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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 computingarchitectures, 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 realworld, bring various advantages to applications, allow us to achieve performance levels far
exceedingconventional 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-timeoperations for sensory information
processing, some of which are listed below. Also, we are focusingon finding new industrial markets and strongly promot-
ing technology transfer of our research outcomesin diverse ways, including collaborative research and commercialization.

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

ii . Research on DynamicVision System for development of fundamentaltechnology and creation of application system by
adaptively acquiringinformation of moving objects based on high-speed image processing anddynamic optics. In partic-
ular, technology development of high-speedoptical axis control and variable optical systems, and implementation ofap-
plication system on image measurement/information presentation indynamic environment.

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

iv. Research on ActivePerception for creating a new style of interaction by using sensation-enhancingtechnology and its

applications, in particular, the construction of a modality that is meaningfulfor humans and the realization of futuristic
information environments and human interfacesbased 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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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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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
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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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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

25 ACHIRES:

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 assembly.
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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
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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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.
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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
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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.
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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.
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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 possibili-
ty of cooperation control within a few miliseconds. And
this technology can be applied to motion support of
human beings and cooperation work between human

JN—I32  Version 2
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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.
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beings 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.
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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

OMmwy FOZFRTDLNT  Name of robot
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the high-speed actuation of the robot hand enables the
robot to achieve a 100 % winning rate.

COOMy FOBAREBOBHMEL [LoAlTAOMNY FITT.ICoAlTAITOSHRT, IOMyY ~IEHSH
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The name of this robot is "Janken (rock-paper-scissors) robot", and the abbreviated form is "Janken robot".
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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
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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.
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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
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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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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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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-

&1. %2

Fig.1 Overview

®2.(a) REEE Ols]
Fig.2 (a) Throwing O[s]
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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.

B2 (o) BEKENMF 14[ms]
Fig.2 (b) Throwing 14[ms]
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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,
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 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
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1.\ FigER
Fig.1 The overview of the hand.
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[ Dynamic Regrasping ]

[ Dynamic Pen Spinning ]
[ Dynamic Dribbling ]

[ Dynamic Catching ]

BB TLBN=ILE4mM/s) ZIBATOED END
ABICRETERNWI RO ZRRLUEZ., CCC, ONHd
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DBICRZZVRETHZINRIREINTLD.
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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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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
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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.

BHEZEE (1)
Regrasping(1)

BHEBZEEF 2
Regrasping(2)

1 BOESF

Face turning
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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.

13

LD« — Ny DZRALZ
\Y RICKDU0 UEE

EICRIBLE. EY 3 VBRICEED<RUOMNEE
HICHZ, IBAEDEDNZIRRICEDI<SHBEETDC
ET, IBIFNADMMZIEEE U2, QE#N 51
UHDHN3BEERELUT ITFNERCBEID
FrvFEITORE.

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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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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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 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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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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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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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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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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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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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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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.
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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
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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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the concept can also be seen as the Visual Shock
Absorber.
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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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In this research, we developed a dynamic human-ro-
bot interactive system which can adapt to a human
operationat high speed and low delay, using a
high-speed robot hand system consisting of a
high-speed vision systemand a high-speed robot hand.
Then, the human operator and the robot hand grasped
the same object, enabledcooperative motion according
to the human operations (Figure (a)), and realized a
highly accurate peg-in-holewhile keeping collaborative
motion (Figure (b)).

As the proposed concrete method, by tracking the
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markers attached on the same object by the high-speed
visionsystem, we recognized the three-dimensional
position and orientation of the board to be manipulated
by thehuman operator every 1 millisecond. Based on
the visual recognition result, the cooperative motion
accordingto the human motion was realized. Here, itis a
feature of this result that utilizing the high-speedperfor-
mance of the robot system realizes it only by kinematics
calculation without performing complexdynamics calcu-
lation.
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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

R D EZBHE UL, MIEDIRRE(IE C &2
ZEHAIT2BRNRBPIIL T U ILAEREL, ORY +
NY FOEENZOHHZIRRE UL, REBICEESN
ZES, BRLE ORyY RN\ FHRIEOXRRBRZ
70\, Z0BEMMEER UL,

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.
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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.
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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.

FZERBUEABEEY AT A
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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. 355 RO DEREBR (ERSH)
Figure 1. Experimental result of cooperative task
(continuous photos)
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Recently, there has been signi cant 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
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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 con rmed the effectiveness of
our proposed system through experiments.



1. UV —Y 3 VOERBR(ERSE)
Figure 1. Experimental result of telemanipulation (continuous photos)
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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
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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".

Fig. 1: (a)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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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

Fig.1. The high-speed robot hand equipped with the
high-performance proximity sensor

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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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-
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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.
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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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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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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.
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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 this research, we propose a data acquisition
synchronization scheme for integrating 500 Hz class
high-speed networked visual and tactile sensors
systems.

In the proposed scheme, multiple sensor nodes
including PCs are connected via Ethernet for data com-
munication and for clock synchronization. The clocks of
the PCs are synchronized over the network using Preci-
sion Time Protocol (PTP) with negligible errors of
around a few microseconds. The trigger of each sensor

237 ZOHOHFRARE

EBOR—ILOMBREELRNEDERL, REE
JYDT—FEDOEIMNERATETCND. EE, =
BT — S DIBARD 52T UM ECT—INEET
ITTRYD, BMCEIEEAIAC DRIDEFIRAEN BFEE(C
RTEND. SOIC,EZRICANT, EY3VERBEE
JUNSBENET —YIRESEMOEB/HRELC DN
TRETUIZ. I U —AICRIT DT —YISEEADE
BMREDBREEMICTI. ABRLS, N2V1D
OMMRICERERENNFE > TN EADND, &
BETOT—YRBRBICHKIILTND T ENDD
2. LD UBRN'S, RATI15V 1 D OMOIEEREN
RETDBENEFET D.

is locally controlled based on the PC’ s clock locally
provided in the node, and the clocks are globally
synchronized over the network. An experimental system
comprising a high-speed vision system, a high-speed
tactile sensor, and two PCs was constructed, and the
experimental results showed that the timing error
between the sensor nodes for data acquisition was less
than 15 microseconds, which is significantly smaller
than the time interval of 2 milliseconds.
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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-Input 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 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 characteristics
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).
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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



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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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.
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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).
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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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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.
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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.

Figure 2. A photograph of the lens prototype.
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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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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.

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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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.
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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.
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Figure 1. Sketch shows the displacement shift when an incident ray passes through a DEA material without
applied voltage (left), and the scale of the displacement shift can be controlled by the applied voltage(right).

M2, ZEBREBEOLT PO
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,
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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. 40*40
mm square and 1 mm thickness acrylic elastomer (3M,
VHB 4910) was employed as DEA material. Two elec-
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-



eter. 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,

1 (@ YO0V YXEFIDINASICKD, ¥1rOOUYXPLADOTORIATEN LT, FEI
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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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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 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 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 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 projected
into a three-dimensional world, so there will be no

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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We developed a high-speed gaze control system to
achieve a millisecond-order pan/tilt camera. We named
this system "Saccade Mirror." A pan/tilt 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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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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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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compensate the tracking error using 2nd-pass Image
Processing (for only translational components).
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Fig.2 Tracking Algorithm.
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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

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.

1 Yyh—RIS-HEREE
Fig.1 Photograph of the Saccade Mirror.

2 €D 1ms Z— /N> « F)L g (B00fps LN EY 3 )
Fig.2 Auto Pan-Tilt image sequence of a pingpong game. (500fps, Full-HD)
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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 AKRU
MR« 2T U1 EIRMP LA
Fig.2 1ms AutoPan/Tilt and
Airborne Ultrasound Tactile Display.

3 F<HRICKRT SN DG

Fig.3 Picture displayed on a moving paper.

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 P FICRISINDRE
(MBRPERTSNTND)
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-
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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.



&1 DHNADYRT LABE
Fig.1 System Configuration.

2 IR—)VICRBERT UICHRF
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
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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.

1 1BRY2FABE  Fig.1 System configuration.
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Fig.2 Projection of an image of rotating circles to a moving paper.
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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

1 VarioLight DY 27 AMEE
Fig.1 System configuration.
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angle of view.

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 SBDICTBNOBBERF T DRF
Fig.2 Fireworks projection onto a fan



3 IvYTITDADHDOIBNICERE ULKTF
Fig.3 Projection onto a fan while jumping.
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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

1 RBEYRTLABE
Fig. 1 Configuration of the proposed method.
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Fig.4 Size-transformative projecion onto a
rotating yo-yo.
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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 (Ims 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 L—Y—IR+1 VP ITBR L CBARERE UIZKT
Fig. 2 Tracking projection mosaicing against a laser pointer.
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Fig. 3 Synchronization with queue.
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Figl. Outline of this method.
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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

2 BEFECOREDRF
Fig2. Presentation on a moving ball.
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4 XEEFICKDEH
Fig. 4 Alternate synchronization.
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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
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.

3 ’EIYRT HABIBE
Fig3. Connection of the Laser Module and the Saccade Mirror.
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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
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using a laser Doppler vibrometer and a high-speed opti-
cal gaze controller: 1ms 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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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-

27y T 1 @RAREDMREETAI
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 sulfficiently real-

ized. On the other hand, the high-speed flying object will

1 REVRTABY FPYT
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.

2 BERRIMEDRGNIES
Fig.2 Video recording of high-speed flying objects.

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.

3 +FSvF VT BOS EHE
Fig.3 Concept of the Tracking BOS method.
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Doing image processing at extreme frame rates puts
strict requirements on the underlying algorithms. One
key to achieve this is to exploit the parallelism inherent
in many image processing problem. However, even if
the problem itself is parallelizable, that is if it is possible
to do the same computation simultaneously for many
pixels, other aspects have to be taken into consider-
ation. In particular, memory access patterns and cache
strategies will have a huge impact on the performance,
which in these scenarios often are bound by memory
throughput. This implies that these sort of issues will
have to be considered already when designing the algo-
rithm. On the other hand, observing scene changes with
a high frequency enables the possibility to exploit differ-
ent aspects of the problem compared to just observing
at regular frame rates.

The ability to follow an object in a sequence of
images, refered to as object tracking, enables a range of
applications in areas such as robotics, human computer
interaction and augmented reality. In addition being able
to do this at frame rates of 1000 fps enables exploiting
tracking hardware designed for this sort of high speed
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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.

4 BEROIRIL | FRIPA

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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tracking.

One approach to tracking is to find a local characteris-
tic of the object and follow that. With this approach no
concept of an object exists. This can lead to loss of
tracking when objects drastically change appearance,
and furthermore might give bad feedback to applications
like the one presented here, where information about
entire extent of the object is crucial. We therefore take
an approach where the contours of the target object is
tracked. This enables the tracked target to be treated as
everything contained within its contour. When the target
changes in appearance (see video) the object model
gets updated with relevant information and the tracking
adapts to this new appearance.

We adapt the problem to the linear memory layout in
modern computers by introducing a polar coordinate
space. We then let the contour move in and out along
each row in this space, exploiting both cache coherency
and parallelism due to the partial independence
between rows. Our algorithm is able to keep up with a
1000 fps camera capturing images at VGA resolution on
a regular Intel Corei7 processor.
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Object (red) and current contour
estimate (blue). The blue circle indicates
the origin of the polar transform.
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Image in polar space. Note that radial
lines in the original image become
horizontal in polar space.
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The contour is propagated radially and
the direction is determined by the local
conformity to the models.
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When observing the world at framerates vastly
exceeding the capabilities of the human eye, applica-
tions with super-human capabilities become possible.
However, with increasing framerate, the computational
demand increases as well. If however interesting
regions in the image are first located, more sophisticat-
ed processing can be subsequently applied to only
these parts. If looking at the problem from the opposite
side, high-speed sequences can help us better under-
stand what is going on in the scene.In this research we
address the two aspects above, and propose a back-
ground subtraction algorithm that is able to locate
regions of interest at nearly 1000 fps while at the same
time exploiting the extra information available between
frames of normal cameras to generate superior back-
ground subtractions.
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The purpose of a background subtraction algorithm is
to identify which pixels of the image, i.e. which parts of
the scene, that are changing, typically caused by
moving objects. However, one complicating factor is that
shadows caused by the moving objects will fall on the
background and might be wrongly treated as fore-
ground. There are methods to detect if a pixel is shadow
rather than foreground (Prati et al. CVPR'99) which
essentially defines a shadow as a darker, but not too
dark, version of the background color. Thus, if the inten-
sity differs too much, the pixel will be classified as fore-
ground. If the shadow is detected at an early stage how-
ever, we can learn that the pixel in question is subject to
a moving shadow and as the shadow gets darker we
can adapt.
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The proposed system. The video stream is split in two

where one feeds a process that updates the entire model a
low rate, and one that targets and updates the model for
quickly changing areas at full rate given a classified image.
A final foreground mask at full rate is also produced.
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In the algorithm a background model is attached to
each pixel. This model is a Gaussian Mixture Model
over the HSV color space with a variable number of
components. A pixel is considered to be part of the
model if the probability of the pixel given the model is
greater than some constant. The model is updated
through two cycles, one running at regular framerates
and one running at high framerates. The former update
cycle updates the model for all pixels in the image while
the contribution of this research is on the latter update
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Three scenes. From left to right: scene, ground truth,
no learning, conventional method (Z. Zivkovic, ICPR'04)
and the proposed method. The first two scenes show
the conventional method cannot label the fg correctly,
while the proposed method mostly can. The errors of
the human arm and hand mostly stem from how similar
they are to the background color, which is evident in the
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cycle. In this the image is classified using the current
model. Given the classification a targeted model update
is performed on pixels with certain properties: 1) pixels
that have been classified as shadow and 2) pixels that is
classified as foreground, but whose neighbors would
have classified the pixel as background. 1) will introduce
shadow intensities in the model thus helping the model
to classify shadows as background before they are clas-
sified as foreground. 2) targets cases with periodic back-
ground motion, such as leaves in a tree or waves.
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no learning column of these experiments. The last two
experiments show how well the highly dynamic back-
ground gets labeled correctly using the targeted learning
method (proposed method), while being able to keep
fg-pixels in the fg. In the images black is bg, white is fg
and gray is shadow.
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Real-time depth estimation is used in many applica-
tions, such as motion capture and human--computer
interfaces. However, conventional depth estimation
algorithms, including stereo matching or Depth from
Defocus, use optimization or pattern matching methods
to calculate the depth from the captured images, making
it difficult to adapt these methods to high-speed sensing.
In this work, we propose a high-speed and real-time
depth estimation method using structured light that
varies according to the projected depth. Vertical and
horizontal stripe patterns are illuminated, and focus is
placed at the near and far planes respectively. The
distance from the projector is calculated from the ratio of
the amount of the blur due to defocus(bokeh) between
the stripes projected on the object surface. This method
needs no optimization, and the calculation is straightfor-
ward. Therefore, it achieves high-speed depth estima-
tion without parallel processing hardware, such as

®1: YRFLAHEH
Fig.1 : System Overview

FPGAs and GPUs.

A prototype system of this method calculates the
depth map in 0.2 ms for 2,500 sampling points using an
off-the-shelf personal computer. Although the depth
resolution and accuracy are not on par with convention-
al methods, the background and the foreground can be
separated using the calculated depth information. To
verify the speed and the accuracy, we incorporated the
method in a high speed gaze controller, called Saccade
Mirror. It captures an image every 2 ms, and shifts the
camera direction according to the position of the target
object. Conventional depth estimation methods cannot
be adopted to the Saccade Mirror because of their com-
putational costs. The proposed method on the other
hand, detects moving objects by separating foreground
from background, and achieves successful tracking of
objects with the same color as the background.

2L ®&E@ER T BEOET
Fig.2 Upper : Captured Image Lower : Depth Map
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A system is proposed that can provide visual and
tactile information on moving surfaces such as hands
and papers without delay. The system is composed of
two subsystems. The first one provides high-speed
tracking and projection with optical axis control. The
second one, "Airborne Ultrasound Tactile Display
(AUTD)" can remotely project tactile feedback on our
hands. The AUTD is developed by Shinoda Laboratory,
Department of Complexity Science and Engineering
Graduate School of Frontier Sciences, Department of
Information Physics and Computing, the University of
Tokyo.

The system provides high-speed and unconstrained
Augmented Reality using visual and tactile feedback. In
order to eliminate mismatch between the different feed-
back modalities, a calibration method that aligns the
components is needed. In particular, the focal point of
the AUTD, which provide tactile sensation with acoustic
radiation pressure at the focal point generated at an
arbitrary position in the air, is invisible to general camer-
as. Therefore, it is difficult to apply conventional calibra-
tion methods by observing displayed information directly
by cameras in a way analogue to how a projector-cam-
era systems are calibrated.

For a simple and high-precision calibration between
AUTD and cameras, we propose a method to visualize
the acoustic radiation pressure at the focal point by
exploiting a phenomenon called Frustrated Total Inter-
nal Reflection (FTIR). When pressure is applied to a
membrane that covers an acrylic sheet which illuminat-

Air Gap Silicon Paper

LED
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2 FTIR%E
(POJ)JL « LED « 8 (Compliant surface))

Fig.2 FTIR device(Acrylic Membrane(Compliant surface)).
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ed from the side, the light leaks out as a result of an
attenuation of the total reflection that otherwise keeps
the light inside the sheet. This occurs since the contact
area between the acrylic surface and the membrane
increases at the pressurized position. This light spot is
observable and indicates the focal position. By using
certain patterns of such focal points, calibration between
the AUTD and the cameras is possible. In contrast to
methods where e.g. a human hand or a single micro-
phone is used to subjectively identify the AUTD focal
point, the FTIR-based method enables structured 2-di-
mensional search of the focal point in the camera
image. It reduces the manual workload and is effective
in obtaining an environment where multi-modal informa-
tion can be presented flexibly with high precision.

Gamera Airborne Ultrasound Tactile Display
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Fig.1 Positional relation between devices.
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Fig.3 Visualized focal position(Left: detected positions of
the focal points pattern, Right: one focal point position
extracted using background subtraction).
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A high-speed gaze controller, Saccade Mirror,
enables high-speed tracking (ImsAuto Pan-Tilt technol-
ogy) and can keep high-magnification imaging of
dynamic target objects. This technology has various
applications of 3D measurement of dynamic objects;
efficient factory automation; precise computer graphics
of flying birds or insects; and high-performance
human-computer interaction. Although precise calibra-
tion is important for high-magnification 3D measurement
by Saccade Mirror, conventional calibration methods are
difficult to apply; shallow depth of field (DOF) due to
long focal lengths at close focus position, and mechani-
cal differences in a gaze model.

We propose a deepening DOF method with episcopic
illumination and retroreflective calibration pattern, which
provides sufficient luminance even with quite a small

1 REBICRITDIIVYRT LER (BREFRFEIZK
Fig.1 System configuration to deepen DOF.

aperture (Fig. 1). The mirror-based gaze controller can
introduce a coaxially placed projector with a beam split-
ter, which is almost the same system configuration as
Dynamic Projection Mapping technology (Lumipen) in
our laboratory. We can place the calibration pattern
within the DOF even near the Saccade Mirror, and real-
ize a wide gaze range calibration.

Moreover, we also propose a new gaze model with
mirror thickness for Saccade Mirror, which has large
translations of center of projection with two rotational
mirrors (Fig. 2). Based on the calibration pattern cap-
tured at the wide gaze range by deepening DOF, we
properly apply bundle adjustment procedure, which is a
general camera calibration framework, and can achieve
Saccade Mirror calibration.

2 TS-ARIEETIV
Fig.2 Mirror-based gaze model.
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Camera-based 3D measurement and Augmented
Reality (AR) systems need camera calibration in
advance, which often use a planar pattern as a calibra-
tion tool. Calibration patterns with availability of several
camera zoom levels is preferable for various scenes,
but general patterns such as a checkerboard cannot
cope with scalability and partial visibility. In other words,
square or circular markers at a certain size cannot
provide observations at sufficient resolution and unique
position detection at both low and high zoom levels.

We propose a fractal-based calibration pattern, which
has self-similarity for different zoom levels. The fractal
structure of the pattern is based on Sierpinski carpet,
which is a common fractal figure. We convert its
squares for higher precision detection, and embed
binary information with circles or rings with M-array for
unigue position detection. As one applicational example,
we design the fractal pattern with 3 levels (Fig. 1), and
show its performance as AR marker field at both low

54

BERAASREZRH LT —DILT )y RO
CEEL, BRND2EOFSERES—DIL - Y
TDETRIRLTIND., CCTMEORSERELT
2RTMRITHDIMEH ZRNTR Y, BEDEHE
RTINS =V DO—BZEHRAT DT TERIKICRT
DUBN—BICHETREERSD. —DOWABEL
T I308IDEEZIICHRE LUL/INY -2 (1)
ZRANDE, SE@HDX—ABEROERMLTEAR
N=N=D1—)LFELTE-DUEICCGETIVE
BETED2, 3. I3D9IESEBUERNSIE
RESAERIENY =V, - ABEDODRISDVIV
FAXRSROLRIRERBOY X T LADBEZSHIC
L, IRRISMANEEN'D.

and high zoom levels (Fig. 2, 3). The calibration pattern
with fractal structure and appropriate code information
can increase flexibility of system configuration of
multi-camera systems for 3D measurement and AR,
and leads various applications.

1 D3D9IRENST—> (3D
Fig.1 Fractal-based calibration pattern (3 levels).
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Fig.2 Pattern detection with 3D virtual objects at low zoom level. Fig.3 Pattern detection with 3D virtual objects at high zoom level.
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Variable-Focus Lens with 1-kHz bandwidth, Arbitrarily Focused Video Using High-speed Liquid Lens, Vision
Chip (Vision Architecture Project), CPV: Column Parallel Vision System, High-Speed Snake Algorithm For
Tracking A Microorganism, High-Speed Target Tracking using Self Windowing, Motion Control of Microorganism
in 3-D Space using High-Speed Tracking, Visualization and Decoding of External Stimuli Perceived by Living
Microorganisms, Nonholonomic Properties in Paramecium Galvanotaxis and Path Planning of Paramecium
Cells, Dynamics Model of Paramecium Galvanotaxis for Microrobotic Application, A Current-Based Electrostimu-
lation Device for the Motion Control of Paramecium Cells, Microrobotic Visual Control of Motile Cells using
High-Speed Tracking System, Microscopic Visual Feedback (MVF) System, Real-World-Oriented Interaction
between Humans and Microorganisms, High-Speed Scanning Microscope by Depth From Diffraction (DFDi)
Method, High-Speed Tracking of Ascidian Spermatozoa, Three-dimensional tracking of a motile microorganism,
Single-Cell Level Continuous Observation System for Microorganism Galvanotaxis, Microorganism Tracking
System, Quasi Stationary Observation of Dynamic Microorganism, High-Speed DFDi Algorithm for Multiple
Cells, High-Speed Auto-Focusing of A Cell - Depth From Diffraction (DFDi), Mobile microscope system and
Organized Bio-Modules (OBM) using Microorganisms, High-Speed 3D Tracking of Chlamydomonas with
Phase-Contrast Microscope are going on.
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In order to create system technology that can pioneer
new applications with the high performance and high
functionality, exquisite integration of three system factors;
input, processing, and output technology are needed.
When any factor of them is inadequate, the performance
of the system is limited and potential applications will not
be achieved. For constructing such innovative and
harmonious system, it is important to comprehensively
design the system not only with the three factors but also
with understanding of physics in real world, mathematical
principle and humans as a system.

The System Vision Design research group aims to
create substantive and practical progress in various appli-
cation areas based on the above design concepts by
exploiting high-speed vision. We create various applica-
tions in the fields of robotics, inspection, video media
engineering, man-machine interfaces, and digital
archiving by making full use of high-speed sensing
systems, algorithms and display systems based on mea-
surement engineering, computer vision and parallel
processing.
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Conventional active 3D sensing systems do not work
well when other objects get between the measurement
target and the measurement equipment, occluding the
line of sight. In this research, we propose an active 3D
sensing method that solves this occlusion problem by
using a light field created using aerial imaging. In this
light field, aerial luminous spots can be formed by focus-
ing rays of light from multiple directions. Towards the
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occlusion problem, this configuration is effective,
because even if some of the rays are occluded, the rays
of other directions keep the spots. Our results showed
that this method was able to measure the position and
inclination of a target by using an aerial image of a
single point light source and was robust against occlu-
sions. In addition, we confirmed that multiple point light
sources also worked well.
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High-speed vision technology in which not just image
capturing and recording but also image processing are
executed simultaneously at high frame rates, exceeding
video rates (30 Hz), has recently been considered an
important technology for various applications, such as
robotics, vehicle systems, automatic inspection,
man-machine interfaces, sports science, and so on.
However, the image processing performed in conven-
tional high-speed vision systems is mainly based on
two-dimensional pattern recognition. In order to extend
the possibilities of this technology, here we focus on
real-time three-dimensional sensing at the speeds
achievable by high-speed vision systems. Although a
related approach for high-speed 3D sensing can
achieve a frame rate of over 200 fps, there are disad-
vantages, including the need for multiple captured
frames during sensing, a limited measurement range
and low resolution.

Our proposed real-time 3D sensing system consists
of a projector and two cameras. By projecting a well-de-
signed segmented pattern and using threeviewpoint
epipolar constraints, the proposed system can obtain 3D
points at high speed. In our method, the pattern is
designed by using primitives. Each primitive consists of
a bar and one or more dots. Incorporating the
three-view geometry constraints eliminates the need for
a given point in the pattern to have a unigque feature in a
local area compared with the other points when identify-
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ing corresponding points in different views. In this way,
our method achieves high-speed and fine 3D point
cloud acquisition with low latency based on hierarchical
processing which is enabled by the segmented pattern
and the three-view geometric properties. The developed
system robustly obtained a 3D shape at 1000 fps in real
time.
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We propose a novel three-dimensional motion sens-
ing method using lasers. Recently, object motion infor-
mation is being used in various applications, and the
types of targets that can be sensed continue to diversify.
Nevertheless, conventional motion sensing systems
have low universality because they require some devic-
es to be mounted on the target, such as accelerometers
and gyro sensors, or because they are based on camer-
as, which highly depend on the target shape or texture
and require high calculation costs. In particular, when
the target has no texture on the surface and no distinc-
tive structural features, the methods based on cameras
inevitably fail. Our method solves this problem and
enables noncontact, high-speed, deterministic measure-
ment of the velocity of a moving target without any prior
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knowledge about the target shape and texture, and can
be applied to any unconstrained, unspecified target.
These distinctive features are achieved by using a
system consisting of a laser range finder, a laser Dop-
pler velocimeter, and a beam controller, in addition to a
robust 3D motion calculation method. The motion of the
target is recovered from fragmentary physical informa-
tion, such as the distance and speed of the target at the
laser irradiation points. From the acquired laser informa-
tion, our method can provide a numerically stable solu-
tion based on the generalized weighted Tikhonov regu-
larization. Using this technique and a prototype system
that we developed, we also demonstrated a number of
applications, including motion capture, video game con-
trol, and 3D shape integration with everyday objects.
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In the application fields including projection mapping,
digital signage, user interface, AR (Augmented Reality),
and so on, the projector technology for the image
projection to the real-world object has become import-
ant. Also, in the industrial application fields such as
robot applications, there are various developments of
the image sensing systems which consists of a camera
and a projector. However, the conventional projectors
supposes to project to a static target such as a flat
screen. Therefore, although they have high image quali-
ty, the frame rate, mainly targeted as 30-120 fps, is not
enough performance for the applications described
above. To solve this problem, we have developed a
working prototype of the high-speed projector “Dyna-
Flash”. DynaFlash can project 8-bit images up to
1,000fps with 3ms delay.

1. 8-bit-level image projection up to 1,000fps

The developed high-speed projector projects 8-bit-lev-
el images up to 1,000 fps with the minimum delay of 3
ms using digital micromirror device (DMD) and
high-brightness LED. Newly developed high-speed
processing modules installed in FPGA control the two
devices and this technology enables the performance of
high frame rate. Moreover, our own original module of
the communication interface is mounted in a computer
and transfers images at high speed. This reduces the
delay from the image generation to projection within 3
ms at the best performance.

2. New applications in the integration of high-speed
projector and high-speed vision
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We aim at the development of the new applications
by integrating the high-speed projector and the
high-speed vision that has ever been developed. As a
first example application, we have realized a projection
mapping system for the high-speed moving objects.
This system recognizes the position of the object by the
high-speed vision and projects images to the object with
no delay using the high-speed projector. Conventional
display technologies have no enough speed perfor-
mance compared with the motion speed of the object.
This causes the large misaligned gap in the interaction
of the image projection to the moving object. Our
system solves this problem based on the high-speed
processing performance. We also plan to develop the
sensing with the order of millisecond, for example
three-dimensional measurement, whose moment
cannot be perceived by human eyes.



45 BFS-Auto: &R « 2iE

E%%*?ﬂ:@tm;_ﬂjlu_l‘]ljf FLWBER Twvo
JUwEYTRF v Z Y JBook Flipping
Scanning) MEESNZ. CNIF, AZ/NS/INSHL
BETTER—IYZBEREUTRETEDEDTH
2.CORARNZEERIEIDIATALAEUVUC FHEZIC
BFS-AutoZBERE L. AY AT AL, MEICKDS
BR=IHL D E, UPII A ATRITSINDEED
SRITIRREER B I, SSICERDDHAHMIEILT
ANEEATBCECKD, MFAEDEET, EF
EEDERBIZEETCOSRAFT v YERIRELZED
Z"‘KZ)Z).
Fﬂ(:ZSO/\—\)@EL/\—‘)&D< D %ae
?“%E Book Flioping ScanningD B8, EEEF
{EREDOKIBRQ@DEEZTRECT D, QEJJHSLI"JD"C
HLDEDOUERRNEETH /2. CNETHEF
HLDKIRBBHABIB T REICXT L THDE A
ZRA TN 2. ZC T, IMBOSREEEND
<DEEFHZICEEFEURLZ. BT TR, R=IDHDD
HREMRIEOMECTSRNKDICEETTDCEN
BERRERD.EREELC DT VIRF v —
TIE MFEREHEIT DR, 1DBIC250K—
IDBRAF v VEARIRLTUND, DFD, 250K —
IREOATHNIE, IMEIDTEFRILITDEN
TE2.

2. BEROIRTIRERFBICL>TERN DS R
BREFILERIR AV RXTATIEILR=IEHID
EECTHE U%%EE@ODS/RJTERAKE1 MRIC5000 0%
ETIRA, REEREBICEFLTETIREEZE, #FZIC

FEUCIRBOPIVIIZIAICEDNT, UPILEA

BFS-Auto can achieve high-speed and high-definition
book digitization at over 250 pages/min using the origi-
nal media format. This performance is realized by three
key points: high-speed fully-automated page flipping,
real-time 3D recognition of the flipped pages, and
high-accuracy restoration to a flat document image.

1. High-speed page flipping machine at 250 pag-
es/min

The automated flipping machine can provide
high-speed and labor-saving style of book digitization.
The key point is to design the mechanism not to cause
obstruction for the scanner while maintaining full speed.
The developed system can flip and scan the book at
over 250 pages/min without modifying the book by
cutting. Therefore, we can finish a book (250 page)
within a minute.

2. High-speed & high-definition book digitization
based on real-time 3D recognition

Our system continuously observes 3D deformation of
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the each flipped page at 500 times per second, and
recognizes the best moment for book image digitization
at the highest quality using the newly constructed origi-
nal algorithm in real-time. At this recognized moment,
the high-definition camera captures the document so
that both high-speed and high-definition performance all
is realized. The definition performance is enhanced to
400 pixels per inch. This technology enables high-speed
and high-definition digitization with the speed of the
developed flipping machine without missing any pages.

3. Real-time 3D restoration to a flat document image

This system has a technology to restore a captured
image which is distorted because of page curling to a
flat original document image by using the captured
image and the obtained 3D deformation. This system's
new improvement to processing speed allows real-time
restoration for capturing books. In the diagram at the
left, before and after images show the restoration
process.
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We proposed a new book digitization system that can
obtain high-resolution document images while flipping
the pages automatically(BFS-Auto). The distinctive
feature of our system is the adaptive capturing that has
a crucial role in achieving high speed and high resolu-
tion. This adaptive capturing requires observing the
state of the flipped pages at high speed and with high
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Fig. 1 Schematic illustration of book status histogram.

accuracy. In order to meet this requirement, we newly
proposed a method of obtaining the 3D shape of the
book, tracking each page, and evaluating the state. In
addition, we explain the details of the proposed
high-speed book digitization system. We also report
some experiments conducted to verify the performance
of the developed system.

Fig. 2 N=YD S vF I ITHRR

(LR BRAASEIR. PER:
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Fig. 2 Results of page tracking.
Top: Images from high-speed camera. Middle: Book status histogram. Bottom: 3D point cloud. The unit of length in the graph is mm.
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In recent years, there has been an increasing
demand to digitize a huge number of books. In order to
meet this demand, a new promising approach called
Book Flipping Scanning has been proposed. This is a
new style of scanning in which all pages of a book are
captured while a user continuously flips through the
pages without stopping at each page. Although this new
technology has had a tremendous impact in the field of
book digitization, the page turner is done by human
hand. This point causes a bottleneck in the develop-
ment of the high-speed book digitization. Based on this
background, we propose a newly designed high-speed
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and precise book page turner machine.

Our machine transfers paper in contactless by utiliz-
ing the elastic force of the paper and the air blow. This
design enables high-speed performance that is ten
times faster than the conventional ones. In addition this
configuration is unobstructed for the digitization. We
evaluated the proposed machine performance using
various papers with different qualities.

The results show that our machine achieved almost
100% success rate of turning pages at around 300 pag-
es/min and was promising for the high-speed and
precise book page turner.
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There is a growing demand for book digitization. How-
ever, the conventional technology cannot meet the
demands for ease-of-use and high-speed book digitiza-
tion. One emerging solution that meets these demands
is Book Flipping Scanning. This is a new style of scan-
ning in which all pages of a book are captured while a
user continuously flips through the pages without stop-
ping at each page. Although this new technology has
had a tremendous impact in the field of book digitization,
it has a problem with the resolution of the digitized docu-
ment image.

The key point for the improvement of the resolution is
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in the visual sensing technique which enables adaptive
capture to the dynamically changing phenomena. It is
expected that effective high-resolution sensing can be
achieved by controlling the visual sensing according to
the optimal moment occurring at an unpredictable
timing. Based on this approach, we propose a new
hybrid sensing system consisting of high-speed 3D
sensing and high-resolution imaging. This system can
achieve high-resolution document digitization by recog-
nizing an optimal timing adaptively from the 3D defor-
mation of the pages observed at high-speed in
real-time.

&, FMIEULCHER

System(Left), Observed image(Center), Rectified image(Right)
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Toward the non-destructive and high-speed digital
archiving, Book Flipping Scanning has been proposed.
As one of the system realizing this concept, BFS-Auto
have been proposed, which mounts two element tech-
nologies including Adaptive capturing and Automatic
page turner machine. Also, for the resolution improve-
ment of the digitized document image, we propose a
method achieving both rectification and stitching of the
distorted document images which are captured with a
system configuration in which multiple cameras are
arranged with small overlapping captured areas. How-
ever, in this method, those multi-view images are cap-
tured at the same timing. As the page deforms freely
while pages are flipped, such capture strategy is not
always optimal.

In this research, we propose a new system controlling
the capturing timing of four high-resolution cameras
individually based on the adaptive capturing approach
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introduced in BFS-Auto. Those high-resolution cameras
captures a single page with small overlapping areas. In
addition, toward high-quality document digitization, we
introduce a new method to optimize the boundary
between the different-view images. Experimental results
show that our method enables around 1,000-dpi
high-speed and high-resolution document digitization.
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Digitization of documents recently has become an
important technology. However, it is difficult for existing
scanners to read books at high speed and at high reso-
lution simultaneously. In order to realize a promising
new book scanning system, we aimed to scan a book
containing many pages by using multiple high-speed
cameras to acquire images while continuously flipping
through the pages, then integrating the images viewed
by different cameras to digitize all of the pages. Howev-
er, high-accuracy integration with the non-uniform rectifi-
cation required for such input images is a challenging
task because the sheets of the document are deformed

65

FRDBFEICT U THBRRICKIDIEE « SI5HE
FEETSCEZBHELTND.
CDEOIBEROEE, BHARTOSREBRE
TOBBBEFILIYRTLAZHCICHEELRZ. AV
TAOATIE, BHEDERNASZREVDIRIEED
FEAEEREULBNKRDICEEL, BREEORLE
BoTh3d. =512, TOLDBBRTICHNTE,
HLDEMFPDBEOESRER=RTEREESS
B EEBBRMEOWIIZNDIFEERET D.

and the image resolution is so high that misalignment
can easily occur.

This research proposes a new multi-camera-array
book scanning system and a method of achieving
high-accuracy three-dimensional deformation estimation
and high-resolution rectification of the distorted docu-
ment images with a system configuration in which multi-
ple high-speed cameras are arranged with small over-
lapping captured areas. Experiments using the devel-
oped system showed that highaccuracy document
images were reconstructed.
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Left: developed system, Center: observed images, Right: integrated & rectified image
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BFS-Solo enables
high-speed book
digitization using
monocular video cap-
tured while the paper
is deformed. Our
original method can
reconstruct the 3D
deformation and

restore a flat document image by taking into account the
physical constraints on deformation for a sheet of paper
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from the monocular image sequence. This system
allows flexibility of configuration for high-speed book
digitization, anywhere and anytime. BFS-Solo is
designed for a simple and convenient style of book
digitization for personal use, and the design concept is
different from BFS-Auto which is an automatic and
high-performance system for professional use. The prin-
ciple introduced in this system is totally different from the
BFS-Auto principle. Toward the practical use, BFS-Solo
is planned to be designed to be used under the copy-
right law.
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There is a strong demand for the digitization of books.
To meet this demand, camera-based scanning systems
are considered to be effective because they could work
with the cameras built into mobile terminals. One prom-
ising technique proposed to speed up book digitization
involves scanning a book while the user flips the pages.
In this type of camera-based document image analysis,
it is extremely important to rectify distorted images.

In this research, we propose a new method of recon-
structing the 3D deformation and restoring a flat docu-

ment image by utilizing a unique planar development
property of a sheet of paper from a monocular image
sequence captured while the paper is deformed. Our
approach uses multiple input images and is based on
the natural condition that a sheet of paper is a develop-
able surface, enabling high-quality restoration without
relying on the document structure. In the experiments,
we tested the proposed method for the target applica-
tion using images of different documents and different
deformations, and demonstrated its effectiveness.

e
SCANNING
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Digital books are getting popular because of the
spread of electric devices such as ebook reader, smart-
phone and tablet. Book digitizaiton technologies play
significant roles in supporting such popularity. However,
traditional way of digitization that digitize books with
flatbed scanners is time-consuming and needs human
power. To overcome this obstale, we have developed a
novel system called Book Flipping Scanning (BFS),
which digitizes whole a book within a minute. The key
point in achieving high-speed digitization is to perform
scanning while the book is flipping. While it enables to
scan very quickly, this stype of book digization, scanning
during flipping, naturally raises rectification problem
because the captured image is deformed.

This study approaches such a rectification problem by
introducing a novel model 'Tiled Rectangle Fragments'
(TRFs) representing a developable surface (details
follow.)

Rectification problem is to construct a 2D to 2D map-
ping from a warped document image to its rectified doc-
ument image. Revisiting this problem from 3D point of
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view, it can be understood to construct an isometric
mapping from 3D deformed document surface to its
developed surface. TRFs represent a developable
surface by tiling the same size of rectangle. Each rect-
angle is a subdivied fragment of the developed surface
of the original developable surface. This model enables
us to construct a quasi-isometric mapping and rectify
with high accuracy.

Note that the proposed method only requires 3D point
cloud of the deformed document surface and its cap-
tured image. This means that our method doesn't
depend on the texture on the document.
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As a promising approach for high-speed, non-destructive and
easy-to-use book digitization, Book Flipping Scanning which scan
large stacks of paper, while the pages are flipped continuously with-
out stopping on each page, has been proposed. In this technology,
the image rectification is required because the captured document
images are distorted because of the paper deformation. As one of
the solutions, there is a conventional technique based on the estima-
tion method of non-rigid surface deformation using developable
surface model. However, it is difficult to design a general develop-
able surface model which can express any deformation. This prob-
lem degrade the quality of the digitization. In this research, we
propose a new document image rectification using advance knowl-
edge of 3D deformation without relying on the model-based
approach.
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In our laboratory, the Saccade Mirror, which realizes 1
ms Auto Pan-tilt movement via high-speed mechanical
control of small mirrors, has led to some novel
high-speed applications. In that system, however, the
rotation direction, namely, roll, remains fixed. Therefore,
we propose a high-speed roll camera which can control
the target image rotation. With this system and Saccade
Mirror, pan-tilt-roll, all three axes related to the camera
gaze can be controlled at high-speed. If high-speed opti-
cal image rotation could be achieved, rotational motion
blur could be canceled perfectly, and information includ-
ing the velocity, deformation and vibration during the
rotation could be analyzed for the robotics, media con-
tent, measurement and inspection of rotary bodies, such
as wheels, fans, engines, bearing, gears, disks, and
balls. Besides, in projection based AR (so-called "pro-
jection mapping") applications, this system is useful like
Lumipen system because the misalignment free projec-
tion for rotating target in the dynamic scenes will be
achieved. This system is composed of a hollow motor, a
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Dove prism, and a high-speed camera and controls opti-
cal image rotation according to the target rotation by
using high-speed image processing. This so-called opti-
cal lever formed of the Dove prism worked effectively
also for a high-speed rotating target, and our prototype
system shows that rotational motion blur was sup-
pressed to 0.125 degrees at 1420 rpm (about 24 rolls
per second). Moreover, because this system tracks the
target rotation by 500 fps high-speed image processing,
the system can deel with the target rotating at irregular
speed.

?§7031995%ME 29 SIEMIAEHE N D

NwveE>YSD

JOYyzoyavyIvEYITERRURE. ARMT
&, V—=HNZEHFN VIO THRICHNFITDCET, A
BICIIV—NERTRICTDEEEIC, BRZICHE
ERITFICERERZDCENTETCND. E5(C,
JOyzoyvavErYYIYIO@EHEFHM,000fos?D
RETRIRSNTUND. COEH, EFPICHNNTE,
ERICHUEZBORBRNREEMEL, HIEHBXIR
[CHREEEDIHNEINTNDS, FEEFTERBICTR
FELULCWEZETORF v THIDINDDKDICIREZ
RTCEBAHEIC, AT U971 —ADEH, RO
D7 vy 3avnBICRITDIFREEERH KBRU
TYPYANDITLFIvHTOYTHYIVUIVEY
DERIEUR. ESIC, BEHOV—HEINBIDCE
T, BRDIMNEADEEZEIY FO—ILTEBRTEE
mUIC.



Projection mapping attracts attentions as an emerging
technology to extend the real world. However, almost
realized examples have been limited to static or qua-
si-static environments. This research aims at overcom-
ing this limitation and realizes dynamic projection map-
ping in which dynamically-changing real-world and virtu-
al visual information are completely merged in the level
of human visual perception. This high-speed dynamic
projection mapping requires a high-speed projector
enabling high-frame-rate and low-latency projection. In
order to meet this demand, we have developed a
high-speed projector "DynaFlash" that can project 8-bit
images up to 1,000fps with 3ms delay.

In particular, as a challenging target for the dynamic
projection mapping, we focus on a non-rigid surface.
Sensing of non-rigid surface deformation is difficult to be
achieved at high speed because it has high
degrees-of-freedom and involves self-occlusions as well
as external occlusions. Our newly proposed method
overcomes this limitation. Our method can obtain the
deformation robustly at 1,000 fps by using an originally
proposed marker "Deformable Dot Cluster Marker",
even when the target causes large deformation and
occlusions.

Using these base technologies including DynaFlash
and Deformable Dot Cluster Marker, we realize a new
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dynamic projection mapping onto deforming non-rigid
surface. In this demonstration, by drawing the marker on
the target with IR ink, we allow the marker to be invisible
to human and enable robust sensing independently of
the projected images. In our technology, both the
projection and sensing are operated at a speed of 1,000
fps. Therefore, it is possible to keep the projection con-
sistent with the deformation and extend the real world
as if the projected image is printed or existed as an orig-
inal (digital) texture on the target. Especially, focusing on
new paradigms in the field of user interface and fashion,
we have demonstrated dynamic projection mapping
onto a deformed sheet of paper and T-shirt. Also we
show that projection to multiple targets can be controlled
flexibly by using multiple markers.
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Recently, in the applications such as archiving and
modeling, it is expected to scan 3D shape of a moving
dynamic object with high resolution and high accuracy.
For this purpose, 3D shape integration is one of the
effective methods. This method integrates multiple mea-
sured range images into a single shape and can recon-
struct high-resolution and high-precision shape whose
performance exceeds a single depth image.

In this research, we propose a new type of solution for
this application based on 3D motion sensing system
using lasers. Instead of estimating the 3D motion from
time-sequential depth images or color images, by using
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The bidirectional reflectance distribution function
(BRDF) measured from a real object is one of the most
important factors for photorealistic rendering. However,
especially when spatially varying BRDFs (SVBRDF) are
measured, not only the acquisitio time but also the
estimation time become so long due to the need for an
enormous number of reflectance samples and calcula-
tions.

In this research, we propose a measurement strategy
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the results of the 3D motion sensing, the depth images
obtained by any type of depth sensors can be fused into
a single surface. Moreover, in this method, we can
precisely track the any positions on the target surface.
Therefore, we can know where the tracked point is
located on the captured image, if the camera is calibrat-
ed. This allows color acquisition as additional functions.
This work can be applied to capture of various moving
objects in natural everyday scenes, including flying
objects, walking humans, travel-ling vehicles, and so on.
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using an algebraic solution that eliminates optimization
and over-sampling, and an adaptive illumination system
that satisfies the necessary constraints for the solution.
As a result of demonstration, we confirmed the validity
of this approach by comparison with conventional meth-
ods. The following figures show the developed system,
a target (uneven glazed dish), SVBRDF parameter
maps and the scene using measured SVBRDF of Japa-
nese paper and gold ornament.



419

A, RBDBICHBNTEEIRIC KT T DIIRET
BOSREEOERIEDZ—ZANEF > T D, 1BiE
EEERNSEREINGHAIHRRBFEDRES
NTNBN, DYy 3wy FHRICHIT DREEICIIR
RN'DD. 2. EETRIVOREERIICERT D
BENBRT LAV Y FUITRB+DENBREZE

There is a growing need for the improvement of the
resolution and speed for the 3D sensing of a moving
object in the various fields. Although many struc-
tured-light-based methods have been proposed for the
shape acquisition of a moving object, the resolution
performance based on the one-shot measurement has
a limitation. Also it is difficult for the direct stereo match-
ing which searches the disparity in all pixels inde-
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pendently to achieve high-speed calculation.

In this research, we propose a new method to recon-
struct a high-resolution shape in minimum amount of
calculation. Our method introduces the time-series prop-
agation of the reconstructed shape for the efficient
calculation under the assumption that the target motion
in two successive images captured by high-frame-rate
stereo cameras is small.
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In this research, we call a sensing technology to
observe the deformation of a non-rigid surface continu-
ously as non-rigid surface tracking. This technology is
still a challenging problem in the field of computer vision.
This is because the deformation of a non-rigid surface
has high degrees-of-freedom and involves self-occlu-
sions as well as external occlusions. These complicate
the tracking problem.

In particular, as an application of the non-rigid surface
tracking, we focus on dynamic projection mapping. This
is the type of projection mapping which utilizes a moving
object and dynamically-changing environment as the
projected target. In this application, a speed is required
to be sufficiently high that a human does not perceive
any misalignment between the target object and the
projected images. In order to achieve this requirement,
non-rigid surface tracking needs to have millisecond-or-
der computational speed. However, any conventional
methods do not have such performance.

Based on this background, we propose a new method
of the marker-based high-speed non-rigid surface track-
ing. In this type of method, a marker is drawn on the
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target surface and we obtain the deformation through
the distortion of the marker in a captured image. We call
the proposed marker as Deformable Dot Cluster
Marker. This marker design is optimized under the con-
dition that a local position in the marker is not incorrectly
identified as other positions. Also the marker is easy to
be drawn on the target because it is a binary pattern
composing only black and white. With this marker
design, we propose an original image processing
method to obtain the deformation. This method exe-
cutes detection of a marker from a captured image and
frame-by-frame tracking utilizing high-frame-rate imag-
ing independently and in parallel in separate threads. In
addition, even when multiple markers exist in an image,
the method can recognize them individually. We have
implemented on CPU and achieved 1,000-fps perfor-
mance. Also we have shown dynamic projection map-
ping onto deforming non-rigid surface at 1,000 fps in
which the system generates the images based on the
observed deformation and projects them in real-time by
using a high-speed projector "DynaFlash".
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In product design and internet shopping, a realistic
presentation of material is essential to confirming the
color and gloss. However, conventional displays not
only have limitations including resolution, dynamic range
but also do not respond to viewing and lighting direc-
tions of the real world and can not represent realistic
materials. In this research, we introduce a material
display called ZoeMatrope to address the problems.
ZoeMatrope utilizes human visual characteristics and
real objects, and the quality of the material expressed
with ZoeMatrope looks equivalent to that of real objects
to the human eye.

1. Realistic material representation

The developed display uses compositing and anima-
tion principles used in a zoetrope and a thaumatrope.
The system rotates a turntable which accommodates a
number of base objects at high speed and illuminates
some of those bases by a strobe light synchronized with
the rotation. As a result, the system can express a com-
posited material which is composed of plural base mate-
rials. Additionally, by controlling the emission time in
units of 1us at high speed, the system can change the
ratio of the composition and enables material animation.
Since the overlaid image of the real objects will be seen
by the human eye, outstanding resolution, dynamic
range and light field fidelity can be achieved. By using a
high-speed projector, "DynaFlash", the system can
express spatially-varying materials.

2. Base material optimization

In order to represent a variety of realistic materials,
we need to select the optimal base materials and deter-
mine the optimal composition ratios of them. In this
paper, we formulated an error between the target and
composited material, and solved these issues as a

mixed integer linear programming problem. This method
can be applied to bases for various parameters of a
material and enables realistic representations of wide
range of materials with a small number of base materi-
als.

3. Augmented material

The system can express not only ordinary materials
but also augmented materials that would never occur in
reality. For example, translucent materials with an alpha
channel and materials whose appearance depends on
the light source can be expressed. The system can deal
with these augmented materials as well as ordinary
materials and allow the creation of new forms of expres-
sion media and immersive experiences in art, advertis-
ing and AR/VR.
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1. Dynamic Stop Motion
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2. Layered 3D Display
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3. 3D Shape Mixture
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Phyxel is a realistic display that makes a desired
physical object appear at spatially pixelated locations.
The created image appears to be essentially real and
can be manipulated, like a virtual image. Toward the
realization of Phyxel, it is essential to closely coordinate
the lighting and motion for the perceptual reality. In the
developed system, we manipulate the motion of various
objects at high speed and control their perceived loca-
tions by projecting a computed lighting pattern using a
1000-fps 8-bit high-speed projector. We can utilize this
novel visual media in various fields, such as entertain-
ment, digital signage, design industry, exhibition, and so
on. We introduce three type of feasible applications.

1. Dynamic Stop Motion

Dynamic stop motion allows the visual effects which
have been created by the conventional stop motion
method to be seen in real time and for naked eyes,
using the dynamic relocation of material appearance.
Also, we can change the contents dynamically by con-
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Sony and Ishikawa Watanabe Laboratory of the
University of Tokyo developed a Vision Chip for
high-speed and robust visual feedback systems. The
developed Vision Chip secures large areas of PE and
PD by stacking peripheral circuits including PEs and
memory with imager and realizes both of high imaging
capability and high functionality. PD part is fabricated by
90nm process and forms 1/3.2-inch, 1.27Mpixels,
back-illuminated sensor. PE part is fabricated by 40nm
process and mounts column-parallel PEs, column-paral-
lel ADCs and frame memory for 1ms high-speed image
processing. The programmable PE can implement
high-speed spatio-temporal filtering and enables imag-
ing and various image processing such as detection,
recognition and tracking on one chip. By realizing image
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trol of lighting patterns.You can see the red felted-fabric
car move in front of the blue wool background in the
figure on the left.

2. Layered 3D Display

Using material layers with a different height along the
optical axis of the projector, 3D shapes with complex
texture can be created. We perceive its volumetric
shape because of binocular fusion. As a demonstration,
we can see the rotating gears at a different layer in the
figure on the center.

3. 3D Shape Mixture

3D shape mixture offers the visual recomposition of
prepared 3D objects. From a small number of base
objects, multi- ple figures are visually generated. Com-
paring with an ordi- nary 3D zoetrope method, this
system has more degrees of freedom of expression.In
the figure on the right, preparing two 3D-printed models
of horse and human, you can see combination of
models, such as a kentauros.
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processing on the chip, the vision chip can suppress
power consumption to max 363mwW @1000fps and will
keep or improve the performance and save space and
energy comparison with conventional system which has
sensors and processors separately.

At the conference of solid-state circuits, ISSCC 2017
held in Feb. 2017, Sony and Ishikawa Watanabe Labo-
ratory of the University of Tokyo demonstrated 1ms
target recognition and tracking by programming spa-
tio-temporal image processing on the 140GOPS
column-parallel SIMD PEs. As the demonstration,
Vision Chip is expected to provide high-speed, low-la-
tency, low-power and small-sized visual feedback
systems.



Fig. 1: EY3aYFyvIDP—FFO0F v ERREBEHIBETE +1.
Fig. 1: Vision Chip Architecture and Micrograph*1.

Fig. 22 JOv DS A PIS hERRRK 1.
Fig. 2: Block Diagram and Specifications*1.

Fig. 3: PE ICRITMENTO v I *1.
Fig. 3: Schematic of the PE*1.
*1 MIFTECHRXDEKDSIA.
/*1 Image credit :
T. Yamazaki, H. Katayama, S. Uehara, A. Nose, M. Kobayashi, S. Shida, M. Odahara, K. Takamiya, Y. Hisamatsu, S. Matsumoto, L.
Miyashita, Y. Watanabe, T. Izawa, Y. Muramatsu, M. Ishikawa : A 1ms High-Speed Vision Chip with 3D-Stacked 140GOPS

Column-Parallel PEs for Spatio-Temporal Image Processing, International Solid-State Circuits Conference (ISSCC 2017), Proceed-
ings, pp.82-83, San Francisco, California, USA, 5-9 Feb. (2017)

Fig. 4:1ISSCC2017 TEBZETODLEYRT A
Fig. 4: Vision Chip Demo System at ISSCC 2017

76



424 WHRIO—CEDEHHEREIVYT 1 VD

V=TIV YF« 0z =-TE=-T1VD)
EIE, BREIROY U Y RETILEDBB EERNICRK
RIDFEETHD, IVE2—9TS T v ORTH
WTBEICHRINTND, EODITXIRERBIRIC
BREULCEBERBEIL YT« VI ERY, P
A=Y 3 VDEREOEREPITIT -3 VICA
N6NTWND, BRI L YT+ VI3, —RICTER
XIMREBETER/ S ARSED2DDOY TRBIC DR LT
BHIND. AR TIIFCEBOBR/SAEE, 975
NHES5Z5NEERKMETTICIEESNZERXTD
EDRDBNRERZEDNESFEITDIFEERET
)

REIRTL VT « VIFEL WS DL DOMEZR
ZUTNBRCTEDRBHUL., PIA—=Y 3 VERICH
WTILFTELET LY T« Y TERNBRICER U
TNBLOICRADCENBETHD. KIEPZA—
SIRBOBRDDSIL, PZA—INAVISIT T
CHRETSDELOTU YT+ VIBRETE DD
RS THE TS D ENEF LY,

KRR T, HRFOLMUENERSNLESKRIEL
DEQAIO-—D—BTHIHRIO—ZABUT, L5

Shape blending (or shape morphing), which
describes the continuous and gradual transition of solid
models, has been actively investigated in computer
graphics. In particular, the closed curve blending prob-
lem has received a great deal of attention because of its
wide range of applications in areas including comput-
er-assisted animation. The closed curve blending prob-
lem can be decomposed into two consecutive subprob-
lems, namely the vertex correspondence problem and
the vertex path problem. In this study, we focus only on
the vertex path problem: computing the actual path by
which each vertex moves to its counterpart specified by
vertex correspondence.

A blending algorithm needs to be equipped with
several properties. For animation-oriented applications,
a sequence of blended curves should be aesthetic: the
source shape should appear to undergo a natural transi-
tion to the target shape. It is also desirable to calculate
blended curves as quickly as possible so as to let
animators modulate the entire collection of blended
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curves interactively.

We propose a new closed blending technique based
on curvature flow. Curvature flow is a type of geometric
flow that is often defined as a gradient flow associated
to a functional on a manifold wherein a geometric value
(e.g., curvature) is defined. We find that curvature flow
has great potential for applications in shape blending,
but it is currently applied only in shape fairing. Further-
more, designing curvature flow provides great flexibility
upon blending and conveys special properties described
below.

Thanks to the problem formulation in curvature space,
our method performs stable and fast calculation, namely
two orders of magnitude faster than state-of-the-art
methods. Our method can be applied for a pair of
curves wherein the turning numbers are both same (Fig.
1) and different (Fig. 2). Especially for curves with differ-
ent turning numbers, incorporating curvature smoothing
flow enables as smooth as possible blending, which
could have not been realized so far.
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Fig. 1: Blending results of curves with same turning numbers
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Fig. 2: Blending results of curves with different turning numbers
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The computational display of material appearance
such as metal, plastic, skin, and so on has attracted
attention as an important technology in the fields of
product design, education and entertainment. Using
projection mapping, this type of a material display can
be realized. The images projected by the projection
mapping can replace the original surface of an existing
normal object in the real world with new material
appearance virtually. On other hand, in this type of
display, it is important to change the appearance
dynamically according to the motion of object. For
example, when observing a specular object, the high-
light point is changed according to its arrangement,
viewpoint, and light. This dynamic appearance change
plays a substantial role in reproducing high-quality user
experiences. However, the conventional projector-cam-
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era system is difficult to represent this phenomenon
because of its low-speed performance. Also, in the
applications using such material display, the interactions
where the user can touch and move the object is essen-
tially important. In order to achieve this goal, occlu-
sion-robust and high-speed 3D tracking technology is
newly required.

Based on this background, we propose a new mark-
er-based 3D tracking method achieved by only using a
monocular monochrome image. Our tracking method
achieves both high robustness and high-speed perfor-
mance even when there is a considerable amount of
occlusion. Also we built a computational display of
material appearance based on dynamic projection map-
ping using the proposed tracking technology. According
to the recognized 3D position and pose, the graphics of
the virtual material are generated and projected by a
high-speed projector. As shown in the figure, the
appearance of a white plaster object is changed to the
metal-like one and the reproduced specular distribution
is consistently changed without delay. Our experiment
confirmed that it was possible to successfully merge the
real-world geometry and the material appearance con-
sistently in a dynamic environment. Furthermore,
dynamic changes as a consequence of user manipula-
tion of the object could drastically enrich the experience
compared with observation of a static object. Although
we show only the example of the metal display in this
demonstration, different material can also be realized. In
addition, the different materials can be arranged on the
surface spatially. We also extend this work to the color
material display. And we can make the marker invisible
by using the infrared ink.
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The bidirectional reflectance distribution function
(BRDF) measured from a real object is one of the most
important factors for photorealistic rendering. However,
not only the acquisition time but also the estimation time
becomes so long due to the need for an enormous
number of reflectance samples and calculations. In this
research, we propose a method to shorten the mea-
surement time by adaptively determining the measure-
ment strategy after each sampling.

B Z AL Z@EmeY7s: BRDF

il

427 HA4F3IvoTJOYzOY3INvEYTDIRHD
BHENASERVCERIEBARIRIT DS VvF D

REENRITDEODDFEELUIAFTIvOT
OYxzPOyayvwEYIDEREMNMEBEEDT
WB. 913w oJOyzHyavyvvEYTICH
WTIEXEDBEESEIC Sy F YT ITINEN

HDN, KARTEEIC, BT DIFBIEDZRIRTT

7

FSYFVIICEBT D, EREEREEIRTHIC ~
SYFVITFTIFEEERICEESINTNDD, WTF
NEFEENKREL FrFIvoTJayzovy3y
RvEYVICBNWTABIXREEBEEREDREIC
RPN AEESHZNELENURNLOEREZ
BRI DCEIIRETHD. K2, Deformable Dot
Cluster MarkerZARU\2 Y 25 AIIEBIADRBOE
FaaRICFSYFITITBRCEICHKINLTND,
IEMIAZHICRE T DIBFIRND2RTHMIC LHMSESNZEL)
ey TOEEER.

Z C T K 38 T (&, Deformable Dot Cluster
Markerza &8 E U EBHEDAXSZEBNCZYR
FTOAZRNWTEREXIRICIYSNEVY—HNLEDER
DIRTFIBZERDDFEEZRELTCND. COER
EBMAIRIT S v F VD%, 947fpsTbitd N
S—REENDBEZDCENTEIFEOSRIO
Y 1% DynaFlash v2 (3-LED+1-DMD) & &
=, ARKREDIRTHZESOENE [T UIZRE
ERMNICRE T DHEEY 1 FTIvoTOYD
YayNvEYIERRUE. TOBEZTIE, XTROD
BEOEE(C U, YEROMO BN ICE{E LR
BMREEIN TV DRFDERTED.



Dynamic projection mapping has attracted attention
for its usefullness to extend the reality. To realize
dynamic projection mapping, it is necessary to track the
motion of the object at high speed. In this research, we,
in particular, focus on the high-speed three-dimensional
tracking of the deforming non-rigid surface. Although
various researches for tracking non-rigid deformation in
three dimensions have been published, because of the
large computational complexity, it is difficult to track the
motion of the object at a speed in which human does
not perceive geometric inconsistency between the
object and the projected image. In addition, although the
conventional system with Deformable Dot Cluster
Marker succeeds in tracking deformation of non-rigid
curved surface at high speed, information of non-rigid

deformation can be obtained only two-dimensionally,
and the sensing range is not so wide.

Therefore, in this research, we propose a method of
finding 3D position of each point on a marker affixed to
the projection target by using a system with multiple
cameras based on Deformable Dot Cluster Marker. This
high-speed non-rigid three-dimensional tracking is coor-
dinated with a new high-speed projector DynaFlash v2
(3-LED + 1-DMD) capable of switching 8-bit color
images at 947 fps, resulting in a new dynamic projection
mapping that adaptively projects images has been real-
ized. In the images and a movie below, it can be seen
that the image in which gloss and irregularities are
adaptively changed is projected according to the target
posture and motion.
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“What is real? How do you define real?”
(Matrix 1999)
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"What is real? How do you define real?" (Matrix 1999)

This is a simple yet profound question. Forming the
answer to this question has become increasingly difficult
in recent years. Virtual Reality, Augmented Reality,
Mixed Reality, Simulated Reality, Artificial Intelligence,
Brain-Computer Interface, Uncanny Valley, Transhu-
manism, Cyberpunk, Hyperreal, and Post Truth, etc.
These ideas emerging one after another in technology,
fiction, philosophy and sociology continue to blur the
boundaries of reality and unreality. Our world is entering
the era of "Post Reality" and it is considered that we are
getting ready to accept it.

In such an ever changing world, we are also trying to
make a challenge. Is it possible to fuse reality and unre-
ality in front of your eyes to create a new, yet natural,
"The Reality X"? To achieve this goal, we have decided
to focus on manipulating the light. Assuming that visual
recognition consists of interaction of light, matter,
dynamics and perception, manipulating the light at the
speed exceeding the perceptual range to control the
reality can be a promising approach. Based on this con-
cept, we have developed a black and white projector
which switches images at 1000 times per second, linked
it to a sensing system which runs at the same speed,
and attempted to fuse digital appearance and deforming
or moving physical objects.

To take this challenge to the next level, we developed
a new high speed projector capable of switching 8bit
color images at 947 fps, DynaFlash v2 (3-LED+1-DMD).
We also developed a new tracking system capable of
recognizing non-rigid deformation three-dimensionally at
high speed and in wide range by using 10 cameras. The
capacity of the dynamic projection mapping linking
these components is not limited to fusing colorful unreal-
istic texture to reality. It can freely reproduce gloss and
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unevenness of non-existing materials by adaptively con-
trolling the projected image based on the three-dimen-
sional structure and motion of the applicable surface.

As a physical phenomenon, the state added by this
sensing display deviates from reality. The results, how-
ever, produce little inconsistencies in light, matter,
dynamics and perception in our senses. If you watch our
demonstration video, you will probably feel it is difficult
to shrug off what we see just because it is not real.

DynaFlash v2 and Post Reality. Fusion of reality and
unreality. What is reality and where is the boundary to
unreality? | hope that the results of this study will not
only evolve the technology performance but also bring
the meaning and further opportunity for creating a new
real world that includes both chaos and order.
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We propose a novel method for the robust, non-con-
tact, and six degrees of freedom (6-DOF) motion sens-
ing of an arbitrary rigid body using multi-view laser Dop-
pler measurements. The proposed method reconstructs
the 6-DOF motion from fragmentary velocities on the
surface of the target. It is unique compared to conven-
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tional contact-less motion sensing methods since it is
robust against lack-of-feature objects and environments.
By discussing the formulation of motion reconstruction
by fragmentary velocities, we show that the reconstruc-
tion problem is a strict linear problem whose parameters
are only related to the arrangement of the lasers.
Besides, with analyzation on the matrix rank, we confirm
that a multi-view system with at least three viewpoints
will strongly benefits the 6-DOF rigid body motion recon-
struction. We explain this by introducing the condition
number of the measurement matrix, and consider it to
be the most important factor in the system design. The
proposed method is validated under a optimized system
setup, composed of a laser Doppler Velocimeter, a
beam controller and four laser reflectors.

NS4 w0 T0YTOY3IIUNVEYITIAT A

MECEHNHETTOI T O —DMEERTTD
JOY VY3V Y EVITRMNBRAICTHESN,
IV —FAAXYROA VI =T 1 ADDEHTH
BaNTU\D. BLIEYKICKT U TREETOEANZ
JOY Oy 3Ny EYIRMICZ, GEETIZE
MR ENSRETRII I TIvOTOIT OV Y
Yy EVIRMORRESINTHY, 7OV OV 3
INYEVIRMEETEITORREEITTND. U
P IFIFIvOTOYTHYIVIVEYTCH
WTE, XKEYRTLABREEEDFEETHD, BIC
S FTIvORy—yTnJayzHyayvve
YV IERMOBRIRZEIN TR, NI TRy
AT LAERTIE, SR CTWREDRIIEMIIT DT
ENELUNEDHTHD. Y1 FIvoJOYyz oY 3
YV Y EVITE, BEEMESHEOENZREEXY
ZICEREITIEDIC, RO ERIEDREE SR
[CHEDRITIMENH DN, ARDTEMTIEIEERNE
DYETHDEOOTMIEFIBEON, FE, INED
SHEMTRAE Y -ADBDFEEEN RHND
EVWDREBEN B oZ. TNICXTL, VI —EXHRE
MHETHERLUEZEBREY 3 YF vy TJEr YT
IV hkBYJ)a-vavaeas523. EYyavFvT
FERREEMINEEZAINCSREZNIBEEZR
FyTETHISCET, aFEEOltEEmIILEE
IIVIRATLAERBEITDICENTRETHD, h—4
TIWYRFACKBDY I FIvoTOYz O3y

82

Ny EVIICRBET/INA A THD.

AR T, WROSERFTAICEBREEY 3 VY F Y
TJEFBL, SBIC REOREIC OIS -2
VWEBRRISHIEI -y FERABIDCET, YT
LAZERDOBEER/IME UDDINBUE EZER UIZTR—
DITIWDHNAEBEFE UL, (B 2HA) TOK
DA TIRTLABRFRFEYAITHORNS
1,000fpsDERIFE, SRE R UIE, SmsD SR i
BERRLTRY, ZOSRMCTMREERBLIZT
OYIDYaUvvEYTOHERMARBZELDD
BTN, BIZIE, 2T, BIEICBR LEERFIC
FOTCFDULERVY— LI AYDKDICRALD
D, ECENMITOTES —Y3a VERTSED
AoV DA REBELTND. EE,. -
3T EFHARCEDERE I DERIC, BICERT
DERFICEO>TRENRENSIDITYI—FT 1 X
VEEREULTND. M4TIE, BREEZAF v
L, - -DIRERE UCERBERICATS
BBPTIT—yaveE, - YP-DFEELSyF
VIOU, NYZTU=DIRA VT 1 Y ITTINAREL
TEARIDPTVT -3 VElERLTND, I
E UMEZENALCRO-YEHMAENEDRLE,
M= TIIYRFTACKBDIFIvOTOAITD
Y3V EVIIRRBIGARROSBRRZETED]
YT RTHB.



In recent years, Spatial Augmented Reality (SAR)
systems for dynamically moving targets have been
proposed, and this field is called "dynamic SAR" or
"dynamic projection mapping." In these systems, the
moving target is recognized by a high-speed camera
and the projection onto the target is controlled at high
speed, for example, at 1,000fps. By achieving such high
responsiveness in sensing and feedback that spa-
tio-temporal consistency between the target and project-
ed image is ensured at the level of human visual
perception, these dynamic SAR systems have allowed
the development of new application fields in entertain-
ment and user interfaces. However, one problem with
most of these conventional SAR systems is that they
have restricted spatial movement because they are
fixed in a room. Then, we take dynamic SAR a step
further. In this research, we use a 3D-stacked vision
chip and an optical gaze controller, and realize a porta-
ble dynamic SAR system, called "Portable Lumipen." A
vision chip is an intelligent imager that has parallel
processing elements adjacent to photodetectors, which
enables high-speed image capturing and processing on
a single chip, and it is a suitable device for a high-speed

&1 Y ZATLHER
Fig.1 Portable Lumipen

M3 eREEIYY—TI 1R
Fig.3 Anywhere surface Ul
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Fig.4 Selfy with Makeup by light
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and small visual feedback system. An optical gaze con-
troller is a unit to change the imaging and projecting
direction at high speed by reflecting light at 2-axis
motored mirrors, and achieves high-speed alignment of
the projection image without the need for a specialized
projector or re-rendering of the projection image.

We developed the prototype system of Portable lumi-
pen in Fig.1 and Fig.2, and confirmed that image captur-
ing at 1,000fps, rapid processing and a 3ms response
time for projection were achieved on a mobile device.
We also propose potential applications using this porta-
ble dynamic SAR system. For example, in anywhere
surface user interface shown in Fig.3, the system recog-
nizes a gesture and provides a display on an arbitrary
object. In Fig.4, a system for taking a selfy with projec-
tor-based makeup is shown. The Portable Lumipen can
compensate for hand shaking, and realizes animated
makeup. Besides, a searchlight that automatically scans
the surrounding environment and tracks a detected
target while projecting information on it is proposed.
Portable dynamic SAR will enhance a variety of applica-
tions including entertainment, interface and combination
with a drone.

2 Y25 ARED
Fig.2 System inside
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Fig.5 Tracking search light
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Projection mapping has become a powerful technique
for entertainment and visual presentation. Projection
light can overwrite the visual appearance of an object to
create an illusion of changes in the material and shape
of the target. In recent years, a dynamic projection-map-
ping technique that can target not only static objects but
also dynamically moving or deforming objects has been
proposed, and increasingly flexible and immersive
effects are being achieved. However, conventional
projection-mapping methods depend on markers on a
target or a model of the target shape, which limits the
types of targets and the visual quality. In order to deal
with various targets, including static, dynamic, rigid, soft,
and fluid objects, we developed a high-speed surface
normal measurement system using near infrared (NIR)
wavelengths and a novel high-speed texturing algorithm
in screen space. Our system achieved projector-based
material overwriting with a uniform material and a
tileable-textured material with millisecond-order latency,
and it realized dynamic and flexible material representa-
tion for unknown objects.

1. High-speed surface normal measurement in the
NIR region

For projector-based material overwriting in which the
system projects artificial shading to change the appear-
ance of the target material, markers or models are not
always necessary, because shading with a virtual mate-
rial, lighting, and viewpoint can be adequately rendered
even if we can only measure the surface normals of the
target. Then we developed the high-speed surface
normal measurement system that performs without
visible-light interference with the projection image. (Fig.
1) By using the high-speed shading algorithm using
surface normals below, our system achieved 500fps
high-speed sensing and projection with unnoticeable
latency.

2. High-speed shading algorithm using surface
normals

Appearance heavily depends on surface normals of
the target object, and so projection according to the
surface nomals enables the material to disguise itself.
(Fig. 2) In this research, we presented high-speed shad-
ing algorithm using surface normals for representation
of a uniform material and a tileable-textured mateiral.
(Fig. 3, 4) Moreover, we propose an area-based regular-
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ization method to avoid the undesirable distortion of a
texture due to the noise of target motion and deforma-
tion.

3. Advanced applications

We also demonstrated advanced applications using
the MIDAS-projection system, including albedo-depen-
dent shading and a graphical Midas touch effect. In
albedo-dependent shading, the materials are overwrit-
ten according to the albedos (e.g. Silver material onto a
shirt, and red material onto a tie as shown in Fig. 5.) In
graphical Midas touch effect, all touched objects gradu-
ally turn into gold (or different materials) as the ability of
King Midas in Greek mythology. (Fig. 6) Such tangible
and programmable shading in real life will provide inter-
active, flexible, and immersive material representation.

2(a) LT (22D
Fig. 2 (a) Clay (before)

2(p) #6811
Fig. 2 (b) Clay (after)
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Fig. 4 Projection onto liquid (Modelless)
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Fig. 3 Projection onto a hand (Markerless) Fig. 5 Albedo-dependent shading

CIREERICEZDIFIRE
Fig. 6 Graphical Midas touch effect
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High-speed and High-definition Document Digitalization System based on Adaptive Scanning using Real-time
3D Sensing, Estimation of Non-rigid Surface Deformation using Developable Surface Model, Proof-of-concept
prototype for Book Flipping Scanning, Image-moment Sensor, 320x240 Pixel Chip using Dynamic Logic Circuits,
128x128 Pixel Chip and Small Sensor Board, Wide Range Image Sensing Using a Thrown-up Camera, In-air
Typing Interface for Mobile Devices, The Deformable Workspace: a Membrane between Real and Virtual Space,
Real-time Motion Synchronization between Different Persons using Similarities of 3D Poses, Viseme Classi
cation Using High-Frame-Rate Vision, High-resolution Shape Reconstruction from Multiple Range Images, 3D
Object Pose Estimation using an Analysis-by-Synthesis Method, Multi-frame Simultaneous Alignment for Recon-
struction of a High-resolution 3D Shape, VCS-1V: Real-time Visual Processing System using a Vision Chip, A
Programmable Vision Chip with 64x64 pixels, Vision Chip Controller Integrated with RISC Microprocessor, A
Bit-level Compiler for Massively Parallel Vision Chips, High Speed Target Tracking Vision Chip, CPV: Column
Parallel Vision System, Image-moment Sensor, 320x240 Pixel Chip using Dynamic Logic Circuits, 128x128 Pixel
Chip and Small Sensor Board, Interleaved Pixel Lookup, Shared-Memory Multi-SIMD Architecture, Parallel
Extraction Architecture for Numerous Particles, Dynamically Reconfigurable SIMD Architecture, Massively Paral-
lel Vision Chip Architecture, 3D Object Pose Estimation using an Analysis-by-Synthesis Method, Multi-frame
Simultaneous Alignment for Reconstruction of a High-resolution 3D Shape, Surface Image Synthesis of Spinning
Cans, Stereo Vision using Prior Knowledge for Artificial Objects, High-S/N Imaging of a Moving Object using a
High-frame-rate Camera, Zooming Touch Panel, Video Mosaicing using a High-frame-rate Camera, PTZ Control
of a Remote Camera with Head Tracking, Fast Finger Tracking System for In-air Typing Interface, Real-time
Visual Measurement: Target Counting / Rotation Measurement, Multi-Target Tracking Algorithm, A Soft-
ware-Controlled Pixel-Level A-D Conversion Method, High Speed Target Tracking using Self Windowing,
High-speed Vision with Massively Parallel Coprocessors, Processor for High-speed Moment-based Analysis of
Numerous Objects, Synchronized Video: An Interface for Harmonizing Video with Body Movements, Human Gait
Estimation Using a Wearable Camera, Real-time Shape Measurement of a Moving/Deforming Object, Real-time
Particle Measurement/Fluid Measurement, Finger Detection based on Data Fusion of Fish-eye Stereo Camera
for 3D-Gesture Input Interface, High-Speed Estimation of Multi-finger Position and Pose for Input Interface of the
Mobile Devices and Book Flipping Scanning, VolVision: High-speed Capture in Unconstrained Camera Motion,
Stand Alone High-speed Vision System with Dynamic Capture Control, Fast Archiving System with Touch Inter-
action using Wearable High-speed Vision, Anywhere Surface Touch: utilizing any surface as an input area with a
wearable device, Utilizing Real Space as Virtual Input Environment with High-Speed Sensing for Mobile Inter-
face, High-Resolution Surface Reconstruction based on Multi-level Implicit Surface from Multiple Range Images
are going on.
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Human sensorial modalities are inherently limited,
as is our cognitive capacity to process information
gathered by the senses. Technologically mediated
sensory manipulation, if properly implemented, can
alter perception or even generate completely new
forms of perception. At a practical level, it can improve
the efficiency of (low or high level) recognition tasks
such as behaviour recognition, as well as improve
human-to-human interaction. Such enhancements of
perception and increased behavior recognition also
allow for the design of novel interfaces to incude
active interactions. The problems of human percep-
tion and machine perception are reciprocally related;
machine perception has its own limitations but can be
trained to recognize self-perception, social percep-
tions, and emotional expressions.

Active Perception is an umbrella term for the theory
and research practice concerned with the capture and
manipulation of information that is normally inaccessi-
ble to humans and machines. In doing so, we hope to
create new ways of perceiving the world and interact-
ing with technology, and activeness of both humans
and machines will be enable to be available. Our
group is not only concerned with intelligent sensors
and systems technology, but also augmented reality,
human-computer interaction, media art, neurophysiol-
ogy, perspectives, civil engineering from fields such
as ethics and computer-supported cooperative-work.
Combining techniques we aim to integrate human and
machine perception and as a consequence create a
new interdisciplinary research area.
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The Deformable Workspace: a Membrane between Real and Virtual Space
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We propose a variant of the multi-touch display tech-
nology that introduces an original way of manipulating
three-dimensional data. We will call the implemented
system a deformable workspace.

The left image illustrates the metaphor of our
proposed deformable workspace. The virtual object
"exists" and is represented in virtual space, while the
user exists in real space, but is not represented (as a
whole or in part) in the virtual space. The idea is to main-
tain a useful and simple relationship between virtual and
real space by using a unique coordinate system that is
shared by both spaces. Between these spaces lies a
"transparent” and tangible membrane. Users can manip-
ulate the objects in virtual space by deforming the mem-
brane and observing the effects on the virtual object
(much like a surgeon operating on a patient with gloves).

By doing so, the interface can create the illusion of
continuity between the user's real space and the virtual
three-dimensional space. The prototype system present-
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The Khronos Projector
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ed here enables this by employing three key technolo-
gies: a tangible and deformable projection screen, a
real-time three-dimensional sensing mechanism, and an
algorithm for dynamic compensation for anamorphic
projection. We successfully demonstrated several appli-
cations including 3D translation, 3D manipulation by two
hands, 3D freehand drawing, 3D sculpture, and arbitrary
volume slicing.
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The Khronos Projector is an interactive-art installation
allowing people to explore pre-recorded movie content
in an entirely new way. By touching the projection
screen, the user is able to send parts of the image
forward or backwards in time. By actually touching a
deformable projection screen, shaking it or curling it,
separate "islands of time" as well as "temporal waves"
are created within the visible frame. This is done by
interactively reshaping a two-dimensional spatio-tempo-
ral surface that "cuts" the spatio-temporal volume of
data generated by a movie. From the human-machine
interaction point of view, the Khronos-Projector
tissue-based deformable screen is a first step towards a
tangible human-machine interface capable of sensing
the delicacy of a caress - while at the same time able to
react in a subtle and natural way, also through tactile
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feedback.

This project has been featured in a number of Media
Art festivals and TV programs (abundant information,
images and video can be found here). Although the
pressure-sensitive deformable screen was initially
developed for the slicing the "video-cube”, it can in gen-
eral be used to interactively define and visualize arbi-
trarily-shaped slices of any sort of volumetric data (e.g.
body scanner images, layered geological data, architec-
tural or mechanical drawings, etc). In particular, it can
be a starting point for developing a pre-operatory inter-
face capable of showing inner body sections mapped
onto complex surfaces, just as they would appear to the
surgeon during an actual operation. The Volume Slicing
Display also being developed in our lab is an extension
of this concept.
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The Light Arrays project explores the extension of the
body through an array of visible light beams projecting
on the environment a dynamic representation of the
body, its movement and posture. Interestingly, these
light cues are visible both for the user wearing the
device as well as for others. This feature points to two
interesting lines of research:

» Augmented Proprioception

generated with an artificial visual feedback system.
This can be useful for learning complex somatic tech-
niques, speeding-up rehabilitation, as well as exploring
the body's expressive capabilities.

» Enhanced body interaction

prompted by an interactively augmented body image
(in time and space), as well as a clear visual representa-
tion of interpersonal space.

This system complements - and to a certain extent
functions as the exact reverse - of the Haptic Radar
system, in which rangefinders were used to extend spa-
tial awareness through vibrotactile feedback. Indeed,
rather than gathering information on the objects
surrounded the wearer and transducing it into tactile
cues, the Light Arrays system gathers information about
the wearer's posture, and projects this information onto
the surrounding for everybody to observe.

Prototypes and technology

We are exploring several embodiments of the Light
Arrays using laser modules, servo motors, and sensors
(either worn or external). Both direction and intensity of
the laser beams are modified according to the motion of
the wearer, or in response to the motion of a second
person. This creates an interesting interaction scenario

YEA—FICESN, HUNWYRT ADEDRETO
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in which the extended body may be shared between
two persons. In the in-visible skirt prototype shown in
the figures, each of the 12 laser modules (635nm,
3mW) attach to a flexible circular support that can be
deformed and rotated thanks to a set of four servo
motors. A microcontroller (ATmegal68) maps sensor
data comming from a second wearable “controller" into
different meaninful servo positions. An elementary map-
ping demonstrated in this video shows forward/back-
ward or left/right bending postures mapped as similar
motions of a light-based skirt. A set of three separated
battery sources is used to drive the servos, the lasers
and the micrcontroller. Data is sent wirelessly through
an XBee 2.5 Znet network capable of transmitting raw
data at a rate of 30Hz, or coded commands at a lower
speed. At the same time, sensor data is sent to an
external desktop computer that will be helpful in design-
ing interesting new mappings and analysing the data.
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scorelLight: laser-based artificial synesthesia instrument
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"scoreLight" is a prototype musical instrument capa-
ble of generating sound in real time from the lines of
doodles as well as from the contours of three-dimen-
sional objects nearby (hands, dancer's silhouette, archi-
tectural details, etc). There is no camera nor projector: a
laser spot explores the shape as a pick-up head would
search for sound over the surface of a vinyl record - with
the significant difference that the groove is generated by
the contours of the drawing itself. Sound is produced
and modulated according to the curvature of the lines
being followed, their angle with respect to the vertical as
well as their color and contrast. Sound is also spatial-
ized (see quadrophonic setup below); panning is con-
trolled by the relative position of the tracking spots, their
speed and acceleration. "scoreLight" implements ges-
ture, shape and color-to-sound artificial synesthesia;
abrupt changes in the direction of the lines produce
trigger discrete sounds (percussion, glitches), thus
creating a rhythmic base (the length of a closed path
determines the overall tempo).

The hardware is very unique: since there is no
camera nor projector (with pixellated sensors or light
sources), tracking as well as motion can be extremely
smooth and fluid. The light beam follows contours in the
very same way a blind person uses a white cane to stick
to a guidance route on the street. Details of this tracking
technigue can be found here. When using the system
on a table (as in the image on the right), the laser power
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is less than half a milliwatt - half the power of a not very
powerful laser pointer - and does not supposes any
hazard. More powerful, multicolored laser sources can
be used in order to "augment” (visually and with sound)
facades of buildings tens of meters away - and then
"read aloud" the city landcape.

Itis still too early to decide if this system can be effec-
tively used as a musical instrument (has it enough
expressivity? can we find a right balance between con-
trol and randomness?). However, it is interesting to note
that "scoreLight", in its present form, already unveils an
unexpected direction of (artistic?) research: the user
does not really knows if he/she is painting or composing
music. Indeed, the interrelation and (real-time) feedback
between sound and visuals is so strong that one is
tempted to coin a new term for the performance since it
is not drawing nor is it playing (music), but both things at
the same time... drawplaying?
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Gesture tracking with the Smart Laser Scanner
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The problem of tracking hands and fingers on natural
scenes has received much attention using passive
acquisition vision systems and computationally intense
image processing. We are currently studying a simple
active tracking system using a laser diode (visible or
invisible light), steering mirrors, and a single non-imag-
ing photodetector. The system is capable of acquiring
three dimensional coordinates in real time without the
need of any image processing at all. Essentially, itis a
smart rangefinder scanner that instead of continuously
scanning over the full field of view, restricts its scanning
are to a very narrow window precisely the size of the
target.

Tracking of multiple targets is also possible without
replicating any part of the system (targets are consid-
ered sequentially). Applications of a multiple target
tracking system are countless. Such a configuration
allows, for instance, multiple users to interact on the
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same virtual space; or a single user to control several
virtual tools at the same time, resize windows and con-
trol information screens, as imagined in Spielberg's film
“*Minority Report" - but without the need to wear special
gloves nor markers. A very interesting characteristic of
the proposed 3D laser-based locator, is that it also can
be used as an output device: indeed, the laser scanner
can be used to write information back to the user, by
projecting alphanumeric data onto any available
surface, like the palm of the hand. This has been
successfully demonstrated, without having to stop the
tracking. Finally, hardware simplicity is such that using
state-of-the-art Micro-Opto-Electro-Mechanical-System
(MOEMS) technology, it should be possible to integrate
the whole system on a single chip, making a versatile
human-machine input/output interface for use in mobile
computing devices.
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The Laser Aura: a prosthesis for emotional expression
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We are studying the use of a 'laser aura' as a (wear-
able) prosthesis for enhanced emotional expression.
The goal of such wearable display is to externalize
subtle psycho-physiological states of the user by
projecting minimalistic imagery in the immediate
surrounding for others to see. In the present configura-
tion, a 'laser aura’ or 'laser halo' change its shape and
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dynamic behavior as a function of the user stress. Such
iconic imagery (inspired by manga graphical representa-
tions) may give others an instant cue about the person
psychological state (and thus function as the equivalent
of online availability status in the real world). It may as
well function as a biofeedback device, and help regain
control of one's own body in stressful situations.

Memory Blocks & Knowledge Voxels
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Imagine being capable of storing/retrieving multi-me-
dia data from familiar things in the path to work: build-
ings, corners, trees or flowers... anything around you
can be a "scaffold" to organize your personal data. This
project is an alternative to the intangible "cloud", based
on the idea of superimposing virtual 3d "data contain-
ers" onto real space.

More concretely, the "Memory Blocks/Knowledge
Voxels" project aims at creating a format to represent,
and an interface to browse dense databases based on
the idea of superimposing volumetric virtual objects onto
real space. The “method of loci” is a mnemonic tech-
nique that relies on human capacity to quickly and
efficiently store new information on an imaginary 3d
space (or “memory palace”): the goal of this research is
to take this technique to the next level by making this
“memory palace” an interpersonal 3d space to store and
retrieve information instead of an individual, mental
map. This will be done by merging spatial augmented
reality, mixed reality and tangible interfaces developed
in our lab. We first plan to make these volumetric
Memory Blocks (MB) accessible simultaneously to
several people in a large room (or even in public
spaces); then, by using Web 2.0 technologies, we plan
to make these MB the support of online collaborative
bookmarking and information sharing.
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The interface will work by superimposing Memory
Blocks (that is, volumetric virtual objects) into a region of
real physical space. These objects will be the recepta-
cle, or scaffold,onto which multimedia information can
be spatially organized. One can think of a “Memory
Block” (MB) as a virtual library or bookshelf whose archi-
tecture or shape suffices to guide the search - instead of
using a catalog or an alphabetic index. MBs may be
used to store any kind of information (music album,
literary references, contacts, etc) in an arbitrarily shaped
3d container - including public spaces. Users will be
able to annotate, interact and navigate these objects by
relying on their own physical frame of reference, as
already demonstrated in our Volume Slicing Display
system. They will be able to add notes and hyperlinks
(manually or semi-automatically) onto 3d representa-
tions of the subject of study.
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Skin Games
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Recent developments in computer vision hardware
have enabled (and popularized) the use of gestures as
well as full body posture as a form of input control in
commercial gaming applications. However, the comput-
er screen remains the place where the eyes must be
placed at all times. Freeing graphics from that rectangu-
lar cage is a hot topic in Spatial Augmented Reality
(SAR): using static or dynamic projection mapping and
'smart projectors', it is possible to recruit any surface in
the surrounding for displaying the game's graphics. The
present work introduces an original interaction paradigm
building on kinetic interfaces and SAR: in 'Skin Games'
the body acts simultaneously as the controller and as
the (wildly deformable) projection surface on which to
display the game's output.

Skin Games takes the concept of 'immersion' to a
whole new physical level: you are litterally covered by
the game. The fact that the user needs to contort to see
the graphics on her own body is perceived here as an
interesting inherent feature of the Skin Games para-
digm. Technologically speaking, there are different pos-
sible ways to materialize the concept. One approach is
to actually wear the screen; this is technically feasible as
demonstrated in numerous art/entertainment projects. A
wearable, full body display can easily integrate kinetic
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sensors (accelerometers, gyros), biosensors or simple
switches thus providing appropriate input, as demon-
strated in our Light Arrays project. A different approach
consist on using external tracking and projection hard-
ware. In the case of a traditional projector/camera setup,
this requires relatively sophisticated hardware and
signifcant computer power, because the system must
realize real-time dynamic projection mapping while
maintaining minimum delay and spatial mismatch. While
we are working on this technology and setup (see for
instance "Real-time Shape Measurement of a Mov-
ing/Deforming Object"), the prototype demonstrated
here uses the Laser Sensing Display technology devel-
opped in our lab.
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This system integrates high speed high brightness
floating display and high-speed 3D gesture recognition.
For the aerial image, we use a display technology called
AIRR developed by Prof. Yamamoto from Utsunomiya
University (moved from Tokushima University) and the
3D High Speed Hand Tracking and Gesture Recogni-
tion made it possible to manipulate the aerial image in
high speed. The AIRR technology (*Note 1) is an aerial
technique which uses retro-reflections sheet which
reflects light ray reversely towards the incident direction.
Since the image formed by AIRR is a real image in 3D
space, it is easier to focus our eyes on the image and
motion parallax can also be perceived.

We believe that this will be the next generation of
user-friendly 3D display technology. Previous methods
to generate aerial image are based on lenses and mirror
arrays. By using AIRR, much wider viewing angle is
achieved. Furthermore, by using our newly developed
high speed LED display, bright image can be formed
even under strong room lighting. In addition, the image
can be viewed by multiple persons simultaneously.

The high-speed 3D gesture recognition utilize super
high-speed stereo cameras, which makes it possible to
recognize gesture and track 3D position (500 fps) with
extremely small latency. Not only the user can expand
and rotate the floating screen, even if we perform
extremely fast action such as punching it can still be
detected. It can be said that high speed operation on
floating image will become the next generation of infor-
mation environment.

The system we integrated is called "AIRR Tablet"
which recognizes hands or any other objects in
high-speed beyond human perception. We achieve

B3 =1HEnNs5RKREEPmE

Fig.3 Floating images from different viewing angles
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1 ARR Tablet D&
Fig.1 Structure of AIRR Tablet

input and output without any delay, and we show that
we can turn the empty space into a large tablet. Unlike
conventional computers and smartphones, we can
perform operations without any physical collision. It
enables high-speed 3D input and output.

* Note 1: AIRR (Aerial Imaging by Retro-Reflection)

It is technology to form a floating image using retro-re-
flection. Light is reflected reversely towards the incident
direction by the retro-reflective sheet. By using retro-re-
flection sheet, the image formed is similar to that gener-
ated by lenses. The system consists of retro-reflec-
tion.sheet and half-mirror. No sophisticated calibration of
the optical devices is required. It provides large aerial
image with wide range of viewpoints. In this demo
system, retro-reflective sheet with extremely small
beads, allows the generation of floating image which
can be seen from a range of 90 degrees.

2 YRFTLOEEKE
Fig.2 The whole system

X4 zZ=PIEICXT LT,
BREDADZETO>TNDECS
Fig.4 Drawing application
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Though we live in the era of the touchscreen (tablet
PCs and smart phones providing a rigid and flat inter-
face) people and the industry are getting excited about
the world of tangible 3D interfaces. This may be
explained for two reasons: first, the emergence of cheap
vision-based gestural interfaces conquering the space
above and below the screen (but without haptic feed-
back), and second - and perhaps more important for the
present discussion - the explosion of the 3D printing
industry and the possibility for the end user to not only
customize the layout of icons on a screen, but also of
designing their own physical interface from scratch.
Mass-produced smartphones could then be seen as
bare-bone electronics devices whose shape can be
physically augmented, personalized and crafted.

Two interesting issues to consider when crafting the
interface are potential for emotional attachment and
intuitive interaction. We consider both are complementa-
ry: complex interactions involving emotions are highly
idiosyncratic, and are therefore a good candidate for
personalization. Attachment reinforces the connection
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between the device and its user - attachment may come
from the shape of the interface (e.g. a teddy bear) as
well as the highly personal way of interacting with it.

In order to introduce DIY techniques in the world of
deformable input-output interfaces, it is necessary to
provide a generic manufacturing/sensing method for
such arbitrarily designed shapes. The goal of this project
is to investigate minimally invasive methods (no wirings)
to physically augment tablet PCs or smartphones. Our
proposed Ul is called as SENSECASE. In SENSE-
CASE, a deformable object is put over the front or rear
camera - this 'object' can be part of the smartphone
case itself. The object is filled with transparent and black
gels. The complex light reflections inside the object can
be used to recognize patterns of deformation or grasp-
ing and map them to different Ul actions. A machine
learning algorithm allows object shape and deformation
to be designed arbitrarily, bringing the device physical
personalization at a level never reached before, with
minimal interference with its original hardware.
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High Speed Gesture Ul for Three Dimensional Display zSpace
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Fig.1 System

This system integrates high speed 3D hand gesture
interface and 3D virtual holographic display system.
Ishikawa-Watanabe Laboratory developed the high
speed 3D hand gesture interface which detects the 3d
position of user's hand and recognizes gestures.
zSpace® developed the zSpace 3D display system.
Integrating the two systems, an immersive virtual envi-
ronment can be realized. The high speed 3D hand ges-
ture interface utilizes super high speed stereo cameras,
which makes it possible to recognize gesture and track
3D position (500 fps) with extremely small latency. With
such small latency, very fast and tiny movements, such
as shaking, can be detected easily. Not only fast, the
system is also correctly aligned with the real world,
making the interaction very intuitive.

In other systems, such as smart phones, tablets,
computers, etc., the response time have significant influ-
ence on user satisfaction. Devices with high latency
create some sense of incongruity, which makes the
experience unenjoyable. Low latency response not only
removes that sense of incongruity, but also gives a feel-
ing of being immersed in the virtual environment.
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Low restriction and low latency brings various applica-
tion. Progress in 3D image operativity brings intuitive
interaction and high efficiency. This system is expected
to be applied in situations like surgical operation,
because user can operate 3D image without touching
anything. Creativity is pulled out to the utmost, because
any devices don't interfere operator's creativity.

* Note 1: zSpace

zSpace is a leading-edge technology provider that
delivers a new way of learning with its flagship product,
zSpace. Focused on the learning market, specifically
science, technology, engineering and math (STEM)
education, medical instruction, corporate training and
research, zSpace inspires and accelerates understand-
ing through immersive exploration. zSpace is a privately
held, venture backed company located in Sunnyvale,
CA, and has filed more than 30 patents for its innovative
technologies. (http://zspace.com/)

* Note 2: zSpace®

zSpace® provide 3D image to a operator wearing
trackable glasses showing deferent images to both
eyes. A virtual reality environment for immersive explo-



ration, visualization, and learning.
Unleash the full potential of human under-
standing. zSpace is an immersive, inter-
active hardware and software platform for
students, educators, researchers, and

2 YRATLDEFE
Fig.2 The whole system
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3 EEIDIIRFv—REIYRTA
Fig.3 High speed 3D gesture recognition system
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corporate trainers. zSpace gives depth to
the digital learning experience by improv-
ing the way things are studied, explored,
designed and visualized.
(http://zspace.com/the-zspace-system/)

4 BIFORF
Fig.4 Manipulation with hands

s

High Speed Gesture Ul: Ultra Low latency with Proprioception
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In this research, we propose a high speed gesture
user interface as an example of ultra low latency inter-
face enhancing the usability.

In user interface of smart TV, computer, video game,
etc., the high speed property of a response has a signifi-
cant influence on the operation feeling, because proprio-
ception which is the sense of linking one's own gesture
to the operation on the display, improves by low latency
of the datapath from user input to output to the user.

The figure below shows the outline of our system. In
gesture interface, a delay occurred due to A) Capture
delay (caused by scanning imager array = the reciprocal
of frame rate), B) Input delay (caused by data transfer to
an input buffer of a computer or an image processing
unit), C) Processing delay (caused by image processing
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including gesture recognition), D) Output delay (caused
by data transfer to an output buffer), E) Display delay (=
the reciprocal of frame rate). In the case that each
device does not achive synchronization, buffering time
which prevents synchronization deviation called frame
dropping is needed. In the system based on ordinary
video rate, total latency takes about 150 - 200 ms even
if gesture recognition is finished within 1 frame. We
implemented each step A) - D) based on 1,000 fps, and
used a display with 8 ms delay. As a result, this system
realized high speed gesture interface which has only
about 32 ms total latency (the time from the camera
observing LED light to a photodetector observing the
change of the display).
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Effects of Low Video Latency between Visual Information
and Physical Sensation in Immersive Environments

Recently many VR devices using body movement as
input have been developed and enable us to intuitively
interact with VR space. However, their intrinsic latency
before the resulting images are displayed creates a
discrepancy between the user's visual information and
the physical sensation. In previous study, there are few
study about low latency effects in self-projected immer-
sive environment. Based on a high-speed projector and
high-speed camera,we developed a video latency con-
trol system to film the user's hand movements and con-
trol the latency by 1ms when displaying the video with
the minimum system latency 4.3ms. Using this system
and mirrors, the immersive environment with latency
from user's physical input to the visual feedback was
established and enables us to investigate the latency
effects in unknown low range (less than 100ms). We
conducted an experiment wherein the subjects

performed a pointing task based on Fitts' law to mea-
sure the user performance. The experimental results
showed that the performance begins to decrease when
the latency is over 24ms. This result will be applied to
determine a standard limit for video latency in self-pro-
jected VR devices.
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Pixel-wise Deblurring Imaging(PDI)
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Motion blurring occurs in imaging from a high-speed
moving object. Therefore, in order to obtain a clear
image, it is necessary to increase the shutter speed,
and strong lighting is required under the same sensitivity
condition. Therefore, for example, imaging for inspection
of a tunnel wall surface of a highway necessitates regu-
lation of tunnel traffic, which is an obstacle to frequent
inspection. In order to eliminate this motion blur, we
have proposed "Pixel-wise Deblurring Imaging(PDI)"
which controls the optical axis of the imaging system at
high speed with the same speed as the relative speed
with the object from the image plane information alone.
Improvement of the image quality of the captured image
is confirmed.

High-speed tracking of the target image is realized by
using a uniaxial galvanometer mirror for angle control of
the optical axis and developing a new tracking algo-
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rithm. As a result, we demonstrated that motion blur is
improved especially in the high frequency band com-
pared with the conventional method.

In the conventional method, the speed of the entire
system is limited due to insufficient responsiveness of
the galvanometer mirror, and even with the galvanome-
ter mirror used in this research, initially, execution at 100
Hz was the limit, however, we propose a method to
expand the frequency range that can follow highly
precisely by using pre-emphasis technology and show
that it can be executed with sufficient accuracy up to
500 Hz by experiment. As a result of applying this
method to the motion blur compensation device, it was
found that the removal performance of motion blur is
improved by driving the galvano mirror at high frequen-
cies.
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Research on advanced inspection of highways
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As an application example of "Pixel-wise Deblurring
Imaging" which we are developing in this laboratory, we
propose alternative method of advanced inspection in
maintenance and management of infrastructure. In
camera shooting, motion blur is one of the main factors
leading to image quality degradation. Efforts to improve
this motion blur have been tackled by various methods
such as shake correction function, flash, exposure time
limiting, and contribution to image quality improvement.
However, there are situations in which it is difficult to
stop the infrastructure function itself, especially when
inspecting the infrastructure for maintenance purposes,

REDHDLD, 1 VIS5 LEBEMTERICHE LN
SEEMEERT IDEN DL ELRDOND. &
5(C, RIEENTEENBEOBERAHAENEREND
2, 8NREDEBREE-Y3 VIS —ELUTEY
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RTRE-—Y3VIS—MEEEENAL, LEEO™-
BEUEITDFEERELTND.
LEEDARBRE, RRAZE)IELMARELEPE
ABREBMART EOHRBIARTHD.

So it is required to photograph structures etc. while
moving on the infrastructure at high speed. Further-
more, because high precision image determination is
required for inspection purposes, it is extremely difficult
to photograph a high resolution image without motion
blur. Therefore, in this research, we propose a method
to improve the above problem by using motion-blur
compensation system.

This work was conducted by a joint research project
between Ishikawa Watanabe Laboratory and Central
Nippon co., Itd.

HARRIIBITRAEAXEATERELUTNET
[note] This experiment was implemented in the traffic regulation
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In order to apply the motion-blur compensation
system to infrastructure maintenance and management,
after reviewing the required specifications, we are con-
ducting verification for practical application of
motion-blur compensation technology through field
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experiments several times. As a result, we realized
removal of motion blur that meets the required specifica-
tions under conditions to imaging from a moving object
with a speed of 100 km/h to the ceiling height of 7 m
from the ground in actual tunnel.
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Learning Supportive System to Electrical Stimulation
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Electrical stimulation to humans has been mainly
used for medical applications such as low-frequency
therapy equipment and walking support for patients with
unilateral paralysis. However, unlike other physical stim-
uli, electrical stimulation can induce contraction irrespec-
tive of the intention of the muscles given.

In this research, we measures human characteristics
to electrical stimulation and developed a skill learning
support system that applies the properties of such elec-
trical stimulation to healthy human learning support.
Human motion is measured using a camera, and the

ESRYES
Electrical stimulation device

1 BRI E MR & DRINERE DL

EXRHICTIDE FRNISEIAIEEZDLE. &
FAESRMCT L TENSSNRIRMTEDNH
ZETAIT ST ET, EMFPDOEKIRIBDMAIREMEC
DNWTORRZREST D.

2. BIRHZDEDDEENRNDIREE

1.Comparison of reaction speeds between electrical

stimulation and other stimuli
In this experiment, by measuring how quickly a

human can respond to electrical stimulation compared
with other stimuli such as visual or auditory stimulation,
we acquire knowledge about the applicability of electri-
cal stimulation during operation.

2.Investigation of the effect for learning to use electri-
cal stimulation in trajectory task

It is not clear how much stimulation of electric stimula-
tion itself contributes to human learning. Therefore, we
compare and verify how the difference in the effect of
human being learning the motion between electrical
stimulation and vibration in case of erroneous move-
ment is checked by camera feedback.

3.Learning supportive training system

In the experiment, we learned the task of throwing the
ball straight to modify the inclination of the ball with the
subject of swing of bowling using this system. As a
result, an improvement of 32% in inclination at the time
of swing was observed compared with the initial, and
the effectiveness of this system was confirmed. In this
project, we investigated the response speed of human

2
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movement is recognized by image processing, and
electrical stimulation is given in a direction to modify
according to the motion, aiming at acquisition of a sensi-
ble skill. This system is more intuitive than a visual
learning support device such as visual feedback, and is
more unconstrained, scalable, power saving and more
flexible than other physical tactile learning support
system using a motor or the like. It is a high degree
system and it is considered to be a more useful system
than the other systems in the motor learning support.

5@ / Projects
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to electrical stimulation and examined the learning effect
of stimulus itself using high speed camera. Since the
device of this time does not need to rebuild the device
for other motion learning tasks, there is a possibility that
this learning support system can be applied to a wide
variety of sports motions in the same device.

RIREIRIERFRDRT
Experiment to measure human response to external stimuli
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Skill learning experiment

EWEDIITHRT
Arm setup in bowling task
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Swing motion during bowling experiment
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Coloring Method of Black-and-White High-Speed Projection Images
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These days, a projector DynaFlash which can project
8-bit gray images at 1,000 frames per second was
developed and came to be available for consumers.
However, it cannot project full-color images. Therefore,
in this research, we propose a system which enables us
to perceive colored images using a black-and-white
projector without losing its speed of projection by apply-
ing Land’ s two-color method, which claims that images
made from only two light sources (white and red) can be
seen colorfully. We integrated this method with our opti-
cal system in which two images superimposed at the
same time from a projector combine on the screen after
being reflected by mirrors.
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517 ZOHDHFRARE

Other research topics

Invoked Computing: N D ICHDEDEZR/E - BE A VI —T 11 RICEZDILKRIBER Virtual
Haptic Radar: #E UBWNWEDZRUDIY AT A, NP OB (boxedEgo): BRZENDEERDXT + PP —
INSSYDR e FA—FaX YTy R T RTU—, TUEYRY  [TERUVZD —AR—)UODKRESEER,
Laserinne: ELNDU - —BBZBULCAREN VIS DY3 Y, AT vF =351~ UL—F—-ZRL\Z
BRSEMOME ERIE, BALTUEDAVYSY—T AR VIRF 7, MBI« — RNy OEABIVESIEA
HABRITV IR, Earlids: BB LYY VI ICKBIBBIBHAE, NTT+ H— NITFT1rvIOL—F—-DEEE
ADMA, ChAT: B8RMBRIBIRICK DU PILY 1 ASsEDH, Roboethics: OM v MMRIEE, XS RIEZ,
Boo-Hooray: {&I2ICRI T D DB, DITFE SRITT —H DEEBMRT (Volume Slicing Display), /\ 7
F1vOU—5— ABECRBAMICKIDIZEBREDIR AV— U —F=TJ0Y D5 - AXSUR
CYIIIT 1 RATUA Y RTLAEDREEIT O TU\ .

Invoked Computing: spatial audio and video AR invoked through miming, Virtual Haptic Radar: touching
ghosts, boxedEgo: an experimental stereoscopic & autoscopic display, Parallax Augmented Desktop (PAD),
Tele-ping pong: proof-of-principle of an IT-engineered wormhole, Laserinne, Sticky Light: interacting with a beam
of pure light, The Mouse Chair: example of a "resless interface", 3D Retractable Mouse with Haptic Feedback,
Earlids: voluntary control of auditory gain by contraction of mastication muscles, HaptiKar, ChAff, Roboethics,
Boo-Hooray, Dimensional Metaethics, The Volume Slicing Display (VSD), The Haptic Radar / Extended Skin
Project, A "sensing display" based on a cameraless Smart Laser Projector are going on.
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BEAES « A58 Basic Concept and Technical Terms
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IIEHO—BEBNIEEBNET.

On this page, we provide some reference material from our laboratory's unique viewpoint to help you
better understand the relevant pages on our website. Here we summarize the unique perspectives behind
our research, such as new viewpoints, design concepts, theories, and architectures. These include new
concepts and technologies that we have proposed, and in particular, we describe newer perspectives and
directions and contrast them with traditional approaches and terminology.

Zi)a —3/31>J, //Sensor Fusion

>t Da—Y 3>,/ Sensor Fusion

BHOLYHER (QEXZEME HS, BE—DE VY TREOSNZNEARIBEREME I DEMOM
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Fusion) ESH, BEF THD YT T2 —I3 YHES LTV D, LE{LUHEEE CL/T NILFeUY (&
BYD), A YFOU—Y 3y #E) BHO, MBRERH T, N1 YT+ VT (@B €ER5ND. L,
EERXRELUT BH®RMS (Information Fusion) XdE Y YRy D —2 (Sensor Network} DREHH
0, TNSDDBFDOUEBBENEB EZ>TND. EYTBRDESIE, Y TOREEICHT DU UIE
WNIBOEER, Ry RO —OBEOUNEB/N\N—- RO T POP—FTOF vig LIBOHEBEICXTBES
I8 « $RETALIBXDIS SR, RIBESIC X T D AT RBEDRIF NI, BB SHRIDIBEEDEN - F B
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"Sensor Fusion” is an inclusive term for technologies that use multiple sensors of the same or different
types to extract useful information that cannot be obtained from a single sensor. Strictly speaking, it should
be called "Sensor Data Fusion"; however, the shorter "Sensor Fusion" has now become entrenched. The
similar terms "Multi-sensors" and “Integration” are also used to describe the concept, and "Binding" in psy-
chology has a similar meaning. Sensor fusion forms the basis for processing structures in "Information
Fusion" and "Sensor Networks". Many associated themes have been discussed, such as conjoined sen-
sors, structural theory of sensory information processing using intelligent sensors, architectural theory of
network construction and processing hardware, signal and statistical processing related to the computa-
tional structure of processing, knowledge processing and artificial intelligence related to logical structure,
accommodation theory of learning in the case where the processing structure is unknown, and overall
system design.

REBENHS .~ Sensory Motor Integration

RIS, BERTHADRHE LUILE, EBRICT « — RNy ISNITEIDRIRSNDENDBIET L
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Conventionally, there was only the serial model, which operates after recognizing the outside world.
Recently, however, various types of integrated processing models have been proposed, such as those in
which motion is performed in order to realize sensing and those in which processing systems function as
upper-level monitors of lower-level sensor feedback systems. These processing architectures are called
"Sensory Motor Integration”. A massively parallel information processor like the brain is essential for imple-
menting this kind of architecture. In order to construct a sensory motor integration system, we must inte-
grate a sensory system (sensors), a processing system (computers and algorithms), and a kinetic system
(actuators) with tight compatibility , and also deal with the entire system comprehensively, involving the
outside world and the tasks to be performed. In our laboratory, we develop high-speed robots based on
"Sensory Motor Integration" from the standpoint of functional aspects and time characteristics.

106



=R 07Mw . High Speed Robot

EEAOMY M TUA /NNy DEMEICKT U TEEROEENRIRESNTNDD, YT T« — /Ny
D, BICREDT « — RNy IEBATDERFROVBICER LU TEMENELRD. FE, ABOENEZE
BETBDa—V/+ FORY FERILHETDHEEORY TE, BER - RFROESICREALT, =
AOBEITEN. #EY T AELTOOMNY FOSRIEDEERFS, ANEOBMEICEENTENDT,
ARARETIE, BER - RERESRILIDCELKLD, OMy FOSRIEEBELTND. KARENS
220y FHROBRL BRER - BHRESHTABZIDNCBZDRETEIFIT DREEOMNY
ThHD, N\MDBICIERZAZVERETENET DKEORY FTHD.

Industrial robots are capable of high-speed motion when it comes to "playback motion”, i.e., reproducing
a prescribed motion , but when sensor feedback, especially visual feedback, is introduced, their motion
can be delayed due to the processing required in the visual system. Even in the case of intelligent robots
such as humanoids designed to operate like the human body, their whole body movements are also slow
due to the slowness of the sensory and recognition systems. Based on the fact that robots, in mechanical
terms, are capable of performing motions much faster than the human body, in our laboratory, we are
attempting to speed-up robot tasks by making the sensory and recognition systems faster. Our goal in
robot research is to build intelligent robots that include sensory and recognition systems and that are able
to move so fast that we cannot even see their motion, surpassing the motion speed of the human body.

X082 27 1\ Intelligent System

MRIBEJZEEDKDICEBZ DM, RN SFa—UIIFIAER>UHE UTER &%27573‘7_?_35
O, CCT TR, STE#OD=(EROUERODIZITDREETIEELS, BT (real world) OPT, BRER «
BR (T UEA), WBR (DY 2 —S#EIM), BER « 781% (POFaIT—IEM M, HRICELTD
RUEREBONICA YISOV VI DVYRTALAEEZD. COEES, RRKODEZPFEZSZL, RER%E
NWREFTDEH FORYEBZREREEZ>TND. COXEY AT ADRIRICIE, MNEEIDETBIRH
(computational theory) MIEEE, 15 ICFEEHIE S NIBIESDBLE, ZDIBRERIRT DICHDBRKRIRE
PILTZXLADBE, FICABET IV (internal moddel) EEHRERIR (representation) WICTT 2 —
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Beginning with the Turing test, there have been many conventional ways of thinking about how we
define "Intelligence". This question arises not only in computers (that is to say, in the information world) but
also in the real world. Therefore, here we consider an intelligent system as a system that interacts adap-
tively with the real world, where a variety of changes in sensory/recognition systems (sensor technology),
processing systems (computer technology), and motor/behavior systems (actuator technology) coexist.
Since the definition of intelligence mentioned above includes the conventional one and is aimed at the real
world, the problem setting is more difficult. There are three key parts to realize an intelligent system: The
first is to establish computational theories, especially for building hierarchical parallel distributed architec-
tures. The second is the configuration of the algorithms and information expression rules by which the
theories are applied to the real world, particularly including their internal models and information represen-
tation, as well as the design of fusion algorithms. The third is to construct hardware that interacts with the
real world, such as smart sensors and smart actuators.

FEEBaONI 5D EUES ., Hierarchical Parallel Dlstrlbuted Architecture
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In the domain of intelligent systems, Albus suggested a model serving as a structure model of a general
intellectual processing system that is inspired by the human brain but surpasses its limitations. The model
is based on a parallel distributed architecture in which processing modules for each function are connected
with each other in a parallel and hierarchical way and are integrated with sensory, processing, and motor
systems. In the model, sensor data input to the sensory and recognition systems is processed in progres-
sively higher hierarchical levels and is passed to the next level as afferent information, gradually increasing
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the level of abstraction of the information. The processed information, which is regarded as efferent infor-
mation for the lower-level motor and behavior system, is converted to concrete signals that are passed on
to the actuators. In each hierarchical level, information is processed using the corresponding representa-
tion and time constant, and feedback loops spanning the multiple levels and having a multiplexed structure
are formed. In higher levels, knowledge processing is performed to realize logical structures such as deci-
sion and planning. In lower levels, highly parallelized signal processing is performed under constraint con-
ditions that require highly real-time properties. To make effective use of the structure, decomposition of the
task in question will be key. (Refer to Task Decomposition below.)

B 2D DR / Task Decomposition
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In the construction of intelligent systems having a hierarchical parallel distributed architecture, the whole
task needs to be decomposed into modular processes in order to functionally implement these subtasks
on the distributed processing modules. This is called task decomposition. Task decomposition is an
important subject because the behavior of the intelligent system is affected by the task decomposition
method used. However, there is no general solution for task decomposition, and several design concepts
have been proposed. As a basic structure, task decomposition is separated into sequential decomposition,
which decomposes the task into the sensory system, the processing system, and the motor system, and
parallel decomposition, which makes virtual parallel feedback loops. In practice, sequential decomposition
and parallel decomposition are often used together. With sequential decomposition, the design of each
module is easy, but the whole system becomes slow if there is a heavy processing load. On the other
hand, parallel decomposition has the advantage of higher processing speed, but it can be realized only by
heuristics. Our laboratory has proposed orthogonal decomposition, which makes the outputs of processing
modules independent of time and space by simply summing the outputs of parallel modules and using the
sum as the input for a limited number of actuators.

S+ F XD EES,/ Dynamics Matching
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The design concepts for intelligent systems using the high-speed sensor feedback proposed by our
laboratory when interacting with real objects (including the physical systems of robots) involve specific
dynamics. Therefore, due to the sampling theorem, all of the components of the system need to have suffi-
ciently wide bandwidth relative to the objects' dynamics in order to measure and control the objects
perfectly. Dynamics matching means realizing an intelligent system that matches the properties as a
whole, by designing the sensory system (sensors), processing system (computers), and motor system
(actuators) so that they have sufficiently wide bandwidth to cope with the object's dynamics. If there is a
slow module in the system, the whole system is constrained by the dynamics of that module because the
system controls the object's dynamics based on imperfect information. Sampling rates of currently avail-
able servo controllers are about 1 kHz; therefore, 1 kHz is the rough upper target to be realized in real
mechanical intelligent systems.
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UPILEA L INSUIL TOtw >,/ Real Time Parallel Processing
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Real-time processing is to realize processing in a defined time, and it is an essential technology in
fast-moving systems in the real world, such as robots. Although parallel processing is effective for
high-speed arithmetic processing, some problems such as priority inversion occur due to changes in the
execution time of operations and data transfer between processing modules. As a result, the overall
processing time is difficult to control, so that it is extremely difficult to make parallel processing compatible
with the real-time nature required for a robot. Therefore, at present, in many cases, the process is
designed in an ad hoc manner for the target function.

TS D+ —F/\wD,/ Sensor Feedback
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Sensor feedback involves feeding back sensor information, about the environment as well as the robot,
to the robot operation. Usually, sensor feedback denotes feedback of information from sensors that cap-
ture changes of the outside world and the interaction between the robot and the outside world, or control to
reflect such changes of the environment and the object in the robot's action in real time. Conventional
industrial robots are designed to repeat the same operation over and over, that is to say, "playback"”, with
certain levels of accuracy and speed, and are evaluated based on their ability to achieve these levels. On
the other hand, in sensor feedback mode, robots are not forced to repeat the same movement, so that the
accuracy should be evaluated in terms of an absolute accuracy or a relative accuracy, and the robots must
be designed by taking into account also the operating speed and the processing time for recognition and
understanding in the sensor information processing system. In order to realize a high-speed robot as an
intelligent system, a design concept like dynamics matching proposed by this laboratory is necessary, and
the introduction of backlash-free mechanisms suitable for the non-repetitive control is essential.

EH#HIE ~ Dynamic Compensation
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For high-speed and high accurate robotic positioning, dynamical uncertainties due to mechanical back-
lash, modeling errors as well as calibration errors exist as the most difficult problem to cope with. Especial-
ly, for general robots designed for normal speed operations, the negative impact of dynamics issue would
be greatly magnified if it is assigned to high-speed manipulations in order to further improve the productivi-
ty in industrial applications. Based on the traditional macro-micro concept, dynamic compensation
approach was proposed in our lab to address this issue by fusing high-speed visual feedback and light-
weight compensation actuator. The proposed dynamic compensation concept contains three basic points:
(1) The main robot is responsible for coarse high-speed approaching and ignores the dynamical uncertain-
ties as long as it keeps stable. Whereas fine positioning is handed over to the compensation actuator that
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actuator that is serially configured on the main robot, (2) Dynamical uncertainties including mechanical
backlash, modeling errors, calibration errors and others are overall perceived as the equivalent systematic
uncertainty, which is resultantly observed as relative positions between robots and target from high-fre-
quency images, (3) The systematic uncertainty is (approximately) compensated by the compensation actu-
ator under the assumption that it responses sufficiently fast (thus the delay of each compensation cycle
can be sufficiently small).

EYaPIL D+ —F/\Nw2  Visual Feedback
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Visual Feedback, which is one type of Sensor Feedback, particularly refers to feedback control for
image information. Conventionally, it has been difficult to utilize image information for feedback in real
time, because image information, which is two-dimensional, requires a long time for image processing,
which affects the feedback rate. However, our High-Speed Image Processing system makes real-time
visual feedback possible. Target objects for image information feedback include robots, robot manipulation
objects, lights, imaging cameras and so on. Example applications include robot tasks, manipulation con-
trol, micro-visual feedback for control of microscope images, active vision, target tracking and so on. A
coordinate transform error occurs when using a coordinate transform from an image to the task coordi-
nates via absolute coordinates, but this error can be removed by introducing relative coordinate control
between the target and robot in the image.

TUY Rwv kD —2 / Sensor Network
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A Sensor Network is a network in which various kinds of sensors are provided, and their sensor informa-
tion is utilized. Whereas conventional network nodes are mainly computers, sensor network nodes are
sensors that provide sensor information, so in a sensor network it is possible to acquire and utilize
real-world information. The idea of a cyber physical system has been proposed. As it stands now, the
problem is how to use a conventional network architecture to connect sensor information, and research
has involved merely improving protocols. Current network architectures are not, in essence, suitable for
realizing basic sensing architectures because of the requirements for real-time performance, space and
time density of information, and security. In particular, a sensor network needs to realize task decomposi-
tion on a Hierarchical Parallel Distributed Architecture, which is essential for Sensor Fusion and Sensory
Motor Integration and is the basis of Real-Time Parallel Processing, and also requires a structure capable
of implementing active sensing and intentional sensing based on dynamics matching.

PO+ vV T/ Active Sensing
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While the term generally has many meanings, in this laboratory, Active Sensing refers to the way that
we sense and recognize objects using actuators. When we are confronted with an unknown environment,
Active Sensing enables us to sense the environment in advance and provides a lot of benefits. Specifical-
ly, the aim is to search for objects (positions, aspects) and avoid locality (configuration) when exploring a
comprehensive structure with regional sensors. It is possible to improve the spatial resolution by using
high-resolution regional sensors and comprehensive sweeping, optimized sensing of minute structures
and surface textures by using actuator-related time-series signals and the responses to them, and recov-
ery of dynamic characteristics, particularly those with differential behavior, by controlling the temporal
properties of actuators. Active Sensing is closely related with ideas such as affordance (J.J. Gibson),
which proposes that an agent can perform shape recognition and exhibit certain behavior by means of the
relation between her/his behavior and the environment that s/he is involved in, by studying the relationship
between self-behavior and self-recognition, as well as the ideas of the perceptual cycle (U. Neisser), selec-
tive attention, and self-recognition based on proprioception. This concept is called Active Vision and has
been gathering a lot of attention in the field of optical research, and is called Haptics in research on tactile
perception.

1 >VFT>YY3FI)Ib YYD/ Intentional Sensing
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Sensing is a process in which we narrow-down the space in which a solution may exist by using mea-
sured values and constraint conditions, or find an optimal solution by statistical processing in cases where
a lot of useful information exists, in regard to the solution space, which contains information upon which
algorithms may converge. When multidimensional information space is dealt with using a small amount of
sensor information, the problem becomes ill-posed, meaning that the amount of useful information is
smaller than the amount of information about the target space , and the problem of searching a large infor-
mation space often occurs. In this case, to constrain the solutions, not only measured values but also past
experience or physical constraints are frequently used as constraint conditions. Moreover, as sensing has
its own goal, it is also possible to constrain the target information space by using an explicit distribution of
the objects as a constraint condition. This method is called Intentional Sensing. This idea was proposed in
the Sensor Fusion Project, which ran from 1991 to 1995, and plays an important role in active recognition
in Sensory Motor Integration.

fitEStz >t/ Tactile Sensor
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A Tactile Sensor is a sensor that is equivalent to a touch receptor under the human skin. It usually
means a sensor that measures a pressure distribution on its surface associated with touch, but sensor
assemblies consisting of force sensors and temperature sensors, or heat current sensors, also exist. Usu-
ally, such sensors measure the distortion of a flexible elastic body. When designing a Tactile Sensor, it is
necessary to ensure flexibility while maintaining durability, so that the sensor can conform to many kinds of
three-dimensional surface forms, to ensure a large surface area, depending on the circumstances, to
design circuit technology for acquiring pressure distribution information, and to decrease the number of
cables in order to provide a larger working area. None of these requirements are seen in usual electronic
devices. While it is not true to say that fixed sensors are never seen, sensors that are fixed to movable
parts exhibit high-activity because motion of the sensors has a large influence on the measurement. The
motion that makes a Tactile Sensor work effectively is called a touching motion. The study of perceptual
structure, while taking account of haptic sense and motion at the same time, is called Haptics.
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S14FIwvD ¥Y_E 2L — 3./ Dynamic Manipulation
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This is the general term for high-speed dynamic robot manipulation. The aim is to realize swinging
motions that are close to the dynamical limit, which is impossible for conventional slow and quasi-static
manipulation systems. Conventionally, the recognition ability and motion capability have not been rapid
enough to keep up with high-speed / accelerated movements of the target; thus, even playback or feedfor-
ward-driven control systems could realize dynamic manipulation only with limited trajectories. To solve this
problem, our laboratory has developed high-speed sensors and actuators that can cover a wide range,
and can also perform high-speed and dexterous manipulations with fewer degrees-of-freedom by inten-
tionally utilizing unstable or non-contact states for the target. We aim to create a brand new dynamic
manipulation system by getting the maximum performance from sensor-actuator systems.

YT VIERE/ Sampling Theorem
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Sampling means acquiring values of an analog signal (original signal, continuous value) as samples
(discrete signals) at certain time intervals. The interval is called the sampling interval, and its reciprocal is
called the sampling frequency. The sampling theorem states that, compared with the peak frequency of a
certain band-limited signal, it is possible to restore the original signal completely from the sampled values
by sampling the original signal at a sampling frequency that is more than twice the peak frequency. Thus,
in designing a system, in order to acquire and comprehend an object completely, it is necessary to use a
sensing system whose frequency band is more than twice as wide as the frequency band of the target
items to be measured , after comprehending or setting the frequency band of these items. In reality, how-
ever, it is extremely difficult to set the frequency band or the sampling frequency like the operating
frequency of the system. Therefore, by using a control system design that takes account of this problem , it
is desirable to set the frequency band not just twice as large but wider. For example, for temporal control
management of a robot, some textbooks recommend setting the sampling frequency band to be approxi-
mately ten times larger. In the visual feedback in our laboratory, since in many cases the sampling time of
the servo controller generally is set to 1 ms, our basic goal is to realize a frame rate with an upper limit of
1,000 fps in visual information processing from the viewpoint of dynamics matching. This means that, theo-
retically, it is possible to acquire and comprehend the object in a frequency band below 500 Hz, but in
terms of control of the object, depending on the dynamical characteristics of the object or the system, we
cover a slightly lower frequency band (e.g., a frequency band up to 100 to 500 Hz).
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AE#451758,~ Human-machine cooperation
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Human-machine cooperation involves cooperation between humans and mechanical systems or robots
to achieve certain tasks. Various applications of this technology are expected, such as motion support,
work support and power assist. By using a high-speed robot developed in our laboratory based on senso-
ry-motor integration, recognition, processing and actuation at levels beyond those that are possible by
humans alone, and then by realizing low-latency response to human motion, high-speed cooperative oper-
ation with humans can be achieved. For example, in posture control of an object grasped by both a human
and a robot, we succeeded in simplifying the posture control method by adopting high-speed visual feed-
back, without using force sensors or tactile sensors. Moreover, we demonstrated a peg and hole task by a
robot assisting a human user to position the pegs with micrometer precision, which would be difficult for
human beings to perform unassisted. In particular, the high-speed performance of mechanical systems
and robots can be exploited to realize prefetching and preliminary support for human motion.

FEAFITE Control of flexible objects
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Conventionally, control of flexible objects has been realized in static or quasi-static environments by
using low-speed robots, and it has been considered extremely difficult to speed up this type of task. This is
mainly due to the difficulty of modeling flexible objects, including parameter identification, and the difficulty
of recognizing the instantaneous shapes of flexible objects that are constantly deforming. In our laboratory,
we simplified the model by manipulating flexible objects at high speed, making it easier to perform trajecto-
ry generation of the robot. This can be achieved, for example, by using the fact that the high-speed defor-
mation of a rhythmic gymnastics ribbon follows the movement of the hand. Thus, the model can be rewrit-
ten as a simple algebraic equation instead of expressing it using partial differential equations or simultane-
ous differential equations. By using high-speed vision in addition to this method, real-time recognition of
the state of a flexible object enabled dynamic knotting of a flexible rope and dynamic folding of a cloth.

ZB#E13/ Bipedal running
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For biped robots, it has been conventionally difficult to achieve dynamic leg motion like athletes due to
the limited hardware capabilities in terms of motor performance and recognition functions. Moreover, com-
plex and computationally expensive methods are required to preliminarily plan a stable trajectory for avoid-
ing falls due to the narrow stable area. To solve this problem, our laboratory has developed a high-speed
biped robot that integrates two elemental technologies. One is a high-speed mechanism composed of
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powerful, compact actuators that ensure compatibility between high power in the ground phase and high
speed in the aerial phase. The other is a high-speed vision system that allows the robot to keep its balance
by recognizing the running state of the robot through image processing at 600 fps. These two elements
result in instantaneous response movements for avoiding falls and provide an intuitive strategy for generat-
ing high-speed running based on visual feedback.

1 > E—5> 2,/ Impedance control

AAICXTTDOMNY FOMSRHUEZFALOMMAN 1 VE—5 VX (1B - ¥k - 38 THRIRT DO
HFEETHD, BRERAUBICHTDIREZHS LU TCHOBREERIRIT DCENERD. RD1VE-F VR
HIEIE, ORy FZEBEEBRITEETOMNBARDIEDDRAENIEZDHEMEHET )L THERSNT
WZI28, WHZEBRICBITRI KOS ITENZEEHNRYE THoIZ. CNICXT LT, BROMRETIZE, BE
RRCK>TELBDNY I RSATE—Y3VE'DORY FOBEHER CRZDIVETFEREL, 8
MEFEETIVICEDVNZEREBEZEID0OMNY MIHZEEIRLTND. COP—FFIOFvERRT
DIARELT, MBABINREVY D DT P VEYIEREUIZEY 2PV 3 v D P T —/\DEEFEXD,
Y—IRGIEICRKDETO YE—F Y REFRICHEZILZHEHBINEBEZINTND. FiT, BUDTH
MEEOHEHE— FESEOE[ICENZNIINDZATDCET, MOZESTRIDAENNDICRFET DI
QAZEDRERTE IR HIHAEIRESNTND.

Impedance control is a force control method expressed by using mechanical impedance, which is com-
posed of inertia, viscosity, and elasticity, to adjust a robot's response to an external force. Conventional
impedance control has been based on an elastic deformation model in which a repulsive force is always
generated to return the end effector to its original, zero-displacement position. Therefore, it is difficult to
generate plastic behavior for natural impact absorption. In contrast, our laboratory has proposed a new
concept that the back drive motion due to impact absorption should be regarded as plastic deformation of
the robot, and has developed an architecture for low-rebound force control based on a plastic deformation
model. Our method has been verified by several approaches, such as the development of a visual shock
absorber that integrates a mechanical elastic spring with software damping control, and the existence of
an equivalent transformation of the deformation model between series and parallel representations.

EYaP)LIT>I—%/ Visual encoder
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A visual encoder is a robust and precise means of measuring the rotation angle of a rotor. By introduc-
ing markers on which the optical patterns used in conventional rotary encoders are applied and by
processing the images captured via a high-speed camera system using a vision-based method, it is possi-
ble to maintain the flexibility of the vision-based method while improving the reliability of the measurement.
As a basic principle, a pattern consisting of color blocks with the primary colors, red, green, and blue, is
located on a marker, and the rotation angle is measured by tracing the change in color at a specific pixel
on the marker. This specific position of this pixel is set so as to be uniquely determined from the image
center of the marker captured by an RGB camera. In the measurement, by using the three color elements,
not only the rotation angle but also the direction of the rotation, such as clockwise or counterclockwise, can
be observed concurrently. Since both the flexibility of the vision-based method and the reliability of the
traditional rotary encoder are achieved simultaneously, it is expected that this visual encoder method can
be applied to robotic manipulation for the rotation control of nonlinear high-speed rotary systems.
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S TSYANEYE) SYZSTE /A /iDynamic)Vision System

N4 FTIwvD 4« X—I3Y ~O—JL/ Dynamic Image Control
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Dynamic Image Control is a technology that presents, in a simple form, some objects and phenomena
that cannot normally be seen, by appropriately controlling the optical system, illumination system, and
processing systems in response to various phenomena exhibiting dynamical behavior. Since a trade-off
exists between the angle of view and resolution in conventional slow fixed imaging systems due to the
angle of view being fixed, it is impossible to take images outside the angle of view and to take images at
high resolution. In addition, it has not been possible to capture a moving object at high resolution because
the images include dynamic phenomena, like the movement of the object. Dynamic Image Control enables
us to capture the required images, according to the actual implementation of the system, by compensating
for unwanted movements in the images.

N20 EYarIL Ja— /w7, Micro Visual Feedback
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It is difficult to manipulate minute objects like microorganisms in microscopy, and operators need to
acquire special skills. Micro Visual Feedback enables us to get the required information and images by
capturing enlarged images of a minute object at a high frame rate and feeding back information about the
object at high speed, with high accuracy, and in a non-contact manner. On the micro scale, the natural
frequency of an object and its velocity relative to its size are high; therefore, image processing in Micro
Visual Feedback and high-speed actuation performance are especially important elements. It is expected
that, with this method, we will be able to manipulate minute objects autonomously without an excessive
burden on the operator, which will lead to breakthroughs in microscope observation, inspection, and
manipulation.

F—73F 1 X )N\« ZAEY21—)L./ Organized Bio Module
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A microbe can be regarded as a single module that composes a system in combination with an informa-
tion processing mechanism through high-speed vision. Such modules will enable very large-scale
micro-systems that provide flexible and diverse functions as an element in the system. In living organisms,
in order to achieve precise detection of environmental changes and allow quick action in response,
microbes have developed highly sensitive, highly precise sensors and actuators. In an Organized Bio
Module, a microbe is regarded as a bio module in which a highly sensitive sensor and a microminiature
actuator are integrated. The development of an interface for associating a processing element with multi-
ple Organized Bio Modules will realize new microsystems in which living organisms and information
processing mechanisms are fused.
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PO5 17T EY3,/ Active Vision

AISHDFE THARICBRDPIRIVF—ENZDCEICKD, ERATEIRIBRESDRIM. MREEELZ
TINTNBD, RELVEZETIZ, IREGEDCHY I DRIEHHEBBOCKE T DEENIE, BERIBE
ZRANTERICEMNIC/INI—VERST D EEFATIEGNEENSEND. BIFHIEITIZ, UL
HALAEIAPIVI + — BNy DZEBNBITEDEEBINTU\DIER CRIEEBER RV TEERIRRD
WRE FIFBFESENAENSN, BEDAHASTIIESNZVERENSIEESNTULD.

Active Vision is a technology for obtaining useful image information by adding information or energy to
an object. Although there are many definitions, in the broadest definition, it includes image processing
using gaze control corresponding to eye movement and image processing in which an object is intentional-
ly irradiated with patterned light using structured illumination. Gaze control includes a method using
real-time visual feedback, a method of improving image search efficiency by using stored information, and
so on. These methods achieve better performance than those using a fixed camera.

H—Tv b~ +SvF T,/ Target Tracking
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Target tracking is a technigue for tracking a moving target and obtaining necessary information about it.
In the case where there are multiple targets, it is called multi-target tracking. When the aim is to acquire an
image of the moving target, we first capture the target with a high-speed vision system that can track it,
then give feedback to the actuator to control the line of sight and fix the target at the center of the field of
view. In addition to basic regulation control with two degrees of freedom, i.e., pan and tilt, three-dimension-
al tracking with stereo vision and monocular three-dimensional tracking with high-speed focusing have
also been achieved.

NA4FIwvD JOYTOY3Y YyvEYTCEEmBImEL)

./ Dynamic Projection Mapping (Optical axis tracking type)
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Projection Mapping is not to project some images simply onto a plane screen, but to project the images
to fit a position or a shape of a 3-dimensional object surface as a target. General Projection Mapping
targets only undeformable static objects because the position and the shape of the target projection
surface need to be known. In case of projection to a moving object, we need to keep geometric consisten-
cy without delay against its motion. Misalignment of projected images, however, will occur due to a latency
of a general projection system. Dynamic Projection Mapping is to project the images with time geometric
consistency for such dynamic objects, that is, without misalignment caused by a delay. One method to
realize Dynamic Projection Mapping without discomfort is to use a high-speed vision and a high-speed
optical axis controller, which realize precise tracking of the target object and coaxial projection with the
same optical system. The method enables Dynamic Projection Mapping with time geometric consistency
of dynamic objects. The projection which is controlled to fit the dynamics of the target objects is expected
to be applied not only to new media art or human-computer interfaces without discomfort but also to wide
areas such as sports science and manufacturing scene.

116



B84 &E Retroreflection
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Retroreflection is one of optical surface reflectance properties, and a special property which reflects a
ray of light entering the surface to its inverse direction. General reflectance properties include diffuse
reflection which generates scattered light against incident light, and specular reflection (regular reflection)
like mirrors. However, retroreflection is realized with glass beads or micro prism (corner cube). Generally
retroreflection is used for road signs at night, which enable call for attention to drivers with sufficient bright-
ness due to retroreflection of car lights even if the signs are far from the drivers. However, retroreflection
which returns the light perfectly to the incident direction let reflected light go back only to the light source.
Therefore, the retroreflection is designed to scatter the light around the light source to some extent as nec-
essary. Preparing appropriate lighting systems with retroreflection such as a coaxial optical system and a
half mirror enables construction of lighting and imaging system, which can obtain specifically high-intensity
reflected light against self lighting. This optical system gives sufficient reflected light even for a high-speed
vision with short exposure time, and is applied to high-speed tracking or presenting a large aerial image
with wide range of viewpoints.

FESmX %R/ Pupil Shift System
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The part in an optical system that limits light entering the image plane, such as the aperture of a camera
and the iris of the human eye, is called the "pupil". Connecting multiple optical systems often causes
obscuration and image loss because some rays of light that go through the pupil of one system cannot
pass through the pupil of another. The Pupil Shift System is placed at the connection between two optical
systems so that more rays can pass through both pupils effectively. In the Saccade Mirror, it is located
between the small rotating mirrors and the camera.

LILI D+« Y RE,/ Self Window Method
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The Self-Windowing Method is a simple target tracking algorithm designed on the assumption that
images are captured at high speed. With high-speed images, by setting a window around the target in a
frame, it can be assumed that the target is still in the window at the next frame. This is because the move-
ment of the target in the image plane between frames is small. In the case where the movement of the
target on the image plane is larger, by increasing the camera frame rate in order to satisfy the assumption,
the search range becomes extremely small, and target extraction can be achieved using a simple match-
ing algorithm. This method could also be applied to three-dimensional tracking in the same manner.
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TSR L X/ Variable Focus Lens
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Most cameras and binoculars have a focusing mechanism. Existing optical systems consist of multiple
solid lenses, and focus adjustment is achieved by changing the positions of some of the lenses. However,
the need to control the positions of the lenses with high accuracy causes some problems; for example, the
mechanism becomes complex and is thus difficult to reduce in size, and it is difficult to perform focus
adjustment rapidly. A Variable Focus Lens is a new optical device in which a single lens itself has a focus-
ing mechanism. If such a lens could be realized in practice , it could achieve focus adjustment and zoom
functions without moving lenses. This would allow the development of extremely small, low-power,
high-functionality digital cameras. The Variable Focus Lens is currently an area of active research, includ-
ing focus adjustment using a change in shape of a plate, film, or interface between two liquids, or by using
materials with variable refractive index, such as liquid crystal. In some cases, a whole optical system that
achieves focusing by moving lenses mechanically is called a Variable Focus Lens. In this laboratory, how-
ever, "Variable Focus Lens" means a device in which the lens itself has a focus adjustment function.

FTER@R, All-In-Focus Image, Omnifocal Image
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An all-in focus image is an image in which the whole scene is in focus. While it is impossible to capture
such an image with a usual camera, it can be computed from a series of differently focused images or from
images captured by a special optical system. This area is under active investigation because the following
optical constraints demand these approaches. Normally, an image captured by a usual camera has parts
that are both in focus and out of focus because the distance between the camera and the object in the
scene defines the sharpness of the image. The range of distances at which the object appears acceptably
sharp is called the "depth of field" (DOF). It is generally known that a lens with a high magnification, such
as a macro lens or a telephoto lens, has a narrow DOF, and it is therefore necessary to adjust the focal
length to match the placement of the object. When the object is large, however, the entire object does not
appear acceptably sharp in an image because some parts are outside the DOF. In our laboratory, we are
conducting research to obtain all-in-focus images using a high-speed liquid variable-focus lens.

3D HUD / 3D HUD
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A Head-up Display (HUD) is a technology for superimposing and presenting information such as graph-
ics and text on a user's viewing field. The user can visually recognize the information (e.g., peripheral
devices) in the form of an image displayed within the field of view without distracting the user from his or
her forward line of sight. Conventional HUD projection technology (referred to as 2D HUD here) makes the
display image appear to be several meters in front of the user. In a 2D HUD, the position of the user's
head is at the reference observation position, and the line of sight needs to coincide with the main optical
axis so as to maintain the spatial consistency between the projected information and the real world. On the
other hand, a 3D HUD is a technology for projecting a virtual image in a three-dimensional space, and it is
possible to dynamically change the projected information and the display position within the three-dimen-
sional space. Therefore, even if the head position of the user moves from the reference observation posi-
tion, the projected information will not shift.

Y6#mHI1E ~ Optical Axis Control
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An optical axis is a representative axis of a bundle of rays to be handled by an optical system. In a gen-
eral camera system handling diffuse light, it refers to a principal axis passing through the center of the
lens. In the case of collimated light such as a beam of light from a laser, it has substantially the same
meaning as the ray bundle itself. Proper control of the optical axis is expected to give improved perfor-
mance of optical systems, such as higher measurement accuracy. Optical axis control in a camera system
is typically achieved by using an electrically driven camera stage or a rotational mirror, and by controlling
the optical axis of the camera based on visual feedback with sufficient responsiveness to point the gaze
towards a moving object, an image of the moving object can be acquired with low motion blur and high
resolution. On the other hand, in methods based on controlling transmissive dielectric elastomers using
Snell's law, since the position control amount of the optical axis is updated in proportion to the change in
thickness of the material, fine optical axis control is realized.

SIZSTHINESIS T i1/ System\Vision Design

Y3y P—3x52F v,/ Vision Architecture
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Vision Architecture is an academic field established with the aim of examining problems concerning real-
izing systems from the viewpoint of exploring the applications of high-speed vision technology and practi-
cal systems that can recognize the real world and respond in real time. To explore new applications in vari-
ous fields, it is necessary to create new system technologies that will enable the ideal performance. In
order to do that, it is necessary to pursue significant performance and functionality improvements by estab-
lishing sophisticated relationships between applications, principles, and devices. Based on this design con-
cept, the Vision Architecture focuses on practical research to explore new applications in various fields by
using high-speed image sensing that is superior to the human eye. In concrete terms, we are creating new
high-speed recognition and sensing systems and developing new applications in fields such as robotics,
inspection, visual media, human interfaces, digital archiving, and so on by utilizing VLSI technology, paral-
lel processing, image recognition, and instrumentation engineering.
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A device that realizes general-purpose, fast image processing in a single chip by integrating a photode-
tector (PD) and a programmable general-purpose digital processing element (PE) at each pixel of an
image sensor. It enables high-speed image processing with high real-time capability, in a small, light-
weight, and low-power-consumption form factor. This is due to the fully-parallelized structure, which makes
raster scanning unnecessary, and the absence of bottlenecks in data transfer between the imaging device
and the image processing unit. The processing architecture often adopts the SIMD (Single Instruction
Stream, Multiple Data Stream) architecture and has simple A-to-D converters. In addition to devices with
general-purpose processing units, devices specially designed for target tracking have been developed.

=2REENIE, High Speed Image Processing
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High-Speed Image Processing is an image processing technology designed to satisfy the demands con-
cerning sampling rates and delays required to visualize dynamical phenomena or to control robots based
on visual servoing. In particular, it is capable of processing 100 to 1000 images per second, which is much
faster than usual image processing, which processes images at only 30 fps or less. Usual image process-
ing requires prediction or learning because it has lower bandwidth than a fast-moving object. In contrast,
High-Speed Image Processing is assumed to have a high frame rate that ensures sufficient bandwidth, so
that processing algorithms becomes simpler, achieving a quick response. Generally, high-speed video is a
technology that realizes fast imaging and recording. On the other hand, High-Speed Image Processing
realizes fast imaging and image processing. For example, real-time visual feedback requires not
high-speed video but high-speed image processing with a high frame rate and low latency.

M5 @R ALIE,~ Parallel Image Processing
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Parallel Image Processing is an image processing technology, which aims at faster processing by paral-
lelization, using dedicated processing architectures to perform the processing, by utilizing the data archi-
tecture and the properties of the processing task. Some examples of this technology at the device level
include parallelization of processing at the pixel level for calculating feature values, and parallelization of
processing at the target level for simultaneous observation of 1000 targets, without scanning, which is
serial processing. Some techniques have been introduced to implement Parallel Image Processing, such
as SIMD processing utilizing the parallelism at the data level, bit-serial architectures for realizing compact
PEs, and reconfigurable architectures for realizing multiple functions. The key factor for Parallel Image
Processing is to use these techniques to achieve O(1) processing time for an nxn image.
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Scanning involves operations carried out element by element, not in parallel, to obtain, transfer, and
display arrayed data. This method has an advantage that a large-scale database can be processed using
circuits with low processing and transfer performance. However, this method also suffers from the disad-
vantage that the processing speed is slow. Generally, an image contains 2D data, and image data is
obtained by scanning in rows and columns sequentially. If an image sensor has a global shutter, simulta-
neity of image acquisition is ensured; however, if an image sensor does not have a global shutter, the
timing of the data acquisition depends on the timing of the scanning, and the time lag between data acqui-
sition at the top-left and the bottom-right becomes the total scanning time for the whole image (which is
equal to the reciprocal of the frame rate). Furthermore, since the acquisition timing of the top-right data is
soon after the acquisition timing of the bottom-left data in the previous frame, we should take care in the
image processing to account for this short time. For example, the acquired images will be different when
the sensor detects objects that move in the same direction as the scanning direction and objects that move
in the opposite direction.

51i%),~ Column Parallel
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Column Parallel is a parallel processing structure in which a PE is connected and assigned to one
column for image data in a 2D array (we call the crosswise direction a row, and the lengthwise direction a
column). This structure falls somewhere between a completely parallel processing structure in which a PE
is connected to each pixel and a CPU processing structure in which the whole image is scanned and
processed by a single computing unit. Although this structure's processing speed is slower than the com-
pletely parallel structure because of the column scanning, this structure is capable of processing on the
order of milliseconds. Additionally, some types of processor reduce the number of data transmission wires
and A/D converters by reducing the number of wires for columns and performing partial scanning. The
Intelligent Vision System developed by our laboratory and put into practical use by Hamamatsu Photonics
has this type of structure.

Ewv bk ¥JP)L P—FF72DF v,/ Bit Serial Architecture
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A Bit Serial Architecture is one of the processing architectures used in a general-purpose processor.
This architecture can perform operations on n bits by using a 1-bit ALU (Arithmetic and Logic Unit) n times
sequentially. This kind of architecture was used in the early days of electronic computers, which consisted
of a small number of vacuum tubes. These days, the Bit Parallel Architecture, which uses an ALU capable
of processing 32 or 64 bits in parallel, is normally used in processors. The Bit Serial Architecture has been
introduced into vision chips, which have a limited number of transistors that can be used for each pixel,
and also in completely parallel image processing. The processing circuit required for n bits is the same as
that required for 1 bit, even though the processing time for n operations is n-times longer than the process-
ing time for 1 bit. High-speed image processing is achieved with a processing time of about 1 ms, which
allows some margin for dealing with an increase in processing time.
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To speed up processing, the optimal composition of processor circuits varies depending on the algo-
rithm. A Reconfigurable Architecture is an architecture that can reconstruct the optimum circuit configura-
tion in every task for each individual algorithm. This architecture has attracted attention as a technology
that achieves flexibility and high-performance implementations by specializing the architecture to match
the task. Some of our parallel high-speed image-processing architectures employ a reconfigurable archi-
tecture to implement various functions on the same hardware.

SIMD ’—F72F v/ SIMD Architecture
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An SIMD (Single Instruction Stream and Multiple Data Stream) architecture has parallel data paths con-
nected to parallel processing circuits that are controlled by a single instruction. It contains identical
processing elements (PEs) which have their own data paths (pixels in the case of image data) arranged in
parallel and are controlled by a single instruction supplied to the whole parallel processing circuit. Images
are suitable for this architecture because of their high intrinsic homogeneity. Moreover, a pseudo-MIMD
structure, especially with conditional branches for each pixel, can be realized, and global feature values
can be extracted in a parallel circuit. From the viewpoint of implementation, the PE design is small
because the arrayed PEs have the same design , and the design task is simplified compared with the
overall circuit size in an FPGA or single-chip implementation.

CMOS 1 X—Y %,/ CMOS Imager
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CMOS imagers construct images using CMOS switches to sequentially scan the outputs of photodetec-
tors for each pixel. In a CCD (charged coupled device) imager, on the other hand, because charge is
transferred to turn on the CCDs in parallel with the outputs of the photodetectors for each pixel, a CCD
imager provides simultaneous pixel data, unlike a CMOS imager which does not have a global shutter
function. In recent years, CMOS imagers having a global shutter have been developed by improving the
circuit design, and they are expected to become more widespread in the future. Moreover, a new pixel
architecture called "Active Pixel" has been developed, which is expected to improve not only the switching
performance but also the imaging performance. The circuit is constructed of several to about 20 transis-
tors, mainly to achieve better imaging performance, such as improved sensitivity. Also, pixel structures
constructed from tens to hundreds of transistors are designed to realize various functionalities, such as
image processing, by using such structures, called "Smart Pixels". In our laboratory, we developed a kind
of smart pixel device called the "Vision Chip", which has a general-purpose PE (Processing Element) at
every pixel.
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The frame rate refers to the number of moving images displayed per second. The unit is frames per
second (fps). In the old NTSC standard (interlaced), black and white images are 30 fps, and color images
are 29.97 fps. In the standard European PAL system, the frame rate is 25 fps, based on the frame rate
used for film in theaters, for historical reasons. In the defined depending on the resolution and scan
system, including 60 fps, 30 fps, 59.94 fps, 29.97 fps, 50 fps, 25 fps, 24 fps, and 23.98 fps. There are two
kinds of scanning: progressive scanning and interlace scanning. The former scans from top to bottom in
scanning lines, whereas the latter usually scans the image twice, with the scanning lines shifted by one
line each time (written as 2:1).
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In general, the spatial resolution of an imager is defined by the number of pixels. Imagers that have over
a hundred million pixels are being developed today. However, the higher the resolution becomes, the
slower the transfer speed because pixel data is generally read out by scanning. Some measures should be
taken to alleviate this problem, though there are some limitations. Namely, there is a trade-off between
time resolution and spatial resolution, and there is the question of which resolution should be given priority.

1 X—=I v DRAE,/ Sensitivity of Imager
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The sensitivity of an imager or digital camera is defined in various way. To begin with, sensitivity in mea-
surement means the ratio of output to input levels, but "good sensitivity" may mean the minimum input
value for a meaningful output (sensitivity limit). For that reason, different ways of expressing the sensitivity
are used in devices designed for measurement and consumer products, such as digital cameras. In the
former, the sensitivity is defined by the output voltage divided by the time-integrated value of the surface
illuminance, which depends on the light source. In case of a camera, the output characteristics are consid-
ered instead of the illumination intensity at the image plane, but considering its use as a camera, the mini-
mum illumination of the field with a standard candle is often used because the obtained image is more
meaningful than the output voltage. In this case, the characteristics of the lens system or the light source
are also given because the performance depends on them. Also, in the case of a digital camera, "corre-
sponding ISO speed”, which describes the speed corresponding to conventional film speed, or the stan-
dard output sensitivity, at which the defined brightness of an object comes up to a defined standard value,
are used for the convenience of general users.
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A global shutter is an electronic shutter function that allows each pixel data of an imager to be obtained
simultaneously. This function is provided in CCD (Charge Coupled Device) imagers, but not in common
CMOS imagers. In recent years, however, CMOS imagers having this function have been developed.
Image data obtained using a global shutter function ensures simultaneity, so that there is no interference
between the direction of the target movement and the scanning direction. Classical mechanical shutters do
not ensure simultaneity because of their structure.

¥1E988AE. Structured Light
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Structured Light is an active light pattern used in three-dimensional measurement methods. This method
uses a camera and a light projector that projects a known pattern that can be easily identified spatially or
temporally, and calculates three-dimensional shape information by extracting the three-dimensional posi-
tions of points that correspond to the light pattern reflected on the surface of the target object by using a
three-dimensional position extraction method (for example, triangulation). Various types of light pattern
have been proposed. For example, a grid of points or lines has been used as an easy way to extract the
corresponding points, and a random dot pattern, a two-dimensional M-sequence pattern, or a pattern mod-
ulated by color information has been used as a complicated way to extract the corresponding points. In
addition, light-section methods that use a fan-shaped pattern in combination with scanning, which are also
often used in applications where speed is not important but accuracy is, have also been used. In the case
of a mirror, it is necessary to identify the corresponding points while taking account of the specularity of a
target surface.
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Multi-Target Measurement is a technique for estimating the values of measurement targets (e.g., the 3D
positions of a point cloud), by dividing an image into a number of regions and simultaneously analyzing the
local variations of each divided region. In particular, when dealing with a large number of small targets, it is
possible to realize high-speed multi-point measurement as a whole by executing local processes for each
object in parallel over the entire image. Specific examples include inspection of small products or particles,
bio-imaging of a large number of cells, blood flow analysis, fluid measurement, observation of microorgan-
isms, manipulation of minute or small objects, detection of dust before cleaning the surface of a substrate,
particle observation in the atmosphere, motion measurement using a texture, three-dimensional measure-
ment by structured light, and visible light communication using an image sensor. A dedicated processor
operating at a rate of 1,000 frames per second has been developed for measuring more than 1,000
objects at the same time.
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Three-dimensional measurement is a technique for obtaining the three-dimensional surface shape of a
measurement object. It is also called "shape measurement" or "three-dimensional sensing". In general,
there are two types of three-dimensional measurement: the contact type, which uses a mechanical probe
that touches the surface of the target object to measure the three-dimensional position by kinematics of
the arm, and the non-contact type, which mainly uses optical measurement. Two methods are generally
used: In one method, the target is scanned by measuring a single point at a time. In the other method, the
multiple points are measured from the image at the same time. With an image- based non-contact method,
multi-point three-dimensional measurement technology is required, and we have been working on this in
our laboratory with the aim of speeding up the process. In conventional systems, stationary target are usu-
ally measured. In contrast, we developed a system that is capable of obtaining the shape of a measure-
ment object in real time at a rate of 1 kHz, even for objects which deform and move. Super-fast real-time
3D sensing is expected to be used in the fields of robotics, industrial product inspection, automobiles, and
human interfaces.

FYTU—k ¥YvF T,/ Template Matching

FTYTU— VY yF VIR, ADBEEYSXIREEET DCHDERMBDFEN—TETHD. THRE
TNTNIDED/NI—VEANBIEETEEITDEDT, SEBNB TV Y FUTBEET, 851D
MUECH UT, TROBEHNITOND. ¥y FUTEICRBINDELEICIZE, SSD (Sum of Squared
Difference : 2% 58 Z @ # 0), SAD (Sum of Absolute Difference : & Xif {& 58 Z D #& #0), NCC
(Normalized Cross-Correlation : IEfR{CEEBR) FEDOTTENMREEINTND. =T v ~rSvFY
DDBEIL, I L—LDF =T v MIBICK U TRBTEEMDHIHEHERREH T DICENDS, &R
BEOMAICKDIFREEEHHDCENTEICD, BEEEFOS I CENTREERDEQIRIC, Yy F
VIBEBEDIINEEBATDICKD, @8RDTYIU— VY FIITNRIRTED.

Template matching is a kind of image processing that detects an object from an input image. It scans
the input image using previously saved patterns of the object, and then performs a matching operation at
each scanning point to determine a degree of similarity which enables the system to recognize an object.
Several methods have been proposed for determining the degree of similarity, such as SSD (Sum of
Squared Difference), SAD (Sum of Absolute Difference), and NCC (Normalized Cross-Correlation). In the
case of target tracking, we can make the scan area narrow by utilizing high-speed images and decreasing
the computational complexity because the scan area can be assumed to be only an area where an object
can move to from its position in the previous frame. Moreover, we can realize high-speed template match-
ing by adopting parallel computing for the matching operation.

15 EME, Feature Extraction

BgICIRZ 5N T\ DXIRERE « BRI DD, BIR/INY—VZQSHDBEEICKD, BIXDRITD
TR, IENHBEBHMEEMICEIR LT, BRICIH URBEMMBEINBALDITEEETS C &G HMEamE
HBD\EFHHE SIS, COBEENSBONDEEHFHMECMY, BHICH LT, MREIBOMNREREIN
T2 BEEICITIARBILT, HIBRDAFEDERT —FDHNSEE « HITD0—-N/UIFHECER
DEBRHNSESHEITD70—/VUVEHEENEET D. NTNOBEETE, BEDSRIENE DD,
BICOO-NUVSHEDEERD, SEEDT —YEANEEDE BIZE, E—XY MEHIZS I DES)
ERD, ZOBRICICIEIRNNBERD.

Feature extraction is an operation for recognizing/understanding an object in an image. It transforms
image patterns to a space with different dimensions, called "feature space", and then performs calculations
to extract various features. A value given by this operation is called a feature. Various values have been
proposed as features for various purposes. Features are classified roughly into two types: local features
and global features. A local feature is calculated and extracted from only neighboring pixel data, and a
global feature is computed using all pixel data of an image. A key issue for both is to accelerate the opera-
tions. In particular, we need to pay special consideration to global features because they need an integral
calculation involving all pixel data (e.g., for moment features).
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E—XY i, Moment Extraction

BERDE—XYV HE, BEREULBCRITIDHHEN 1B THD. E—AYVFFHICEL>T IERDY X (0
RE—AVH), B (1 RE—AVE/ORE—AVF), EE 2RE—XY MNEFORUBHRERIETD
CENTEDEEEIL, NI—VRBICHBNWTEEABRBHEL UTHRASNTND. AARETIE, -
XY SHOBEZP T OJOINOBOBEBRCEICTORY Y Y ITTI U XY M EEHE T DBNSI0EE
NATICLETRRICEET DN DNDITEERRL, REICEMIBOAETHNALTND.

Moment extraction is a process for extracting a moment of an image, which is one of the features com-
monly used in image processing. We can utilize this moment feature not only for representing geometric
information of an object, such as the size (Oth moment), position (1st moment / Oth moment), slope (2nd
moment), etc., but also for pattern recognition. We have proposed some schemes where moment features
are computed by a massively parallel circuit containing a processing element for every pixel, and these
features are used for calculating the center of gravity.

A » JiIFEHAl,/ Real Time Fluid/Particle Mesurement

RIADHDNIIRIEITEA UIZRIFDENEE ) P)LS + ATEHET D04, B ERUERIESHAITE, R
APICHFZRB L, ZORE « IBIBHRD SMRDMEIFRINCHBDPIV: Particle Image Velocimetry
HERESENTUNND. JU—AU— D R+D TR FEEDBEESTRIN TERNESEICIE, RIFARS U
HOBELZER U, METNBNIBICK > THIFEOT 1 XER/EITDIEDLBNSNTULEZ. ThICxi L
T, AMRETRE LIZU PV 1 AZREHEIZ, SREBBICKD, BEZ TS Y TUHEITSNEZ
WSRIREHRID ) PILE A MEXDIXD — VBN ) PILD A ATRIRTE DD, MFEED KD SERETA
ZIDCENTREERD.

Real-Time Fluid / Particle Measurement is a technology for measuring the motion of a fluid or particles
mixed in a fluid in real time. In measurement using image processing, one method is Particle Image
Velocimetry (PIV), which is a method for obtaining a time-series flow velocity distribution from location
information of particles scattered in a fluid. In cases where particle motion cannot be obtained directly due
to a low frame rate, a method for identifying the particle number and sizes statistically by using light scat-
tered by illuminated particles has been employed. In contrast to this method, we developed a method
called Real-time Moment-based Analysis of Numerous Objects. This method enables fluid measurement
and pattern analysis, which are normally executed offline, to be executed in real time and can measure a
higher number of particles.

£5FE Tt/ Book Scanning

HIRADBEICHRIESNTNDBEREEFIL T DILHDORIM. BERAF v VHDNIBERF v VT
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WRTRRICHARLU TS, REDOEML, JIE—O0I Sy hARY FRF v FETEON TS XM EEA
LIEEDONEL, WABREEZEFILIDCHORKME LTS, RECFESOB THO TR, BHR
BT BESFEOH LUWTEE LT, A—UDR=IZH< > TND-EIC, EOBEZLEHDCER
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TP UTETHD.

Book scanning is a technology for digitizing and computerizing the information contained in printed
books. With the great advances being made in network search technology and digital books, there is a
growing need for computerizing printed books. Generally, current technology is based on copiers or flatbed
scanners and is inadequate for computerizing an enormous number of books in terms of speed and conve-
nience. We have proposed a new book computerizing system that scans books continuously without users
having to laboriously turn the pages one-by-one. We demonstrated the system experimentally. This tech-
nology employs a method in which acquired images are transformed into distortion-free images according
to the measured 3D shapes of pages while the user rapidly flicks through the book, and can realize
non-destructive book scanning without having to place the book face-down as in conventional flatbed
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Y 1 AF v —5358. Gesture Recognition

ANEBDY T RF v —ZHEE U TRB I DR, I T AF v —ICMUEBKDIITZEITDOCEICKD, H#Es
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Gesture recognition technology recognizes human gesture motions. The objective is to control devices
by giving each gesture a meaning. Recognition systems are often targeted at only the limbs or fingers. The
former requires high speed, whereas the latter requires high precision. Leading applications of this tech-
nology are control of TVs (3 m - 5 m), video games and digital signage (1 m - 3 m), computers (0.3 m -1
m), and portable devices and car navigation systems (10 cm - 30 cm). In these cases, the usual speed of
the extremity of the arm is about 50km/h , and the maximum speeds of the wrist and fingers are about 100
km/h and 150 km/h, respectively. For these recognition applications, not just high-speed image processing
but also geometry recognition is often needed. The meanings of gestures are recognized by pattern
extraction from time-series location information of representative features.

SR 70V 1% — High-speed Projector

BEDQDIU—AU— bk, BEBEZEDRE, BESNDIEXTOELEZEDRELEED, EROTOI T OF
ZRBICLODED. BZE, SREYIY VT ERETDICLET, BET DXAKMNENRIIBETDCE
NTE2. 7OV 0YavyNvEYD, FIFNTAR—=Y, A-FoAUF T — R, IhRIRE, ORwy ~
HIEOREREDZHDEREY Y VI BREBRITEDDB TCZ—ANEE > TS,

Our high-speed projector is a system that drastically exceeds the performance of conventional projec-
tors in terms of the projection frame rate, the image transfer speed, and the latency until projection refresh.
For example, integrating this system with high-speed sensing allows delay-free projection onto moving
objects, as if the projected image were printed on or attached to the target surface. There is strong
demand for this kind of technology in a wide range of application fields, including projection mapping, digi-
tal signage, user interfaces, augmented reality, image sensing for robot control and inspection, and so on.

UPURT 1 vDT 1+ AT/ Realistic Display

IREBERDITDODRNKDBA A—IERINSBDICENTEDRAT/NA R FE, IVE2—HIC
Ko TZDE, ¥, BRBEDIHUHZBEICHIEHT D ENTEERED. 1§, ABMDRBICEDRAICE
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DHETEND. UPURT 1w DT+« ATV DREHCHBNTIE, CDO3DDETEIREDIR AL
NIVICEESHERTENEBERD.

Our realistic display is a display device that can show images that are difficult to distinguish from reality.
Additionally, the attributes of the displayed object, including its color, shape, and reflectance, can be con-
trolled by a computer. In particular, the physical factors affecting human visual perception/recognition
include the target's geometric shape, optical characteristics on the target surface, and the lighting condi-
tions in the environment. To design a realistic display, it is critically important to bring these three factors
close to real-world levels.

fBETE Y 3 Y F v J/ 3D-Stacked Vision Chip

Y& 85 (PD: Photo Detector) ENBT + Y5 )LABE R (PE: Processing Element) &, 2133 E(C
BEI391JDOEY3YFv I EY3YFyvIOIVET I, PDEPEE—ABICERTDCET,
FyvIRNTERETEBGMEERITTDICETHD. LHL, PDEPED@EZEF v JARIC—IKILT B,
RIEEORBEOUHAEE LT ENRETH o2 BEEEL Y3 VF v I T, PERXEURENEDE
%, PDEIZERDEICEBT DFGHERKIMEZMBINDCET, IEROIENERERSN TS,

Our 3D-Stacked Vision Chip is a special type of vision chip in which photodetectors (PDs) and general
digital processing element (PEs) are stacked in different physical layers. The concept of a vision chip inte-
grates the PDs and PEs to realize high-speed image processing in a single chip. However, it is difficult to
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improve the resolution and sensitivity performance because this would require both the PDs and PEs to be
implemented in a single chip. Our 3D-stacked vision chip can solve this problem by using semiconductor
technology which allows PEs and peripheral circuits, including memories, to be stacked in different physi-
cal layers from the PDs.

BERRISEIREL Critical Flicker Frequency

MDBREZREOIFEANMER LT E, ABIIRECZOEILENETERLRD. BRHEUSERE
EIE, COBEPRBETE R R DIBERIEOBRBDEREEZRHRT D. RBRE TRIEZERT I DHS
[CRERBRERD. ORI ORTEESEDREFHICK > TEILTD.

As the time cycle of a light-dark change is gradually shortened, eventually the change cannot be
perceived by the human eye. Critical Flicker Frequency indicates the frequency at which this happens. It is
an important reference in order to display video in cinemas and so on. This value can change according to
the environmental conditions, including light intensity, displayed area, and so on.

432w JOIz DYV NvEVI(GERT 1+ ATU—8Y)

./~ Dynamic Projection Mapping (type of high-speed display)
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Projection Mapping is a technology that projects images onto objects in the real-world such that the
projected image and the object geometric surface fit together and are consistent. In particular, Dynamic
Projection Mapping is a special type of Projection Mapping in which images are projected onto moving
objects. Compared with projection onto static objects, such as buildings, Dynamic Projection Mapping
allows the visual appearance to be seamlessly changed in environments where real-world objects, includ-
ing humans, move freely. Therefore, this technology covers a wide range of application fields, including
art, entertainment, fashion, digital signage, man-machine interaction, Augmented Reality, learning support,
and so on. However, it requires high-speed sensing and projection technologies in order not to produce
misalignment between the real-world object and the projected image, which is caused by the object
motion. A high-speed display is a solution for analyzing high-speed sensing information in real-time, gener-
ating visual images that fit the target surface at high speed, and projecting images by using high-speed
projection devices.

V2T N 2SS )/ Active Perception

X& )N—T¥ 3>,/ Meta Perception

CVYY VTR, T« RTUA &ifl, 7O F 2 T—-IRMEDESICKD, ABDORBREEENRDEENZIZ
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BEETRD.
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With advancing technologies such as sensors, displays, and actuators, sensory and motor systems with
capabilities far beyond those of human beings will become possible, and the relationship between humans
and machines is going to change greatly. In our laboratory we coined the term "Meta Perception” to
describe technologies that will enable humans to communicate in new ways with each other by actively
using such systems possessing capabilities surpassing those of humans. The conventional approach was
to develop systems that are matched with human functions. In contrast, if artificial systems possess capa-
bilities beyond ours, we will need to consider how we process information and what kind of information to
provide, with full understanding of the capabilities and structure of the human sensory and motor systems.
By realizing such systems, humans can start to engage with information that we could not previously
perceive or recognize.

ANV — bk U—Y'— Z2F v,/ Smart Laser Scanner
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The Smart Laser Scanner aims a laser beam scanned to form a particular spatial pattern toward the
target object to be measured, and captures the shape and motion of the target by capturing intensity varia-
tions of the reflected light with a single photosensor element. The light beam can be made to move in a
way that corresponds to the target by applying adaptive motion to the light beam. This system is capable
of measuring three degrees of freedom from the direction of the light beam and the intensity of the reflect-
ed light and is capable of 3D position measurement, 2D feature tracking of targets, and so on. To corre-
spond to the design of adaptive motion, this system is capable of creating meaningful motions. In particu-
lar, with the high-speed performance that the system achieves, the laser beam can be moved in response
to the motion of the target object, which can also be applied to interactive interfaces.

vYYVT 514 T/ Sensing Display
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When performing optical measurements, Sensing Display is a method of realizing sensing and display
functions simultaneously, in order to use illumination and a laser beam for measurement and as a light
source through the same optical system as the display system. For instance, this allows images of mea-
sured blood vessels to be displayed on the skin surface, to implement measurement of blood vessel
images above the skin with an infrared laser beam. This method has the advantage of not causing any
position misalignment between sensing and displaying.

185057 1T T4« XTI/ Interactive Display
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Up to now, displays just show information in some form or another to present it to users, and users input
their intentions via keyboards and mice, not the display. An interactive display enables them to input their
intentions directly, allowing the user and the system to communicate with each other directly. Inputting to
the display directly means that the coordinate system of the display corresponds to that of the input device,
so that a coordinate transformation carried out in the user's head, which is needed when using keyboards
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or mice, becomes unnecessary, allowing an intuitive and comfortable interface to be implemented. The
latency time between the user's operation and the information display strongly affects the operating sensa-
tion. Because of this, in this laboratory we use a high-speed vision system to keep the input latency below
a few milliseconds, allowing the implementation of a high-trackability display system that can track high
speed motion.

SAFIvD «VFS52D 3,/ Dynamic Interaction

ANEEYRTAEDBEER(A VIS0V 3T IDBBEICRNT, Y RTADABDRERHRE R
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In this research we propose an entirely new concept named "Dynamic Interaction". "Dynamic Interac-
tion" is a basic concept for the system design, in particular human-robot interaction and user interface, in
which human interacts with system. This means that "The system can execute at higher speed beyond the
human recognition and action. And the system can realize interaction between the human and the system
with low-latency and highly sampling rate." By constructing such system with high-speed performance,
cooperativeness and reality become higher quality than the conventional systems. We have developed
Janken (rock-paper-scissors) robot system with 100% winning rate as one example of Dynamic Interaction
applications. This system consists of a high-speed vision, a real time controller and a high-speed robot
hand. Since the whole processing can be executed every about 23ms (image processing: 2ms, control
input: 1ms and robot hand motion: 20ms), the human cannot recognize the system latency. This technolo-
gy can be applied to various situations such as VR, AR, motion assist, power assist, human-machine
cooperation and so on. In particular, this can be considered to be significantly important role in a scene
that the time delay is a big problem to be solved.

BS=BM4. Proprioception
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Proprioception is the ability of humans to determine the progress of their own motor commands through
their own sensory tract when commands are given by their brain. Proprioception plays an imporant role in
recognizing the state of one's own body, as well as recognizing something unusual, the presence of anoth-
er person, and one's surroundings. Inside our brain, a motor command, as efferent information, is transmit-
ted to the motor system, and at the same time, is copied to the recognition system. This process, called
efferent copy, is used for identifying the outside world and the body, as compared with the sensory tract
which involves afferent information. In designing human interfaces, how proprioception is implemented is
one of the indexes used to evaluate the system, and proprioception plays an important role in self-recogni-
tion.

B85, Self Recognition
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In human interfaces, when we reflect ourselves in a virtual world in some form or another, it is a mea-
sure of the realism of the virtual world whether or not we can understand the representation as our own. In
reference to texture and dynamics of representation, as well as latency and synchronization of display,
ensuring proprioception is critical. It is also related to discrimination between meum et tuum, paradoxically,
and a clear definition is too difficult a problem. In general, our selves in the virtual world have some infor-
mation gaps with those in the real world, and discrimination between meum et tuum is determined by the
relation between the degree of those gaps and the processing in the human brain. So, regarding imple-
mentation of human interfaces, implementation of an easy self-recognition system is one of the indexes for
evaluating the system.

INT T 1 w2 R,/ Haptics
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Haptics is an academic field involving processing structures of perception and recognition related to the
tactile sense. The tactile receptors on the skin can be regarded as sensors whose measured variables are
mechanical contact pressure and a surface map of heat flow and temperature. However, one cannot
obtain information about an object only by holding one's hand over it; it is not until one moves one's hand
and touches the object that we can get information about the object. The movement of the hands like this
is called a touching motion, and it is considered as one typical example of active sensing, as a manifesta-
tion of motion for recognition. That is, we need to consider that a receptor on the skin and the touching
motion are united in tactile perception. A manifestation of the touching motion is required for several func-
tions, such as a preparation act for recognition, compensation of the dynamic behavior of sensors, evasion
of locality, improvement of spatial resolution, and recognition of surface texture.

FTI#—N)U T+ AT/ Deformable Display

—BHNERET r RTLUAF, 75y FETEBLICERSNDEDOTHD. A VSTV 3 VEZOTE
ED2RTICHREINDEDTH 2. THICKT U TLEDMRTRESNDT « A IV RBIC. BBICER
BT IA—VIINBEEEBATDCET, BRTA—TA - —RELTELFHLA U F—
JI1RZERFITDCENTEEERD. BEMICIE, CNFETOEBDVILFY v FDIRIEICNZT, 1BL
RAHDERENSRHERBIFETELRDEETIC, A YISO Y3 VICMUTE UDHENDIREIE
MERIRTDCENTE, MRBREKDA VIS TT 1 TTIPIVAT + PREZRFELCNSD.

Popular image displays are presented on a flat plane, and interactions are bounded by the two dimen-
sions in this plane. On the other hand, by introducing a freely deformable structure to display an environ-
ment on which images are presented, it becomes possible to offer a totally new interface, that is, a
three-dimensional user interface. Concretely, besides conventional ordinary multi-touch control, new con-
trols such as push and deformation become possible, and also it becomes possible to present an image
on a curved surface, which is generated depending on the user's interaction with the display. This will lead
to various next-generation interactive digital media environments.

POT« TIN—tT> 3>,/ Active Perception
ABDRECIIZENAE SN ICARBIESNDD, —IRBICEEBINMBEICRVNTESEENMEICLD
BENNNIBICEICK T, SENIE TIERUNDCENTERNBERZNEIT D ENTREERD. C
DRERDEERRIRICIIZ, NOHICHUNT, BEEIREMFORIBENZ DT ETREDACHEMDEEN Z B
ZAEHE « BERERIRIDRMDBEPIT« TIN—TV a3 VEWES. FTF, AOEWICXTLT, ED
KOBEMEDRIHZENZ D E TRENDIRAREZZE TETDINC DN TIBIET DNENHDESH, Y RT A
DREFTERIBTRIND/INS X =Y DRRETD. ZCTRONT/INSX—FETICUL Y AT AERERE
FEABNHEDCEICKD, ANOHEHO, 1BFRICXT T DHCRESDIETIZETIEETD.

Human perception can be divided into passive perception and active perception. In general, however,
active perception is accompanied by movement due to body motion, allowing additional information to be
perceived. In addition to this conventional active perception, active perception also includes the improved
ability of machines to sense and display information by adding active motion and stimulation. As for
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machines, it is necessary to grasp what kind of actions and stimuli can be applied to overcome the limits of
their capabilities, so we must search for unknown parameters at the design stage of the system. By com-
bining the system based on the parameters obtained and the recognition system, it is possible to devise
new ways of cooperatively handling information by people and machines.

BEREN TS —REC X—I YT/ Pixel-wise Deblurring Imaging (PDI)
SRBEEDSDRE CRE—Y3aVTS—DELDCEDD, HBARBIRERDICHICE, YvySH—
- RESRICTDHUENDH D, B URBRERBEO R TIERNFRBPMUNB EFD. ZOEH, XIS 2R
BEDFYRIVEBOBRERADIRERZ, FYRIVOREZRGITIUENEL, BEOSIVEEDEE S
BoTNB. COE—Y3VIS—ZERORILYD, BEBEROHDSTAREDBITREEQ CRET, &
BROMBESRICERFIE T SBREMN TS —IFEN X—I VT IZRARETIIIRELTD.

Motion blurring occurs in imaging of a high-speed moving object. Therefore, in order to obtain a clear
image, it is necessary to increase the shutter speed, and stronger illumination is thus required, assuming
the same sensitivity conditions. Therefore, for example, imaging for inspecting the surface of a tunnel wall
in a highway requires placing restrictions on tunnel traffic, which is an obstacle to frequent inspection. In
order to remove motion blur, our laboratory has proposed a technique called "pixel-wise deburring imag-
ing", which controls the optical axis of the imaging system at a high speed equal to the relative speed
between the object and the imaging system based on image plane information.

2N—Vill#&> 25 /. Sports Training Support System

AN—=YDIRICHNT, BLRORFTNRATEIMEZERDRT CEOAELFEREICKDIBETDREEDE
BO—RITHDD, TNICXTL, EETIEX T + Pl ZER S LIZRMZRAIN— ViR 25 ADBIF
SN, FENERORBEDPESNTETCND. YRTLADEFERE UT, EROAN—YETSHE S
BEFOEENMBHDENC ENDRAFIFRDIZDHICHETHD, EZEDERE UTIYRTLADEREDER
it - ISRDEREE « BMEELEDImOEITSND. RKARETIE, VP AMEZERULEZERNASICK
BEIaAPILT « — BN OERBUZ AR—=YIli@Y A7 ADREET > TUD.

In sports training, the common conventional approach involves practicing a motion after observing
someone performing that motion and seeking skills or acquiring skills from instruction books or via verbal
instruction. In recent years, on the other hand, efficient sports training systems have been developed that
make full use of multimedia technology, and optimization of learning efficiency has been attempted. As the
design specifications of such a system, it is essential for efficient training that the difference between the
desired actual sports scenes and the training be as small as possible. Three factors in achieving this are:
spatial resolution, temporal resolution, and operation latency of the system. In our laboratory, we have
proposed a sports training system using visual feedback based on a high-speed camera and taking into
consideration the real-time properties.
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bach and D.E.Koditschek eds.), pp.359-364, Springer (2000.6)
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» Masatoshi Ishikawa, and Makoto Shimojo: Tactile Systems, Intelligent Sensors (ed. Hiro Yamasaki),Elsevier, pp.165-176 (1996)

* Toshihiro Aono, and Masatoshi Ishikawa:Auditory-Visual Fusion Using Multi-Input Hidden Markov Model, Robotics,Mechatronics and
Manufacturing Systems (T.Takamori and K.Tsuchiya Eds.),pp.177-184, Elsevier (1993)

D=4 =D .
#5553~ Review Papers
» Taku Senoo, Yuji Yamakawa, Shouren Huang, Keisuke Koyama, Makoto Shimojo, Yoshihiro Watanabe, Leo Miyashita, Masahiro

Hirano, Tomohiro Sueishi, and Masatoshi Ishikawa:Dynamic Intelligent Systems Based on High-Speed Vision, Journal of Robotics and
Mechatronics, Vol.31, No.1, pp.45-56 (2019)
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IEEE International Conference onRobotics and Automation, (Washington D.C. 2002.5.11)

» Makoto Kaneko, Toshio Tsuji, and Masatoshi Ishikawa:Design of Capturing System with 100G, Workshop:Innovative Sensory-Motor
Fusion Opens a New Robotic World(Organizers: Masatoshi Ishikawa, Makoto Kaneko), 2002 IEEE International Conference onRobot-
ics and Automation (Washington D.C. 2002.5.11)

» Masatoshi Ishikawa: Robot Sensors with Parallel Processing Capabilities, International Journal of the Japan Society for Precision Engi-
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» Masatoshi Ishikawa: Sensor Fusion, The State of the Art,J. Robotics and Mechatronics, Vol.2, No.4, pp.235-244 (1991)
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» M.Ishikawa: Tactile Sensors in Robotics, Now and Future, Vol.4, No.3, pp.11-12 (1988)
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2018.10.1)

147



SRFKR /Proceedings

* Hyuno Kim, Ryo Ito, Seohyun Lee, Yuji Yamakawa, and Masatoshi Ishikawa:Simulation of Face Pose Tracking System using Adaptive
Vision Switching,2019 IEEE Sensors Applications Symposium (SAS2019) (Sophia Antipolis, 2019.3.11)

* Yuji Yamakawa, Yutaro Matsui, and Masatoshi Ishikawa:Development and Analysis of a High-speed Human-Robot Collaborative
System and its Application,2018 IEEE International Conference on Robotics and Biomimetics (ROB102018)(Kuala Lumpur,
2018.12.15)/Proceedings, pp.2415-2420

« Kenichi Murakami, Shouren Huang, Hirofumi Sumi, Masatoshi Ishikawa, and Yuji Yamakawa:Towel-Like Object Alignment with
Human-Robot Cooperation and High-Speed Robotic Manipulation,2018 IEEE International Conference on Robotics and Biomimetics
(ROBIO2018) (Kuala Lumpur, 2018.12.13)/Proceedings, pp.772-777

« Taku Senoo, Kenichi Murakami, and Masatoshi Ishikawa:Robotic Physical Interaction Using Deformation Control Based on the Zener
Model,2018 IEEE International Conference on Cyborg and Bionic Systems (CBS2018) (Shenzhen, 2018.10.27)/Proceedings,
pp.445-448

« Shouren Huang, Kenichi Murakami, Takanori Akiyama, Sho Tatsuno, Tomohiko Hayakawa, Masatoshi Ishikawa, and Yuji Yamakawa:-
Experimental Stud