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Abstract: This article reports the overview of the support project of robot technology development at the University of Aizu from
AY2015 to AY2017. The key idea of the project is to contribute to robot technology from development of software with robot
middleware and an integrated information system of robots. We have done the following four items for the contribution, (i) the

development of platform robots and the introduction of robot middleware called OpenRTM-aist for connecting robots with different
OS or computer languages, (ii) the open and management of public robot software library by the middleware, (iii) the cloud robotics
system, which involves the development of robot log database for heterogeneous platform robots, and the application of stored
data, and the development of networked system, and (iv) the development of human resource development program for the
middleware. Eventually, the contribution of the three items was displayed with demonstration systems with different robots

connected through OpenRTM-aist.
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Abstract: This article presents the development of OpenRTM-aist compatible Enryu: the large outfield disaster response robot.
Enryu itself is a legacy robot, which means it is a standalone with a designated control console. In this project, we have developed
OpenRTM-aist compatible Enryu by introducing a companion PC to it. As a result, the OpenRTM-aist compatible Enryu can be
connected to other sensor such as RTK-GNSS and to a robot information system with other robots.
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Abstract: This article presents the development of SPIDER, which is a small size motor-driven disaster response robot with two

arms for mainly for inspection. Because SPIDER is a totally new robot, it can be considered as an instance of a whole process of

robot design and development. The main objective of this robot is to establish a control system with such a large number of degrees

of freedom and many sensors.
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Abstract: This project aimed to develop a series of software components of drone formation flight for constructing drone fleets on
WiFi environment. We designed the UAS with Dronecode based multicopters or ACSL drones, OpenRTM for connecting whole
computers, and an algorithm of leader-follower drone formation flight with a virtual leader. We developed an entire system and this

system is quite stable to move in a WiFi environment.
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e AMLZERE S 27 2 (UAS) 1320 HEfc i L v Rric ) &
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(2:1) N—FI9zF7RUYVI LIz THR

A7aYxr FTIEL Fig.1 DX 5 R KD Ro—r D%
FIFAT R FEBLT D,
®  Drone Hardware Specification

> BEEFIE S AT AFFEETE MS06-LA
< Type: Hexacopter, Max payload 9kg
< FC &B: BEEHIE S AT MRS n—X

Y VY

>

>
>

K FC
< APl #: BAHIE > 2T AHFFERTEL Java
based API

3DR DIY Quad Kit (1 {4%)

<> Type: Quadcopter, Max payload 1000g

< FC #F: Emlid Navio+ or Navio2, #—7> Y
— A% Ardupilot V7 b =7

< CC #f: Raspberry Pi 2 model B or 3

< API i: Dronekit-Pytyon, Mavlink

TAROT IRONMAN TL650 ( A /1)

Type: Quadcopter,

FC #B: Pixhawk FC,

VT NoxT

CC #B: Raspberry P1 2 model B UART #5¢

API #B: Dronekit-Python,  Mavlink

Max payload 2.5kg
FA—7"> v — 2% Ardupilot

® TAROTIRONMAN TL650 t& (H 1E#%)

>
>

>
>

Type: Quadcopter, Max payload 2.5kg

FC #5: Navio2, A4 —7 > Y —AF Ardupilot ¥ 7
F =T

CC #: Raspberry Pi 3

API #B: Dronekit-Pytyon,  Mavlink

®  Ground station and simulation specification

>

Ground Station PC

<> PC: Lenovo T550 Entry PC

<> 0OS: Ubuntu 14.04 LTS

< RTPlatform: OpenRTM, Python, g++, Kivy,

PyQt, etc.
<> Controller: PS4 Gamepad
Simulation PC

<> PC: Lenovo T550 Entry PC

< OS: Ubuntu 14.04 LTS

< RT Platform: OpenRTM .
Flight Gear Simulator

Ardupilot SITL.

BIpDA—T =T LR D0 A XD Fa— v &%FIT
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Table 1 Comparison of conventional 3D flocking and formation flight

Authors Year | Vehicle N Decentra- | Collision- Dependency Uniqueness
lized? avoidance?
Hauert et al. [10] | 2011 | Fixed- 10 | Yes Weak/not GPS First 10 autonomous
wing crucial
Biirkle et al. [11] | 2011 | Quadrotor | 5 No in- | No GPS, Ground control | Extensible framework
teraction station
Hoffmann et | 2011 | Quadrotor | 3 Yes Yes GPS+base station Extensible framework, good
al. [12] vehicle dynamics
Quintero et | 2013 | Fixed- 3 No No GPS, ground control | Distributed sensing
al. [13] wing station
Visdrhelyi et | 2014 | Quadrotor 10 | Yes Yes GPS Optimized for relative error
al. [6]
Yaguchi et al. | 2017 | Quadrotor, | 3 No Weak GPS, ground control | Extensible framework, differ-
(this paper) Hexrotor station ent manufacturer support
Case 1: Original
" Game Pad Navio+ & Rpi2 . .
|Spme Ta RT-Middleware Dronekit = Ardupilot
USB Drone Controller T .
. Lo RTC Mavlink = »Mavlink
Ground Station ' i :
| ] . Ardupilot 1O RTC
RT-Middleware - Wifi (2.4G) | .
¥ . i
Case 2: Pixhawk
Game PadRTC ¢ Rpi2 | Pixhawk
Y | lacsL spK! RT-Middleware Dronekit Ardupilot |
Drone Controller T -python
RTC Wifi (2.4G) Drone Controller : ; S
i [ ] b : L, RTC | ||| Mavlink = —sMavlink |
MSs Drgna Controller RTC " Ardupilot 10 RTC

Case 3: Mini Surveyor

Wireless
(920M)

Mini Surveyor
b _
ACSLFC

Fig.1 A7 =2 MIBITLBEINGIH D= D = o R—2 0 MR

TR 2RI L CRRAIRITEIT D). L LR S, I, ERy hE—v %
Ardupilot D FC ¥ 7 b7 =7 TEIL SN TW5H Waypoint (Fig. 3).
Otk e, BAEHME AT AHEFTCTERAL TS ®  Definition

Waypoint DR R 5720, —ER5ERICE—OBEEE T
L2 ENTERWEZD, TOERDIEHERIE S 2T L0358
BT OBEAARZ —EHEIBR L <. BRAIORERIEEEZTT 2 A\
HERRIZ LTV 5.

(2-2) MERIIMIT7ZILTY XL

BFIHIEN L, AR Y — & — %2 ER LT, ZORIBY — & —
WZHED L OIZR2TO Fr—rRN—ED /L — /LTI ZfHTe
LOICHET DO, ZORZ, HATDIZODT T v =2 T %
79 avFR—xr M, Fe—iox LT Waypoint & F57R
T5. ZOBE, Fa—roBEfEOIIC k- Tk, KiEe
SELEORBE TR AN TEEICE AL RNy — ARTFET
WA —F—FHEMET D2 EICX o T &R0
WhEZAZDIENTEDLELIIZTNVITY XLERHEL
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»  Drone state of virtual leader:
Do(t) = [x() v 8o() wo(®)]'

1<n<N)

>  Home position of virtual leader:

x0(0) =

ZR=1%(0)
N

»  Home angle of virtual leader:

90(0) =

Yi=10,(0)
N

»  Home velocity and angular velocity:

vO(O)T = 0, wo(o) =0.

»  Position residual (constant):

Pa(t) = x0(0) — x,,(8)

ERTEDLEIICTLTND

oy

(2)

(3)

(4)

5)



» Drone command:

xo(t+1) =x,(t) +

Latitude

Leader’s target
position

v =

A

Pivot

p 4 Target position
Turn left 4
' 72
K // /
) /]
/ “
A A | |

Turn right

p ¢

Zgzllvk(t)l Cx(t) (15)

N

[
|
|

d;

llex @l

dr

N\ ith virtual follower

VL

Longitude

Fig 2 Al — ¥ —I2 kB U —#—7 + 17—l

D) = [c,(®7 ¢, @ c,®]  (©)
»  Command position:

cx(t) = [xc(t) yc(t) Zc(t)]T’

(7)
lex ()] > ve(6)
v.(t): = actual command speed value
»  Command velocity:
cx(t)
c,(t) = v.(t , (8)
©=veO o]
» Command angle:
co(t) = (- < 6,(t) <m) 9)
»  Command angle velocity:
()
t t
= [cos <arcsin <Ucr( ))> sin <arcsin <17cr( )>>] (10)

r = |lxp(t) —x, Il
Translation flight
»  Leader Position:

Xo(8) = xo(8) + €x(6) (1

»  Leader Velocity:
Uo(t) = ¢, (1) (12)

»  Drones Position:
(6) = Xo(6) +pn (13)

»  Drones Velocity:

[| %:(®) = 2 (0| (14)

N FXG]

U, (t) : = the set velocity.
»  Next Leader Position:

; \\ i th follower
A A LA A Vi

Pivot
Fig. 3 HERIEWMEIZ IS 1T B BxAIHIE O — Bl

»  Fixed Leader Velocity in time t:

IR=alve @] ex(®)
N llex@l

vo(t) =

Rotation flight
» Leader Position:

X(8) = xo(0)
»  Leader Velocity:
v(t) =0
»  Drones Position
() = x5() + Py
»  Drones Velocity

7 (1) = ¢y(2)

(16)

7

(18)

(19)

(20)

< If any drones arrive to objective position

(about 1m radius), drones should stop.

>  Left side drone:
D0 =[x, w® 6,0 w O
»  Right side drone:
Dr(®) = [xp (O v Gp(t) wr(®)]
»  Turning radius:

=[x, (&) — 2z (Ol
»  Turning angle:

¢, (t) = arcsin (”c”cﬂ>

»  Rotation matrix:

cos@ —sinf 0
R(6)=|sin@ cos® 0

0 0 1

21

(22)

(23)

(24)

(25)



>  When push gamepad button (Right turn: P = (2-3) RTComponent & LTODTHA >
R, Leftturn: P =1L)
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Fig. 5 Drone Log Viewer Fig. 6 %51l Kz — > @ RTC HERk
< Leader Target Position: K7l FCIE, BIK R o — 12k A7 2 RO
— : o 1y VS )
o) = xo() + €4(8) (26) (F!g. 4) & BHEAA l\ n— k5 [%ﬂﬂiﬁ@—fx I A i
(Fig. 5) @ 2 DORERLEZBE L T RT Y AT AZHEEL TV
< Leader Target Angular Velocity: A, avBR—xy FOREELHEIZLLTO®Y Th b,
@o(t) = ¢, (1) 27 ®  DronelO: R — AR 2 il o A 71 (Waypoint
Base) & K —DiREEEZH 1T 5.
¢ Leader Target Velocity: ®  Drone Controller: R — > BRIk 2=~ K
.\ 6(0) (28) B, F—harbtao—InhbTFa— KL TERTS.
Vo(t) - 2 . . N - .
®  Drone Flight Director: 77— 2> ta—J0a~v R
<> Drones Target Position: EFa—RNL, Bl ke —r D7+ —A—3 g v &E
= - FHL, & Fe—unfilffla~s FE%HT 5.
X () = Xo(t) + PuR(co (1)) (29) et ComER e PRI
®  DroneViewer: R —PNEOREE (N y T U— KB
<> Drones Target Velocity: F— &) OFREITH.
500 = €0 (D) 12, (£) — xp (Ol (30) ®  Drone Map Viewer: #% L T\\5 Fe—>® 2D R
" ’ r v EMEERRT D, W - BTS2 5.
< Drones Target Angular Velocity: ®  Robot Camera: DronelO 2> b &N DR g 05—
0,(t) x (xn(t) - xn(t)) B LT, AFAH R T OERETE AT .
@n(t) = arctan (31) ® Adapter RTC: Fu—>0kiE%E 7 T 7 NEEEET%AE

60(6) - (300 ~ %, (1)) L. DB ~R1FT 5.

< Next Leader Position: RE. ZHD RTC HEICEIENSAE Lol e /L
xo(t+1) = x,(t) + k=1Ve (O] x(1) (32) L CIR7E L. BINCERK & 417 Drone Log Viewer (Fig. 6) 1 &
N el S THEORAEEMBT 52 LA TE 5 L5 ICHEL

< Fixed Leader Velocity in time t: 7.

I;g=1|vk(t)| Cx(t)
N llex (Ol

vo(t) = (33)



(d) L e ¥
-
[ - w s + . .
g .
[SCIRES ) -
.
- .
T e . > - > . A
“ - kY
4 -
Cacie | & ) -
~ .
o "
F o ‘
« L] -
‘o
oocd ) = 3 “
4 -
- - -
- *»® - - rw - » .- 4
& -
C.0C0% ‘t ’ ' I ) a e s A A A a2
I H
anNree. — A
acein roamz rnoama onRete aomn nenre
an =1.2277¢2

Fig. 7 MERARE R o — 5017 7 4 FRBRofE R

3. BRIISIE S R T LDERERFER

BRI S 2T DIZON T, EREEBRZATV, FERIEE,
W EEBN RS 2 E U IRl — B, SRARREIE & CEERIRE T
HHZLEVIab—F— (Fig.7) » FEHILITHEFR L-. 72
B, FBRAEROEROBMGIT, HIEEE LTRRT 5.

4. LTIV

A7z FTIL, OpenRTM ZnWTa v Ba—XIC
Lo T ke — ORI AZ RS AT ZLDTE LA
v MURAT LRSS H Z LN TE . KT, DronelO &I
N5 Fe—r A= — (b LR Y 7 b =T %
AR Z ERTENIL, RO ITHEEEEZFRICERD Z &
NTEDHILEMPERTET., Fo, A7y bEEL
T, BB REERZTO, BNMCERERET 22 R
T& =649,

X Ak

(1)

(2)

(3)

(4)

(5)

infor, “Are you ready for  drone-as-a-service  (DaaS)?”,
http://blogs.infor.com/insights/2017/07/are-you-ready-for-drone-as-a-
service-daas.html, July, 2017. (Accessed in Feb. 5, 2018)

D. C"amara, “Cavalry to the rescue: Drones fleet to help rescuers operations
over disasters scenarios,” in Antenna Measurements & Applications
(CAMA), 2014 IEEE Conference on. IEEE, 2014, pp. 1-4.

[3] N. Ando, T. Suehiro, and T. Kotoku, “A software platform for
component based rt-system development: Openrtm-aist,” in International
Conference on Simulation, Modeling, and Programming for Autonomous
Robots. Springer, 2008, pp. 87-98.

Yuichi Yaguchi, Yoshiaki Nitta, Satoshi Ishizaka, Tomohiro Tannai, Takaaki
Mamiya, Keitaro Naruse, Shuzo Nakano, “Formation control for different
maker drones from a game pad”, RO-MAN 2017, pp. 1373-1378, August,
2017.

RAOB—, BHER, G3GH, FHEE, R, poifkes
B, RERME=, R N o — A XS EEG R O 0o RT

SUR—=RY R, ORT 47 A AN b a =T AR HEEEE
2017, pp. 2A2-J11, 2017.



3.4. D2: Research and Development of Doronet

- Drone Network Connected by Cables -

University of Aizu  Ryuichi Oka and Aizu Lab  Keisuke Hata

Abstract: We proposed a new type of drone called Dronet which is connected by a cable. The dynamical model of a dronet composed
of two drones is shown and the stability control method of a dronet is also proposed based on PID control. We showed simulation
results of many types of dronets. We made hardware of dronet. We tested light of the dronet. We could confirm that the hardware
worked well in flight under the several situations, and the correctness of the proposed stability control.

1. Introduction

We proposed a new type of drone called "Dronet." A dronet is
composed of many drones. Each drone of a dronet is connected by
cables with neighboring drones. Drones of a dronet are taking
distributed control for stabilizing the dronet and reaching the target
place. The flight for reaching a target place is realized by
stabilization of a dronet against a vertual and external force
additionally introduced. A dronet can realize new functions which
are not realized by a group of conventional drones.

Two types of dronet are proposed, that is, a dronet with a
power supply cable from the ground, and a dronet without power
supply from the ground. The latter type of dronet has drones which
are used for only carrying batteries. Both types of dronet are
robust against external forces like the wind for capturing video data
of scene by cameras, and able to carry a heavy object by summing
up payload of many drones.

A drone with a cable for supplying power from the ground is
able to stay in the air for a long time. Therefore, the dronet with
line shape can enter the internal space of buildings or bridges so
that cameras or laser sensors can work for a long time in the space
for obtaining necessary sensor data.

The sub-images indicate the simulations of dronet motion: 1)
doronet carrying an object, 2) dronet with a broken drone,
3) dronet with line shape. A hardware under construction is also

shown.

What is Dronet ? ?

Powergyﬁ\’ﬁ

Dronet composed by 3x3+1 drones

./ Line Dronet composed of 5 drones

Power supply

Fig. 1 Two topologies of drone network of dronet with electric power

supplied from the ground.

Dronet without no power
cable from the ground

T

3

<o

baggage

Some drones supply power to
rest of dranes in return

Fig. 2 A Dronet without electric power supplied from the ground and

carry a baggage.

2. Net structure of Dronet of its distributed
control method

A doronet is composed of multiple drones and each pairs of

drones is connected by a cable with a constant length. Any type



of topology is possible to determine the network structure of a
dronet. Inside of a cable two kinds of lines is implemented,
namely, light cable for realizing information communication and

electric power cable to be supplied from the ground.

A cable has weight so that its shape takes a form called
catenary curve. Then we define a type of catenary curve as stable
state. A stable state is represented by a pair of angle determined
by horizontal line of connected two drones and the catenary curve
of a cable. The angle can be easily measured by using
conventional two joint devise with angle sensor or joystick or
detection a mark on the cable by a camera sensor. Two angles for
a pair of drones can be determined for defining a stable state of
the pair. Two angles become same in the case of two drones are
holding the same height and taking the same weight, while they
are different in the case that they are holding different heights or
different weights. If each drone of a pair takes the value of angle
parameter, whether they are same or different, determined in
advance, the pair is in the stable state. In the stable state of a pair,
the distance between drones of a pair becomes constant.
Assuming two drones of a pair have the same weight and the
stable state is determined by horizontal position. If the distance
between two drones of a pair becomes smaller than a fixed length
which determined by a stable state, the angles become larger than
a fixed value of stable state. We can also consider the opposite
case. In order to maintain the stable state of a pair of drones, we
need to real-timely control each drone based on dynamical system
of dronet. A dronet has many drones connected by cables,
therefore the control mechanism becomes distributed control
system. The analysis of the distributed control system is not well
investigated. Relaxation method could be suitable to investigate
it.

On the other hand, we can consider tension of cable, so that

tension-based analysis is possible, however here we do not discuss

about it.
2.1 Dynamical system between drones

Adronet is composed of more than two drones. Basic dynamical
system is simply considered by using a drone composed of two
drones. Dynamical system of dronet composed of more than two
drones, having arbitrary topology, or having a cable connected with
an electric power supply device on the ground, can be formalized
by extending the case of a dronet with two drones. Moreover, in
order to distribute total weight of luggage load to drones, we need
to use additional cables for connecting drones and the luggage. We
can assume the case that some drones break down and the drones
must to be taken as a kind of luggage. We can consider appropriate

dynamical model for these cases based on the two drones model of
a dronet.

Moreover, in order to arrive the target place from the present
place, we make an additional angle determined by the three-
dimensional distance between the present place and the target
place. Then we consider the distance to be shortened and make a
virtual force in the 3-dimensional space. The virtual force has three
dimensional angles and a constant force size. The virtual force is
treated as a noise force added from outside of dronet in the
dynamical system.

mg
2sinf:

Fig. 3 Definition of stable state of a dronet composed of two drones

connected by a cable.

Figure 3 shows the definition of stable state of a dronet with two
drones which keep a horizontal position, where X indicates
horizontal axis, Z indicates gravity axis. The circle indicates a
drone. The horizontal distance between drones is indicated by d

[cm] and they are connected by a cable with the length L
[cm]. Physically the cable takes its shape of catenary curve.
However, we approximate the shape by two straight lines as shown
figure 3. In figure 3, M, M are masses of a drone and a cable,

respectively. Angles 91,92 indicate tangent angles of two

drones between a horizontal line and the tangential line at the end
of catenary curve, respectively. The stable state of a dronet is

defined by setting &, 6, .Usually the weight of cable at the middle
point of  cable. Left and right tensions of cable from the middle

point are M@ /(2siné,),mg/(2siné,) , respectively. The

distance between drones d = L.COSH,(= LC0SH,) takes a

fixed value for a stable state. Then two forces work for X, Z axes

as follows:
mg cosg,mg
le_stable = Mg = Fxl_stab|e - Tsel
F22 stable — Mg + m! sz stable — m
B 2 B 2sind,



2.2 Control for stabilization

Let us consider the case that left drones of figure 3 takes an angle

O(t) between a horizontal line and the cable. Then &(t)

not equal to the stable angle & A(t) is measured by a

fixed -

sensor. Then we can describe the related forces as follows:

cosé(t)mg
2sind(t)

c(t) = (F (1), F, (t)) Friea = (F;

In order to stabilize the dronet, we need a force C(t) which

F(t)= Mg+ AAOE

_ stable? x stable)

should be generated.

—c(t) = D(t): computed
/ by measured angle O(t)

—u(t)
D(t+1) =
D(t)+u(t)
(= ’aned)

stable

c(t)
u(t)

Fig. 4 Dynamical system for stabilizing a dronet with two drones.
Let us consider a control force which stabilize an unstable state
of present time t. In order to obtain the stable state, we consider

control for making an ant-force — C(t) should become a force
— Fiieq - Assuming U(t) = c(t) — Fy,.q , then an equation
—c(t) —u(t) =—F,, holds. Therefore, we need to

determine U(t) based on PID control method. Assuming

e(t) = c(t) — Fy,eq we adopt PID formulation:

u(t) =K e(t)+ K, Ie(r)d K, de(t)

, where K 0 K., K, are parameters. In figure, thrust of drone
attime t is represented by D (t) (= —C(t)) , then at time t+1,
it is determined by D(t+1) = D(t) +u(t). In order to
arrive a given target place, the needed thrust denoted by
Q(t) is determined by, D(t+1)=D(t)+u(t)+Q(t) .

Hereupon, the additional factor denoted by Q(t) makes a
dronet unstable state as well as external forces like the wind

etc.
The above discussion concerns only the case of two-dimensional

(z,X), a dronet of 2 connected drones and horizontaly stable

state. In general, a dronet is composed of more than 2 drones
and also its network topology is taking arbitrary. Moreover, its

flying space is three-dimension, (Z,X, y) -space and also

connection between drones is three-dimensional, namely, angles
O becomes three-dimensional vector. We need to consider the
cases that a stable state with different heights of connected drones
and a cable connected between a drone and the battery on the
ground. Moreover, we need to model dynamical systems for the
cases that baggage weight is distributed to many drones of a
dronet, a broken drone of a dronet is treated as a baggage during
flying. These dynamical systems can be made by extending the
model described in the above. We do not show the models,
however we show simulation results using the models.

Fig. 5 Line topology dronet with a cable connected to the electric

power supply of the ground

Fig. 6 Adronet with 3 X 3 topology of drones and with a cable

connected to the electric power supply from the ground



Fig. 7 Adronet carrying a baggage with a cable connected to the

electric power supply from the ground

Fig. 8 Adronet carrying a broken drone as a baggage. The dronet has a

cable connected to the electric power supply of the ground

4. Hardware implementation of a dronet

Hardware of a dronet was made and aslo test flying was
conducted. The topology of the dronet is line-wise and is composed
of three drones. The shot of video capturing flight of a dronet is
shown in Fig. 9.

5. Conclusion

We proposed a new type of drone called Dronet, which is

composed of multiple drones each of which is connected by a cable.

The dynamical model of a dronet composed of two drones is shown
and the stability control method is also proposed. We showed
simulation results of many types of dronets and flying situations.
We made a hardware of dronet. We tested a dronet flight and
confirmed the dronet works in flight under many conditions and
correctness of the stability control model.
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Fig. 9 Flying of a dronet of line connected three drones.



3.5. G: Research and Development of Gesture Controlled Prospective

Upward Robots called “Gorone”

University of Aizu  Ryuichi Oka and NJK  Hiroshi Matsumura

Abstract: We developed a mobile robot called “Gorone” of which motions are controlled by human gestures . Human gestures
are captured by a camera on the Gorone. A family of robots called “Gorone” includes two kinds of prospective upward robots. One
kind of Gorone includes two types of robots, namely, wired and non-wired robots, without wheels for automatic self-moving. A
non-wired Gorone is located at the suitable place by throwing from a drone or a person, and they measure many kinds of sensor
data around it. A wired Gorone can be moved forward and backward by pushing the wire by human force, and continuously
measuring many kinds of sensor data during moving time. Both Gorones have stabilization mechanism against arbitrary rotation
of the robot. Therefore, a camera sensor and light devices can keep the working position against rotation by external forces. Another
kind of Gorone is a robot which has two wheels for self-moving and also is possible to wirelessly communicate between the robot
and a computer. Each robot of two kinds has a camera sensor and two light devices and a wireless antenna. The motion of the latter
robot can be controlled by wireless and remote commands by human gestures captured by a camera on the robot.

1. Introduction

There are two categories of robot, namely, bird’s eyes robot and
insect’ eyes (prospective upward) robots. We developed robots that
are called “Gorone” which belong to the latter category.

Gorone includes two types of robots. One type of Gorone
includes wired and non-wired robots. They have no wheel for
automatic  self-moving. But stabilization mechanism is
implemented against arbitrary rotation of the robot. Therefore, a
camera sensor and light devices can keep the working position
against rotation by external forces. This kind of robot is described
in another paper by H.Matsumura.

Another category Gorone indicates a robot which has two wheels
for self-moving, and also is possible to wirelessly communicate
between the robot and a computer.

Our paper focuses on this mobile robot.

Conventionally, a mobile robot equipped with a laser, an ultrasonic
sensor, a kinetic sensor, etc. detects and keeps track of a stationary
person in the vicinity. It can be said that there is rarely a research that a
mobile robot equipped with a moving image of a single camera
recognizes a gesture of a moving person in the surroundings and
operates accordingly. The reason is that there is no technique for
recognizing a specific gesture without specifying the start and end times,

in a moving background and in an environment with an unspecified

number of moving people.

2. Controlling a mobile robot by gestures

A mobile robot has one battery for driving two wheels and
supplies electric power of two lamps, a camera, and a wireless
antenna. The hardware of Gorone is shown by Fig. 1. The motion
of the robot can be controlled by wireless and remote commands
made by human gestures captured by a camera on the robot. Each
gesture corresponds to each action of robot such as right or left
straight motion, right or left curving motion, forward or backward
motions, lamps on and off, etc.

The camera of Gorone captures real-timely the scene around the
Gorone by video and sends a stream of image to a computer by
wireless communication channel. Figure 2 shows one frame image
of video captured by a camera. The video rate for sending to a
computer is 10 or 15 frames per second. The rate also synchronizes
with the frame rate of gesture recognition, namely, recognition of
gesture can be real-timely obtained at each frame. Therefore, a

Gorone accepts frame-wisely a control command.



GPS

Fig. 1 Insect’ eyes mobile robot “Gorone”

3. Available gestures for controlling a mobile robot

Gorone

The ability of control depends on how and what gestures can be
recognized. Considering the real situation in which a mobile robot
is moving, we require many functions for recognizing algorithms
such as segmentation-free abilities in both in time and space.
Moreover, a mobile robot is moving and background in video is
moving when a camera is capturing human motions. Occlusion
happens such as that other objects are entering into the scene of the

camera.

Fig. 2 One shot image of a stream of video captured by a camera on the
Gorone.

We have already proposed a matching algorithm called Time-
space Continuous Dynamic Programming (TSCDP) @), for
segmentation-free recognition of complex and multiple motions
from a video stream. Segmentation-free characteristics work in both

time and spatial position so that determination of both starting and

ending times of each motion is not required, and any spatial position
of each motion is allowed for recognition.

Moreover, multiple and complex motions in a scene are also
recognized. Moving background and occlusion are also allowed.
The video captured by a moving camera is allowed. These functions
have not been realized by conventional methods including HMM
etc. so far.

There are many other sensors using infrared (Kinect etc.) and
laser devices, and accelerometer for capturing human motions.
However, these functions are out of scope even we use these
devices.

The figures are showing several applications of motion
recognition including complex and connected Chinese characters
and also new functions such as detection of moving cars realized by
TSCDP. The realized functions provide actual and ideal solutions
which have been required to realize the real world applications of

motion recognition technology.

trajectoryl trajectory2

Fig. 3 Left figure shows the position-free situation of gesture
performance. Arbitrary position in the scene is allowed to
recognize gestures by TSCDP. Right figure shows time-
segmentation-free situation. Any time for starting and ending of
gesture performance is allowed by TSCDP. Combination of position-
free and time-segmentation is also allowed.



Timely to turn clockwise, counterclockwise, and switch on and off the light
segmentation-free mounted on the robot. Currently, the number of gestures to identify
recognition

is small, therefore we plan to increase that number in the near future.

No requirement for determining of

starting and ending time of input motions If we implement the recognition algorithm with FPGA, etc., we

can make gesture recognition inside of the mobile robot "Gorone"
é }j without sending video data wirelessly to an outside computer.
|
\
4. Conclusion

& & Spotting recognition

Spotting recognition

We presented one of the results concerning Gorone project. There

Fig.4 Bottom figure shows how time-segmentation-free recognition is another result of Gorone project which is described in another
becomes possible. TSCDP makes a stream of minimum matching value

between an input stream and a reference time-space pattern. The paper of the proceedings. Our paper only focused on the gesture
computation of minimum matching value is carried out without any control of a mobile robot of Gorone.

segmentation of input stream. Then a local dip of stream determines both

recognition (spotting) time of the reference pattern corresponding to a Acknowledgement

category and its duration of input pattern which is posteriori determined We very much appreciate members of MediaDrive Division of
by back tracing of minimum matching. This mechanism is called spotting

matching. Right and bottom parts of Fig. 4 show the different times of NJK Corp, Mr. Endow, Mr.Yamashita, and Hongo Mechanic
spotting recognition Mr. Tomoda for making hardware and software of Gorone.
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Fig. 5 Occlusion is one of the most difficult problems to be overcome for
gesture recognition. If a moving object is entering between a camera and
gesture performance, a certain period of video cannot capture the gesture
performance. In this situation, the output value of TSCDP becomes larger
in proportion to the time length of occlusion. Then if we can detect a local
dip of TSCDP output value which is smaller than a threshold value, the
gesture is well recognized. This is the way how TSCDP becomes robust
against occlusion.

Program, ” Patent number 5608194, Registered 2014, September 5.

Fig.6 Moving background has no influence to the recognition ability of
TSCDP. Moving background occurs frequently in the real world.
TSCDP is strongly robust to moving background. Fig. 6 shows that one
or two persons are moving at the background of gesture performance.
But the back ground motion has no effect for recognition by TSCDP.

At the present time, the gesture instruction is performed by

recognition of the four actions instructing the mobile robot Gorone
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Abstract: This project aimed to apply multi-hop communication on the multiple robot collaboration using OpenRTM environment.
We implemented STP and OLSR on wired or wireless communication, and we developed a visualization tool using OpenRTM to
measure how the communication is connected or interrupted. In our experiment, we can analyze the quality of wireless multi-hop

communication and the various settings of drone position.
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Table 1 7 — % R — MBF D AV—T » FEHIE R

No | & T—xY | BER | AL—T
AR B k
(Kbits) (sec) (Kbits/sec)
Single: 30m 80 0.023 3,478
2 Multi:30m 0.114 701
(FEH/R-D1-
D2)

Table 2 single-multihop BRI 0D 315 i 5

No | RTC &{AiRAERF | PEEIRIF[ | RTC DIEFRFH
i (sec) (sec) (sec)
9sec 4sec 5sec
20sec 11sec 9sec

Table 3 multihop-single GJAHE 0 {5 A HaRERE]

No | RTC &ffikifule | PEREIEERER] | RTC BIAEIRERH]
fifl (sec) (sec) (sec)
20sec 11sec 9sec
2 27sec 13sec 14sec
X ik

(1) Perlman, Radia. "An Algorithm for Distributed Computation of a Spanning
Tree in an Extended LAN". ACM SIGCOMM Computer Communication
Review. Vol.15, No. 4, pp. 44-53, 1985. doi:10.1145/318951.319004.

(2) Abolhasan, Mehran, Brett Hagelstein, and JC-P. Wang. "Real-world
performance of current proactive multi-hop mesh protocols.”
Communications, 2009. APCC 2009. 15th Asia-Pacific Conference on.
IEEE, 2009. pp. 1-4.
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Abstract : To operate mobile robot from remote place, visualization of field environment is most important to escape obstacles or grab

objects. This development is applicable vision-based field visualization for mobile robot such as 8-direction camera matting, easy bird’s view

map construction and instantaneous 3D reconstruction from several images with joint module of these 3D surfaces to express 3D fields.
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3.8. 12: Research and Development for Reconstruction of 3D images from

Video Based on Accumulated-Motion-Parallax method and Frontward-

Motion-Parallax method

University of Aizu  Ryuichi Oka

Abstract:  We developed new two methods, Accumulated-Motion-Parallax (AMP) method and Frontward-Motion-Parallax (FMP)
method, for reconstructing a distance scene from a single video. AMP reconstructs a distance scene of static objects from a single
video captured by a camera attached to right/left side of a vehicle. FMP reconstructs a distance scene of static and moving objects
captured by a camera attached to head/tail of a vehicle. These two methods are applicable for automatic car driving as a distance

sensor or constructing a 3D city map, etc.

1. Introduction

There are conventional methods for reconstructing a 3D image
from motion image. Multi-stereo method and factorization method
are typical ones. Historical motion parallax phenomenon is well
known. Human eyes cognize objects in a moving scene faster for
nearer objects. Stereo vision is a method for obtaining a distance
value of a point of an object based on geometry of two images in
scene. There are some methods using directly motion parallax,
namely, Epipolar-Plane-Image (EPI) method by M.Yamamoto,
R.C. Bolles, etc. However EPI method does not work well so far.
Main reasons are 1) detection of motion parallax, 2) computational
model for obtaining distance values using extracted motion
parallax of 1).

We proposed two methods called Accumulated-Motion-Parallax
(AMP) method and Frontward-Motion-Parallax (FMP) method.
These two methods works well for extracting static and moving
distance scenes from a single video.

2. Motion parallax

Let us consider two phenomena of motion parallax. The first one
is a phenomenon which occurs when a camera moves right
direction or left direction as shown in figure 1-(a). Velocities of
nearer objects in the moving scene of the camera move faster than

those of distant objects. The second one is a phenomenon which

occurs when a camera moves forward/backward direction as
shown in figurel-(b). All objects in the scene move on the other
hand radially (forward direction of camera motion) or radially
(backward direction of camera motion). Velocities of near objects
in the moving scene of the camera moves faster than those of
distant objects.

Based on these two kinds of motion parallax, we developed two

algorithms (W@ which are described in this paper.

(a) Motion parallax by right or left moving

(b) Motion parallax by forward (or backward) moving

Fig. 1 Two kinds of motion parallax phenomena



3. Four camera angles from a moving car

Video showing the two kinds of motion parallax phenomena
discussed in the section 2 is easily obtained by cameras on a car
(see Fig. 2). Assuming the car goes to the right direction, camera
that is attached to both sides of the car captures video showing the
motion parallax of figure 1-(a). Video captured by a camera on the
front or the tail of the car shows another motion parallax

phenomenon of figure 1-(b).

Camera

o/

Camera

Camera -

Camera

Fig. 2 Four camera angles from a moving car

Table 1 Application fields of two methods

Accumulated Camera
Motion
Movin, Static
Parallax g
Moving X A
Objects
Static O 5
Frontward Camera
Motion o N
Moving | static
Parallax
Moving O O
Objects
Static Q >

4. Accumulated-Motion-Parallax method

We consider detection of motion parallax of type Fig. 1-(a) from
a single video. The video is obtained from a camera attached to
right/left side of a vehicle. Then we compare two images of frame
image at time t and a slice image at location x, of x-axis,
namely, and {f(x,y,t),1<y<Y,1<t<T}. We can see
motion parallax of type figure 1-(a), namely, nearer pixel location
of object in the slice image corresponds to the longer position from
the point x, . We extract the correspondence for all pixels of a

slice image by using continuous dynamic programming (CDP) and

back tracing of matching (see Fig. 5). The application of CDP is to

optimally obtain accumulated motion parallax. Then we can obtain
matching pairs between a pixel of a slice image and a pixel of a
frame image. The consecutive pixels of a frame image makes a

vector filed of motion parallax (see Fig. 6)

Imge of

sliced

Image at 1<t<T
1<x< X

Fig. 3 Motion parallax exists between a frame image and a slice image.

t=T

Fig. 4 Application of continuous dynamic programming for matching
between a pixel sequence of a slice image and a pixel sequence of a frame

image.

® 8 0 & 0 SE0000 0 0 0 & B8O &
near Aatant ear distant

ssee o o0 o @ s eeee sesee
Astant near diztznt

S8SES 088 000 S080 & 00O
distant

* 2 ° o8 se o 2 e & & ® s 8 ® & s
near

Fig. 5 Back tracing points of the result of CDP. Each interval between
two consecutive points makes a motion parallax feature with location,

orientation and size in a frame image.
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A distribution of amp on a frame image

Fig. 6 Vector field of a frame image representing motion parallax

features.

We can assign a distance value to each motion parallax feature
or a summation of motion parallax features or average of a set of
motion parallax features of a region. Let g be a scaler value of
size of motion parallax feature, and Z(t,x) be a variable of
virtual distance corresponding to the motion parallax, «a, be a
unit size corresponding to Z(t,x), then we can assume the
relation Aa(t,t,) and AZ(t,x) is described in figure 7-(a)
based on geometrical model of the characteristic of motion
parallax. Using the model, we can derive a differential equation
for Z(t,x) andits solution as shown in figure 7-(b). The solution
Z(t,x) is a virtual distance because it has two unknown
parameters a,b . They are determined by two boundary
conditions in each experiment. After determination of them, a
virtual distance becomes a real distance corresponding each

motion parallax parameter q.

al(t, 1)

>
()=«

0
T unit size Aa(l,1y)

@
virtual distance corresponding from x(z,) to x(z): Z(7,x)

accumulated motion parallax from x(7,) to x(7) :

a(t.ty) = im(r). AAMP: Aa(t.t,) = alt + At.t,) — a(t.t,)

¢, 1 unit constant value corresponding distance z

AMP property  Z(r.x):q, = —AZ(£.x) : Aa(t.1,)
Af("x) S Aa(r.1)
Z(t.x) o,

—AZ(t.x)o, = Z(L.x)Aa(t. 1),

- 1 _ B 1
logZ(t,x) =——a(t.t;) +c > Z(t,x)=ae ™" a>0,b= —>0.
aﬂ aO
If a.b are determined. Z (7. x) becomes a real distance.
It is possible to take c(t.1, ) as local disparity which is obtained

by segmenting global disparity.
(b)

Fig. 7. (a): Geometrical model of AMP and (b) Computation model

for derivation of a variable of virtual distance  Z(t, x).



(b)

(d)

Fig. 8 Video and 3D image :. (a) = (b), (c)~> (d)

5. Frontward-Motion-Parallax method
FMP is applicable to forward and backward camera angles as
shown in figure 2. In the video obtained by a forward moving
camera, we can see the phenomenon shown in figure 1-(b). We
consider this case, but the case of backward moving camera can be
treated in the same way of forward case. Concerning FMP, there
are two important aspects compared with APM. First one is that
FMP constructs a moving distance scene including both static and
moving objects. Second one is that the processing is pixel-wise
tracking of each pixel of frame of motion image, but tracking pixel
is selected in a frame image. The selection is usually by region
segmentation such as mean-shift algorithm. Each region is usually
correspond a static or moving object and one pixel is selected to

pixel tracking.
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x=X

Fig. 9 Dynamic programming is used for tracking of target pixel in
video data. A target pixel is selected in a object region obtained by mean-

shift algorithm.

The motion parallax by pixel tracking is determined as follows:
Let be (xq,¥0), (x(T),y5(T)) a location of target pixel and its

end location, respectively. Then its motion parallax is defined by

q(x0,¥0, T) =/ (xo — x5(T))? + ((vo — 5 (T))?.

Hereupon, reflecting the phenomenon of forward motion parallax,
we need to apply correction processing for the above motion
parallaxq(xo, yo, T) by multiplying a correction parameter, p =
X —klx, —x;| + Y — x|y, — y;], where X,Y are horizontal and
vertical sizes of image, (x.,y.) is the center of a camera, and

(x;,y;) is location of i — motion parallax, and «x is a parameter.

The time - space motionparallax q reflects
distance of objectand camera moving.

q, : unit size correspondng z
7:q,=—A7:Aq, —Q,AZ = ZAq,

AZ 1 = 1
— =—-—Aq,logZ =—-—q+c,
Qb Yo

Z :virtual

—AZ/I\ _ N 1 -
7Z =ae™™,a,b=—":coefficierts

9%  Aq o .
- Unit size If coefficierts are determined,

q: motion parallax Z becomesreal disance

Fig. 10 Geometrical model of FMP (left picture) and derivation of virtual

distance function from motion parallax parameter (right part).

5.1. Experimental results of Frontward-Motion-

Parallax Method

At each time t, we applied conventional mean-shift algorithm

to each frame image for region segmentation. Usually each region

has almost the same texture, therefore it indicates the same object
in the duration[t — T, t] motion image. We select a pixel in each
region at ¢ and determine it a target pixel for tracking in the video
with duration [t — T, t] using dynamic programming. Then we
can obtain accumulated motion parallax parameter q. Hereupon,
accumulation means that the value of g is a summation of local

motion parallax for interval T.

Fig. 11 A shot image of the result of FMP. It shows five pixels (regions)

tracking results (right) and transient of distances of them (left).

In Fig. 11, @, @, © indicate static objects, @ and ®
indicates a moving car. The car @ is coming and trelateively
nearer to the camera. Then its motion parallax becomes larger
than that of static object and the transition of distance seems to be
like a quite near static object. On the other hand, & is more
distant from a camera, then the distance value is large even it
moves coming to a camera. These results are consistent with visual

phenomena.
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Fig. 12 A distace (verical) [m] of each region of walking people on the
pedestrian when a car stopped at the traffic signal. Horizontal axis

indicates time.

In figure 12, walking people are captured by a camera on the car
which stopped, therefore moving objects make their own motion
parallax. FMP makes distance map for each moving objects. The
distance value of near walking person is smaller than that of distant

walking person.

6. Conclusion

We proposed two methods called Accumulated-Motion-Parallax
(APM) Method and Frontward-Motion-Parallax (FPM) Method
for making distance scene from a single video. AMP makes a static

distance scene and FMP makes a static and motion distance scene.
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Abstract: A robot system is not just a collection of hardware devices, but is designed with software. Especially, the software technology plays
a key role in integrating heterogeneous functional elements which include controllers for different hardware devices (e.g. motors), sensors
obtaining different types of data (e.g. cameras), and algorithms for artificial intelligence (e.g. image processing).

The aim of this project was to construct a software library of Robot Technology Components (RTC) based on OpenRTM-aist, which is
RT-Middleware developed by AIST. RT-Middleware is one of promising technologies to easily integrate heterogeneous elements, services
and systems by using modularized components. The development and popularization of the RTC software library can be a basis for robot
software development in Fukushima Innovation Coast Scheme as well as for promoting the standardization of the development. The library
will contribute to facilitating high-quality and rapid development as well as to enhancing cost reduction and reusability of the components.
In this report, building blocks of the Web site, which is a special interface for the software library, and its functionalities are presented. In
addition, a set of RT components and educational materials registered in the library are demonstrated. More than 120 software components
have been registered and they can contribute to the development of robot systems by the third parties as well as to foster robot engineers.
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Abstract: In system development, practices of project teams and skills of engineers have great influence on its productivity and
quality. This implies that maintainability and reusability as well as the productivity and quality can not be guaranteed unless
standards are defined for both procedures and products, when a number of developers work at the same time with common goal.

Such criteria and standardization are quite important when a number of project teams from different companies develop systems
according to a common framework. In this project, a guideline for supporting the standardization and communalize of robot software
development have been developed. The aim of this project is to establish standard methods and common specifications of the

interface for Robot Technology Components which are developed in Fukushima Innovation Coast Scheme. The methods and
specifications in the guideline can promote the maintainability and reusability as well as the productivity and quality of RT
components developed by the companies involved. In addition, we can offer reliability and show compliance to the end-users by
demonstrating processes of how the RT components registered in the library are developed. Methods for designing and testing robot

software components to make them safe and robust, have also been provided.
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3.11. R3: RT Component for Data Acquisition

University of Aizu  Yutaka Watanobe and Aizu Lab Yukinori Yamaguchi

Abstract: In the cloud robotics environment, software components take on an important role to acquire data from heterogeneous

devices as well as to connect robots and databases. In this project, architectures of the data acquisition system with Robotic

Technology Components have been proposed considering possible scenarios, features and limitations of related technologies for

the cloud robotics. In this report, target data, architectures for different scenarios are presented. Experimental implementation

conducted in some sub-projects will also be demonstrated.

1. Introduction

With the rapid expansion of technologies for network, storage
and processing units as well as standardization, it is expected that
robot systems and their devices will collaborate as parts of a cloud
robotics environment. In the cloud robotics environment, software
components which acquire data from different devices for
knowledge sharing will take on an important role and their
performance can vary depending on design and architectures for
specific scenarios to collect valuable data. In addition, ordinal
robotic technology components and the data acquisition
components should coexist with interoperability for effective
development of robot systems.

In this project, possible architectures of the data acquisition

system with Robotic Technology Components have been proposed.

The aim of the architecture is to provide environment where data
from sensors of different robot systems and humans are
accumulated into a common database deployed on the server and
the data can be utilized for different purposes both online and
offline. The secondary use of the data includes the analysis of robot
systems as well as the creation of information resources such as
images, maps for navigation, and models for object recognition
which can be used for both the actual world and virtual world in
simulators. In this project, we employ and develop Robotic
Technology Components oriented to RT Middleware. Although,
RT Middleware is one of promising basis to organize the cloud
robotics environment, its features and limitations as the data
acquisition system should be carefully examined. To test and
realize the data acquisition environment based on the RT
Middleware, special RT Components called DBRTC which
connect robots and database management systems, have been
developed. Evaluations of their communication accuracy have also
been conducted.

In this report, target data, and the architectures for different
scenarios are presented. Experimental implementation conducted
in some sub projects will also be demonstrated.

2. Target Data

In the cloud robotics environment, all data can be valuable
information resources for both real time processing and the
secondary use. Some selected examples of the accumulated data
from different robots developed in this project, are presented in the
following tables:

Table 1 Data from a Drone

Name Data Type Unit Note

GPS (Home) IGPSData Latitude [DEG], longitude [DEG], Altitude [m]
GPS (Drone) IGPSData Latitude [DEG], longitude [DEG], Altitude [m]
Battery [TimedFloat Current voltage value

Flight Time ITime mm:ss  |Flight time of the drone

Gyro ITimedFloatSeq |rad Pitch angle, roll angle and yaw angle
IAcceleration [TimedFloatSeq [m/sec Y.z

Magnetic Compass  [TimedFloat deg Notrh:0° East: 90° South:180°...

[Temperature [TimedFloat rC

Pressure [TimedFloat Pa

Flight Mode ITimedString [ Current flight mode

Move Mode ITimedString |- ICurrent move mode

[Target Velocity [TimedFloat m/s [Set up target velocity

Table 2 Data from a Small-size Crawler Robot

[Name [Data Type Unit  |Note

IAcceleration  [TimedAcceleration3D g

JAngle rate [TimedAngularVelocity3D deg/sec

Geomagnetism _[TimedDoubleSeq uT

GPS IGPSData

Image Cameralmage peg compressed image

Table 3 Data from a Game Controller

Category Data Type Unit Note

Controller_Type [TimedString IString PS4 controller

Button [TimedULong Hex IStatus of buttons on the controller
lAnalog [TimedDoubleSeq  [Double Array [Status of the analog stick button

Table 4 Data from Motion Controller from a Large-scale Double Arm

Robot
|Categ0ry |Data Type |Unit |Note |
ICommand |Timed5tring |String |Operation commands for E1 |

Table 5 Data from GUI Controller from a Large-scale Double Arm Robot

Category [Data Type Unit Note

Controller_Type  [TimedString IString IConst. "E1_GUI”

Button [TimedULong Hex [Status of buttons on the controller
lAnalog [TimedDoubleSeq [Double [Status of the analog stick button




Table 6 Data from Motion Controller from a Middle-scale Double Arm
Robot

Category Data Type Unit Note
elocity [TimedVelocity2D |vx,vy:[m/s] va:[rad/s] elocity of main crawler
ISub_CrawlerAngle [TimedDoubleSeq |[rad]

[Target angle of sub-crawler

Mode [TimedLongSeq lLong Array IOperation mode

MOT_Main [TimedLongSeq lLong Array, PWM [%] |PWM operation for main crawler
MOT_Sub [TimedLongSeq lLong Array, PWM [%] |PWM operation for sub-crawler
IScan_Mode [TimedLongSeq lLong Array LRF Scan mode

Table 7 Velocity Commands to Micro Computer of a Middle-scale
Double Arm Robot

(Category Data Type Unit Note
[Odometry [TimedPose3D Long Array Position of the body

elocity Out  [TimedVelocity2D |vx,vy:[m/s] va:[rad/s] ICurrent velocity of the main crawler

Load [TimedDoubleSeq  [Array of motor current [A] [Each motor load

ISub_Angle_Out [TimedDoubleSeq |Array of sub crawler angles [Deg]|Current angle of sub-crawler

Table 8 Camera Image Acquisition RTC

ICategory Data Type Range Note

ICamera_Raw_Out [MultiCameralmages [Images from 4 cameras (Max is 8)  [Raw image data

ICamera_Dist_Out |MultiCameralmages [Images from 4 cameras (Max is 8)  |Adjusted image data

Table 9 Communication Data betwen PC-Arduino-IMU

[Category Data Type Unit Note
lPose_Out [TimedPose3D position:{m] Position and orientation
- jorientation:[rad]
Position_Out  [TimedPoint3D [m] Position, 0 if not available
Orientation_Out |TimedOrientation3D [rad] [Orientation output
lAcc [TimedAcceleration3D [g] {Acceleration data
IGyro [TimedAngularAcceleration3D ([deg/s] [Angular velocity
Mag [TimedVector3D [uT] Georr ism data
[Tmp [TimedDouble [°C] ITemperature data

Table 10 Transformation from LRF Range Data to PointCloud

|Category |Data Type IUnit INote |
|PCL70u10 |PointCIoud:1.0 |[m] |PCL output of LRFO |

Table 11 Transformation from LRF Rage Data to Point Cloud (3D)

|Category |Data Type |Uni1 |N0te |
lpcL_outo Pointcioud:1.0 [m] | |

First of all, data related to status of each robot should be
considered. The status is useful to organize optimal and safe
movement of the robots. Positions, accelerations, velocities and
angles as well as their foreseeable values and derived values such
as distances, are necessary for automated and optimal control.
They are also significant data to create the safe robot environment
where functions for danger avoidance and emergency stop are
properly activated.

Not only the data from robots, but also logged data from their
controllers should be utilized. Consistencies between actual
movement of robots and the corresponding command logs can be
analyzed for finding accident caution as well as for improving the
robot system as a whole.

In addition to such information related to primitive data,
multimedia data take on important roles in many scenarios. The
images related to overhead views, environmental information and
other information such as sounds are employed to observe the

situations of current and past. Besides, such images can be
processed in many ways at the base stations and be transported
through the network as feedback for other services.

The important thing is that these data can be accumulated into
the storage both online and offline. The online accumulation is
oriented to real time processing to control robots more intelligently.
On the other hand, the offline accumulation is oriented to the
organization of optimal environments, for example with maps and
paths which can be calculated in advance by available resources.

As seen above, intelligence, safety and reliability of the robot
system are dependent on quality of data. So, the data acquisition
system with higher accuracy is required to create valuable data in
the environments and to make the cloud robot environment more
intelligent and reliable.

3. Methods for Data Acquisition

There are a number of technologies and frameworks to construct
a system where different devices and robots are connected. One of
the solutions is to employ RT Middleware where robotic
technology components (RT Components) with standardized
interfaces are deployed. The important thing is that, robotic
technology components and the data acquisition components
should coexist so that their reusability and interoperability are
maintained. This means that a software component for data
acquisition should be implemented as an RT Component for the
interoperability. In the environment based on the RT Middleware,
a number of components can be senders which generate (read-out)
data and a few components can be receivers (gatherers). The
receiver components should be constructed with a database
management system at the server side.

Although, RT Middleware is well designed and implemented for
real time processing, it is clear that there are suitable configurations
to collect data from a number of different robots through the
network. The number of ports involved in a component, their
communication types, frequency and buffering algorithms are
representative features to be adjusted. Besides, we should consider
that there are limited computational and communicational
resources in both sender and receiver components. In many cases,
computational power for a robot should be assigned for its core
logic. That is why, for establishing the data acquisition system
based on the components, its performance and accuracy of the
adopted technologies should be carefully evaluated so that we can
demonstrate the robot system under required scenario, situations
and conditions. It is very important especially for creating mission
critical systems where even a few pieces of lack of data and latency
cause a big effect to the environment and the goal of the project.



4. Architecture for Different Scenarios
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Fig. 1  Architecture for Different Scenarios

Fig. 1 shows possible architecture for different scenarios of the
cloud robotics environment. In the architecture, different
components which output data (e.g. sensors and controllers) send
data to the server side through the network. DBRTC is a special RT
Component which bridges the sender components and the database.
In other words, DBRTC is the receiver component which writes
the data to the primary database. In this architecture, the primary
database and the secondary database are deployed in the server.
The primary database is to receive and write data with faster way
as much as possible, so it is realized by the Key-Value method of
MongoDB. On the other hand, the secondary database is to provide
organized data after cleaning the raw data in the primary database.
So, the secondary database employs relational database system so
that other components can obtain target data in more sophisticated
query languages.

The architecture is oriented to different scenarios which vary
depending on communication types (online or offline), timing (real
time or not) and usage of the databases. The first scenario is related
to an environment where an RT Component employs processed
data from the sensors through an intelligent algorithm offline. The
second scenario is an advanced case of the first scenario where the
intelligent algorithm is performed on the cloud. For example, for
controlling a drone, we can leave heavy image processing to the
server capability. Other scenarios employ the database systems on
the cloud. Although, it is still technically difficult to use the data in
real time online, the organized data in both the primary and
secondary database can be utilized for a number of different
purposes.

5. Experimental Implementations

In this project, toward the establishment of the cloud robotics

environment, experimental components called DBRTC to connect
RT Components and database have been developed. The aim of the
experimental components is to evaluate the applicability of the
architecture based on OpenRTM-aist for the data acquisition
system by analyzing accuracy of the sending data, and to find
limitations as well as acceptable environmental settings for the
feasible scenarios. In OpenRTM-aist, the developers can create RT
Components and the corresponding robot systems very flexibly.
For example, each component can have any number of in-ports and
out-ports, their communication types and buffer size are
parameterized, frequency of functions periodically activated can
be specified, and variables defined in the component can be
controllable through configuration setting, compatible in-port and
out-port can be easily connected, and so on. Although, default
values and setting are suitable for many cases, the robot system
where a number of components and their connection are involved,
should be carefully designed especially for applications where real
time processing and data acquisition with higher accuracy are
required.

robot_id robot_id

time time

image_path  image_path

gps_datal gps_datal

gps_data2 gps_data2

testzensor] dbrtc0

Fig. 2 An example of a pair of the sender and the corresponding
DBRTC

In addition to the performance and accuracy issues, our goal
includes the enhancement of the development productivity. We
realized it by generalization and automation for the development
of DBRTC which enable developers create the data acquisition
components without special efforts. Generally, a robotic
technology component is created using RTCBuilder with which the
framework of the standardized interfaces is automatically
generated and the developer can embed the core logic for the
corresponding functionality. On the other hand, we developed
DBRTCBuilder to automatically generate a DBRTC, which can be
a data acquisition component for the corresponding sender
component. The main feature of the builder is that the DBRTC is
generated with RTC.xml of the corresponding sender component
which is compatible to the DBRTC. Fig. 2 shows an example of a
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Fig. 3 A data acquisition system with multiple-sender components and a receiver component

pair of the sender component and the compatible DBRTC, which
is generated by DBRTCBuilder.

6. Evaluation

As the first experiment, the communication between the sender
components and the DBRTC through VPN has been examined. An
RT Component has a number of configurations for different
settings. The frequency of an event-driven RT Component is 1000
Hz by default, but we realized that it is not suitable for the data
acquisition purpose. Under the default setting, although the
receiver and the DBRTC can communicate, the setting causes a
number of occurrences of lack of data. So, to prevent the
occurrence of missing data due to the frequency, we should
examine the suitable configuration of the components as well as of
the database. In this project, although it depends on circumstances,
we have concluded that one of the suitable frequencies is 5 Hz for
both the sender and receiver components considering stable
communication and the scenario of the cloud robotics environment
we pursue with the global network.

As the second experiment, communication between multiple-
sender and the receiver has been considered as shown in Fig. 3. In
this experiments, accuracy of data successfully sent to the receiver
was analyzed for different environmental settings including some
extreme cases. The experiments have been conducted based on the
following procedure with different configuration parameters as
well as with different hardware settings.

e Activate the receiver component and N sender components,
at the same time.
o Each sender component sends a data at a specified
frequency Fs.
o The receiver component reads the corresponding
in-port at a specified frequency Fr.
o  The sender component is deactivated automatically

when it has sent 1000 data.

After the sender finishes sending the data, accuracy was
analyzed based on contents of the database in the receiver.

In this sub-project, two types of hardware setting 1) an
architecture based on a local machine and 2) an architecture based
on distributed machines, have been considered.

In the first experiment, the sender components and the receiver
component are deployed on the same local machine which means
that all components rely on the same CPU. In this environmental
setting, there is no bottlenecks related to the network. In the second
experiment, the sender components are deployed on different
Raspberry Pi in the local network, and the receiver component is
deployed on the local machine. In this environmental setting, each
component runs in its own CPU, but there can be some influence
by the network connection.

As configurations parameters where Fs, Fr = 1000 Hz and Fs, Fr
=100 Hz have been considered in the experiments.

It is clear that the accuracy depends on the number of sender
components N. It is a good guess that the accuracy decreases when
the number of the components increases because many
components use more computational and communicational
resources than a few components. In the experiments, the
architectures where N = 1, 2, 3,..., 16 sender components were
examined.

The results of the experiments based on a local machine showed
that computational resources influence the performance and the
accuracy of the communication between RT Components. The first
experiment based on a local PC where Fs = 1000 and Fr = 1000
demonstrates one of extreme cases to see the limitation. In the
experiment with the higher frequency, it is clear that the accuracy
decreases as the number of sender components grows. Since the
experiments do not depend on the network, this is because of the
limitation of the single CPU. Even for the experiment with lower
frequency, the communication is unstable and the number of the



data successfully sent is not perfect. So, these results imply that the
corresponding architectures and configurations are available for
small systems where a few components are involved but not
acceptable for mission critical systems.

On the other hand, quite opposite results have been observed
from the experiments based on the distributed machines. In the
experiment where a number of tiny computers with higher
frequency were involved, all data from the sender components
successfully arrived to the receiver components regardless the
number of components. It could be due to the fact that the
components can exclusively use computational resources of the
corresponding machine while the network resources should be
shared with a number of ports. The result of the experiment with
receiver component of lower frequency which has a number of
missing data, implies that the computational resource and the
frequency setting are much more important than the network
resource for this environmental setting. These results demonstrate
that RT Components work well enough in the distributed machines
where each component can use its own CPU resource.

To investigate the features of the distributed architecture, the
experiments where the senders and the receiver use different
frequency have also been conducted. The results of the experiment
where Fs = 100 and Fr = 1000 shows that we can obtain more stable
results by increasing the frequency of the receiver. This implies
that some data have been missed in the experiment where Fs = 100
and Fr = 100 because of the lower frequency of the receiver. This
problem should be resolved by the implementation of a ring buffer
of the corresponding in-port. The experimental results reveal that
we need to modify or extend the implementation of the ring buffer
to avoid missing data for some mission critical application.

7. Conclusion

In this report, target data, architectures for the data acquisition
system in the cloud robotics environment have been presented. In
the sub-project, a special data acquisition component called
DBRTC and the corresponding builder, which automates the
creation of the data acquisition components, have been developed.
To simulate different types of cloud robotics environment, the
accuracy of communication between sender components and a
receiver component has been analyzed with different parameters
and setting. The results showed that the data acquisition
environment based on RT Middleware is applicable enough for
cloud robotics environments with lower frequency or simple
scenarios based on distributed machines. On the other hand, the
results have also demonstrated that there can be limitations
depending on the frequency, the number of local/global
components involved and the size of data. In addition, the
experimental results reveal that the implementation especially for
buffering of the receiver should be adjusted to avoid missing data

for mission critical applications.
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3.12. R4: Cloud Robotics
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Abstract: Although, Cloud Robotics is a grand conception of the project, advanced technologies for different fields are required to

transform the concept of IoR to Cloud Robotics. In this project, toward establishment of the cloud robotics environment, a number

of fundamental researches related to messaging interface, data acquisition components, resource management and software

development tools, have been conducted within sub-projects. This report presents some proposals and results from the selected

sub-projects.

1. Introduction

Internet of Things (loT) or Internet of Robots (IoR) is the
network of different components such as hardware devices, sensors,
and other programs as well as is the concept to connect them for
exchanging data. The concept of IoR is emerging not only in
industrial fields but also in daily life including medical, security,
disaster defense, agriculture, environment, etc. Besides, current
trends related to big-data analysis and frameworks for artificial
intelligence will accelerate the needs and attractiveness of IoR.
However, it is still difficult to construct IoR environments where
robots as a service are available. This situation points to the critical
need for new innovations to develop the concept of l1oR into Cloud
Robotics where people can easily construct and manage robot
services. Especially, technologies for network communication,
messaging interface, data acquisition, resource management,
standardization, and development tools should be considered for
the next generation.

In this project, toward the cloud robotics, a number of
fundamental researches have been conducted within sub-projects.
The fundamental research includes:

e Brokered Pub/Sub message interfaces to enhance

communication methods

e  Pub/Sub messaging interface using bridges of message

brokers

e Design of a platform for cloud robotics developing

environment

e QoS-aware Robotic Streaming Workflow Allocation in

Cloud Robotics Systems

In this report, a concept and a possible scenario of the robot
cooperation in the cloud robotics environment which the project
promotes, are presented. Some research results obtained from the
sub-projects are also demonstrated.

2. Concept of Cloud Robotics

The cloud robotics is characterized by features of Robot As A
Service (RaaS), Internet of Robot (IoR) and Wisdom of Crowds

(WoC). The aim of this project is to enhance the concept of 10R
toward RaaS by computer science and engineering solving
technical problems on messaging interfaces, data acquisition,
resource management, and development methodologies of
components. RaaS is a concept where people can easily integrate
components deployed on both local and global areas to provide
robot services. Our final goal is the establishment of a new type of
service form as well as market based on the cloud robotics
environments.

3. Scenario of Cloud Robotics
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Fig. 1 Scenario of Cloud Robotics.

Fig. 1 shows the concept of the cloud robotics. In the cloud
robotics, a number of components related to devices and services
are connected to communicate each other. Generally, information
obtained from a robot can be employed to make decisions of other
robots and people in the base-station. To do so online and offline,
useful information resources should be accumulated to databases
deployed on one of the base-stations.

In this project, items involved in possible scenarios of cloud
robotics are considered especially for disaster response. In the
disaster site, a robot system is organized in such a way that
different types of robots serve different functions from various
perspectives collaborating each other and they are controlled by
people (or machines) in the base-stations. In this project, for a
scene of a disaster, the following types of robots and base-stations
have been developed:



Large-scale double arm robots which are to wipe away
large rubbles. In a disaster, the robots should be remotely
controlled from the base-station. So, camera images and
other information such as circumjacent 3D points data
should be sent to the stations and use them to make
decisions related to the arm movement and their movement
path.

Middle-size crawler robots which prowl around debris on
the ground. The crawler robots can run through bumpy and
sloping area. They also record circumstance as images and
movies from different directions. Such images can be
useful to see conditions around them and find survivors and
danger points in the rubbles.

Small-size crawler robots which can explore more
flexibly on the ground. In addition to cameras, different
sensors and devices such as sound recognitions systems can
be mounted to the small robots. One of important roles of
such small-size robots is to transfer data as a mobile relay
stations on the ground.

Drones which look down and observe the ground
continuously. One of their main roles is to send airborne
imagery data and the space information to the base stations
and other robots. Environmental information such as
pressure and temperature is also recorded. The important
thing is that a number of drones can organize a cluster and
flies in formation to collect data from wide area over a long
time. Such drones can also be mobile stations to transfer
data between different robots.

Dronet is a cluster of multiple drones connected by wires.
The advantage of the dronet system is that it can fly over a
long time by receiving power from the ground permanently.
In addition, the dronet system which consists of a number
of drones has more powerful payload to convey a heavy
thing.

Local base-station is to control the different robots
remotely based on both peoples and machines decisions.
The local base-station is an environment where images,
status of robots, other environmental information can be
observed on screens. The controllers for the robots and user
interfaces are also deployed on the station. The local base-
station is connected to the cloud base-station to obtain
important data and optimal instructions.

Cloud base-station is to accumulate data from the robots
and the local base-station, and perform elaborate
calculation to feedback optimal data and instructions. The
calculations can be based on image processing and other
algorithms for artificial intelligence. For example,
overhead view can be constructed from a number of
airborne imagery data from drones. To accumulate the data,
database management systems, storages and the

corresponding API should be deployed on the cloud base-
station. So, generally, the cloud base-station should have
high performance computational environment.

4. Results from Sub-Projects

As mentioned in the Introduction, advanced technologies for
different fields are required to transform the concept of loR to the
cloud robotics environment. In this section, some research results
related to messaging interface, resource management, and software
development tools are presented from selected sub-projects. The
research for the data acquisition methods is presented in another
report.

Brokered Pub/Sub message interfaces to enhance
communication methods

Although, as one of standard communication interfaces,
CORBA interface is used in OpenRTM-aist by default, there is still
limitation depending on the network architectures for the required
robot systems.

In this sub-project, to enhance the communication methods in
the cloud robotics environment, experimental systems of the
brokered Pub/Sub messaging interfaces have been developed and
evaluated®. The implementations and results of the experiments
have shown that the proposed Pub/Sub messaging interfaces are
promising ways to develop and enhance the cloud robotics
environment in terms of the following advantages over the
CORBA interface:

e  Flexibility and extensibility of the robot system. Asingle
component can be incorporated in the system regardless
existence of communications partners.

e  Multipoint-to-multipoint communication. The interface
employs a special server dedicated to messaging. So, we
can adopt a hardware-based broker which a large number
of connections from the corresponding nodes exert little
influence on the performance.

e Data transfer beyond firewall. Although, the firewall
should be configured properly at the server side (broker), it
can be performed at a local setting.

e System development without dependence on the
network environment. Components can be connected
without dependence on the network environment on the
client sides as long as the firewall are properly configured
and messages is reachable from the client to the server
(broker).

e Reliability of data transfer. There are many options of
borkers and messaging protocols which can control the
reachability as QoS.

e  Persistence of the messages. Even if a receiver is under



suspension, the corresponding messages can be queued at
the broker, and be retransmitted after restoration of the
receiver.

Pub/Sub messaging interface using bridges of message
brokers
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Fig. 2 An example of robot systems using brokered Pub/Sub
messaging interface with MQTT Bridge

The proposed Pub/Sub messaging interface can be enhanced by
the bridges of message brokers. This architecture can efficiently
distribute a load and enhance expandability of a robot system.
Besides, the message brokers can be loosely connected by bridges
and they make the robot system more robust. Specifically, we can
construct the cloud robotics environment which consists of several
local systems where each local system is accompanied by the
corresponding brokers. The local systems are loosely connected
and realize the safety robot environment having fault tolerance. In
this sub-project, architectures of the cloud robotics environment
with bridges of multiple brokers have been proposed®. To evaluate
the proposed architecture, performance evaluation of different
topologies of a network have also been conducted.

In the experiment, MQTT (Message Queuing Telemetry
Transport) protocol and the corresponding software broker were
employed. One of attractive features of the protocol is MQTT
Bridge which can distribute brokers to local systems. Advantages
of the bridge with multiple brokers comparing with a single broker
includes the expansion of the number of clients, the load dispersion
and automatic recovery of bridges from the failure. The aim of this
research is to find more efficient topology in terms of real time
processing, stability, continuity, and robustness as well as of
possibility and maintainability for connecting beyond firewall and
NAT. Fig. 2 shows the proposed topology of a robot system using
brokered Pub/Sub messaging interface with MQTT Bridge and
multiple brokers. The main idea of the topology is to place the
server with a remote broker for the connection between local
systems. More specifically, in the topology, a broker is deployed to
each local environment, and the bridge is limited to connections

between the cloud side and the end-point. Thus, the system as a
whole consists of a number of local systems which are independent
of the network. Advantages of the operation with the bridges
include:
e  The system does not stop even under the unstable network
environment,
e  Asystem failure at a local system does not affect the other
local systems,
e  Alocal system can be added/removed to/from the system
flexibly, and
e  Communications between local systems can be realized
beyond firewall and NAT.

To evaluate the performance of MQTT communication interface,
benchmark tests have been conducted comparing with that of
CORBA communication interface. In the tests, Mosquitto was
employed for the implementation and the communication between
two local systems with the corresponding brokers has been
examined. The results of the experiment have shown that the
communication interface based on Mosquitto can keep
performance for higher frequency, and we have concluded that the
proposed  architecture  demonstrates its  potential  for
communication of small data chunks with higher frequency. Such
advantages and characteristics show that the approach can be
applied to real time system as well as the cloud robotics
environment with the TCP/IP network.

Design of a platform for cloud robotics developing
environment

Although, RT Middleware has advantages such as GUI editors
and other support tools, it requires laborious processes to install
related software and set up the network. Besides, the operations
and setting depend in a large part on the corresponding operating
system (for example, finding applications and target components
from the file system). So, when we employ RT-Middleware, the
initial costs remain for developing robot services as well as for
education.

In this sub-project, an architecture for cloud robotics
development environment has been proposed®. In the proposed
development environment, the RT-Middleware and related
platforms are deployed in the server in the cloud, and it enables
users to construct and manipulate a robot system, through WEB
browsers where required RT Components are easily involved.
Although, there are several technical issues to be solved, the
evaluation of its usage process has shown that the proposed
environment enables users construct a system with less operations.
One of attractive advantages of the proposed environment is that
the user can integrate components from the repository deployed on
the server (e.g. RTC-Library-FUKUSHIMA).



QoS-aware Robotic Streaming Workflow Allocation in
Cloud Robotics Systems®

Current solutions of computation offloading for cloud robotics
face challenges: 1) traditional approaches do not consider the
characteristics of networked cloud robotics (NCR)(e.g.,
heterogeneity and robotic cooperation); 2) they fail to capture the
characteristics of tasks in a robotic streaming workflow (RSW)
(e.g., strict latency requirements and different task semantics); and
3) they do not consider quality-of-service (QoS) issues for cloud
robotics.  In this sub-project, we addressed these issues by
proposing a QoS-aware RSW allocation algorithm for NCR with
joint optimization of latency, energy efficiency, and cost, while
considering the characteristics of RSW and NCR. We first
proposed a novel framework that combines robot individuals,
robot clusters, and a remote cloud for computation offloading. We
then formulated the joint QoS optimization problem for RSW
allocation in NCR while considering latency, energy consumption,
and operating cost, and showed that the problem is NP-hard. Next,
we constructed a data flow graph based on the characteristics of
RSW and NCR, and transformed the RSW allocation problem into
amixed-integer linear programming problem. To obtain an optimal
solution in reasonable time, we also developed a heuristic-based
algorithm. Experiments demonstrate significant performance gains,
with improved QoS and reduced execution times.

5. Conclusion

In this project, we have considered different scenarios of the
cloud robotics especially for disaster response. Results from a
number of research groups related to messaging interface, data
acquisition components, resource management and software
development tools, will be basis for the further development of the
cloud robotics environment in the project.
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Abstract: This report shows the trainings for robot engineers in the project for the robot technology development and support at the
University of Aizu. In particular, the report shows our RT middleware workshop, e-learning and hackathon trial to obtain knowledge
for controlling the robot by OpenRTM-aist. Moreover, it describes our education effort for robot engineers in a training course by
Fukushima Prefecture. Finally, we remark the education and training for future robot engineers.
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Abstract: This project aims to develop a novel robot simulator with physics engine by analyzing the motion of robot modeled with
rigid-bodied parts and soft-bodied parts. In this project, Japanese translation of Voxelyze manual was made, and then functional
expansion of native soft-bodied dynamics engine Voxelyze developed in Cornel University was developed. As the result, we have
established simulation technique of mobile crawler robot and motional analysis method of mobility on a plane with step and surface
pressure visualization based on pressure-sensitive sheet model. The physics engine will contribute to future digital manufacturing

for all robotics designers.
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Abstract: This article presents the demonstration systems of our integrated multiple robot systems and database shown in AY2016

and 2017. The objective of this entire project is to develop an integrated robot system by connecting multiple heterogeneous robots

for sharing information taken by other robots. The challenges in AY2016 demonstration system is (a) to share data taken by aerial

robots are stored into a database, a latest and fine photo map is built from it, and the map is utilized for ground robot navigation,
and (b) to establish an edge network by three different ground robots. The ones in AY2017 is (c) to navigate a ground robot by the
augmented space in which all of the actual robot data are displayed with a robot simulator, allowing a robot operator to recognize

a robot workspace better than just by camera viewers.
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Abstract: Against the drone that collects information from the sky, we have developed an insect's-eye view robot. The robot which is

named as "Gorone™ has the functions to shoot the ground situations and to transfer that data to server. In fiscal year (FY) 2015, we have

developed a wireless-type Gorone V1 that drops from the sky to observe the surrounding situations, and a wired-type Gorone V1 to

observe the inside of narrow space like groove. In FY 2016, we have developed a wireless- and wired-type Gorone V2 by adding a self-

propelled function to Gorone V1. In FY 2017, we have developed a function for quickly browsing, searching and visualizing the data

taken by Gorone on the server. We have also developed a function to learn and acquire changes in surrounding environment using a

wireless-type Gorone V3 which is adapted by removing LED illumination from the wireless-type Gorone V2. A function to monitor

objects with the collaboration of multiple Gorones has also been developed. The developed results have been used to investigate the

business possibility as a platform of capturing video and audio data, and as a system of extracting flow lines by combining with TSCDP

(Time-Space Continuous Dynamic Programming), which is the research result of The University of Aizu.
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Abstract: This article presents the future works on the robotic technology research and development based on the AY2015-2017
project of robotic technology research and development, which includes the future view of robotic information systems, issues to

be solved, and technologies to be developed.
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