractive surface due to the
different refractive indices of the two liquids. One cham-
ber (the lower chamber in Fig. 1) is equipped with a
deformable wall that a piezostack actuator thrusts to
change the chamber volume. When the piezostack
actuator extends, the lower chamber volume decreases,
and the surplus liquid volume presses the interface to
change its shape from convex to concave. Since this
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lens morphs its interface dynamically, it is called a
Dynamorph Lens.

Based on the above design, a prototype with an aper-
ture diameter of 3.0 mm was developed. Its photograph
is shown in Fig. 1 (a). Ultrapure water and polydimeth-
yl-siloxane (PDMS) were used as immiscible liquids. A
wide refractive power change of about 52 D was
achieved with a displacement of only 12 um. Note that
the initial refractive power could be adjusted by altering
the infused volume of liquid 1. The response time of the
prototype was measured to be about 2 ms by capturing
high-speed video through the prototype while switching
its focal length every 10 ms. Image sequences and
input/output signals are shown in Fig. 2. Movies of the
prototype and the images captured by the high-speed
video are also shown in the below.
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Figure 2. Step response of the prototype. Top image
sequence was captured at 2200 fps through the prototype (a).
The voltage input to the actuator (b) and the resulting position
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Although dynamic control of the optical characteris-
tics is an important function in computer vision, the
response time of the conventional optical system is too
slow (>0.1 s). To solve this problem, we developed a
high-speed liquid lens, called a Dynamorph Lens
(DML), that achieved both millisecond-order response
speed and practical optical performance. A computer
vision system equipped with the DML can dynamically
control its optical characteristics based on acquired
images. In particular, if the total period for image acqui-
sition and processing is matched with the response time
of the DML, dynamic and adaptive control of the optical
characteristics can be achieved without any loss of
bandwidth. Thus, we propose a new vision system,
called the {\it high-speed focusing vision system}, com-
posed of high-speed image processing technology and
a high-speed lens system based on the DML.
State-of-the-art high-speed computer vision systems
can acquire and process one image in 1 ms, which is
almost matched with the period of the lens system (~ 2
ms).

Time [ms]
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(c) are shown below. Focus measures of two regions, the top of
the capacitor and the substrate, were extracted from the
captured images (d). The capacitor was 11.6 mm in height (e).
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To validate the concept of High-Speed Focusing
Vision System, we developed a prototype system com-
posed of an imaging optical system with a DML, a
high-speed image processor system for high-speed
visual feedback, a high-speed camera to record images
at high frame rate for monitoring, and a personal com-
puter (PC) to control the whole system. Using this proto-
type system, a high-speed autofocusing experiment and
a focus tracking experiment were demonstrated.

Autofocusing is an essential function for modern
imaging systems. One common method is contrast
measurement, which finds the best focus position by
detecting the maximum contrast of images. The con-
trast method needs to acquire two or more images at
different focus positions and evaluate their contrast.
Since the focusing speed of conventional optical
systems is slow, the autofocusing process tends to take
a long time (typically ~ 1 s). This problem could be
solved by our high-speed focusing vision system. Thus,
we implemented the contrast method of autofocusing in
the prototype system. Figure 1 shows the result of the



autofocusing when the object was the surface of an
electronic substrate. The focus scanning process start-
ed at t=0 ms and finished at around t=14 ms. The peak
of the focus measure was observed at about t=7.5. After
the focus scanning process, the focus was controlled to
the estimated correct focus position. The entire autofo-
cus process finished at t=15.8 ms. Note that the total
autofocus period of 15.8 ms is shorter than the typical
frame period (30 to 40 ms) of conventional vision
systems.

Next, a dynamic focus control experiment was con-
ducted. The purpose of this experiment was to track the
correct focus for a dynamically moving object. For this
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Figure 1. Experimental results for high-speed autofocus
ing of an electronic substrate.

(a) Image sequence captured by the high-speed camera at
2200 fps. (b) Instruction voltage input to the piezostack actua-
tor. (c) Displacement of the actuator measured by a built-in
sensor. (d) Focus measure (Brenner gradient) calculated by
the PC.
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High-Speed Variable-Focus Optical System for Extended Depth of Field
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purpose, a quick estimation of the target depth is import-
ant. Thus, we developed a technique that vibrates the
object plane position around the target. Three images
were captured at near, correct, and far focus positions
and their focus measures were measured to estimate
the object's depth. Then, the center of the vibration was
adjusted to be the object position estimated from the
latest three focus measures. Experimental results of
focus tracking are shown in Figure 2. The focus tracking
was started at t=0. From the images captured by the
high-speed camera (Figure 2 (b)), the image was
successfully kept in focus.

(a) Captured Images
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Figure 2. Results of the high-speed focus tracking
experiment.

Upper row shows an image sequence without focus tracking (a),

and lower row with focus tracking (b).
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Figure 1. Schematic diagram of the developed
High-Speed Variable-Focus Optical System.



Recently, a high-speed camera is frequently used to
record dynamic phenomena such as a collision of cars
and a flying animals. The lens of the high-speed camera
needs to be bright because the exposure time of the
high-speed camera is short due to its high frame rate.
The bright lens, however, decrease the depth of field
(DOF).

DOF means the depth range of the position in focus.
If the DOF is short, some part of the objects may
become out of focus or moving animals may instantly
go out of focus. Focus stacking is a method for extend-
ing the DOF. It synthesizes images whose focal points
are at different position, and produce an image with
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Figure 2. Results of DOF Extension
(top: images synthesized by focus stacking; bottom: unsyn-
thesized images).

34 RORYEBERUYX

extended DOF. To prepare such images for focus
stacking, shifting the focal point of the optical system is
required. However, the speed of shifting the focal point
of the conventional optical system is strictly limited.

In this research, we developed a new optical system
with Dynamorph lens, which is the liquid lens we devel-
oped, and greatly improved the speed of shifting the
focal point. By applying focus stacking to the images
acquired using this optical system and the high-speed
camera, we succeeded in producing 1000-fps movies
with extended DOF from 8000-fps images captured
while scanning the in-focus position with an amplitude of
about 30 mm and a frequency of 500 Hz.

Variable focus lens with a large optical aperture
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In order to change focus with traditional solid lenses,
which have fixed optical properties, two or more lenses
have to be jointly moved mechanically. In contrast, a
variable focus lens can dynamically control its focal
length by only using a single lens element. Liquid-filled
variable focus lenses are based on the physical defor-
mation of refractive surfaces, which changes their
curvature. Examples include liquid-air lenses, which are
highly responsive and have excellent optical perfor-
mance. However, if this kind of lens is placed vertically
and its aperture is large, the lens profile might be asym-
metrically deformed due to gravity. On the other hand,
the liquid?liquid interface formed by two immiscible
liquids can act as a refractive surface, the shape of
which can be controlled by fluid pressure, electro-wet-
ting, or dielectrophoretic effect.

Nevertheless, in order to maintain high optical perfor-
mance, the size of the aperture should be small com-
pared to the capillary length, due to physical limitations.
Hence the size of the apertures of liquid-liquid lenses is
always in the order of millimeters, and a liquid-infused
lens with a large optical aperture is still an unsolved
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problem.

We proposed a novel variable focus lens with a large
optical aperture. The lens consists of two chambers
separated by a membrane. The chambers were infused
with two different liquids characterized by their similar
density but different refractive indices. The membrane
was prepared by applying a homogeneous in-plane
pretension force. The membrane was stretched over a
circular hole in the wall that separates the two cham-
bers, effectively making it subject to a circular boundary
condition. Thus its deformation was in the interface
between the two liquids, and it acted as a refractive
surface due to the difference in refractive index of these
liquids. If one fluid was made to flow into and out of its
chamber, while the other was locked, the lens could
shift its power dynamically by means of a syringe pump.

Based on the above concept a prototype of the vari-
able focus lens with a 26 mm aperture was produced.
Note however that pursuing larger apertures does not
create additional technical challenges. The range of
available focal lengths was experimentally verified to be
in the range [-150 150] mm, with a minimal of F/5.
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Figure 1. A cross-sectional view of the lens system.
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Presbyopia is a natural occurring ophthalmic disease.
Most people start to experience vision difficulties, when
over 40 year of age. These are most noticeable when
reading material at close range, such as books or news-
papers: it appears necessary to hold them farther away
than before to achieve clear focus. A menu in a restau-
rant may appear blurred, especially under dim light. This
inability of the eye to focus sharply on nearby objects,
resulting from loss of elasticity of the crystalline lens and
the loss of power of the ciliary muscles with advancing
age, is called presbyopia.

Presbyopia is unlike myopia and hyperopia: the latter
two can be simply corrected by adding or subtracting a
fixed amount of optical power through corrective glass-
es, while in presbyopia, the loss of elasticity of the crys-
talline lens affects and reduces the eye's accommoda-
tion power. Therefore, a fixed lens cannot correct pres-
byopia.

Population ageing is a phenomenon that due to rising
life expectancy and declining birth rates. According to
the survey, China and Japan will be facing an unbal-
anced population growth resulting in an aging society in
the next coming decade. According to the pathogenesis
of presbyopia, most of them will suffer presbyopia.
Furthermore, in the worldwide it is predicted that the
prevalence of presbyopia will increase to 1.4 billion
people from the total of 7.7 billion by 2020, and to 1.8
billion people of the whole population of 9.6 billion by
2050. As a result their ability to complete important daily
tasks is restricted. Most (386 million, or 94 percent) live
in the developing world. A massive number of people
cannot work or read properly because they do not have
vision corrections, with an obvious enormous impact in
their everyday life.
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Figure 2. A photograph of the lens prototype.

AORIEERL VXK DEHTDBEIUEERE IR

S5CEERRD.3EE6008 A, 94/ - FEDD
<DODADERBEELHRTEETHO, ZLDADRE
EREBRNCETBICEANZEDHRDCENTET,
BODBBETBICDABHFEESZTND.

BRIZE—LU Y IERICHE>TH-EBNELE
D, BIFHREUEERIRIBEIRET D. RIFOGH
BICRODAIEZNEDOOEGRREN U TESESNER
HNER/EIDCENTE, OEHBDICK> TEIFHD
FEZHRB<EBEMICHRETED. RRICKDERE
ELUTENRBENTEERCEETR U,

H1 [FEBREBEITDIBNHAREIERTTEER
LYZXTHD EEE A VISIDT+ TICEBNE
BEIDCETROAMPIDIIREFFBICERRTED.
2EIRBEEBECHD.REHNSERZDHECT
0.3m, @:1.0m, &:3.5m) IC3DDYAERE UIZ. fi
BCEDTEBOEEDT VI —T T —ATKDR
BEREL, EANPCOY I PIVIN—FENLUTE
HESNEVA IVICEESIND. PCIEZDESEN
BL, aBERYIYIYINYTEHRSHITDIY ~O—
SICthiBtaEd. UIFRFEERERTHDIN BELS
SMDRFTvTY3wy ~THD.

We propose here a pair of diopter-adjustable glasses
providing a uniform optical power over the whole lens
cell; Optical power can be controlled by the wearer
through a miniature roller ball attached to the right
bridge of the glasses; opposite rolling directions cause a
rapid, positive or negative step-by-step change on the
optical power. Our preliminary experiments demonstrate
that it should be possible to use this system as a pair of
active correction glasses for presbyopia.

In figure 1, a variable focus glasses provides tunable
diopters to correct presbyopia; the wearer can observe
far and near objects in sharp focus by adjusting the lens
power interactively. The experimental setup is shown in
figure 2. Three objects were placed at different distanc-
es away from the glasses - respectively 0.3 m, 1.0 m,
and 3.5 m (standing from far, middle and near targets).
The glasses are fitted with a touchable interface sensor
(roller ball) whose output is polled using a microcontrol-
ler connected via a serial port with a computer. The
computer will process the signal and sends commands
to a pump controller that actuates a high precision
syringe pump. Experimental results can be found in
figure 3, which were three snapshots from a video
recording.
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Figure 1. A cencept of a pair of diopter-adjustable eyeglasses.
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Figure 2. An experimental setup and three
objects signs for far-middle-near.
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Figure 3. Three snapshots from a video recording.
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An adaptive achromatic doublet design by double variable focus lenses
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In optics, chromatic aberration is one of the typical
aberrations which is caused by the different refractive
index for different wavelength of light. The refractive
index decreases with the increasing of wavelength. This
physic phenomenon results in that the lens cannot focus
all colors to the same convergence point. In conse-
quence, the image will not be sharp and the system's
resolution will be decreased.

To minimize the chromatic aberration, the most
common solution is to design an achromatic doublet,
which composes a low-relative-dispersion element and
a high-relative-dispersion element. The typical candi-
date is a combination of a positive crown glass lens and
a negative flint glass lens. Basically, the crown lens with
low-relative-dispersion is in front and showing the same
sign power with the doublet, and the flint lens with a
high-relative-dispersion is in the back and showing a
weak negative sign power against the doublet. With the
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help of this technique, different wavelengths of light, like
red and blue lights, could be brought back to a common
focus.

We reported an adaptive achromatic doublet which
was composed by double variables focus lenses. They
had large optical apertures, because they were based
on the liquid-membrane-liquid structure. The two lenses
employed different liquids so that they could perform low
and high dispersion prosperities. Comparing with singlet
variable focus lens, the chromatic aberration of the new
doublet was suppressed and its chromatic focal shift
range was improved from 2.5% of focal length to 0.06%.
The greatest merit of the adaptive achromatic doublet
system is that when two variable focus lenses control
their focal lengths under an engagement strategy, the
doublet could perform a dynamitic focal length and the
chromatic aberration could be corrected at the same
time.
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Figure 1. (Left)Chromatic aberration on a singlet. (Right)A typical solution to correct chromatic

aberration by employing a crown lens and a flint lens.
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Figure 2. A sketch of the achromatic variable focus doublet. It was composed by two variable focus lenses,
who were filled with different type of liquids so as to perform different dispersions.
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The following simulation was run with a target of effective focal length of 500 mm. A comparison between
adaptive singlet and doublet was conducted. Click here for other plots.
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Figure 3. (Left) Chromatic focal shift of Adaptive Singlet.
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Lasers and laser beam pointing methods are one of
the key technologies used in our modern digital life.
Advanced three-dimensional fabrication and manufac-
turing techniques is at the core of laser beam pointing
technology. It allows the fabrication and manufacturing
of complex items that would not be possible using previ-
ously available technologies. The market is growing,
and the associated cost is decreasing as the technology
becomes mature and patent-free such as 3D printing
technology.

However, the accuracy is not good enough for more
precise fabrication and manufacturing due to the
mechanical error, such as screw and gear-teeth errors.
The galvanometer scanning method is a typical
mechanical movement, and the precision of these
systems is limited because of backlash, accuracy of
parts processing, etc. Furthermore, the above move-
ment is based on angular control, so it is effective for
wide-range scanning; however, its precision is inversely
related to the distance between the laser projection
system and the target. Hence, laser scanning technolo-
gy should improve, in turn improving the accuracy for
fabrication and manufacturing.

To solve the above two problems, we propose a laser
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(Right) Chromatic focal shift of Doublet Singlet.
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scanning method using dielectric elastomer actuators
(DEA) where the manipulation of the direction of the
laser beam is controlled by the thickness of the DEA.

DEA-based laser scanning is based on Snell's law:
the optical path undergoes a parallel shift when laser
beams pass through a certain material. According to this
principle, we formularized how the thickness of the
transparent layer affects the point of laser projection.
This change in optical path is based on the membrane
thickness. DEA is a transparent and smart material that
can transform electrical energy into mechanical move-
ment. The thickness of DEA material can be controlled
by varying the applied voltage, as it will be squeezed by
electromechanical pressure.

We employed visible and ultraviolet laser beams to
test our system. The experimental results demonstrated
good transmittance for two laser candidates (Near to
ultraviolet light ~ 405 nm wavelength and Visible light ~
633 nm wavelength), and both achieved high-precision
control at the micrometer level. Near to ultraviolet laser
beams are required to congeal photosetting resin for
stereolithography in 3D printing, therefore, our result can
pioneer the use of DEA-based laser scanning for stereo-
lithography.

G

X W W

. (BD RIRFHOESHZEL

Figure1. Sketch showing the displacement shift when an incident ray passes through a DEA material without
applied voltage (left), and that the scale of the displacement shift can be controlled by the applied voltage(right).
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Figure 2. Setup overview. The laser beam passes through the DEA membrane, projects onto paper, and is

captured by a camera with a micro lens.
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Adaptive lenses have variable focal length perfor-
mance and have been studied for applications in imag-
ing, optoelectronic, and biometrical devices. The adap-
tive lens mostly had been realized by controlling the
curvature of the refractive surface of a liquid surface
profile or an interface profile between two liquids, and
the focusing point could be controlled by piezo actuator
pumps, electrowetting phenomena, dielectrophoresis
and some other ways. However, unlike the previous
variable focus lenses who were filled with liquid, this
research proposed a fabrication method on how to build
a variable focus microlens array based on a dielectric
elastomer actuator (DEA). The proposed lens array was
functioned with the variable focal performance. The
DEA material, who is a soft elastomer, serves as the
lens material.

When a voltage was applied on the DEA elastomer,
the electric field will arouse an effective compressive
Maxwell stress across the elastomer. The electrostatic
pressure will squeeze the DEA elastomer, result in
decreasing in thickness and increasing in area. Two
electrode plate with microlens array pattern was
attached on top and bottom of the DEA elastomer, and
connected with a programmable voltage supply. 4040
mm square and 1 mm thickness acrylic elastomer (3M,
VHB 4910) was employed as DEA material. Two elec-
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trodes (circular conductive stainless plates) with 30 mm
in diameter and 1 mm thickness were placed on top and
bottom of the DEA elastomer separately. Two elec-
trodes were fixed in the holes of two insulate plastic
plates (40*40 mm square, 1 mm thickness and 30 mm
holes) in order to avoid electrical discharge. The elec-
trode plates were fabricated with 9*9 lens array pattern,
and each lens cell's aperture size was 1.5 mm in diame-
ter. The electrode plates were pasted on the DEA elas-
tomer firmly, so that when the active voltage was
applied on the DEA elastomer, the electrodes can
squeeze the elastomer and reshape the lens profile.
The focal length of the lens cell will be changed by con-
trolling the applied voltage.

A target with depth information (Edmund Optics, DOF
5-15 Depth of Field Target) was placed behind the test
microlens array prototype. A camera (Edmund Optics,
EO-1312C, monochrome) was set in the opposite side,
and a microlens kit (Edmund Optics, EO-39686 and
EO-55359) was mounted on the camera for observa-
tion. In order to confirm the variable focus performance
of a single lens cell, a black occluder with an aperture,
that was a bit larger than the diameter of the microlens
cell, was placed above the test prototype, as shown in
the Fig.
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Figure 1. (a) A target with depth field information was observed by a camera with a micro lens mounted through the micro lens
array prototype. A black occlude was employed so as to confirm the tunable performance of one lens cell. (b) The upper left image
was captured when zero voltage was applied on the DEA, and while the lower left image was recorded when the applied voltage
was 5 kV. The right side of the image was changed from defocus to focus, due to the focal length changing of the lens cell.
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Readily Available 3D Microscopy Imaging System with Variable Focus Spinner
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A large open aperture in an optical system can cap-
ture high-resolution images but yields a shallow depth of
field. In order to keep the high-resolution and enlarge
the DOF at the same time, back-and-forth movement of
the lens should be driven by the rack and pinion motion
of a motor.

However, continual forward and reverse rotation is a
high-power-consumption task, because positive and
negative current are used alternately to control the
motor, which quickly triggers a safety stop to prevent
overheating. Moreover, it is quite difficult to achieve
high-speed responses in such conditions.

To overcome those issue, we investigated a low-cost,
readily available method for retrofitting microscopy
imaging systems to achieve 3D focus scanning in this
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study. Specifically, a procedure for fabricating variable
focus spinners with dissimilar plates was introduced,
and a sequence of 12 images was captured in different
focal planes. The image scale and phase were correct-
ed, and the in-focus pixels were abstracted by employ-
ing the Laplacian operator. Finally, an all-in-focus sharp
image was generated, and a depth map was obtained.

The basic principle of the developed system is useful
as a reference, and users could easily build their own
spinners and modify and redesign the parameters for
specific purposes. This design has a wide variety of
potential applications, including in biomedical imaging,
chip inspection, 3D sensing, and 3D printing, among
other areas.
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Figure 1. lllustration of the law of refraction. (a) Basic refraction
scenario, where the ratio between the sines of the angles of incidence
and refraction is equal to the ratio between the indices of refraction of
the two media. (b) A light beam passes through a transparent plate
with a certain index of refraction and is refracted twice: when it hits the
upper boundary and when it passes through the lower boundary. The
final light beam is parallel to the incident beam but is shifted by a
certain amount. (c) Extension of the focal length from f1 to f2 by
placing Medium 2 in front of a lens, given that N2 > N1.
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Figure 2. Experimental setup. (a) Sketch of the setup of the variable
focus imaging system. (b)Photograph of the experimental setup. The
variable focus spinner had 12 apertures that were mounted with differ-
ent transparent plates.
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Figure 3. Images obtained by changing the plate thickness from 0
mm to 11 mm. (a) Raw image sequence. (b) Images obtained after
rescaling, phase correction, and Laplacian edge detection. (c)
All-in-focus sharp image generated by merging the in-focus pixels. (d)
Depth map produced by using the index numbers of the images,
which contained depth information.
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Head-Up-Display (HUD) enables a driver to view
information with his head positioned "up" and looking
forward, instead of angled down looking at lower instru-
ments. By adding the Augmented Reality technology,
targets, like people and cars, can be marked to alarm to
the drivers to avoid the potential accidents.

Traditional 2D AR HUD projects information messag-
es at a certain distance away from the driver. It asks a
driver to observe the projection along the optical axis at
a certain point. When the driver moves his head, a
miss-matching projection occurs between the projected
data and the target in the real world.

In this 3D AR HUD technology, a 3D virtual display
can be projected in front of the driver. AR messages will
be dynamically projected according to the 3D locations
of the targets. In our 3D HUD, a virtual display is project-
ed into a three-dimensional world, so there will be no
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mismatch when the driver moves.

The following demos were recorded by two cameras,
which were placed at different places. When the camera
was placed along the optical axis, 2D and 3D markers
were all perfectly matched. When the camera was
placed at an angle to the optical axis, a mismatch was
found in 2D HUD, but 3D HUD was still well matched.
Another demo shows that if two messages are projected
along the same line but at different distances, they are
aligned when looking straight, but not aligned when
looking from an angle. By using this technology, a
speedometer can be dynamically projected at a near or
far distance according to the car-speed, so that the
driver can enjoy driving more.

This work was conducted by a joint research project
between Ishikawa Watanabe Laboratory and Konica
Minolta Inc..
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Figure 1. (Left) When a user observes in a good position that follows the specified optical axis, the projected data and the target
will be well matched. However, when the observing axis have any movement, in position (b), there will be a mismatch projection
between the display and the real world.. (Right) In this 3D HUD technology, a 3D virtual display can be projected. AR markers will be
dynamically projected according to the 3D locations of the targets. Because the message is projected into a three dimensional world,
there will no mismatch even when the drivers moves.
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Figure 2. A photo of 2D HUD projec-
tion. All the 2D HUD markers were
projected at a certain distance.
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Figure 3. A photo of 3D HUD projec-
tion. 3D HUD markers were projected at
different distance. This photo were token
when it focused at close.
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Figure 4. A photo of 3D HUD projec-
tion. 3D HUD markers were projected at
different distance. This photo were token
when it focused at far.
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High-Speed Focal Tracking Projection Based on Liquid Lens
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Projection mapping (PM) is attractive as a fundamen-
tal technology for the advancement of various subjects,
such as media art, entertainment, and augmented reali-
ty. However, conventional projectors have a shallow
depth of field (DOF); therefore, sharp images are only
visible in the limited depth range. In the case of dynamic
projection mapping (DPM), which can project images on
the surface of the moving objects, the shallow DOF
limits the permissible motion of the object, because the
projected images become blurred when the object is
outside the DOF.

Our laboratories have developed a high-speed focal
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tracking projection system, which includes the technolo-
gies of high-speed vision, high-speed projector, and
high-speed variable focus optics. In this system, the
variation of the object's distance and posture was cap-
tured using the high-speed vision technology that
served as immediate feedback to the liquid lens and
high-speed projector. As a result, the focal distance is
compensated, and the projected images are updated in
real-time to fit the moving object. Therefore, a well-fo-
cused image projection was achieved even when the
motion involved large depth range movement.

This system could ensure that the projected images



were sharp and clear at variable distances, while the
object was moving dynamically in a large three-dimen-
sional area. Hence, this approach can be effectively
applied to applications such as Volume Slicing Display.
Furthermore, it can turn any physical surface into an
interactive display, and enable the manipulation of their
appearance to provide detailed information. Our system
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Fig.1 The conventional projectors have a shallow
depth of field.

It s  challenge for conventional projectors to conduct a
projection mapping for a 3D dynamic moving object, due
to the limitation of the narrow DOF.

Limitation

conventional projector
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Version 1

The first version of the high-speed focal tracking
projection system has been developed. In this version,
we have developed a high-speed variable focus optics
unit, which can change the focus at high-speed. In this
system, the object's distance was captured using the
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Fig.3 Prototype of dynamic focus projector using a liquid
lens. (Ver.1)
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Version 2

The second version of the high-speed focal tracking
projection system has been developed. In this version,
we incorporated the technologies of high-speed vision
and high-speed projector in order to increase in speed
of feedback and update the projected images. More-

provides the essential technology for expanding such
applications.

This work is the result of collaborative research
between our laboratory, Watanabe Laboratory (Tokyo
Institute of Technology), and Wang Laboratory (Institute
of Semiconductor, Guangdong Academy of Sciences,
China).

Lens1 Lens2 Lens3
A
j Tr Target
‘ b Back and Forth
vy
High-speed Projector Tunable lens Dynamic DOF
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Fig.2 The proposed technology can project sharp images
in Targe depth range.
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depth sensor that served as feedback to the liquid lens.
As a result, the focal distance is compensated. More-
over, by updating the projected images, volume slicing
display has been achieved.

(c)

&4 20mND50.5mEITHRENT DRTARI GRD
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Fig.4 Projection images are kept in-focus, while target
(white board) moves from 0.5m to 2.0m.
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over, high-speed marker tracking method was incorpo-
rated to estimate the object's distance and posture. As a
result, a well-focused dynamic projection mapping was
achieved even when the motion involved large depth
range movement.
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Fig.5 Prototype of projection system using a liquid lens.
(Ver.2)

M7 LORITEHETEBICERE LTV D%F
Fig.7 In-focus projection in the large depth range.
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Fig.6 System configuration.
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Fig.8 Volume Slicing Display: change images based on the distance.
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Saccade Mirror: High-speed Gaze Control Device Using Rotational Mirrors
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Fig.1 Setup of Saccade Mirror
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We developed a high-speed gaze control system to
achieve a millisecond-order pan/tilt camera. We named
this system "Saccade Mirror." A panftilt camera, which
can control the gaze direction, is useful for observing
moving objects for supervision, inspections, and so on.
A high-speed image processor that can both image and
process in real time every 1-ms cycle has recently been
developed. If this image processor were applied to a
panftilt camera, it would enable observation of extremely
dynamic objects, such as flying birds, balls in sports
games, and so on. However, to control the camera's
gaze with millisecond order in real time is difficult. The
main reason is the method of controlling the gaze. A
general pan/tilt camera is mounted on a rotational base
with two-axis actuators. The actuators must control both
the base and the camera. For millisecond-order control,
the weight of the rotating parts must be reduced as
much as possible. In our method, the camera is fixed
and Saccade Mirror is installed next to the camera. Sac-
cade Mirror controls the camera's gaze optically using
two-axis rotational light mirrors.

Saccade Mirror is composed of two important parts,
two galvanometer mirrors and pupil shift lenses. A facial
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We have developed "Saccade Mirror" and successful-
ly achieved a millisecond-order high-speed pan/tilt
camera. As an application of this high-speed pan/tilt
camera, we propose a stationary observation system for
high-speed flying objects. This system is a kind of visual
feedback system which is composed of the Saccade
Mirror, a high-speed image processor and a computer
(Fig.1).

A developed tracking algorithm is presented (Fig.2). It
computes the center of mass of a dynamic target for
every frames, and controls the mirrors' angle to let the
center of mass correspond with the center of image.
Then, it can track the target by these iteration.

These images, however, still have a little translational
tracking error due to the mirrors' response and the com-
puter's delay. So for our stationary observation, the
computer finally let obtained each image slide even to
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size of a galvanometer mirror is small because it is usu-
ally used for scanning laser. We cannot expect a wide
angle of view if only galvanometer mirrors are used.
Pupil shift lenses, however, make an angle of view
wider with shifting the camera pupil to near the mirrors.
The prototype of Saccade Mirror can be applied up to
approximately 30 deg. We measured its response time
and ascertained it was mere 3.5 ms even if scanning 40
deg, the widest angle, for both pan and tilt.
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- Actud angle
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Fig.2 Experimental Result
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compensate the tracking error using 2nd-pass Image
Processing (for only translational components).
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Fig.2 Tracking Algorithm.



314 1msA—F/\2 «FILE
1ms Auto Pan-Tilt

Py A—DD=ILREAYTOAUIEYDEE, R
M=YDFTUERBREIATSNEL, ZNEFICLDEB
DHH D, HHDDTVNRIEDBENRDSNTHL)
2. BICY v H—0FKZETIE, DAL
TEDDY—IUNEBL, ZOROBEHNTRRELZE
LTIREITDCENMBTH DN, AASYIHTOD
FOBHULB<KIRICHONE TCHAAXASZENT
CREELUL., ZCTCNETIER LVEATRIEE
o> < DEHUEHSERDIKRERT T DN, BL
L[EZHBDEREFAUCEDNTHXSORB@EEZEZT,
REEFOSIFBETERY—VEBRNICHZETD
B3E, REYETEENROSNTEE. 8IS, 8
UTWBEFORICOPO-—ZXP vy T UREBRO—K
BEEBNNBDMENBND, COXDIEEEREN
AXSYIUNBEITDCEFTTRETHOIE.

ZCTCHARETIL, CORBERRIDEDIC,
TmsZ — /XY « FIU SRMTERHE Lz, TORit
L BLEDIET— I —HIADBENICT 2 —HR
EHHEDDE@RIC, BBOPMHICTENDLD
([CEEMIC/NY « FIL ETIREHET DEMTHD.
SEOS ) —[CRITBIEKDKIDICESREXIRTE, 3
MRETHELUEZTYAN—RIS—EFEINDIEE
BEHE I = v b &, 1000fpsh &&E B & L I2
KO TCLZELUCERTE, HhizhEEEPRICEKNLE

Broadcasting contents of sport games (e.g. the FIFA
World Cup, the Olympic games etc.) have been quite
popular. Hence, high-quality and powerful videos are
highly demanded. However, it is often hard for camera
operators to keep tracking their camera's direction on a
dynamic object such as a particular player, a ball, and
so on. In such cases, shootable method has been limit-
ed to either moving the camera's gaze slowly with wide
angle of view, or controlling the gaze not accuratly but
based on a prediction and adopting some parts which
are shot well by chance. Super slow and close-up
videos of the remarkable player or the ball are thought
to be especially quite valuable. However, camera opera-
tors have not been able to do that.

To solve this issue, we developped "1ms Auto
Pan-Tilt" technology. This technology can automatically
control the camera's Pan-Tilt angles to keep an object
always at the center of field, just like "autofocus" keeps
an object in focus. Even a high-speed object like a
bouncing pingpong ball in play can be tracked at the
center due to a high-speed optical gaze controller Sac-
cade Mirror and a 1000-fps high-speed vision. The Sac-
cade Mirror controls a camera's gazing direction not by
moving the camera itself but by rotating two-axis small
galvanometer mirrors. It controls the gaze by 60 deg,
the widest angle, for both pan and tilt. And steering the
gaze by 40 deg takes only 3.5 ms. The newest proto-
type system accesses a Full HD image quality for an
actual broadcasting service.

A photograph of the Saccade Mirror is shown in Fig.1.
An image sequence of 1ms Auto Pan-Tilt movie of a
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pingpong game is shown in Fig.2. The movie was cap-
tured by Full-HD high-speed camera with 500fps. From
the figure, the ball in the game always can been seen at
the center of the each image. A 1ms Auto Pan-Tilt
movie is also shown as a video in the bottom of this
page. Here, we envision the system for a broadcasting
service of a sport game, but also expect recording detail
dynamics of a flying bird, an insect, a car, an aircraft,
and so on.

1Py A—FIS-HEHEE
Fig.1 Photograph of the Saccade Mirror.

2 SO 1ms Z— /XY « F)U LRE (500fps TN\ EY3Y)
Fig.2 Auto Pan-Tilt image sequence of a pingpong game. (500fps, Full-HD)
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Visual and Tactile Cues for High-Speed Interaction

e AIRT

Projector N ENER T

| & RETHIR
- eitommons 1L IE3R
Spe frmaetes ~ ",' Tactile Display ﬁ;'f‘*‘ FE[ﬂ W G)
Cona Mo S 27 S

- image and Tactile =

: Pgesentan'on 28 o =

Moving Hand 5—ICK>o
TELEEL

®1 Y27 LBE FSvxY

Fig.1 System Configuration. 7 g 328

D Mms Auto Pan/TitY X7 AJZRNT, EB<xy
ZCRET —LADIVEI—YDOEB. BB ET
OYI VY3V IREABIC, TGROIRTHBEE
2ms(FUMDCTEICHEIT D ENTERY T A
E RRAFEHFEEHARNFRRREHEBETFER
BREBIZZAMAN Y AT LABRESHEDHARE
THRESNICBERAERMP L ZBV\ M IEEAR AR

This is a new system which integrates two subsys-
tems. One subsystem can extract a 3-dimensional posi-
tion of a moving object every 2ms, and project pictures
(e.g. a screen of a video game or a computer, a movie
etc.) on the moving object at the same time, using two
"1ms Auto Pan-Tilt" systems we developed which can
track an object in 3-dimensional space without delay by
high-speed vision and two rotational mirrors. Another
subsystem can display tactile sensation on an object
depending on its 3-dimensional position, especially a
paticular position on a palm of a hand, using "Airborne
Ultrasound Tactile Display (AUTD)" by an array of ultra-
sonic oscillators, which is developed by the Shinoda
Laboratory, Department of Complexity Science and
Engineering Graduate School of Frontier Sciences,
Department of Information Physics and Computing, the
University of Tokyo. This time, we realized a demonstra-
tion that papers around us and our hands are trans-

2 1ms AutoPan/Tilt ¥ 25 ARUD
MR« 2T U1 HIREP L

Fig.2 1ms AutoPan/Tilt and

Airborne Ultrasound Tactile Display.

3 FHFICRTSIN DG

Fig.3 Picture displayed on a moving paper.

53

BT+ 2TV UKD, IROIRTUBICEDE
THRIECFOUSOBENBICHBRIMESZTRI D
YRFLAD2DEMREUEH UVWIRTATHD. 5
. BDENDDICHDMOFOUSHAIVE 2 -5
ANIRDT « RTUAICEZ L, ULHEMBERIMET
RUSNDEDERRUEZ. L WETOYTOY3Y
Ny EYVTRMOBIERD DMBIRTREHRT
CENTEDEDTHD.

AYRAT A BREGULEORMZERANDCE
T ABORBRENELIDNICBRADRE— FTRE
[CHERETDFOARMERH L. BEFODERRL
BRORTEANDICHNAITDCEEZTREICTDIED
T, CERBKMATHO>TEZDMAREE -V Y
AV —T 1A ADBEICABNDCENTEDCE
ERUCEDOTHD. HROIVE 1 —FOIIRN
EDDPICRBEEZIRDAED ELTNEZDICH
U, BIFDOREOIMEZDEDICHEREEDALE
DTHD.SEOBEROERREZENCEZDTULE
MERETDIEDEEZTIND.

formed into a screen of a computer or a smartphone,
and we can feel even tactile sensation. In a sense, this
system can be regarded as a moving object version and
a tactile sensation version of projection mapping tech-
nology.

This system recognizes our hands and objects exist-
ing in the environment at a high-speed beyond human's
ability of recognition by high-speed image processing
technology, and it is possible to use the system to
display and input information without uncomfortable
feelings such as a delay. Thus, this system shows that
we can use a object as a tool for human interfaces even
if the object is moving. While we aim to embed intelli-
gent function into objects such as conventional comput-
ers and smartphones, this system embeds information
into existing environments and objects; it points the way
toward future dramatic changes in our information envi-
ronment.

4 < FICRTSN DIRE
(MRRFERTSNTND)

Fig.4 Picture dislayed on a moving hand.
(Tactile sensation is also displayed.)
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Projection mapping technology is a highly anticipated
area, which has been used for mere optical effects or
interactive AR applications. However, until now mainly
static objects, such as things placed on tables, walls,
floors or desk surfaces, have been subjected to the
projected information. Dynamic scenes and high-speed
objects have not been dealt with. Even if this was tried
using a traditional projection mapping system, there
would be a misalignment between the target and the
projection due to delay in the system.

Therefore, we propose an unprecedented projection
mapping technology aimed at moving targets, which is
achieved by means of a high-speed vision system capa-

b

Instruction

Instruction

1 BHRADYRT LHBE
Fig.1 System Configuration.
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ble of capturing a thousand images per second and a
high-speed optical device, called Saccade Mirror. This
device was originally designed to keep the camera gaze
fixed at a dynamic target (cf. 1 ms Auto Pan-tilt). In our
projection mapping system, the projector and camera
are coaxially aligned in the Saccade Mirror which
provides a misalignment free projection that previously
was considered to be difficult. This technology is named
"Lumipen" after an imaginary pen with illumination
instead of ink, where arbitrary patterns can be depicted.
Fig. 1 and Fig. 2 indicate the concept of Lumipen and a
scene of projecting some patterns on a moving ball
respectively.

2 R—VICRBERF ULKRT

Fig.2 Projecting an image on a dynamic ball.
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Projection Mapping - images are projected to match
the surface of objects, such as buildings - has recently
generated much attention, and can be applied to areas
such as performance art and human-computer interfac-
es. Projection Mapping typically targets static or
semi-static objects, and few systems can deal with
dynamic objects. For Augmented Reality (AR) to be
experienced without discomfort, geometrical consisten-
cy between the real world and the virtual information is
essential, meaning that images should be projected
without misalignment on the target objects. A large
delay, caused by the time between measuring the
object and projecting images on the object, results in
significant misalignment in the case of dynamic objects.

In our laboratory, the Lumipen system has been
proposed to solve the time-geometric inconsistency
caused by the delay when using dynamic objects. It
consists of a projector and a high-speed optical axis
controller with high-speed vision and mirrors, called
Saccade Mirror (1ms Auto Pan-Tilt technology). Lumip-
en can provide projected images that are fixed on
dynamic objects such as bouncing balls. However, the
robustness of the tracking is sensitive to the simultane-
ous projection on the object, as well as the environmen-
tal lighting.

In order to achieve robust Dynamic Projection Map-
ping, we introduce a retroreflective background to the

2 FTHN LT\ DHEICOE T DB ERT UIEKRF

Fig.2 Projection of an image of rotating circles to a moving paper.

3.18 VariolLight

Lumipen system (Fig.1). As a result, the object will
appear darker than the background during projection,
which is observed using a high-speed camera. The
tracking will therefore be robust to changes of the con-
tent of the projection such as movies, and changes of
environmental lighting in the object's vicinity associated
with its motion. The tracking technique enables Dynamic
Projection Mapping with partially well-lit content and
time-geometric consistency on e.g. a paper moved by a
hand (Fig.2) or a bouncing ball (Fig.3). This opens up for
new applications of Projection Mapping, such as visual-
izing a pitched ball as a fire ball.

Retroreflective background

High-speed
camera Light

absorber

Projector

Observer's
gaze
direction

Galvanometer mirrors Observer

1 REYRAFTABE  Fig.1 System configuration.

3 BRI DM —/LICHEKZE
Fig.3 Projection of an image of the earth to a bouncing ball.
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Projection mapping, which is augmented reality using
projectors, is widely spreading towards stationary
objects such as buildings, but various difficulties existed
for dynamic objects. In our laboratory, we have been
working on dynamic projection mapping (DPM) which
can avoid time-geometric inconsistency due to delays in
dynamic objects mainly by two kinds of approaches; the
high-speed optical axis controller (Saccade Mirror) to
track the object moving in a wide range (Lumipen/ Lumi-
pen 2), and the high-speed projector (DynaFlash) for
shape deformation (onto the face/ onto a paper or
clothes). These approaches individually had issues such
as constraints of projectable objects due to low-speed
projectors and trade-offs between the range of motion of
the object and the projection resolution due to fixed
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Fig.1 System configuration.

3 IvVTITRADFDIENICIERE UIZET
Fig.3 Projection onto a fan while jumping.
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The new system VarioLight (Fig. 1) realized Dynamic
Projection Mapping for a dynamic object that moves,
rotates, and deforms over a wide range by integrating
both approaches (Fig. 2). Due to compatibility between
the wide range and the target deformability which could
not be realized by the conventional methods, it can be
applied to performance accompanied by dynamic move-
ment such as dance on the stage and street perfor-
mance (Fig. 3). Moreover, target dynamics can be visu-
alized as the projected image (Fig. 4), which can be
extended as sports application. Further diversification of
expression as projection mapping is expected by this
technology.

2 SEDICTBNDBBERT T DT
Fig.2 Fireworks projection onto a fan
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Fig.4 Size-transformative projecion onto a
rotating yo-yo.
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Version 1

In conventional high-speed projection mapping, a dot
marker has been used to recognize the object's posture.
However, it is often necessary to manually start tracking
because a single dot marker has no geometric informa-
tion. A cluster marker that combines multiple dots has a
feature of automatic tracking start, but can suffer from
problems of low resolution and blur. Such dot markers
are not robust against random occlusion by hands or
legs because the number of measurement points in an
image can often be limited. Due to these problems, a
widely projection mapping system corresponding to the
object's posture (VarioLight) is inconvenient in practical
situations such as sports.

Our laboratory has newly developed "circumferential
markers" as tracking markers, focusing spheres that are
actively used in sports (Fig. 1). To distinguish them from
the version 2 described below, we call them uniform
circumferential markers (UCM). The circle is observed
as an ellipse in the perspective projection of the camera,
and its shape includes geometric information of the
sphere (marker position on the sphere from its inclina-
tion and collapse condition, and depth position of the
sphere from its size). This marker has notable features
of automatic tracking start, strong against low resolution

1 BRIX EICECESN/Z Uniform Circumeferential
Markers (UCM, —#/SBEBE~Y —7) O&RF.

Fig.1 Uniform circumferential markers (UCM) arranged
on a sphere.
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and blurring, and a wide projection range in the depth
direction. In addition, due to the large number of mea-
surement points on the circumference, it is strong
against random occlusion by hands and feet. With the
500 fps projection mapping system shown in Fig. 2,
rotation-oriented projection for the sphere with circum-
ferential markers is realized. Note that due to the unifor-
mity of the markers, only relative posture can be mea-
sured with UCM.

By using this marker, as shown in Fig. 3(a), it is possi-
ble to project onto a playing ball among multiple people
which has random occlusion by hands. Moreover, as
shown in Fig. 3(b), thanks to circumferential makrers,
rotation information is measured with high spatiotempo-
ral resolution and can be projected immediately, and
then real-time rotational visualization is realized. As
shown in Fig. 3(c), texture projection whose speed is
lower than that of the sphere itself, by which users can
understand both texture and the sphere's speed, is also
realized. This projection system is useful in sports such
as soccer, volleyball, and tabletennis. It is expected to
be used for sports practice by rotational visualization
and wide-area entertainment using balls.
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High-speed camera
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High-speed projector — Infrared light
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Fig.2 Schematic diagram of a 500 fps projection mapping
system for a widely moving sphere with circumferential markers,
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Fig.3 (a) Playing catch with random occlusion by hands. (b) Real-time rotational expression using an arrow. (c) Texture projection
whose speed is lower than that of the sphere itself, by which users can understand both texture and the sphere's speed.
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Version 2

Uniform circumferential Markers (UCM) in the afore-
mentioned version 1, as the name implies, are uniformly
distributed on the spherical surface, making it impossi-
ble to acquire absolute posture. In order to obtain it, it is
necessary to embed unique code into the markers by
making the markers non-uniformly distributed. Conven-
tional methods use complex rectangular shapes such as
QR codes or dense point cloud distributions for coding,
but these methods are susceptible to blurring and occlu-
sion.

In this study, we propose biased circumferential mark-
ers (BCM) (Fig. 4). While the inner circle of each marker
has the same distribution as in the UCM, the size of the
outer circle and its bias against the inner circle are
varied to achieve coding. As in the UCM, the shape of
the outer circle is strong against blur because it utilizes a
large circle. The proposed markers are also strong
against occlusion because it can utilize the interrupted
circumference of the circle by using the same image
measurement algorithm as in the UCM. This enables
fast and accurate measuring of the absolute posture of
the sphere while maintaining the tracking performance
of the UCM.

These markers are not only useful for dynamic projec-
tion mapping of a sphere with a wide area and robust-
ness, but also shows the possibility of a new type of
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encoded marker that uses the circular shape and is
resistant to blur and occlusion.

By knowing the absolute posture of the sphere, the
projection does not shift after the return to occlusion. In
addition, the rotation information before and after occlu-
sion is accurate, so the motion information during occlu-
sion can be easily estimated. In the future, these mark-
ers can be used to realize seamless all-around projec-
tion mapping using surrounding multiple projectors.

4 BRI E[CEEBSNIZ Biased Circumeferential
Markers (BCM, {0 DdDABVY—71) DOkF.

Fig.4 Biased circumferential markers (BCM) arranged
on a sphere.
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Projectors have improved in resolution and brightness
as information devices, however, static projectors suffer
from a trade-off between the angle of projection and the
resolution, and high-resolution projection in a wide area
is difficult considering a gaze of an observer. Multiple
projectors can improve the resolution by tiling vertical-
ly/horizontally or by duplicating the projection areas, but
dynamic control of the high-resolution projection area is
impossible due to the fixed projectors.

Here, we consider a projective expression with a large
static image by controlling an optical axis of the
high-resolution projection to a randomly moving point
such as a gaze. In this expression, in addition to an
imperceptible spacial misalignment (geometric consis-
tency), high responsibility of the optical axis toward the
dynamic point (tracking ability), and small motion-based
artifacts (e.g., spacial misalignment, motion blur) against

HSC

I “ ~

0
. l amera

-,

TComputer Hff//
A |
EEE Laser Pointer

Rotational Mi
High-speed Projector Pupil Shift Lenses otational Mirrors

1RV AT LABE
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the optical axis control (temporal geometric consistency)
are essential. Conventional researches did not fully
satisfy the latter two conditions in particular.

In this research, we propose a tracking projection
mosaicing system using a high-speed optical axis con-
trol and a high-speed projector (Fig. 1). This system is
based on our two technologies; the high-speed optical
axis controller (1ms Auto Pan-Tilt technology) and the
high-speed projector DynaFlash that can project an
image at 1,000 fps with minimum latency of 3 ms. By
controlling these two high-speed devices with two types
of synchronization strategies (Fig. 3, 4), tracking projec-
tion with the temporal geometric consistency can be
realized. Actually, we performed the tracking projection
mosaicing against a bright spot of a laser pointer (Fig.
2), which is expected to develop new applications such
as adaptive visual expression for dynamic users.

2 U—Y—mM1 VPICER L TBARERE UIEkRT
Fig. 2 Tracking projection mosaicing against a laser pointer.
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In image presentation devices with a fixed angle of
view, such as liquid crystal displays and projectors, it is
difficult to achieve both high resolution and a wide angle
of view with a limited number of pixels. If the image
presentation area can move in accordance with the
observer's gaze point, it is possible to achieve both
resolution and angle of view, but this requires not only
accurate positioning of the dynamically changing image
presentation area but also fast estimation of the observ-
er's gaze point.

In this study, we propose a wide high-resolution
projection system that combines a tracking projection
mosaicing system developed in our laboratory and a
high-speed gaze point estimation by capturing the pupil
and corneal surface reflection images alternately and at
high speed using near-infrared light (Fig. 1). The
near-infrared illumination placed at the four corners of
the projection screen and at the same optical axis as the
camera that captures the observer's eyes blink alter-
nately at 500 Hz, and a high-speed camera (1,000 fps)
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Gaze Point
Estimation
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Fig.1 Concept.
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Fig.3 First person view.
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synchronized with the illumination captures the eyes to
estimate the gaze point. Positional relationship between
the pupil and the corneal reflection of each illumination
enables fast gaze point estimation with almost no prior
calibration (Fig. 2). In addition, while dynamically switch-
ing the direction of the projector's direction with galva-
nometer mirrors in accordance with the position of the
gaze point, the projector can display a single large
image from the observer's viewpoint even if the gazing
point changes (Fig. 3), in conjunction with the tracking
projection mosaicing system that prevents misalignment
of the projected image by appropriately synchronizing
the galvanometer mirrors and a high-speed projector.
The third-person view can also be a form of visualization
of the observer's view (Fig. 4). Since this measurement
and projection algorithm does not require prior position-
ing accuracy between the screen and the observer, it is
expected to be applied to situations where people can
move around freely in a wide area in augmented reality
systems.
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Fig.2 High-speed gaze point estimation algorithm.
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AMR—YEEDO—DTHDINI R VI dER
REHTHDN, EF2Y 3y ~EITDICIEEREND
BRMODHDRA VY ITHERFTILOEBHNETH
2. —ITHREOD U —ZVIISECHNTEEDR
1VIDRUBLEHEITDICHE, E—Y3avy+vT
FrIYRTLAONMRELY YR EDFHABRE R
VORICHTU Y FRRTHERI DS, D
FHAINDSRBHNBBERET L CORESZELSHN
FU—ZVIERERTTCNDEEZOND. RTY
T RNSRIETHIER CEELESIBR
T4 —BENv DL, RIETRE @%ﬁl’éim’(b—g“LjJ:(CED1’F
HRERERTBROGEHNESGHICIDIENEZENR
N'HdEHHFIND.

ARRTE, QIS5 —Z2RANEERNSyFUT
YRATA EBRIEEETOY VS Z2ANE, Jb
DRA VT DZRTHANBERERBDICEREFTT

60

BDFFERFEITDIME). ANy FMPEICY—H—%K
ZARINDDSTEGREIAPIVI +— RNy D
CRDBRBEIDCET, BE—FRAASETTI
WO DSTD=Rais BB EmEsHAIL, 21>V T
THBEDRA VIBERESREET D ENTRE
THd. ZLTERTIOI T VI ERNTZOETH
B2 YV DEREREICKBICREIDCET, 1—
P—ERA VTDPRIUVERICEEDR 1 VT RE
CRETDRBENT + — RNy DEBDCENTES.
BIZISR2[CTT R+ VI LB ERIROBRE T,
DS5TNy FATR—IVICEET DRICR 1 Y TE]8E
DEHEDNRBVTED. IRV HL—ZYTELT
DEBRDRA VIBEROBERBEODAREMUETDH
20, JILIICIRS FHRRIEAN—VEMEICHITD
PIEIA LU=V TIYRTAELTOHBRER
NHREND.



Golf swing as one of the sports motion is fast, and it is
necessary to acquire accurate and reproducible swing
motion skills to hit a good shot. In common training
methods, however, users often use tablet devices to
confirm their motion quality with the measurement
results of motion capture systems or acceleration sen-
sors after the swing. Such a large latency from measur-
ing the motion to providing visual information is consid-
ered to decrease a training efficiency. Low-latency infor-
mation feedback from the measurement to display is
expected to have a high learning effect due to the tem-
poral consistency between the motion experience and
the feedback information in addition to increasing the
number of trials.

We propose a method to project three-dimensional
geometric information of the golf swing onto the ground
at high speed (Fig. 1). The method utilizes a
mirror-based high-speed tracking system and a
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Fig.1 System configuration.
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This is a new method to display information based on
the afterimage of a moving object. Existing systems
need a static surface on which information is projected.
In contrast, we propose a new display system projecting
laser on a moving object, and exploit the afterimage
phenomenon to expand the projectable region. Human
vision can recognize patterns larger than the size of the
object due to the afterimage created in the region
spanned by the moving object.

In order to realize the system, in other words to aim
the laser beam on a specific position given by the object
location with precise timing, the projector is integrated
with a high-speed optical device, called Saccade Mirror.
This device is originally designed to keep the camera
gaze fixed at a dynamic target (cf. 1ms Auto Pan-Tilt ).

While the Saccade Mirror tracks a moving object, the
projector is directed through the optical system of the

SR K DEBER ZFRVCEMAININ L5k
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high-speed low-latency projecor. The high-speed visual
tracking of a golf club with markers near the clubhead
enables three-dimensional posture measurement only
with a single high-speed camera and quick estimation of
swing information such as a swing plane. By using the
high-speed projector to immediately project the geomet-
ric swing information on the ground, the users can
obtain visual feedback information on their swing quality
during and immediately after the swing. For example,
the validity of the swing trajectory can be visually recog-
nized before the clubhead reaches a ball in the projec-
tion of the line representing the swing plane (Fig. 2).
While further improvement of the swing information
projective expression is necessary for an effective train-
ing, various sports applications are expected as
real-time training systems by the high-speed projection
feedback.

2 21 VT NEERI RERT T DIHRTF
Fig.2 Swing plane line projection.
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Saccade Mirror. As a result the laser beam used to proj-
ect on the desired location on the target, effectively
shares the optical axis with the camera tracking the
target.
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Fig1. Outline of this method.
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Fig2. Presentation on a moving ball.
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It is exciting merely to watch sports events, but simu-
lating the haptic sensations experienced by a player
would make spectating even more enjoyable. This is not
peculiar to sports events. In addition to video and audio,
the ability to relive the sensations experienced by others
would also offer great entertainment value at temporal
and spatial distances. However, existing systems have
some problems in measuring vibrations. A contact-type
vibrometer deforms the original vibrations and is a
burden to wear or carry. Even with a non-contact sensor
like a microphone, it is difficult to measure slight vibra-
tions of a fast-moving target against the surrounding
noise. Our VibroTracker system solved these issues by

spectator ﬂ
7

vibrotactile .
sensation
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using a laser Doppler vibrometer and a high-speed opti-
cal gaze controller: Tms Auto Pan-Tilt system using
Saccade Mirror. Our system can measure the vibration
of a fast-moving target with high accuracy, in real time,
without any influence from surrounding noise or physical
contact, enabling users to relive the vibrotactile sensa-
tions experienced by others. In addition, this system can
also be used as a visual microphone because the
microscopic vibrations of a object include sound-related
movements. Since measurable frequency of our system
easily exceeds 20kHz, an audible acoustic wave
frequency, high quality remote sound acquisition is ach-
eved.
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Coloring Drawing System using High-speed Coaxial Control and Active Marking
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Recently, coloring drawing system for presenting a
pattern on the surface of a dye-coated object using a
chemical reaction called chromism, which causes the
color of the dye to change by irradiation with light or
heat, have been actively researched. Above all, the phe-
nomenon using light irradiation is called photochromism.
Since the pattern can be erased and rewritten repeated-
ly, there are applications such as changing the design
and testing the pattern of the object. Furthermore, draw-
ing technology for 3D objects of various shapes is
expected to be non-contact printing. However, in the
conventional method, the pose recognition method is
not suitable for the object to be drawn, and there is a
problem of the complicated calibration of the optical
system.

In this research, we propose a coloring drawing opti-
cal system of laser-camera high-speed coaxial control
and active marking that draws multiple rewritable mark-
ers onto the object's surface using photochromism for
the recognition of the object's dynamic posture and the
accurate drawing onto the object's surface, as shown in
Fig. 1. Calibration is simplified because the laser draw-

Two-axis
rotational mirrors

Telephoto
camera lens

High-speed camera

3D object coated with
photochromic dye
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ing position is always fixed within the camera angle of
view by laser-camera coaxial control. The drawing area
is expanded by drawing multiple dot markers spirally
using a laser and two-axis mirror control, centering four
initial markers which are manually placed beforehand.
Then, the object's posture is estimated using the mark-
ers detected in the image processing, and highly accu-
rate drawing of markers and pictures is performed.
Since the camera captures at a high resolution with a
narrow angle of view, the marker drawing, detection,
and posture estimation is highly accurate. In addition,
high-speed processing enables drawing even to the
moving object, that is, the posture-changing object,
leading to all-around drawing. It was confirmed that the
drawing results for both a static and a rotating planar
object were highly accurate (Fig. 2), and the drawing for
a cylinder (a symmetrical object) was also precise
enough (Fig. 3). Because it is possible to pattern 3D
symmetrical objects, it is expected to be applied to
customized coloring and additional processing of daily
necessities such as cups containing glassware.

Initial markers for calibration

Marker arrangement
(tentatively similar to a spiral)

| Fixed drawn position

by a laser Active marking

1 REITDIRBEEY T LAOHE.
Fig.1 System configuration.

ROTATING

10 fmm]

2 g1t / O# 9 DEBIRN\DBBE O T CFHIIER.
Fig.2 Drawn appearance and evaluation result of plane objects.

3 OEIFMA THDHRENDIBE DT
Fig.3 Drawn appearance of a cylinder (a rotationally symmetric object).
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Self-position and posture estimation using a camera
can be used for augmented reality and navigation, and
can create a high user experience according to the
user's posture information. In particular, focusing on
sports such as cycling, posture information in situations
where the user is moving over a wide area and at high
speed is expected to have a high motor learning effect
when accompanied by feedback information during the
movement. However, self-pose estimation for outdoor
sports requires high-speed tracking, wide-area applica-
bility, and bright environment robustness.

We focus on a vector laser projection system using
galvanometer mirrors as a means for wide applicability
and bright environment countermeasures, and propose
a system named EmnDash that enables high-speed
spatial tracking by embedding M-sequence dashed line
markers (Fig. 1). EmnDash embeds M-sequence
signals, where 0 and 1 are represented by long and
short dashed lines, into periodically scanned vector
figures. The dashed lines are switched on and off at odd
and even periods, so that they appear as dashed lines

Vector graphics

laser display
b/
®  High-speed

cameras

User view
( ’_W
M-sequence .
dashed markers Camera view
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Fig.1 Concept of EmnDash.
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to a high-speed camera with a short exposure time,
while the dashed markers become invisible and are
observed as solid lines to the human eye with a long
exposure time (Figs. 2, 3). Using this difference in expo-
sure time, it is possible for the high-speed camera to
recognize the M-sequence dashed line markers and
perform self-pose estimation while displaying some
vector-type figure on the surrounding ground to the
user. Since the M-sequence is characterized by its abili-
ty to uniquely identify the position in the whole series
from the observation of sub-sequences, the absolute
pose of the camera can be determined from a single
image, and high-speed tracking becomes robust against
occlusion. The system does not require synchronization
between the laser projection and the high-speed
camera, and the far-field reach of the laser and the
wearability of the high-speed camera make it suitable
for use not only in sports such as cycling, marathon
running, and skating, but also in traffic applications such
as automobiles.

2 - -RRE RN ASHE
Fig.2 User view and high-speed camera view.
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Fig.3 M-sequence dashed line projection.
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In our laboratory, we have developed a high-speed
gaze/optical axis control device (Saccade Mirror) using
rotational mirrors (galvanometer mirrors), and estab-
lished 1ms Auto Pan-Tilt technology which can continu-
ously track and capture dynamic objects (e.g.,
ping-pong balls) at the center of the image. The 1ms
Auto Pan-Tilt technology can be applied to dynamic
sports broadcasting, but in this research we treat much
faster objects than the sports balls, which are usually
measured by a high-speed camera with tens of thou-
sands of fps.

In this research, we aim to understand the in-flight
behavior of the high-speed flying objects in detail for
forensic investigation. We focus on optical measure-
ment for actual flying objects rather than methods for
fixed objects using wind tunnels and numerical simula-

27w T 1 BRREADIRIZETA
Step 1: Video recording of high-speed flying objects
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As step 1, we first developed a video recording
system for high-speed flying object (about 250 m/s).

In the conventional 1ms Auto Pan-Tilt technology for
sports balls, the object can be kept within the angle of
view by high-speed visual feedback and mirror control
thanks to high mirror response. Even if the movement of
the object and the optical axis of the camera are greatly
different at the start of the target tracking, capturing the
object within the angle of view can be sufficiently real-
ized. On the other hand, the high-speed flying object will
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Fig.1 Setup of the proposed system.
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tion. We have established a new technology introducing
the 1ms Auto Pan-Tilt technology based on a
high-speed vision.

Compared to conventional methods using fixed cam-
eras, our technology has the advantages of 1) long
duration, 2) high resolution, 3) long exposure time, and
4) little motion blur in video recording and image mea-
surement. Thanks to the optical axis control using rota-
tional mirrors, other optical measurements can be
performed on the same optical axis at the same time in
addition to this image measurement technology. Then, a
great contribution of this technology to the further devel-
opment of the forensic investigation is expected.

This work is the result of collaborative research
between our laboratory and National Research Institute
of Police Science.
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be out of angle of view immediately after the tracking
from the stationary state of the mirror. Therefore, it is
necessary to introduce trajectory prediction instruction
as new optical axis control strategy.

In this system, the trajectory prediction instruction
using a function generator is additionally modulated with
high-speed visual feedback by the 1ms Auto Pan-Tilt
technology. We have realized the continuous video
recording of the high-speed flying object of about 250

m/s.

Sample (a) Sample (b}

mv n
1(every | ms)

2 BRRIDEDHRIGTNIES
Fig.2 Video recording of high-speed flying objects.
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Step 2: Shock-wave image measurement of high-speed flying objects
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As step 2, we developed a continuous shock-wave
image measurement system for high-speed flying
objects of even faster transonic speed (about 340 m/s).

Shock waves are generated around objects that fly at
sound speed. Especially, it is known that unsteady phe-
nomena such as shock-wave oscillations occur at
almost the same speed as sound speed. Our Tracking
Background-oriented Schlieren (BOS) system can cap-
ture the shock waves around the flying object as refrac-
tion of light similarly to the heat haze by introducing a
striped retroreflective background.
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In step 2, we have achieved shock-wave image mea-
surement of actual high-speed flying object utilizing the
Tracking BOS method (trajectory prediction instruction
with improved response, high-speed tracking using
high-speed visual feedback, and shock-wave visualiza-
tion image processing to images including periodic
stripes of the background). Then, based on the long-du-
ration high-resolution image measurement, we have
succeeded in observing the shock-wave oscillations
around the actual high-speed flying object as the
unsteady phenomena.

LA
mﬂ‘f‘t L

D W7,

A A =
e i il 6

10 tims]

5 6 7 8 9

4 FEROTRIL:

Fig.3 Concept of the Tracking BOS method. A A (3883 [m/s]), B (4199 [m/s]), C (2382 [m/s])
Fig.4 Shock-wave visualization:
Target A (388.3 m/s), B (419.9 m/s), C (238.2 m/s).
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High-resolution Focused Tracking of Freely Swimming Fish
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Individual identification and health management is
desirable for multiple dynamic living beings in three
dimensions unrestrictedly, such as freely swimming fish.
Techniques by high-resolution image measurement are
known for extracting individual identification information
of a static object and heart rate estimation of fish. In the
image measurement, however, continuous high-resolu-
tion observation for dynamic targets is difficult from the
viewpoint of the angle of view, resolution, and depth of
field. To solve a trade-off between the angle of view and
resolution in a fixed camera, continuous high-resolution
imaging can be expected using a mirror-based
high-speed tracking system (1ms Auto Pan-tilt). Howev-
er, correct tracking for a specific target is difficult with
similar appearances (i.e., school of fish), and the
mirror-based tracking system suffers from shallow depth
of field of a telescopic lens. In this research, we propose
an ellipse self-window method and high-resolution imag-
ing system. Individual health management applications
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Fig. 3 Tracking results of Medaka fish.
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