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

Such competitive fields have a specific atmosphere.

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

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

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

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

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

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

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

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

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

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

Phase two

(high-speed motion strategy to realize
dynamic manipulation of flexible object)

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

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

_ __High-speed arm _
. (Macro part) ~~ "~ ,-°

High-speed hand
(Micro part) ~~

Local camera
-

-~

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

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

Machine
Assistant robot

Force foedback (accurate local motion)

device
<

Al
|
|

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

Bimanual

I synchronous motion >

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

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

Passive support (three joints)

Projector ¢

Projected ™
sqhare

Force feedback
device

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

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

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

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

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

| Bipedal Robot | High-speed Vision ‘

O High-power actuator O State recognition

O Non-ZMP-based control O Aerial posture control

Leglength : 14 cm
Max speed : 4.2 km/h

Frame rate : 600 fps
Resolution : 1280 X 700

<

Posture recovery motion
with high-speed visual feedback
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Dynamic Horizontal Movement of
a Bipedal Robot Using Frictional Asymmetry

HRE0ENE LT MEBDZRNCBREFE
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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

BOEEIEMMEZRA LIZE8) 2 HIFSE)

DHBEYIAL—Y3aVERIR), RESTIO®
FHMEIEBRBECEEAERESINZNDICT L
T KERESERFECASKEFIDC 28T
UlZ. 8REY 3 Vs HECANCBRIRERER
I3, IREFEOBMMERIL UL,

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

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

Recognition of human hand can be performed at 1ms
with a high-speed vision, and the position and the shape
of the human hand are recognized. The wrist joint angle
of the robot hand is controlled based on the position of
the human hand. The vision recognizes one of rock,
paper and scissors based on the shape of the human
hand. After that, the robot hand plays one of rock, paper
and scissors so as to beat the human being in 1ms.
This technology is one example that show a possibility
of cooperation control within a few miliseconds. And this
technology can be applied to motion support of human
beings and cooperation work between human beings

HUUoATAZRIELTND. ABDEBIE30fos
BETHICH, SADYRT ATEHEELSNTH
BDRERBFEEAER.
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and robots etc. without time delay.

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

visual feedback

high-speed vision
C hand shape recognition (1ms)

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

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

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

» time
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|N=N
i Start Finish

Robot (1st Version)

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

Visual feedback
for hand control

High-speed
vision

captured image High-speed

robot hand

Projector

Visual feedback

for mif |
for mirror control Galvanometer mirrors

COOMy FOBARBOBIL TUwAITAOMRY FITI.TUoAITAIIOSHRT, IOMNY ~IEAHSH
JTY. E/2, BEBOBHZ, NJanken (rock-paper-scissors) robot] T, BI&HIZ, [Janken robot]TY.

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

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

Target

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

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

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

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

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

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

with Robot Hand-Arm
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The purpose of the work is to achieve high-speed
dynamic manipulation. As one example, we deal with a
breaking ball throwing. There are some previous
researches about throwing with ball spin, but we will
especially concentrate on making spin rate bigger.
There are also some studies and measurements to ana-
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lyze pitching technique scientifically, However little is
known about body motions affecting ball spin. In this
research, we modelize throwing motion as swing motion
of a accelerating 1 DOF link and compare simulation
results with human throwing.
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Fig.1 Overview
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Fig.2 (a) Throwing O[s]
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Fig.2 (b) Throwing 14[ms]
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Multifingered Hand §K/|stem equipped with compact size,

low-friction actuator
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We developed compact size, low-friction and
high-torque actuator "MagLinkage" which enables
dynamic shock absorption control. MagLinkage is con-
sisted of a compact size DD motor (uDD motor, MTL
inc.), low-reduction ratio and compact-size gear box
(Shindenssha), and magnet gear (MagTran, FEC inc.).
When a load is applied to the output shaft side, it rotates
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We realized "the shock absorption control (Maxwell
model control)" proposed by our laboratory using the
MagLinkage hand. The MagLinkage hand can slide and
grasp a thin object on the table. By sliding the object
with high speed and soft touch, the hand succeeded in
grasping one piece from the pile of cards. This is a
difficult task with a typical robot hand. The MagLinkage

agLinkage”
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with a slight torque, and this angle change can be accu-
rately measured with the encoder on the motor side.
MagLinkage realizes a virtual spring / damper charac-
teristic with a wide dynamic range and no external
sensor. A torque limiter function is also provided
because the magnet gear will step out when an over-
load is applied to the output shaft.
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hand is suitable for high-speed and dynamic shock
absorption control. For high-speed and precise position-
ing control, it is suitable to use the "lightweight
high-speed multi-finger hand system". Applications of
1ms high-speed sensing (vision, proximity and tactile)
can be expanded by using an appropriate hand depend-
ing on an application.

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

Contact

Insertion-Time

6-DOF Arm ———
/

Fig.1. Overview of the insertion system

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

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



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

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

[ Dynamic Pen Spinning ]
[ Dynamic Dribbling ]

[ Dynamic Catching ]

EHTLBN—ILEAmM/9) ZIBATOED LD
ABICE>TERNWIZDZERIRLUEZ. CC T, OHhd
HREIFOO1MICER/IEZTVNBEREETHD, AR
DBICRZABVRETHZAONERIRESNTND.
(ENYRIEN—FEZVD - RS5A4T Y RFTAX
DOBHEBTERIFSINZ L)

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

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

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

ke
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Fig.1 Target: Bolt fastening in an opaque box.

2.21

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

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

2 Oy RV RICKDIIRADIRDERF
(REDDBEICHRED. )

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

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

(c) t=0.040

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

(a) t=0.698

(b) t=0.758 (c) t=0.818

B3 2 BRAOKHEANFE, 1 BOOGIAFER
RU, T3 D0EHREEE 1 MURTITOZEIC
RIJUIE.

=5(C, 30 OnEmEFE 10 WETITSCEIC
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realized in this research is a total of three operations,
two kinds of regrasping and one-face turning of the
Rubik’ s cube. By combining these three operations all
the faces can be turned. In the experiment, these three
operations were performed in a row in 1 second and we
succeeded in 30 continuous operations in 10 seconds.

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

BHBZEME (1)
Regrasping(1)

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

BEEZEEF (2)
Regrasping(2)

(d) t=0.878

1 B@EREF

Face turning

(e) t=0.938

(f) t=0.998
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Screwing nut with high-speed robot hand using high-speed visual feedback

AMETIEINBORY BNV RFICKDITHERD
BFICEBI3. BRI ROLELUT OMy RN
VEICEDNRUDRDEBREUEL. BIFARERD
RUEBICY—N—ZRONT, EY 3 Y TZDIREE
EFHIRDCEILCK T, RUDOERERZELE Ui

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

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

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

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

with High-speed Vision

AR TREEREY I VI RFTAEZRALEZEDIL
FITITP—LDHEETD.

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

AARTIL @REIYIVIRTLADBAICLDOT

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

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

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

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

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

+ Designed Magripper, a highly backdrivable gripper;

» Implemented deformation control based the Zener
model in Magripper;

» Proposed the concept of hitting grasping using
Magripper.

Magripper

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

Implementation of deformation control based the
Zener model

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

Hitting grasping

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

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

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

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

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

Visual low-rebound control

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

o
Non-contact
state

Visual
Low-rebound control

\]
Moment of
contact
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* S magnetic gear

Contact
state

Plastic deformation
control

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

Magnetic gear

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

Plastic deformation control

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

SETIVZRNZOMY bP—
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include plastic and elastic behavior. Next, control meth-
ods are proposed to passively achieve deformation
characteristics. Physical simulations with a robotic arm
are executed to validate the proposed control law.

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

Shift in position and posture
attributable to an external force

Deformation of a manipulator

L1

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

Back drive motion
due to impact absorption

Plastic deformation
of a robotic arm

Al

WHEESEVYD RO T POOUETEEBICERL,
SREY I VICK>TEERB Y YEY THlHES
BEUREYAPIVYIvIPITI-NEEELUE. R
BEREUT BN > T DEEDFERS CERL
BONCRILETBRTEERIRUL.

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

As the proposed concrete method, by tracking the

left and right

(a) collaborative motion

2.34

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

(b) collaborative peg-in-hole

@R0OMy ~/N\Y FZRNZABEDZEBERBIEE

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

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

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

In this study, in order to achieve such functions, we
developed a new portable module for accurately con-
trolling a human hand position and constructed a
high-speed and high-accuracy positioning control

BHZRNCESEN DOERERUBHEY AT A
BELUF UL, ZOMREZHDYT DTHIC, AV T
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[CRDBRINEDRIBICEAELUEUE.

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.

! One dimensional
| actuator
(vdirection)

Robotic
. module

Hole (70um)
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Human-Robot Cooperative System

using a High-speed Vision System and a Robot Hand
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Recently, robotics research and development have
been done actively, and some robots are introduced in
human life environment. This means that cooperation
between human and robot is significantly important. And
it is very interested in human-robot cooperation in that
context.

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

BTHD.
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output.

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

165ms

330ms

495ms

660ms

825ms

®1. FUVIE2LU—Y 3 VORERBER (ERSH)
Figure 1. Experimental result of telemanipulation (continuous photos)
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B—EiR, FERTHR - SBEETANTREE
BEEVUEREALIUL (Fig1). BEEHREOEHE
(& O~ 30mm, 1RERBEL -45 ~ +45° THO,
USB #5E T 1ms BEATOEHAIN'TEETT.
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We have developed a proximity sensor that enables
high-speed, high-precision measurement with a single
board and a single power supply (Fig. 1). The range of
distance detection is 0 to 30 mm, the tilt angle is -45 to +
45 ° , and measurement period is 1 ms with USB power
supply.

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

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

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

This work was conducted by a joint research project
between Ishikawa Group Laboratory and Toyoda Gosei
co., ltd.
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Fig.1. Overview of one board, USB type high-speed, high-precision proximity sensor and proximity chip
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Fig.2. (a) Block diagram of the circuit.
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Super tactile-based active touch [CKD

High-speed, low-contact force insertion using super tactile-based active touch

SR SEELIBERE Y YICKLDIEREREME
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DEREREAEX GBS, Super tactile) E/2Z 0
EME(P DT 1+ TH wF, active touch) ZHHESHE
12 888 T & B 12 8, “Super tactile-based active
touch”EMATNET.

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

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

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

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

tion error. On the other hand, in case of (b), position
error could be corrected and insertion could be
achieved. The proposal of a high-speed insertion strate-
gy based on the sensor feedback is the first known to
us.
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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

Sensor
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ensor
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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".

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

WAD<H [ 180 % 28.5 * 38.5

Fig.1. The high-speed robot hand equipped with the
high-performance proximity sensor
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Fast Recognition of the surrounding environment is a
central topic for mobile robots. Detection and tracking of
obstacles at an earlier stage contribute to safer opera-

tions. For instance, in intelligent transportation systems,

collision avoidance at intersections with poor visibility

requires very high responsiveness. Time for performing

an appropriate maneuver is reportedly only a few milli-

seconds.

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

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

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

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

Results
Tracking results

Estimated position and
computation time

Diff. of IPMs,

Estimated positi 005 01 015 02 05 03 035 04 0
stimated position Time ls]



244 MOESREY 3 VICKDBEWUIEHTE

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

We propose a visual odometry technique using
high-speed cameras installed vertically to the ground.
Thanks to this camera configuration, we can reduce the
problem to a continuous two dimensional image regis-
tration problem since transformation between adjacent
frames can be regarded to be affine. While this configu-
ration narrows the field of view to a very small region,
high-speed cameras solve the issue by capturing
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NWBTETCORIBERRT D, AR TIEIETZE
FRAXSENBUTNDIZD, BIREDERIIEI
ERERECSDCEENRL, TREEDHHICZ
UWBBICSWTESREICHTEYUREROEAZEL
BIREERIAERIPOC ZRNTEREDREEZH
EID.

frames every few milliseconds to make adjacent frames
have enough overlaps to successfully estimate image
displacements even in high-speed motion. We
employed rotation invariant phase-only correlation as an
image registration technique to achieve robust and
accurate estimation even on the surface of extremely
poor texture like snowy surface.

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

3 e

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

Suspended towel-like object

(a)Recognize corner state
\ Camera J]
/

Position of corner

Orientation of corner
(Using SVM)

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

(b)Grasp corner  (c)Spread towel-like object  (d)Align towel-like object
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With the increasingly diverse needs of users, the
production line is shifting from the conventional low-mix
high-volume production to high-mix low-volume produc-
tion, and the flexibility and intelligence of machines and
industrial robots are required. In response to this, we

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

have proposed an intelligent system based on Dynamic direction.
compensation, in which a compensation module that
controls a high-speed actuator based on high-speed
sensor information is installed ahead of existing robots
and human-operated machines, and developed a
system that uses dynamic compensation to perform a
variety of tasks.

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

\
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Overview of the experimental system
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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
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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, High-speed Visual and Tactile Sensors Network System going on.
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Various phenomena including humans basically
have dynamics, and many of them cannot be han-
dled with conventional sensing methods. Dynamic
Vision System (DVS) is a system that adaptively
measures, understands, and applies dynamic
objects using a vision which is devised in optics.
Utilizing dynamic measurement systems corre-
sponding to the target dynamics makes it possible
to perform advanced measurement and informa-
tion presentation that eliminates the dynamics,
which is one of the causes of information quality
deterioration, and can be expected to create vari-
ous new applications.

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

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

Based on the above design, a prototype with an aper-
ture diameter of 3.0 mm was developed. Its photograph
is shown in Fig. 1 (a). Ultrapure water and polydimeth-
yl-siloxane (PDMS) were used as immiscible liquids. A
wide refractive power change of about 52 D was
achieved with a displacement of only 12 um. Note that
the initial refractive power could be adjusted by altering
the infused volume of liquid 1. The response time of the
prototype was measured to be about 2 ms by capturing
high-speed video through the prototype while switching
its focal length every 10 ms. Image sequences and
input/output signals are shown in Fig. 2. Movies of the
prototype and the images captured by the high-speed
video are also shown in the below.
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Figure 2. Step response of the prototype. Top image
sequence was captured at 2200 fps through the prototype (a).
The voltage input to the actuator (b) and the resulting position
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Although dynamic control of the optical characteris-
tics is an important function in computer vision, the
response time of the conventional optical system is too
slow (>0.1 s). To solve this problem, we developed a
high-speed liquid lens, called a Dynamorph Lens
(DML), that achieved both millisecond-order response
speed and practical optical performance. A computer
vision system equipped with the DML can dynamically
control its optical characteristics based on acquired
images. In particular, if the total period for image acqui-
sition and processing is matched with the response time
of the DML, dynamic and adaptive control of the optical
characteristics can be achieved without any loss of
bandwidth. Thus, we propose a new vision system,
called the {\it high-speed focusing vision system}, com-
posed of high-speed image processing technology and
a high-speed lens system based on the DML.
State-of-the-art high-speed computer vision systems
can acquire and process one image in 1 ms, which is
almost matched with the period of the lens system (~ 2
ms).
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(c) are shown below. Focus measures of two regions, the top of
the capacitor and the substrate, were extracted from the
captured images (d). The capacitor was 11.6 mm in height (e).
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To validate the concept of High-Speed Focusing
Vision System, we developed a prototype system com-
posed of an imaging optical system with a DML, a
high-speed image processor system for high-speed
visual feedback, a high-speed camera to record images
at high frame rate for monitoring, and a personal com-
puter (PC) to control the whole system. Using this proto-
type system, a high-speed autofocusing experiment and
a focus tracking experiment were demonstrated.

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



autofocusing when the object was the surface of an purpose, a quick estimation of the target depth is import-

electronic substrate. The focus scanning process start- ant. Thus, we developed a technique that vibrates the
ed at t=0 ms and finished at around t=14 ms. The peak object plane position around the target. Three images
of the focus measure was observed at about t=7.5. After were captured at near, correct, and far focus positions
the focus scanning process, the focus was controlled to and their focus measures were measured to estimate
the estimated correct focus position. The entire autofo- the object's depth. Then, the center of the vibration was
cus process finished at t=15.8 ms. Note that the total adjusted to be the object position estimated from the
autofocus period of 15.8 ms is shorter than the typical latest three focus measures. Experimental results of
frame period (30 to 40 ms) of conventional vision focus tracking are shown in Figure 2. The focus tracking
systems. was started at t=0. From the images captured by the

Next, a dynamic focus control experiment was con- high-speed camera (Figure 2 (b)), the image was
ducted. The purpose of this experiment was to track the successfully kept in focus.

correct focus for a dynamically moving object. For this
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Figure 1. Experimental results for high-speed autofocus ., [b)FzT Dssiva Posiion__ — L
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(a) Image sequence captured by the high-speed camera at a0 —
2200 fps. (b) Instruction voltage input to the piezostack actua- e A B - B
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the PC.
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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).

33 BEIJU—AU—FEEREEREHRDICHDSRIBERICFR
High-Speed Variable-Focus Optical System for Extended Depth of Field
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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

®2 HBEFRREDIR(L
RIBHIS0MM, SOOHz THERMNB ZIRENS BBN'SIRIE L

BRI, (MOEERSRETNDT, HIKRMUEICRITDER
Z1000fpsDEERIIE U TR UIZED.

Figure 2. Results of DOF Extension
(top: images synthesized by focus stacking; bottom: unsyn-
thesized images).
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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.

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

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

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

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

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

Population ageing is a phenomenon that due to rising
life expectancy and declining birth rates. According to
the survey, China and Japan will be facing an unbal-
anced population growth resulting in an aging society in
the next coming decade. According to the pathogenesis
of presbyopia, most of them will suffer presbyopia.
Furthermore, in the worldwide it is predicted that the
prevalence of presbyopia will increase to 1.4 billion
people from the total of 7.7 billion by 2020, and to 1.8
billion people of the whole population of 9.6 billion by
2050. As a result their ability to complete important daily
tasks is restricted. Most (386 million, or 94 percent) live
in the developing world. A massive number of people
cannot work or read properly because they do not have
vision corrections, with an obvious enormous impact in
their everyday life.
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Figure 2. A photograph of the lens prototype.
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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.
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Figure 1. A cencept of a pair of diopter-adjustable eyeglasses.
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Figure 2. An experimental setup and three
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Figure 3. Three snapshots from a video recording.
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An adaptive achromatic doublet design by double variable focus lenses
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In optics, chromatic aberration is one of the typical
aberrations which is caused by the different refractive
index for different wavelength of light. The refractive
index decreases with the increasing of wavelength. This
physic phenomenon results in that the lens cannot focus
all colors to the same convergence point. In conse-
quence, the image will not be sharp and the system's
resolution will be decreased.

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

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

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

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

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

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

We employed visible and ultraviolet laser beams to
test our system. The experimental results demonstrated
good transmittance for two laser candidates (Near to
ultraviolet light ~ 405 nm wavelength and Visible light ~
633 nm wavelength), and both achieved high-precision
control at the micrometer level. Near to ultraviolet laser
beams are required to congeal photosetting resin for
stereolithography in 3D printing, therefore, our result can
pioneer the use of DEA-based laser scanning for stereo-
lithography.
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Figure1. Sketch showing the displacement shift when an incident ray passes through a DEA material without
applied voltage (left), and that the scale of the displacement shift can be controlled by the applied voltage(right).
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Figure 2. Setup overview. The laser beam passes through the DEA membrane, projects onto paper, and is

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

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

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

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

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

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

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

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

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

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

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

This system could ensure that the projected images



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

"
| |
Dept‘i:;f Field (DOF)

®1 B CIIEE RS RRE DT,
RSB TRTER GRNRITSHE) (CHIK

Fig.1 The conventional projectors have a shallow
depth of field.

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

Limitation

conventional projector

N=I31

SRERBRBEIY AT AN=I3 V1 EZRAEL
FLE.N=Y3Y 1 Tl RIAL Y ZZRBN T
REBEL, BRICERBHELETURTYATLE
HRAELI UL EBEY YN SBONICERIERE

Version 1

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

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

provides the essential technology for expanding such
applications.

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

China).
Lens1 Lens2 Lens3
A
v Target
' ‘ b Back and Forth
High-speed Projector Tunable lens Dynamic DOF
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Fig.2 The proposed technology can project sharp images
in Targe depth range.
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depth sensor that served as feedback to the liquid lens.
As a result, the focal distance is compensated. More-
over, by updating the projected images, volume slicing
display has been achieved.
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Fig.4 Projection images are kept in-focus, while target
(white board) moves from 0.5m to 2.0m.
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over, high-speed marker tracking method was incorpo-
rated to estimate the object's distance and posture. As a
result, a well-focused dynamic projection mapping was
achieved even when the motion involved large depth
range movement.
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Fig.5 Prototype of projection system using a liquid lens.
(Ver.2
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Fig.6 System configuration.

&7 hWRITEE CTHBICES U T DT

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

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

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

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

(3) Compute
th rof mass

(4) Gaze adjusting for the target
22 FSyFVIPILTIUIA
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

FOoTNBDDERDIMmsA— /N« FIU ~RiE
ZRBRIDCENTED, Ty N—RI5—(E, AX
SERZHHIHNNDICHEET D2DDINSZRiFEED
RSB RCETRIEHAZHIEHT DEDNT, /N « F
U ~HRICRRGOEDRIFHIENTEETHD. =512,
SS-DEREICKD, 4A0EDRIFIHTRDEEE35
SUMAIUMET/1000)TITDTENTED.
X, INSBETERESZEAEIILNIEYI VD
SEMERICXTN T INEREMELUIZCET, /N1
EY 3 VBGEICEMZ 2BBEERIBLE.

HICYRTLAONBEEEZTRT. I, REDE
BRlELUT, SR E LU TNBRFDImsZ — R/ «
FIUFRMEER2ICRT. COMEIILINTEY 3 Y
DERNASTEOOfpsDERIRS, UL EDZBEIER
NELTHRUEEDTHN, ') —hDSEHARBICHR
HPRICDIPENRE TETTCNDEHDND, &
2o AmsZd— /XY « FIL FREDEIBHA CDNR—
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A=Y

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

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

2 SO 1ms Z— /XY « F)U LRE (500fps TN\ EY3Y)
Fig.2 Auto Pan-Tilt image sequence of a pingpong game. (500fps, Full-HD)
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Visual and Tactile Cues for High-Speed Interaction
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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 ARUD
MR« 2T U1 HIREP L

Fig.2 1ms AutoPan/Tilt and

Airborne Ultrasound Tactile Display.

3 FHFICRTSIN DG

Fig.3 Picture displayed on a moving paper.
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formed into a screen of a computer or a smartphone,
and we can feel even tactile sensation. In a sense, this
system can be regarded as a moving object version and
a tactile sensation version of projection mapping tech-
nology.

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

4 < FICRTSN DIRE
(MRRFERTSNTND)

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

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

Instruction

Instruction

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

= |

2 R—VICRBERF ULKRT

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

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

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

2 FTHN LT\ DHEICOE T DB ERT UIEKRF

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

3.18 VariolLight

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

Retroreflective background

High-speed )
camera Light

absorber

Projector Target 7/”

object 7/,

Observer's
gaze
direction

Galvanometer mirrors Observer

1 REYRAFTABE  Fig.1 System configuration.

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

§ Galvanometer High-speed
Target Object mirrors Projector
[e) | N | .
4 High-speed
[ - | I camera
|
\\I | P
_ % Half
Mirror
Retroreflective
Markers
VarioLight Concept Visual feedback

1 Variolight DY 25 ABIE
Fig.1 System configuration.

3 IvVTITRADFDIENICIERE UIZET
Fig.3 Projection onto a fan while jumping.
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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 SEDICTBNDBBERT T DT
Fig.2 Fireworks projection onto a fan

4 3-3-QOIRRELCHMUUTT IR
FrDASEZZEtSH, BRELULCKEF
Fig.4 Size-transformative projecion onto a
rotating yo-yo.

NZALZ
o

yauNvEYD

54

BL. ZNICANRYER S Yy F U IV-—HELT
TBAVY—NIZEHEZICRELULZE). B8R, Bhn
N—=—Y3 Y2 &EDRKSBDIE D, Uniform
Circumferential Markers (UCM, —#73H @A ¥ —
TDEMES, BIFAXSOBBREBEICLIDBERELT
AN, ZOMKREKAEDETR2BERESSUES

BNEENSIERALDV—NUE, KESHSE
HRIEDBRGTUB)CEND, AV—HIEIBEENI ~
SyF VIR EEREBE « MTITRVNVSHEST
BEN, BITAQICANREHEERIRT D, /2. M
BEDRBFEANDICH, ZHOFHARICKDFOE
BEDSVFLABERICEBNNREZEEITD. HAE
V—ADEBINEEKIKLE, B2IC3F500 fosh T
OYx0y3aIVvEYIIYRFAZRNDCET,



QEICHW UZBRIBENERIRIND. B8R, ¥—N
D—IREICKD, UCMTIIEIZRBDH5TAITEET
Hd.

AVY—NEZRANDTET, H3@@ OBHMAT
Fr Y FIR—ILETOIRFNORSINDLDIC, FIC
KBS VY NSERMICO/NR ST, @ERICTZD L85
NDOLTOYIVYIVYIYEYITNERSNE. &
12, 0B RES R OMREE TS L, BIEICE
R CEN'S, B3 () ICHITKDIC, RENZAL)

Version 1

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

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

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

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

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

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

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

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

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

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

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

Here, we consider a projective expression with a large
static image by controlling an optical axis of the
high-resolution projection to a randomly moving point
such as a gaze. In this expression, in addition to an
imperceptible spacial misalignment (geometric consis-
tency), high responsibility of the optical axis toward the
dynamic point (tracking ability), and small motion-based
artifacts (e.g., spacial misalignment, motion blur) against
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Fig. 1 Configuration of the proposed method.

Rotational Mirrors

! L ! !

|
(-lm+|gh time Yo wait fdr the pr }v]ocrm
tobe ready tp projecian image |

A Ao As P P P
Computer i
|
|

Mirror
queue

) (0.0, (0,6,05) (02051005}
| |

I |
Mirror
output 6,1

| |
| |
| |
synchronizing : :
h h

AN W

62

Projector
2

3 queue ICKDEHA
Fig. 3 Synchronization with queue.
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the optical axis control (temporal geometric consistency)
are essential. Conventional researches did not fully
satisfy the latter two conditions in particular.

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

2 U—Y—mM1UFICER L TBAEEZ
Fig. 2 Tracking projection mosaicing against a laser pointer.
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High-speed Projection Feedback for Golf Swing Training
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Golf swing as one of the sports motion is fast, and it is
necessary to acquire accurate and reproducible swing
motion skills to hit a good shot. In common training
methods, however, users often use tablet devices to
confirm their motion quality with the measurement
results of motion capture systems or acceleration sen-
sors after the swing. Such a large latency from measur-
ing the motion to providing visual information is consid-
ered to decrease a training efficiency. Low-latency infor-
mation feedback from the measurement to display is
expected to have a high learning effect due to the tem-
poral consistency between the motion experience and
the feedback information in addition to increasing the
number of trials.

We propose a method to project three-dimensional
geometric information of the golf swing onto the ground
at high speed (Fig. 1). The method utilizes a
mirror-based high-speed tracking system and a

High-speed
projector

1ms Visual
feedback

Swing plane
Marker

High-speed
camera

R
X

Rotational

Swing plane line
mirrors Ba

21 Y2ATFLHE
Fig.1 System configuration.
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This is a new method to display information based on
the afterimage of a moving object. Existing systems
need a static surface on which information is projected.
In contrast, we propose a new display system projecting
laser on a moving object, and exploit the afterimage
phenomenon to expand the projectable region. Human
vision can recognize patterns larger than the size of the
object due to the afterimage created in the region
spanned by the moving object.

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

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

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

2 2 VO RBERIRERT I DERTF

Fig.2 Swing plane line projection.
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Saccade Mirror. As a result the laser beam used to proj-
ect on the desired location on the target, effectively
shares the optical axis with the camera tracking the
target.

. - -Afterimage . — —

- -

Dynamic object

Direction of the object Laser

1 RBEFETORBREE A X—VE
Fig1. Outline of this method.
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Fig2. Presentation on a moving ball.

— - - Saccade Mirror — — -

!
I Vision sensor |
|

Laser Module «

1
Laser I pupil shift lenses
— 1

==
==
A

/| Laser bea

Mirror kits

________

-3

3 BEY T LIRS
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VibroTracker
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It is exciting merely to watch sports events, but simu-
lating the haptic sensations experienced by a player
would make spectating even more enjoyable. This is not
peculiar to sports events. In addition to video and audio,
the ability to relive the sensations experienced by others
would also offer great entertainment value at temporal
and spatial distances. However, existing systems have
some problems in measuring vibrations. A contact-type
vibrometer deforms the original vibrations and is a
burden to wear or carry. Even with a non-contact sensor
like a microphone, it is difficult to measure slight vibra-
tions of a fast-moving target against the surrounding
noise. Our VibroTracker system solved these issues by

spectator ﬂ
i

vibrotactile .
sensation
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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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Coloring Drawing System using High-speed Coaxial Control and Active Marking
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Recently, coloring drawing system for presenting a
pattern on the surface of a dye-coated object using a
chemical reaction called chromism, which causes the
color of the dye to change by irradiation with light or
heat, have been actively researched. Above all, the phe-
nomenon using light irradiation is called photochromism.
Since the pattern can be erased and rewritten repeated-
ly, there are applications such as changing the design
and testing the pattern of the object. Furthermore, draw-
ing technology for 3D objects of various shapes is
expected to be non-contact printing. However, in the
conventional method, the pose recognition method is
not suitable for the object to be drawn, and there is a
problem of the complicated calibration of the optical
system.

In this research, we propose a coloring drawing opti-
cal system of laser-camera high-speed coaxial control
and active marking that draws multiple rewritable mark-
ers onto the object's surface using photochromism for
the recognition of the object's dynamic posture and the
accurate drawing onto the object's surface, as shown in
Fig. 1. Calibration is simplified because the laser draw-
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ing position is always fixed within the camera angle of
view by laser-camera coaxial control. The drawing area
is expanded by drawing multiple dot markers spirally
using a laser and two-axis mirror control, centering four
initial markers which are manually placed beforehand.
Then, the object's posture is estimated using the mark-
ers detected in the image processing, and highly accu-
rate drawing of markers and pictures is performed.
Since the camera captures at a high resolution with a
narrow angle of view, the marker drawing, detection,
and posture estimation is highly accurate. In addition,
high-speed processing enables drawing even to the
moving object, that is, the posture-changing object,
leading to all-around drawing. It was confirmed that the
drawing results for both a static and a rotating planar
object were highly accurate (Fig. 2), and the drawing for
a cylinder (a symmetrical object) was also precise
enough (Fig. 3). Because it is possible to pattern 3D
symmetrical objects, it is expected to be applied to
customized coloring and additional processing of daily
necessities such as cups containing glassware.
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| Fixed drawn position
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Fig.1 System configuration.
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Fig.2 Drawn appearance and evaluation result of plane objects.
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Fig.3 Drawn appearance of a cylinder (a rotationally symmetric object).
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Self-position and posture estimation using a camera
can be used for augmented reality and navigation, and
can create a high user experience according to the
user's posture information. In particular, focusing on
sports such as cycling, posture information in situations
where the user is moving over a wide area and at high
speed is expected to have a high motor learning effect
when accompanied by feedback information during the
movement. However, self-pose estimation for outdoor
sports requires high-speed tracking, wide-area applica-
bility, and bright environment robustness.

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

Vector laser
projector

O

User view

High-speed
camera

\ [
) —
M-sequence
dashed marker

Camera view

13vETH
Fig.1 Concept of EmnDash.
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to a high-speed camera with a short exposure time,
while the dashed markers become invisible and are
observed as solid lines to the human eye with a long
exposure time (Figs. 2, 3). Using this difference in expo-
sure time, it is possible for the high-speed camera to
recognize the M-sequence dashed line markers and
perform self-pose estimation while displaying some
vector-type figure on the surrounding ground to the
user. Since the M-sequence is characterized by its abili-
ty to uniquely identify the position in the whole series
from the observation of sub-sequences, the absolute
pose of the camera can be determined from a single
image, and high-speed tracking becomes robust against
occlusion. The system does not require synchronization
between the laser projection and the high-speed
camera, and the far-field reach of the laser and the
wearability of the high-speed camera make it suitable
for use not only in sports such as cycling, marathon
running, and skating, but also in traffic applications such
as automobiles.

2 - -B\RREESENASIRE (FSYFUTHRS

Fig.2 User view and high-speed camera view with recognition results.
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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-
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Step 1: Video recording of high-speed flying objects
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As step 1, we first developed a video recording
system for high-speed flying object (about 250 m/s).

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

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

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

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

Sample (a) Sample (b)

24 |
t(every | ms)
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Fig.2 Video recording of high-speed flying objects.
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Step 2: Shock-wave image measurement of high-speed flying objects
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As step 2, we developed a continuous shock-wave
image measurement system for high-speed flying

objects of even faster transonic speed (about 340 m/s).

Shock waves are generated around objects that fly at
sound speed. Especially, it is known that unsteady phe-
nomena such as shock-wave oscillations occur at
almost the same speed as sound speed. Our Tracking
Background-oriented Schlieren (BOS) system can cap-
ture the shock waves around the flying object as refrac-
tion of light similarly to the heat haze by introducing a

striped retroreflective background.

7’

: ’ Tracking
\M Visualization
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Fig.3 Concept of the Tracking BOS method.
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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.
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Fig.4 Shock-wave visualization:
Target A (388.3 m/s), B (419.9 m/s), C (238.2 m/s).
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High-resolution Focused Tracking of Freely Swimming Fish
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Mirror

Individual identification and health management is
desirable for multiple dynamic living beings in three
dimensions unrestrictedly, such as freely swimming fish.
Techniques by high-resolution image measurement are
known for extracting individual identification information
of a static object and heart rate estimation of fish. In the
image measurement, however, continuous high-resolu-
tion observation for dynamic targets is difficult from the
viewpoint of the angle of view, resolution, and depth of
field. To solve a trade-off between the angle of view and
resolution in a fixed camera, continuous high-resolution
imaging can be expected using a mirror-based
high-speed tracking system (1ms Auto Pan-tilt). Howev-
er, correct tracking for a specific target is difficult with
similar appearances (i.e., school of fish), and the
mirror-based tracking system suffers from shallow depth
of field of a telescopic lens. In this research, we propose
an ellipse self-window method and high-resolution imag-
ing system. Individual health management applications
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in aquaculture and aquarium are expected for the
school of fish, and individual identification is also applied
to robotics picking and drones.

1. Ellipse self-window method

In continuous detection of the position of a specific
individual in a school of fish, occlusion including cross-
ing with other individuals is a major issue. We extend a
self-window method in high frame rate image process-
ing and propose an ellipse self-window method (Fig. 1).
By limiting the object recognition processing such as
binarization in each image to the elliptical area to be
updated, the ellipse converges near the fish head (heart
brightness changes of Medaka fish can be observed
from below) and high-speed tracking robust against
individual intersection can be possible. In the
mirror-based tracking system, the ellipse self-window
method can improve the efficiency of continuous
high-resolution imaging of a specific individual.

2. High-resolution imaging system

To solve the shallow depth of field in the mirror-based
tracking system, we propose a high-resolution focused
imaging method for multiple 3D dynamic targets by
effectively combining the high-speed optical axis control
system, a high-speed liquid variable focus lens, and a
wide-angle camera (Fig. 2). While observing the whole
targets with a wide-angle camera, the direction of a
high-resolution camera is dynamically controlled for a
specific individual by the mirror-based optical axis con-
trol system. The liquid lens is also controlled at high
speed by triangulation of a stereo system consisting of
the wide-angle camera and the mirror control system,
and focused imaging against three-dimensional motion
can be achieved (Fig. 3).
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Fig. 3 Tracking results of Medaka fish.
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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

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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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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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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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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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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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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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.

=BEOY—-Y. SEBRIEIENSEBNIEIC, REE
BASDEB 2EEL, i R F AL Zivkovic,
ICPRO4), REFEZRKID. LZDDY—VT

(&, ERFERBRIREE ULHRITETUVRNAY 12
EFECREFHRTETCND. FEELOBEDLS
EONDLDIC, ADBIOFICHIT SRBBIEER

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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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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The hand and fingers are typical input interfaces for
information-related devices such as displays and robots.
There are not only contact interfaces such as
keyboards, but also non-contact interfaces such as ges-
ture recognition. However, markerless systems have a
significant problem of measurement latency in order to
achieve a comfortable interaction with the displays and
robots. Marker-based systems, such as motion capture
systems, are capable of high-speed and low-latency
tracking. However, it is necessary to attach convex dot
markers to the hand or body surface, which has an
issue of the marker wearability. The low latency tracking
of hand posture using markers with high wearing conti-
nuity is expected to expand the application scenarios of
hand tracking such as prolonged measurement.

We focus on a finger-ring as a marker with high wear-
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ability, and propose an ellipses ring marker, shown in
Fig. 1. Circles and ellipses in three-dimensional space
always appear as ellipses by perspective projection
transformation (i.e., camera observation with a two-di-
mensional image). We actively utilize the projective
invariance for high-speed marker tracking. High-speed
image processing including binarization, contour
extraction, and optimization process of ellipses fitting
can run less than 2 ms. Then, we can realize dynamic
projection mapping onto a palm (Fig. 2) using a
high-speed low-latency projector as a low-latency feed-
back application. In addition to such image projection,
low-latency feedback for fast and complex hand motions
will be possible, leading to a wide range of applications
in human-machine cooperation, sports, and medical
operation.
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Fig.1 Ellipses ring marker. Fig.2 Dynamic projection mapping onto a palm.
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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
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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.
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FTIR based calibration of Airborne Ultrasound Tactile Display

and camera system
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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-
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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.

Camera Airborne Ultrasound Tactile Displeg

Image Plane ~

FTIR Plane Focal Point
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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 (1msAuto 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-magpnification 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

Projector I
N

Hlgh-speed camera
with small Iris

Checker pattern
printed on OHP film ,

1 REBICRITDIYRT AER RERREIBX)
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.

Camera
Shifted
pupil
TiItA\>\:‘ Pan| 2B X
mirror ! mirror ¥Y mirror

2 IS—AR/MRETIV
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
unique 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
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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 IDSDPIRENST—Y (3B
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
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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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processing on the chip, the vision chip can suppress
power consumption to max 363mW @ 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.
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Fig. 1: Vision Chip Architecture and Micrograph*1.
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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 unique feature in a
local area compared with the other points when identify-

43 |

I8 D RIAIEEWARD U 7 ILE 1 AFEIREHE
ERR - SEE - BRBRIOENTDICHICEDNRF
BFED, ERETRESNDHAKISOES O O—
NVAILER=Y 3 IYANOONR MM EWIIY B
BERIIASEISNTHERN. 22T, EZRROE
BCEICBENY —VENNEZ DRFEBEZEA
U, MBEHROEZ/\NY — Y DIRE =R DRIEIC
REIDCLET RIES MTAONZA D DOBBEICH

The existing phase-shift methods are effective in
achieving high-speed, high-precision, high-resolution,
real-time shape measurement of moving objects; how-
ever, a phase-unwrapping method that can handle the
motion of target objects in a real environment and is
robust against global illumination as well is yet to be
established.

Accordingly, a robust and highly accurate method for
determining the absolute phase, using a minimum of
three steps, is proposed in this study. In this proposed
method, an order structure that rearranges the projec-
tion pattern for each period of the sine wave is intro-
duced, so that solving the phase unwrapping problem
comes down to calculating the pattern order.

Using simulation experiments, it has been confirmed
that the proposed method can be used in high-speed,
high-precision, high-resolution, three-dimensional shape
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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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measurements even in situations with high-speed
moving objects and presence of global illumination. In
this study, an experimental measurement system was
configured with a high-speed camera and projector, and
real-time measurements were performed with a
processing time of 1.05 ms and a throughput of 500 fps.
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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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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
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time-sequential depth images or color images, by using
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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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-
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.
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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
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-

Aerial image

Measured motion

Frame 289 Frame 301 Frame 318 Frame 335
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sions. In addition, we confirmed that multiple point light
sources also worked well.
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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

High-speed
camera

Projector
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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

JLT) XL EEMBIERBAZ ALV Z &R SVBRDF

YR Z FL VIS @878 BRDF

80

Gl

BCOBRWREERETRIC, BRGFHECEIOTER
[CSVBROFZEH I DFEZRETD. COFET
[ BRBIREE, RIEFORAEXTROMIRDEEE
RUEBILCI CEDYUBERDICD, WRDIRTTH
REFHEA LB D' S RBERIRCET DBWHINRE Y R
TOHLAERREIDCETHIAZT oL RROBR, )€
RTEIHBEEESZ UTUCEHE - STEFEZHD
[CETRBL, AFEICEK > THRESVBRDFEHE
MERTETDCEZT UL, THTIELSEHAIY R
TAOFANKRTHIBEOA>EMERTSNIEE
SVBRDFETIV/INS X =8, FKIZ, FFOREEHN S
BoNIESVBROFZREBNICEIRLIZCGERT.

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.
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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.
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Humans have the ability to perceive the visual materi-
als of objects sensitively, and if it is possible to acquire
the visual materials from real objects as sensitively as
humans, applications in various situations will be real-
ized. Many methods to acquire visual materials have
been proposed under the measurement-based or
estimation-based approach, but with either method
there was room for improvement in some points such as
the length of acquiring time, the reliability of the result,
and the restrictions of the target. The proposed method
aims to acquire parameters of visual material in a short

Roughness
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Fig.1 Material samples.
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time by focusing on the two characteristics of the object:
spectral reflectance characteristics and natural cooling
characteristics. Since the proposed method is measure-
ment-based, the reliability of the result is expected to be
high, and the only restriction of the target is that it is
solid. The evaluation shows, the classification of materi-
als was performed correctly with about 98% accuracy,
and the calculation of surface roughness parameters
tended to follow the theory. In addition, the possibility of
measurement in a short time about dozens of seconds
was shown.

0.020.02,002 0.02
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Fig.2 Measured roughness.
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nometer mirror, and line laser. The system performs the
3D sensing by light section method using an image in
which the line laser is irradiated. The system changes

< the measurement area adaptively and at high speed by
controlling the angle of the galvanometer mirror. By

Measure
global area

I

Measure local area Measure landing points

/ with high spatio-

[
)’ with high spatio-
" temporal resolution

M1 =yy3avyyruzs
Fig. 1 Mission scenario

\L i temporal resolution

Local 3D sensing

Global 3D senslng
Local 3D sensing
on rough ground

A safe landing system is important for Unmanned
Aerial Vehicles (UAVSs) to transport parcels, survey land,
and explore an unknown area. In particular, an autono-
mous safe landing system on rough ground with an
unknown shape is critical to expand a flying area. How-
ever, some conventional systems for autonomous land-
ing do not consider landing on rough ground even
though they can detect some safe areas for landing by
measuring a wide area.

In this research, we proposed a real-time landing gear
control system based on adaptive and high-speed 3D
sensing for UAV safe landing on rough ground. This
proposed system consists of the adaptive 3D sensing
and the high-speed landing gear control.

1. Adaptive 3D sensing

The adaptive 3D sensing system consists of a
high-speed camera equipped with a vision chip, galva-

&2 Y27 LAHNER
Fig. 2 System overview

High-speed landing gear control —» Simultaneous contact
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focusing the measurement area on landing points or
motion detected area, the spatio-temporal resoluion of
the measurement can be improved.

2. High-speed landing gear control

Based on the measurement result from the adaptive
3D sensing without touching the ground, lengths of the
landing gears are controlled in real time in the sky.
Then, all landing gears contact the ground simultane-
ously. This simultaneous contact reduces the instablity
at touchdown and realizes a safe landing even on rough
ground.

The mission scenario with the proposed system is
shown in Fig. 1. The experimental configuration consists
of a high-speed camera with a vision chip, a line laser, a
galvano mirror, and one-axis landing gears as shown in
Fig. 2. By obtaining and processing an image at 1000
fps at high speed and low latency with a compact, light-
weight, and low-power vision chip, the landing gears
can be controlled at high speed. In a landing demonstra-
tion with unstable attitude, the lengths of the landing
gears were updated immediately with the measurement
result, and finally all landing gears contacted the ground
almost simultaneously as shown in Fig. 3.

Global 3D sensing Local 3D sensing &

N3 Z2BHTOSIEREIRR

Fig. 3 Landing demonstration with unstable attitude
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Fig. 1 Important parameters for binocular stereoscopic vision.
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Summary

This is a device for experiencing the dwarf's world
through stereoscopic vision. With this system, you can
experience the world of a person who is 1/38 of real
scale, about 5¢cm tall.

Explanation

The worldview of a human depends on his/her body
size, and by virtually realizing the body size at a certain
scale, it is possible to obtain a worldview corresponding
to that scale.

In particular, the following three parameters are
essential for binocular stereoscopic vision (Fig. 1):

* Interpupillary Distance (IPD)
» Least Distance of Distinct Vision (LDDV)
 Eye Level (EL)

In order for humans to perform binocular stereoscopic
vision correctly, these parameters need to be scaled
appropriately. However, in previous methods that treat
two cameras as two eyes, there are lower limits of the
IPD and the LDDV because of the size of the cameras.

Therefore, we solve this problem by vibrating the
spherical mirror. The system operation procedure is as
follows (Fig. 2).

1. Vibrate the mirror

2. Capture the left image when the mirror is on the left

3. Capture the right image when the mirror is on the
right
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4. Map the surrounding landscape to the CG space
based on the captured image

5. Display it through HMD

6. Repeat above

The system is designed that the object to be
observed is placed on the stage. The state of the stage
and the image projected on the head-mounted display
are as shown in Fig. 3.

With this system, users can experience a world that is
1/38 of real scale. A human in this scale is about 5cm
tall.

The IPD is set to 1.72 mm in the current system, but
the IPD is determined by the amplitude of the vibration
of the mirror, so the IPD can be made infinitely small
depending on the performance of the device used for
vibration.

Captured images

Camera
=/ . . Head Mounted Display

22 SC—

2 YATLAOE}MEDO—
Fig. 2 System operation flow.
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Fig. 3 (a) Brobdingnagian Glass system. Output images for the (b) left and (c) right eyes.
You are a predator and also a prey in this scale.
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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.
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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 continu-
ously observes 3D deformation of the each flipped page
at 500 times per second, and recognizes the best
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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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moment for book image digitization at the highest quality
using the newly constructed original 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 defi-
nition 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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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.



=\ = =\ =
oo A 0] 0] S, 100 T =100
’ e RONAS PN
“l N /mo oL TV oo (L TN Oum o o ﬂmo o > - /00
19070 5500 100”5500 19070 55100 1005 g0 10055~ /mo

Fig. 2 R=YDESvF IR

(LB @ENXSEE. PE:

SERBEI TS A TR

R=IZ&CNEISNIZ 3 RiTmEE)

Fig. 2 Results of page trackin

Top: Images from high-speed camera. Middle: Book status histogram.

/-\—/-\—
:t:t

EI

416 @RS

&, BARBENEEEEFLIDZFENSEZE T
N3, TOEOBTEEDEL, mﬁﬁi%éié?rm’é%
IR BT & LT, Book Flipping Scanning Mgz
Nz, Thid, 2EOHDEIMEDIC, ﬁ‘fﬁ@’a‘:ﬂ:ﬁ)é
CER<BEHRMICEEBREZNDADHIZEERET
DI EBESADNFTHIS R ITNEESEN, D
fz. ZC T, 8RN DIERICHINDIEEDBEDHL
DHEERET, BIFELIE.

BEITDEEL HoBEMEHEEREZRAB LT, IE
ERMTHRAZHREIDIMEBCED N\ ZENTHD.
RRICIE, FTEEDHRELTHIELIRET, B8

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.
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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 hew system controlling
the capturing timing of four high-resolution cameras
individually based on the adaptive capturing approach

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
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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.

LD, YRATLNER, RAER, 4 RREMS « BIELUICRKR

Left: developed system, Center: observed images, Right: integrated & rectified image
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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

Case 3. crumpled

Case 4. loose cylinder
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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.

Point clouds of deformed document with optimal TRFs

|
| |
e [

Rectified images obtained using proposed method
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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 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
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1. Dynamic Stop Motion
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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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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-

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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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

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.
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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
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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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
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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.
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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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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
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and Deformable Dot Cluster Marker, we realize a new
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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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

4 30 TransMaterial:
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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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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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CETRETI.MAT, V—ARHFHIY—NZEARND
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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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2(a) ¥t GSERED
Fig. 2 (a) Clay (before)

H2(b) f6t (RERE)
Fig. 2 (b) Clay (after)

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-

100

2 ENBLUEERY T —T 1 VI PILTIUX
I\

EIRETTRDBZFICARETLIBES LTROD, EIRIC
WMUREBMREITS CETIUEOBERDEREEN T
. REKEZRBENTEFY, (®2) AARTIE
ERENAULEZEERYI—Tr YIPIW IV LE
RBEL. B<IROBRZ BEICK>TRDE—7%
BROBRZR SLCBRIC EERRDCEERIRL
FUIE, ([®34)

3. IV =T XY RADILB

SIRORAKRICH U TCEREZILSIETDET,
VP VIR TRID A BIRENDELDIC —EICHE
HOBRZIRETNIDLAZEERLE LR, (M5 F2.
SIRICAMNTERICHERICEREZESBRZI TN E
T, INEEDZEECERICEZDF Y vHEDS
SREDRFEEHBIRITDIMAERIRLE U, (M6)
NREREBNRERREY A TIvOTOIT IV
VN Y EVIODYRERZD. IND 7 = —DIEHXD,
IJ7vYaIYMLEENEIVI—TA AV LD
. TR BEROTLE2-—BEDIYI—-T 41
2N TOMANEEFENET.

&1 YRFT LN
Fig. 1 System

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-
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.

3 FFAOER I —N—FB)
Fig. 3 Projection onto a hand (Markerless)

4 RIEANDER (ETIAE)
Fig. 4 Projection onto liquid (Modelless)

5 REFK(C UIZIRiR
Fig. 5 Albedo-dependent shading

6 IREBRICEZDIFRE
Fig. 6 Graphical Midas touch effect
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In recent years, various 3D displays have been stud-
ied to present 3D models intuitively in a three-dimen-
sional manner. However, these displays have some
problems. For example, when humans try to perform a
dynamic movement such as dancing with conventional
3D displays, they will feel heavy and difficult to move
and a power cord will disturb the movement. Moreover,
conventional 3D displays have a large risk of failure, as
by falling. In this study, we propose a method for
projecting viewpoint-dependent images by dynamic
projection mapping onto a lenticular lens that can be
easily carried by humans. Dynamic projection mapping
is a technigque using high-speed sensing and projection
for projecting images as if to be stuck to an object even
if it moves or deforms quickly. Besides, a lenticular lens
is an optical sheet that can present a viewpoint-depen-
dent picture or a three-dimensional picture by printing a
composite image that combines multiple images on the
flat surface of the lens. Since a lenticular lens is light-
weight enough to carry and hardly break when dropped,
it is suitable for the purpose of this study.

When projecting composite images onto a moving
lenticular lens, the two factors described below causes
unintended display. First, display with a lenticular lens is
sensitive to misalignment of the projected image
because a composite image is decomposed in a totally
incorrect manner even with slight misalignment.
Second, there is system delay between sensing the
position of the lenticular lens and projecting the image.
In this study, in order to correct the misalignment
caused by the system delay, we defined an index mea-
suring quality of the viewpoint-dependent video, and
estimated the system delay time from the index. By
correcting the position of images based on the estimat-
ed system delay, we improved the quality of the view-
point-dependent video.
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Projection mapping is a type of augmented reality
which present additional information to objects in the
real world by projector. As a result, audiences feel an
illusion of changes in the material or shape of the target.
Recently, projection mapping and its related applica-
tions are currently receiving significant attention. In
particular, the advancement of high-performance com-
puter, high-speed camera and high-speed projector
have realized a technology called dynamic projection
mapping (DPM). DPM involves three sequential
processes: sensing, rendering, and projection. These
processes are repeated rapidly at such a speed that
humans cannot perceive a delay in the projection. Thus,
DPM enables the display of images attached to moving
objects and further expands the range of content that
can be presented. As an application of DPM, we
propose a method to give an illusion as if 3D rigid object
were deformed based on virtual physical properties. For
example, as shown in Fig. 1, our method can make the
target object appear to have elasticity, even though it is
rigid.

1. High-speed Deformation Algorithm

Several methods have been presented which pres-
ents illusion as if the target were deformed by projection
mapping. In these methods, a projection image is
rendered using pre-made animations. Our research
differs from these methods because object deformation
in our approach is accomplished via physical animation
based on the sequence of spatial movements of the
projection targets. Additionally, as the quality of projec-
tion diminishes when a part of the projected image
extends beyond the projection target, we propose a
method for deforming the 3D mesh without extending
beyond the projection target. Moreover, artists can
easily specify the region to be deformed the by using
images named "elasticity map". Figure 2 shows the
results of the projection using several elasticity maps.

2. Shading based on human perception characteris-
tics

When humans see a moving object, the brain
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Fig. 1 The concept of our method.

processes color, shape, and motion information in sepa-
rate pathways and integrates them in the higher order
field to perceive the real world. Applying this property,
there is a method to present the illusion of deformation
of a 2D plane by projecting only the motion information
using a projector. In this study, we extended the shading
algorithm for 2D plane to 3D solid using a model of
Lambertian reflection. This enables of illusion of defor-
mation for 3D solid. In addition to this extension, we add
a term to further emphasize the shading caused by 3D
unevenness to improve the quality of the illusion experi-
ence.

3. Estimation of environmental lighting

In our system, the projection image is rendered by
incorporating information of the intensity and direction of
the environmental lighting. We use a visible light camera
to estimate the information of environmental lighting in
real time. This enables a robust illusion in various situa-
tion where the illumination changes with time, such as
party halls and concert halls.

Elasticity Map
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Fig. 2 Projection results for various elasticity maps.
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Projectors are powerful tools for display in AR(Aug-
mented Reality), entertainment, and user interface.
Moreover, in the field of robotics and industry, they are
used also for sensing systems with cameras. However,
the mainstream of conventional projectors has slow
framerates (30-120fps) and it is not enough to deceive
human vision or to maximize the performance of a
system using high-speed industrial robots.

To solve such problems, we developed DynaFlash,
which can project 8bit grayscale images at 1,000fps,
and this projector has already been commercialized.
Furthermore, we newly developed a 1,000fps 24bit
high-speed color projector (Fig.1) and realized
high-speed, low-latency, and high-luminance projection
(Fig.2).

1 ®@RANS-TJayos
Fig.1 High-speed color projector

2 1,000fps 24bit &5
Fig.2 1,000fps 24bit projection
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In this project, we combined the developed projector,
which enables 1,000fps projection, with HSV-MC1
(Fig.3) using a 3D-stacked vision chip, which enables
1,000fps sensing and 1,000fps image processing, and
developed DPM-1000 (Fig.4). This DPM-1000 performs
all steps, namely input, process, and output at 1,000fps,
and enables immersive dynamic projection mapping
with spatio-temporal consistency (Fig.5, 6). By using
these high-speed vision devices and uniquely devel-
oped techniques for dynamic projection mapping, we
virtually overwrite not only optical properties such as
texture (Fig.7) and material but also mechanical proper-
ties including elasticity (Fig.8), and are aiming to con-
struct a new information environment linking the virtual
world with the real world seamlessly.

3 &REY 3V HSV-MCA
Fig.3 High-speed vision, HSV-MC1

4 DPM-1000
Fig.4 DPM-1000

R754F2voTJOYIOYaINvEYD
Fig.7 Dynamic projection mapping

5 &%
Fig.5 Projection target (before)

AIDXTER

6 BEEDIR
Fig.6 Projection target (after)

8 ElaMorph projection [Z k23D
Fig.8 Virtual elasticity by ElaMorph projection

Digital Emily (3D EF /U, 72U XXF v ): USC Institute for Creative Technologies, Happy Buddha
(8D €F/L): Stanford Computer Graphics Laboratory

Digital Emily (3D model and texture): USC Institute for Creative Technologies, Happy Buddha (3D model):

Stanford Computer Graphics Laboratory
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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 Atrtificial 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,
BFS-Solo: High Speed Book Digitization using Monocular Video, Reconstruction of 3D Surface and Restoration
of Flat document Image from Monocular Image Sequence, Sequential 3D reconstruction for a moving object
based on time-series propagation using high-speed cameras, Rapid blending of closed curves based on curva-
ture flow 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
machingjperceptionjand as a consequence create a
newjinterdisciplinary/research area.
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Bilateral Motion Display: Multiple Visual Perception Depending on Motions

BAITDI-—TDESKORIBOBDEDRE « 5@
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We proposed a novel projection method that provides
completely different visual perception to multiple observ-
ers simultaneously using afterimage effects for specific
motion. Initially, the projected patterns do not reveal any
information; however, when seen by a user moving his
or her gaze in a certain direction and speed, they are

[CUZ. OB RIE UIIRRETIEFRB SN IR
gD, RISOEBIEHD CCTHIBICIRND. BEIE
T NA RZERUCREOURMEILAT DIET
TR<, PIZEIEBE#HC LT, BEORETED R
SAN-CHUTHBREEIRBEEITOCLED, €
Fa2UTNRMVUEBRBE T, BHEDOI—TICX
LTOHEREIDET DEORMANEZ 5N D.

spatially integrated and appear as 2D afterimages. Our
system only requires a high-speed projector to produce
user-oriented perception, which expands the range of
display expression, and has various applications such
as in road signs.

Projector

2.2
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Achromatic System for Subjective Colors in Benham's Top
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Subjective color is perceived illusively by repeated
light and dark stimuli, and Benham’ s Top (Fig. 1) is a
typical example. The principle of this perception involves
color constancy and the temporal response of photore-
ceptors on the retina, with particular dependence on the
speed of image rotation. This study proposed a system
to make such subjective colors achromatic by present-
ing a complementary color of a induced color. Because
the induced color depends on each person, compensa-
tion is performed based on the quantitative measure-
ment of the color, which realized an achromatization
system that considers individual differences. This
system is expected to be a fundamental research for
elucidating the characteristics of human color perception
in the cognitive science and for human perception aug-
mentation and human computer interaction (HCI) by

108

DINVDTP—FOREREHIDCEICK>T, ERE
FHTDCENTETHD.

1 RYNLADIVDEIEE
Fig.1 Benham’ s Top

closing the gap between human and machine percep-
tion.
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Fig.2 Changes in hue and saturation of induced colors
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Compensatory Presentation of Moving lllusion Snchronized with Eye Movement
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Eye Tracker (90 Hz)

eye movement Ad
eye position p(X, Y)
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Fig.2 The Algorithm Flow
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Fig.1 The Concept of Our System

Our system enables control of imagery rotation
synchronized with eye movement. Conventional meth-
ods have considerable limitations to apply Augmented
Reality (AR) or image projection because experiments
about moving optical illusions have been conducted in
the constraints like fixation of guidance of eyes. Howev-
er, with our method, the appropriate performance of
compensation with this system can significantly
decrease the intensity of Rotating Snakes illusion even
without eye fixation or guidance. The system has the
potential to apply AR display which has a dynamic
image compensation system synchronized with eye
movements in order to correct perceptual “distortion”.

Display (30 Hz)

(i
)| Eye Tracker (90 Hz) .

3 ODERER
Fig.3 Rotating Snakes lllusion

M4 YRTLADERE
Fig.4 The Whole System
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Effects of Low_Video Latency between Visual Information
and Physical Sensation in Immersive Environments
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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 control system to
film the user's hand movements and control 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

Mirror High-speed

I projector
( -

Slit

Y
I 4 Screen
i\
Mirror /7" High-speed
- camera
0 Tablet
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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 measure
the user performance. The experimental results showed
that the performance begins to decrease when the laten-
cy is over 24ms. Also, in another experiment using a
path-steering task, it was revealed that the latency of
visual feedback beyond 64.3 ms was associated with
reductions in user performance. These results will be
applied to determine a standard limit for video latency in
self-projected VR devices.

Performance (bit/s)

0 5 60 135 150

0 75 1
Latency (ms)

Capturing thermography image using motion blur compensation

to detect peeling and floating
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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 order to observe the internal state of the tunnel
surface on the expressway, a floating / peeling detection
method using infrared thermography is used. Unlike the
existing sound inspection method, which is an internal
state observation method, it can be inspected in a
non-contact manner, so it is expected in terms of safety
and cost, and its practical use is progressing. On the
other hand, in the inspection in the stationary state, it is
necessary to regulate the traffic infrastructure, which
may cause a secondary disaster. It is conceivable to
perform inspections while moving at high speed in order
to increase the efficiency of inspections. However, when
imaging an object using a normal visible light camera, if
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Conecept of motion blur compensation

the moving object or the infrastructure itself is equipped
with strong lighting, By shortening the time, it is possible
to capture images that are less affected by motion blur.
On the other hand, in the infrared method, it is difficult to
make the exposure time variable because the data
obtained by performing calibration in advance and the
temperature value are associated. For this reason,
motion blur occurs when shooting while moving at high
speed, and there is a problem that the deformation
cannot be measured accurately due to the reduced spa-
tial resolution. In this study, we verified the system by
shooting with a thermo camera and running experiments
with image quality comparable to that at rest by provid-
ing a rotation operation on the optical axis that compen-
sates for movement using a galvanometer mirror. Was
successfully compensated, and delamination was con-
firmed.
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Thermal image of concrete sample ncluding peeling
(a)spot size of laser heater is narrow, (b)spot size is broad
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Result: Thermal image of concrete when the vehicle travels at 40km/h
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Motion-blur-compensated imaging system using a rotating acrylic cube
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Many methods have been proposed to compensate
motion blur. As one of them, this study proposes a com-
pensation method using a transparent rotating cube
using Snell's law, which can be used even in a scene
with large motion blur and can shoot at a high sampling
rate. By synchronizing the rotation speed and the
moving speed of the object, it is possible not only to cap-
ture images without causing motion blur, but also to
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reset the imaging angle of view every 90 ° rotation by
taking advantage of the characteristics of the cube. The
feature is that no time loss is caused by the reciprocat-
ing movement of the mirror that can be seen. When this
method was applied to a belt conveyor rotating at high
speed, it was confirmed that images equivalent to those
at rest could be acquired even at a speed of 12 km / h.
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(a) Still image (b) Moving specimen (c) Compensated image
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Real-time Robust Lane Detection Method at a Speed of 100 km/h
for a Vehicle-mounted Tunnel Surface Inspection System
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Owing to the need for daily tunnel surface inspections,
vehicle-mounted tunnel surface inspection systems
have been developed. Vehicles do not travel in the
same position at all times; hence, the angle of the cap-
tured images varies. We herein propose a calibra-
tion-free self-localization method for tunnel surface
imaging with a stabilized image angle.

The method is more accurate than the conventional
method for challenging environments such as a tunnel
with light changes at the exit, additional dotted lines, and
tire marks on white lines. Thereby it detects lanes at
97.4 % in 27.3 ms. Those accuracy and speed is
enough for real-time compensation. In addition, we
performed an actual tunnel inspection experiment in the
Kuragaike tunnel and demonstrated that improvements
in white-line recognition for the tunnel features to be
inspected yielded stable lane detection and whole tunnel
surface imaging by a normal vehicle at 100 km/h.

Scan direction

(a)  The first group of characteristic points to be eliminated
(b)  The second group of characteristic points

Imaging for tunnel surface inspection

Scan direction

(a) The first group of characteristic points to be eliminated
(b) The second group of characteristic points
(¢) The third group of characteristic points not to be detected
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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
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-

M3 =5EnsRKEEPmE

Fig.3 Floating images from different viewing angles

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.
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Vision
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3D Information &
High-Speed Gesture Ul

High-Speed Feedback

21 ARR Tablet DS
Fig.1 Structure of AIRR Tablet

2 YRTLADEKE
Fig.2 The whole system
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Fig.4 Drawing application
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High Speed Gesture Ul for Three Dimensional Display zSpace
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Fig.1 System
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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®(*Note2) developed the zZSpace(*Note1) 3D
display system. Integrating the two systems, an immer-
sive virtual environment can be realized. The high
speed 3D hand gesture 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 correct-
ly 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.

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,

2 YRTLADERE
Fig.2 The whole system

3 BERIDIIRFv
Fig.3 High speed 3D gesture recognition system
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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: zZSpace®

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 understanding. zSpace is an immer-
sive, interactive hardware and software platform for
students, educators, researchers, and corporate train-
ers. zSpace gives depth to the digital learning experi-
ence by improving the way things are studied, explored,
designed and visualized.
(http://zspace.com/the-zspace-system/)

4 BIFDEF
Fig.4 Manipulation with hands
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High Speed Gesture Ul: Ultra Low latency with Proprioception
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A) Capture Delay

B) Input Delay
C) Processing Delay
D) Output Delay

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

2.11

Pixel-wise Deblurring Imaging(PDI)
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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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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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Our motion-blur compensation system
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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,
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
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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.

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
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
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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.
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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.
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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
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.
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Experiment to measure human response to external stimuli
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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.

Screen

A
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| Projector (lens)
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The whole system
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A "sensing display" based on a cameraless Smart Laser Projector

ANV —hU—Y-TJO0Y 05 —-UESLPER
LY —ZRANZTOY O -THD. HD
P UHRHZEBESN TVRNRRBYMERE CXT
LTISD 4w DEEEIDCENTRETHD, 2D
— U= -DE-AZEEERBICL -5 - U
TRUVDTLET, REXRADOMUE. R M T IR
F v — AR FIVORFE, Z2LUTHEGHNZEET
SZREMBIDCENTERTHD (MEDE—AIZE
5. B0 DRR. E U IIRAZNA), ZDIEHFER
BRORFEEHRESNICHRZEOUEZNZEHEIEL
<HWETDCEEYRETHD, L. INTUPILE
A ATREBESNAXSETOI T I —DF v )T
L—Y 3 VETOMENRN, CNFETRESE2D
DTORIATERELUTCER. —DIESRY—2R
FrYEHITDIHATT,. E5—DERDH5-T5
D1y DE—REBEHLZEDTHD, NIY—TS
D1y DE— FTEARAEURICERSNEZ XAV¥—
FU—Y—RFvT— RIPS1 b AT vF—
5S4k ZFRURPTIT—yavyELUTHAAAT
N3,

AR CCTIIRBDIE EICEES(XFIDOT
A JVEENRTHEIDCEEZRKRLTHO., Bz
[ESMOIIRERT CERBRAERRIDCE, ZLUT
EANOENT BN TR OHHZRB/IDCEICE
NRTRETHD.

SLPIIRRISMADEEREL TS,

 EEOB(RBRE | MEREMNOOBRIRZ®HA
LCEBEI DL, EHliRICK > THERSNDIFBER
RAZEREBREICIRIEITDE)

cFWRIY FO- LIS BDDIE L
EPT. EBSED D TR

s BFa2UT 1 —(BAGREL : HTRETFICHT
DEINSOTRIMRDED LOTRIE)

< BRRIBZRE(T — T I B2 R AN EDRIYD. FR 8.
BRHSNIEBRENDTOITIYIVETRET
2. ECOBBEOARP TV T -y 3y

LY —&BRRBLEEYYYITT1RTUAYR
TAR EROTOY T ODF—ENASERALEZY
AT AT UTHRRBANRZR > TWD,

cAXSETOIDI-DF v ITL—Y3Y
AR NI



CERBT 1 — RNy D[ @ERLENNERNCE
CKD)

« #UFHSAMIE.BOIY SR FOBBRUHE
EN'TRE

< BOTRNBEEREE

BRRISBREECKTN : ROICBNTL—F—DX
Fv_vlENELE

cYYTWTAYND FBRMEYRT A ZRT
DEBNFETIIELS, ZOEHNEDKERNFESE
payaNAl

cREBEANDTOY T DY a VDA TRENRDS =T
S714vIE—RCRNT. BATDAYISTT 1
TYZT LAETHY)

The "Smart Laser Projector' (SLP) is a modified
laser-based projector capable of displaying graphics on
a variety of non-prepared surfaces, while simultaneously
using the beam (at the same or different wavelength or
polarization) as a LIDAR probe gathering information
about that surface position, orientation and shape, fine
texture, spectral reflectance and even relative motion. It
is therefore possible to synthesize an artificial surface
reflectance, or to correct geometrical warp, all in real
time and without the need of calibrating a camera and a
projector. We have developed two prototypes, one
working in raster-scan mode, and another in vector
graphics mode. Our previous research on the Smart
Laser Scanner, scoreLight and Sticky Light can be seen
as special applications of the SLP in vector-graphics
mode.

Applications of the SLP may include dermatology
(enhancement of superficial veins or direct visualization
of anomalous polarization induced by cancerous cells),
non-destructive control (visualization of microscopic
scratches, oily spots or mechanical stress), authentica-
tion (visualization of non-fluorescent UV or IR water-
marks thanks to 'artificial fluorescence'), and in general
all sort of augmented reality applications using any
available surface for projection (tables, desktops, walls
and floors, but also human skin, printed material and
paintings, market products on a shelf, etc). Augmenta-
tion means here overlaying of alphanumeric data or
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icons over real object (for instance, human-readable
price tags appearing under machine-readable
barcodes), dynamic cueing (marking secure perimeters,
indicate directions or highlighting dangerous obstacles)
and line and contour enhancement for practical or aes-
thetic purposes.

The laser-based 'sensing display' paradigm presents
a number of advantages with respect to the more classi-
cal “projector-camera’ setup used in sensor-enhanced
displays, among which:

* no camera-projector calibration needed;

« very fast feedback (no image processing required);

» geometrical correction + color and contrast com-
pensation possible;

« extremely large depth of field;

« variable resolution: the laser scanning step can be
finer on regions of interest;

« simple and compact optical system: there is no 2d
imaging optics, and hence no aberrations nor bulky
optics;

« projection at very long distance in vector graphics
mode ideal for outdoor interactive applications.

A MEMS based, compact SLP may eventually be
embedded on clothes and used as a wearable display
capable of transforming on-the-flight any surface
near-by into a full interactive 'sensing display'.
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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 artifi-
cial visual feedback system. This can be useful for
learning complex somatic techniques, speeding-up
rehabilitation, as well as exploring the body's expressive
capabilities.

» Enhanced body interaction prompted by an interac-
tively augmented body image (in time and space), as
well as a clear visual representation 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
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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 (ATmega168) 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.

i
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scoreLight: 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
technique 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.

It is 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, it is 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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SENSECASE: Crafting Deformable Interfaces

to Physically Augment Smartphones
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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

WELEHEITERRRAIBE THD.

COEOBBEROT, FRDOETT YA VSNDE
HURBEABAUIDEFRUEY Y VI EEERSE
I3 5B BEFOBRKRICTUT, HRENDIZ
NIVIERADI A TZDREHMBEZIRI D EEE
RETD. BRDERI DUV T AT, ERETEE
BMAEEBRERDODIOY FEULIEIBBEBAASD
FICHRBTD. COEE, COWKRIET « IAIBEA
AV ERO-35&EUTETTRLS, AN=—FDJ 2D
AN—EUTEHRETD. COXRDIS, BYYVITT
BT —REUTRZONDTEND, BRIFEET D
U2 25 AZESENSECASE (2 Y R —R) IS,
SENSECASETENDN DERMADINEBEL, EH
TIWERBWTILTRBESNTND., CO2DD7 )L
ELH5TEMBIRT/NY -V ERNT, A—UHE
DEDICMEEER ST TNDONERH T D. 0H
TREHFEENBNSNTRD, I-—TEBD/N\—Y
FTIVGERFEENRZ, BEROI-VILE/N—FDT
PENBIDEITTRHIDCEATREES R D TH)
2.

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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Other research topics
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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, The Deformable Workspace: a Membrane between Real and Virtual Space, The Laser Aura: a prosthe-
sis for emotional expression, Memory Blocks & Knowledge Voxels, Skin Games, The Khronos Projector are
going on.
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BEARAWE « FA5E. Basic Concept and Technical Terms

CDOR=I, KAFE §O)B§@/\—‘JEI§E¢§'5T ISDL_ %c‘: B2BEEFEHRENDTIN — ey
ISRABMHRTEELS, HROERICHDIF UNRR, RETBE, B, P—F7I0F v KNAREREDS
ZTTOBBDORKRDSDRREXEDIZEDTT. £ 0T, AMRENHRIE U TV DH ULWVBEROH LUK
MOESEN, K2, EROBBICT L TEH UNBZTTOH@MERNRTROXT. KRREDOHRZIEH
FRIEHO—BEBRNIEEBNET.

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)ia1 =732/, /Sensor Fusion

oY 22— 3> 7 Sensor Fusion

BEOLIYYIER (@EBFZEME) 15, E—DtY Y TRESNSVERARIBREME I DEAMDIH
M EeEYTREHDINEEYTHREEEEEND. EEICEEYTT—5T 21— 3V (Sensor Data
Fusion) EILSHY, BEF THD YT T2 —I3 YHES LTL\D. $8{LUEE CbT NILFEYT (&
s, 1 VFIU—y 3y E K0, MEEDHTIE N1 YT+ VD (@EE) ERLND. I,
EBRRAELUT BRHAS (Information Fusion) 2P xRy D=2 (Sensor Network) DDBND
N, TNSDDBFOURBBEDEEEZ>TND. EYUBRDESIL, BV TOREEICHTDdEUHIE
RNIBDIESESR, Ry FD—DOBEDNEB/N\—R DT POP—FFOF vif, MBEOHEESICXTDIES
LB « #RETRLIBXDIS SNIL, SRIBAEISICXT T D AL XA ORI NIE, MIBESEHREIDBS DB - FB1E
Eﬁﬂ, {Zg JZTAO)URD‘I’UHH%D‘D?‘ZDHH&HT(/\%

"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.

RAEBENHHES .~ Sensory Motor Integration

RIS, BERTHARDRHZ LUICE, BBRICT « — FNNy ISNETEDRIRSINDENSBIET IV
NERTH LN, BEREEFROBERE, CNETTEEL, BHDOLCHDEDORIRO IO Y
D14 —RNYDORODEMEZAE U TOREBRE, RRBE TREWZVETTILABEZSNDLSIC
BoZ. COLDOBTVIBEEERBEMNHSE SIS, RIRICIE, MWDK DICHBIIINRIBRVIBHEEIMNE
DOBREBRERDD. IZFNCRBEIMREGY AT LAEZFIRI DICE, PUFaIT—90EYY, JVEa—
HROPITIZLE, BER - WIER - EBREFBERIMEL, IR OMRESHTREREHR—NIC
ROCENUBERD. RARETISL, MEACHEFBTEODRRDSBREEDMSET oLER0OMY
ZRFELTCND.

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.
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=:&07M v b High-speed Robot

EEAOQRY I, TUA /Ny DBMEICKT U CRIEROEEDRIRSNTNDD, 2T 1 — BNy
D MFTRE D+ — RPN O EEATIERFRDOWBICRR U TEENELED. T2, ABDEMEZE
BETDEa—V /A FORY FZEIBUHETDREEDNRY FTE, BRER - REBROESICRALT, &
BOEEITELN. Y 2T AE LTOORY FOSREMVEDEERFIE, ABDEEICEERNTRNDT,
AMRECIE, BER - VIRZSRILTDCEICKD, ONY FOERIEEBIB LTS, ARRENS
Z20My FRREOBIER, BER - RBRESHO TABZLDINICHBZDRE TEET DX08E0NRY b+
THO, AMDBICERZBEVZRETENEY DFEE0MY ~THD.

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.

XBEY 25 I\ Intelligent System

TRIBEIEEDKRDICEZ DN, EDSFa— UV IFT AL E>UHE U THRRBZEBZANEET D
N, CCTTIR, STEMODP=BEROEROPIZITDHEETIFEL, EHR (real world) DPT, BER « B
R (PUURTM, WER (DY —S1M), E8F - 78R (PO F 1T - D, HwRICEILTD
RHREBBNICA YISOV IVITDIIYRTLAEEZRD. COERES, ROBZHZISL, RHR%E
NERETBED, KNRHESTBEREE R > TUND. COREY T ADRIRICIE MDD SRR
(computational theory) DI, 15ICFEEHMSIVIREISDEE, ZOEREEIRT DITHDBHRKRIRE
PILT ZLAOEE, 15ICREETIL (internal model) EIBIREKIR (representation) WNC T2 —I 3
YPIVT) XADKET SOICEERICRITT DAV — YT ORI - P OFaI - ESHRE/\—
ROTPO=DOBENEBERD.

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.

PSRN 5 DS S~ Hierarchical Parallel Distributed Architecture

HEEY AT ADDEH TIE, MOBRWBEEICE Y FEST, MICIRS TR —RINZEEEY R T ADN
BESDETIVELT, BRER NEBR, EBREMS L, MECEDWBEY 1 —)LHTEENN DMSIICHE
BENEDBNBESEEAEIT B ETILAADbUSICK D TRESNTND. COEFTIVICBNT, &8
R RBRICADSNEZEBYHIBRIGE, RKINMEBER @fferent information) & LT, ERIDEBEICEIT T
BEEBCEICUBEEINDEESIC, BROWMEEE LITTNE, NBEOBIRIL EBZR « TBRERMED
53R (efferent information) & LT, FRIDEEIC@IT T, EANGRIESICEBREINT, PUFa1I—5IC
EZ256ND. BEBTIE, ZN2NODIEHREKIR (representation) EEEEH (time constant) [ICK 0D MLIEA
TPNBEEEIC, BB« BEICT 1 — RNy DIL—THEBRSINTND, ERIOBTIS, HIETOSTEEL)
SHIBEEERIRT DEFBNEBENTHN, FRIDOBTIE, S0\ PILY 1 AEOHKOD TILHIEDSVE
SWEBHNTHND. COBEDNRNSTRDREDICIE, BNICHTDIRIDEIMRERD (FIRIDER
DEESHR).

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 1R/ Task Decomposition

125 EB’JJI?J BB SEEE I DMNEY AT ADBEICHINT, BHOMEEDEULSNEVREEY 2 -1
[CRETIRIC, EEDIRVENEEY 21— )L ECDR U ETRETDINENDD. CNESYRID
fiZ (task decomoosmon) EWES. DRI DBOTTEDZENCKD, RIEEY AT ADMEDNKRELEND
DTEEBRFECTHDD, —BRABREEL, N DHDERSBEMRREINTD. BEAEBEE LT, &

BE-WEBER-BERENDDEDOBEIDE (sequential decomposition) &, WHID T + — F/Nw D
IW—T&RBICERE UIZISDER (parallel decomposition) ([CD1F5NBD, REDIY 5T ATIE, O
MEDESESERDEENZV). BIDRE, SEY1—-ILDOBRANBRTHDIENDIRANHDN, 5
ERENEICHFTDIEEANESRDIENDIRENDD. —73, MIHDRFWIBREDE CIEEBIIERTD
MEaAa—URT1 v DICUDDBLERDINSBRENENDRENHD. RIFRETIE, DIFLVRITD TP D
FaI—FITXHLT WHEY2—ILASOEHDEMMNETENT DD, WBEY 2 —/LOBHH R
BIR SZEERITIRII E TR DR DICERET T DER DR (orthogonal decomposition) Z12E L TLD.

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