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Study on Behavior Control for Autonomous Mobile Robot

Based on Sensor Information

By Takashi KUBOTA

Sensor based robot control system can overcome many of the
difficulties of uncertain models and unknown environments which
limit the domain of application of current robots used without
external sensory feedback. Both industrial robotic arms and
mobile robots require sensing capability to adapt themselves to
new tasks without explicit intervention or reprogramming. These
relationships between sensing and control have been long
recognized. With the help of sensors, a robot can have an
"adaptive behavior” : the robot is able to deal properly or flexibly
with changes in its environment and to execute intelligent tasks.

Recently researches on intelligent mobile robots have
attracted much interest. To realize intelligent robots, it is
necessary to provide a robot with many facilities, such as the
facility of recognizing environment and the ability of planning
tasks etc. Planning a collision-free path is one of the fundamental
requirements for a mobile robot to execute its tasks. Especially
path searching in a 2D world with polygonal obstacles has |
received considerable attention as a part of the general problem
of mobile robot motion planning, and various algorithms have
been proposed. However there are few indoor guidance systems
that can create a path plan in an acceptable period time and

execute it in practically complicated environment by detecting
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and avoiding unknown obstacles. Most of path planning schemes
which concern obstacle avoidance concentrate on the problem of
avoiding fixed and stationary obstacles in a workspace.
Realistically, however, obstacles are not always stationary.
Considering the situation where several robots operate together, it
is necessary that a robot can deal with moving objects.

In recent years, there has been increasing interest in
upgrading robot intelligence by using multiple nonvisual sensors
as well as visual sensors. Advanced robotics applications demand
a steady stream of rich and reliable information to be gleaned
rapidly from sensors, because they are required to operate in an
uncertain environment. Recently more and more efforts have
been put in the fusion or integration of multiple sensors into robot
systems. Therefore this paper also focuses on the multiple sensor
system, especially sensor integration or fusion techniques. Many
researchers have proposed various kinds of multi-sensor systems.
Though many good ideas have been explored, several key issues
remain to be resolved to make possible a more general multi-
sensor system. There are few sensor fusion systems to integrate
multiple sensor information in real time at the control level. Here
sensor fusion need to be considered in view of control of mobile
robot.

This thesis mainly consists of three phases: path planning,
control, and behavior decision.

At the first phase, path planning problem for a mobile robot is
discussed. The proposed mobile robot system has a hierarchical
path planning system which searches path efficiently in an
uncertain environment. The planning system consists of a global
planner and a local planner. The global vplanner gives a global path

in terms of a sequence of visual sub-goals. Then the local planner
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generates a local path between the sub-goals with the help of
visual sensor. The main focus of this phase is on the local path
planning which provides real-time guidance to the system. Visual
sensor can provide useful information about the environment. So
an algorithm is proposed to generate avoiding points by using
visual information to bypass unknown obstacles in the local path
planning. The local path planning in simple environment is
simulated by wusing three dimensional graphics. A simple
experiment is also done for the case that there are two obstacles.
The effectiveness and validity of the proposed method is verified
by these simulations and experimental results.

At the second phase, navigation problem for a mobile robot is
discussed. Among various sensors, vision is expected to play a
very important role in control of intelligent mobile robot. Firstly a
method is presented to guide the robot in real time by using
visual sensor. The robot is controlled to follow visual sub-goal by
visual feedback. The mobile robot can detect unknown obstacles
and make avoiding paths automatically. Obstacle avoidance based
on visual information is then simulated. The result of the
simulation shows that navigation using only visual information
has some problems. To solve these problems, visual sensor and
range sensors such as ultra-sonic sensors, are cooperated together.
In this strategy, visual information is used mainly as global
information and obtain rough information about obstacles. When
detail depth information is needed, range sensors are used. It is
important to integrate the information of multiple kinds of
sensors. A control method, which utilizes the information fusion
between vision and range sensors, is proposed.

At the third phase, decision making for a mobile robot to

avoid moving obstacles is discussed. A real-time collision



avoidance method based on sensor information and fuzzy
reasoning is proposed. The global states of colliding with obstacles
are recognized and decision of action is made in real time. Among
various sensors, vision is expected to play a very important role in
control of intelligent mobile robot. In this strategy, visual
information is used mainly to obtain rough information about
obstacles. Virtual feature point is introduced to estimate the
motion of an obstacle. The degree of collision danger is recognized
by fuzzy reasoning and then action pattern is determined based
on production rules. This strategy can realize a heuristic avoidance

among moving obstacles.

This thesis is structured as follows. In Section 2, general
concept of sensor based control system is explained and discussed.
Section 3 presents a path planning method for a mobile robot to
search path in an uncertain environment by using visual
information. A navigation method for a mobile robot based on
cooperation of vision and range sensors is presented in Section 4.
In Section 5, a real-time collision avoidance strategy for a mobile
robot. based on fuzzy reasoning and production rule is described.

Section 6 is for discussion, conclusion, and future works.

Key Words : Autonomous mobile robot, Hierarchical path
planning, Avoiding point, Single vision, Image processing, Visual
navigation, Sensor fusion, Fuzzy reasoning. Virtual feature point,

Production rule.
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Figure 2.3 Multiple sensor system

Table 2.1 Sensor information processing

types processing sensor data (A,B)
sensor complex AL B=A+B
sensor integration A,B=f(A+B)
sensor fusion A, B=C
sensor association AL B=>A—->B,B—>A)
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Sensor Complex

Operation: additive or complement processing

Effect: avoidance of locality or single functionality
expansion of measurement range

Range finder
3D distance color image

Color camera

A+ B

7N ;

How to weight?
o+
0-10kg 10-20 kg
l Ll Ill

0 - 20 kg measurable

i
u

]
8]

Figure 2.4 Sensor complex
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Sensor Integration

Operation: composing totally or partially

Effect: improvement in preciseness, confidence

f(A,B) @
7 X
How to weigh?

J =3

camera Integration

precised location of apple
- | O

Tactile sensor

» Average| —p Weight

Figure 2.5 Sensor integration
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Sensor Fusion

Operation: process mutually, cooperatively

Effect: obtain a new perceptual representation

T’jﬁ«ﬁm{ﬂmwww

,.y‘ﬁié.;

3D distancg

Figure 2.6 Sensor fusion
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Figure 3.5 Image map data
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Free Region
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Figure 3.7 Data structure of sub-goal map
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Figure 3.9 Method to decide avoiding point
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Figure 3.10 Image searching method
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Figure 3.11 Local path planing algorithm
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igure 3.12 Local map
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Figure 3.13 A method to generate avoiding points
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Figure 3.14 Vertical lattice point plane
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Figure 3.15 Searching tree
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mobile robot

Figure 3.16 Navigation method
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Figure 3.17 Simulation result 1-(1)
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Figure 3.18 Simulation result 1-(2)
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Figure 3.19 Simulation results 1-(3)
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Figure 3.20 Simulation result 2-(1)
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Figure 3.24 Overview of the mobile robot
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Figure 3.25 Mobile robot control system
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Figure 3.26 Experimental result
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Figure 4.2 Simulation results
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Fiugre 4.6 Sensor data structure

Table 4.1 Robot sensor
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knowledge base

sensor information

decision making

Figure 4.7 -Procedure of sensor information processing

Table 4.2 Basic functions of SFS
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ij

X, X,
Fugure 4.8 Probability density function
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Figure 4.10 Error data compensation
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Mobile robot

Ultrasonic sensor

. Ultrasonic Sensors

(mformatlonclosetombot)

CCD Camera
(1nformat1on far from robot)

Avmdance of locahty
Expansion of measure range

It is possible to detect obstacles
in the all directions.

Figure 4.11 Sensor complex method
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CCD Camera

P—

Mobile robot

Obstacle

:I Ultra-sonic

| -~ Z

Distance L

Ultrasonic Sensors CCD Camera

| l

Pulse Signal =~ Image Data

l

Integration | Kalman Filter

:

Precise Distance Information (L)

Figure 4.12 Sensor integration method
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( Sensor data)

( Sensor dataj I Behavior
; \ Decision

(Sensor data )

0 Image data -~ = Visual Sensor Vector P _ Navigation

Vector N

O Range data - Range Sensor Vector r
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AR S Ak
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o
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Figure 4.13 Sensor fusion method
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Figure 4.14 Simulation results
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sub-goal

Figure 4.15 Sensor information fusion
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Figure 4.16 Value of wi
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Figure 4.17 Simulation result
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Figure 4.18 Production system
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Mobile robot
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Figure 4.19 Simulation result (before learning)
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Mobile robot i (a)

Figure 4.20 Simulation result (after learning)



F48 bYOWRRICEIBEOR Yy bDFES -2 a 124

4.8 BEEEYWICEATIEE

ORy MEROERICL o T, HHEOBE O Ry + 2RISR TREICRET
&R, HEVEAR EHF LB T HRRETFICELOND, 2D L)
ZEACEBRY PRy b, HBEWETRY b AR L OHERBOMBE LTS O
ERELDL, BEYIRBRHTLIEEOMELY I ab—Ya v {ToThz, F0 L
9§ % Figure 4.21 TR T, THIXEEYHPFEFIC@ K< DLL, HELY
ey I YOG A THRRE LT TWb, HEL VI & o THEED
BT TR A Y OEFET, TERAL VP ESTRY Y VR
Y OEHEREN) ANTE Y, BEEEYIHERT L i, T-VcHE
LTwb,

LA L%adth, EBRICI b o L BEMRIREAHEL 2 IR 6w, Lo T, 8
BHREEWICH LT, AT THE2HEINTHI LS, —Hb R F0PEnR
B R AT AR L, 20 28 RTHEE 2 -T2 0END L, Th
CBL TIRRETRR S,

Obstacle

Figure 4.21 Simulation result for moving obstacles
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FEEZIH DAL Z L TES, CCDH AT L o THY AT NAEEERIE, KX
FaVEaA—F IR TSI A A—T XEYK—F (ALTEC ALT-256-8) %38
UC, BEEE 256 X 256, HEREE L -\)L 8bit DIBIKEET — & CEH S h, s b a¥
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Mobile robot

Figure 4.22 Experimental mobile robot system
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Figure 4.23 System cofiguration
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Tranceducer
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Figure 4.24 Ultra-sonic sensor
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Figure 4.25 Signal data and timing |
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Figure 4.26 Overview of mobile robot
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Figure 4.27 Distance data from right-hand ultra-sonic sensor
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Figure 4.28 Experimental result
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AHFFETIE, TR & LTBREZEE L., BIRRIC L 2B 21T 5. —RRIC,
BEL7: 1800 X5 OWgEHr S, BATEIFRIIE S kv, [BENOYEKILRRE
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o BEIO Ry MIMITHENIH L TEM L ) BT OSHICHELET 2EEWICAT LT
DH EFATEI 24T 9 o

RET HREEYEEE S [Kubotad0] i, Figure 5.1 IZRT LI IC400DRF v
Pohb, H1AT 7T, BELVY 2HVCBEWEORE 2175, Bon7:
BT — & 20T 2 & LI & ) BEEEY OMIHLER CHHEEFR 182, 8
2AF 7Tk, uRy b LEBEEYORKRE LT 2. FI AT v 7Tk, HEE
BREED & BIBATEI 2 TET 5o BBIEL AT v 7T, BEIURY FDAFTY VY
RUEEOH#E»fThNS,



E5E BEMRIEICSTIBEOLRY N OTEISIE 138

7 STEP_1 ~

\
/ STEP 2 V V

1 J{

Figure 5.1 Flow chart of obstacle avoidance method
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5.3 fREtHICLBIEEYDIRE
5.3.1 {REFEADETE

itk 3 ROTEE) % R T B 72 W ICEE IS L KAWL NTB Y, 7774 AV
7 0 —% &% A TEERDNE - EB DO1EHR %18 5 Tk [Rivess5) [ Tsujiss)[ /A 86] [
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H3mERE TS, COIEPSEBIEHE P 2RD LI CERET 5o

IF Qe 2> M THEN Pk = (akm,cky)
IF bk:z: <m THEN P, = (bkx,cky)

ELSE Pk = (%(akz + bk:z:)a cky)

5.3.2 BENOEHEFROEE

T 2Tk, EEHOEHERIE Figure 5.3 IURT £ WX 0K Y b OBEREFRIRT
7. BBEEY (QEER) OSBRI, T8y b OBEER (AEGETS
FIA% 0 | AT, FEATR) B bAZMENORHE L LI 0 TRLU. AU
. BEE oS ER RN 0R Y MR (AREEREYOTMDT0  AHE, &
BE) B HIBEEYOREE V EFERR ¢ TET ALE (L,0) WEED SR
B S NP BERAE Py (par, pys) ORI SN D, F 7o, HUHEEE (V, 9) i, KEEZL
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FONIEHFERIP ) 0DV E VS 2EL D, BEYEREIT ) DIk +5 L2

AbNB, HVWEWITELTIE, % (5.7) HiTEET 5,

A. 1BILEIER

Figure 5.4(b) ¥, BEIOFy F LEHM P 2 L2 54 7HMERLTW2, TFY
PERRIL, BEIRA Y POMELEAE L, BEOHEY L ORTHEI O, B L%
HEICHELT WD, COWHEBMOMMNIE (L,0) i3, EfgEr S0 & h-mEiEE

Pi(Przy Pry) BORDEH L TEHE SRS,

WX, Figure 5.4(c) B} 5 B KRR TEENS,

B =P+~

2 —
v = tan™! M~ Phy

7z, B LETRIES NG K P O x EIZE p, WARTEIND,

_ Fsinp
"~ Hcoswy

Pkx RX +m

AYAR DN
By : B AT OIER
F . S
H : HATOFEE»SDEX

LR xS L

(prz — m)H cosy
Fsin g

RX =
RY = Hcot B

% EORBRAIRL NS,

25T, (L,0) BROKRTHEENSD,

(5.1)

(5.2)

(5.3)

(5.4)

(5.5)



wmoE EHNREICETABEOKR Y b OTENEIS 141

L = VRX? ¥ RY? (5.6)
4 RX
9 = tan 1 —Ei—/— (57)

2 (5.4). R (5.5) &3 (5.6), R (5.7) KALT

(prz — m)2H? cos?
L= \/112 cost §+ P (5.8)
§ = tan~t ez — ) 057 5.9
F cos Bsin B (5.9)
g VIR

B. HMEEIFR
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‘/)i\ ﬁ*iﬁf}g‘ié UQ — (on,Ugy) tj—%o

U=Ry -Up= U, U,)" (5.10)
cosf —sind
R = [ sinf@ cosf ] (5.11)

TIT, 0 REEYOFREERL T,

BEEY OMHXTHE (V, ) ZROXZAVTEIRE I NS,

V=\U2+02 (5.12)

$=2 . tan"' L (5.13)
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Figure 5.2 Feature points of obstacles
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Figure 5.4 Camera system and image
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5.4 ERGIREIC LB RTHNT

NEAREED Z RS2 & L 2B 2 72356, BBPEHCEMLERNZ LT bz
2oy, FAEORROIRIFES% ) BENTH 2, 72T, ERE L RITHIRE
A bo 77T A YR T I CHE R UBY RIS % R 5 50T - AIE S (BT
88 I & o TIRESNT WD, & ZTREZDFERILE L CHZEBE % 5Hiis 5.

£, BEBHP /ORI 0Ky b LEEY OHMAIERGR (L,0) 2 AV THHY
fEBREE ¢ & T HIAEREEBIR (V, ¢) 2 SEIMERREE § 25k 2, Thb 2 o0fak
EhrL 777 1 #ERIC L D HEERES o2 KD 5,

5.4.1 HBNERE

77 V4 eHeTaRy b EEEY O LABERRY O4& UL Bk FET
o EEMITOHME L 3, 045 Ly ¥ TREETSLE%E L. Figure 5.5(a)
KART LI R IREDA YNV y TEBERET Do 72770, Lo WOEY F OB B
BGUTHREEND, NIHEWEE, M IHEE. FIEVE X 2RLTWAS,
77\ EEROTE 0 BRI Ry b OETHEIE L CEM L ) A5 O (~ir
" %w ET) KHEIFERET L EE2E 2, Figure 5.5(b) IZR 3 & ) 24 BRFED
T7IVARBRRET Do BRy MW LT, LB 3EMICK, LS AR/, RS
RAEMI/N, RB AR KOAERENFNVIESEET 2 L E 2R L TWa, .

RiT, BHEME ¢ % Figure 5.6 IORT ANV y TEETT 7 ¥ 4 EHA1T
ST, EWKRESRER ( LDB ). Xl (LDS ). *R%4 (LSS ). %4 (LSB
)s BDREESER ( RDB ). ®%fal ( RDS ). ¥ %44 ( RSS ). %4 (RSB ) D 8
DDT 774 FNVTET . ANV y 7EEUIEH OB TRy N AR OfERE.
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)s BHSKESfM ( RDB ). #%falk ( RDS ), #%%4 (RSS )\ %4 (RSB) D 8
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RPELE (RSS)s BE(RSB) D8 2ODT 7V 4 TNV TET, 77 VAL —%
Table 5.1 127”3 72& 2,
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IF £ i1s LDB and 6§ is RDB
THEN o¢is LDB

bbb TNHDV—IVEHNT min-max GEE. C G & ) B MIE OfERESS
FDEEDEHEFERE L L THRESI NS,

544 T qHES

AFETIR, Y25 =077 V1 Hine A TB D #ERFE (B9 £ 83y
%o Figure 5.12 [V — V2 DDBEOHFERZRL TS, HHRFIEILUTO
L% 5, |

(1) AJJ L*,0* i LT, ENV—VORHROBEELRD 5,
V—Iv 1 DFEEEE wy = 0.45 (= 0.75 A 0.45)
V—)v 2 DA w; = 0.20 (= 0.20 A 0.60)

(2) BNV — NV OHFRAERERD 2,
V=1 O¥FRERIE, V= VOBRBEDT7 7V 4 %E4 RDB %
wy = 0.45 TE o 72 F &G (FHREED) L% 5,
V=)V 2 DHERRRE R, V- VOBRERD T 7V 14 RDS %
wy = 0.20 TY o772 FOES (FHEES) &% 5,

(3) BENV— NV OMHRERL2EE L, 077V 1 E£65%KD 5,
V=1, V=2 D¥HHERELEREGDE, AUV Y SIHOKEVER2 L5,

4) BBRICHIOT7 7 V4GP LELERDL I LICL o T e 215,
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(a) Distance

1B LS RS RB
)
.
o~
5b
O /18 T
2 0 2
Left <s-------------- = Right

(b) Direction

Figure 5.5 Membership function of relative position
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LDB LDS LSS LSB RSB RSS RDS RDB

0 +1

Danger - ---- Safe -=--- B Danger

Figure 5.6 Membership function of static danger

Figure 5.7 Decision of static danger
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(b) Direction

Figure 5.8 Membership function relative velocity
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LDB LDS LSS LSB RSB RSS RDS RDB

-1 0 +1

VLS OBSTACLE
s
VRS
RSB
LDB
VLB
RSS
RDB VRB

VRB

Figure 5.10 Decision of dynamic danger
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LDB LDS LSS LSB RSB RSS RDS RDB

Figure 5.11 Membership function of collision danger

Table 5.1 Decision of collision danger

RSS RDS RDB RDB

DS LSS LSB LSB RSB RSS RDS RDB
LSS LSB LSB LSB RSB RSB RSS RDS

LSB LSB LSB LSB RSB RSB RSB RSS
LSS LSBLSB LSB RSB RSB RSB RSB
LDS LSS LSB LSB RSB RSB RSB RSS
LDB LDS LSS LSB RSB RSB RSS RDS
LDB LDB LDSLSS RSB RSS RDS RDB
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5.5 TEEMEIROLER
5.5.1 [ELEfTEIORE

B0y b OBEYREITENL, 708 7 Y3 Vb= VItkoTHREENDL, V—
V@ condition EREEBEI 2Ry + OFF ORI E . +% b bEZfEIREE R O - B
WfERREE %2 5 2 . action E5HIZEEES A r SBEREER s 5 7% 2 BEATE) ACT
(r,s) 852 %0 ST, r REATHIAH L THICZREN 0, L7, In, 1n, 1n 1 @
HIEDEFIZ 0, +1, +2, +3, +4, +5 Ofi% . FARKELMOBICIE ~1, -2, -3, -4, —5
DEEED, s RESERLTEN . L (+2) RRHEL (+1) Ll (0), R REL
(1) B(-2)D5REE S5, F7o, FYRARTE L L TEILATHE (00) b5 %
%, ( Figure 5.13 )

AEEfTEID IR 77 IV TV X s

1. EEY O, DML o) KU e &6, 27 7V 1¥ERICL o TRD B,
2. N BEOBEMEII LT, {o1,00.---,0n} REHET 50
o | DRESITE o T, EREEIEMN 2HET 5o

2]

S

. BV —VERT =T VSV — v AR; HIET B,
5. W=V OHH b EEATEI OBeR ACT ZHL) T,

D

. fﬁ,‘ﬂﬁﬁ«ﬂﬁ? Xit(eita 5it,<7it) »H Xit+1(5it+176it+la Uit+1) KBWT | | Oit+1 ISI it I
&7 HEEATE . BRHOFPLRET 5,

Bl BEORy MIEEYOF CHEEREOR S KE W 2 D0WENHITER
V5. Thbb, HEERE o ORIHMEOR D KEVYHE (k=) L 2FHIKKEW
WK (k= 5) 1L CEBATE & 4250 T 20 KIS, ZDELEBERE (0;,0;) 25 Table
52 ICRENLFVTarvF—7 Ve HWTHELV-V AR ¥ Sh 5, BEL—
NV AR % Table 5.3 IS/RT L H Ty s a v v—LTidehTnsd, SOV —
MR AN DITEN NS — V28R T 5 5 2 TIEF IR % B 285 ) JAA TW
5o £ND—Fl% Table 5.4 IR o COTUF I a vy Vv—VEEHETAIEILLD
EREATEI DS E D,
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%72, BBV — VTR, EH Figure 5.5 ISR & 5 ICEROBRATE Sy — v 258
RIREBERELTEZONTEY, JFEICL o TEEEFE N B TOLRTVS, [
EWH 2 BOBEIEEOERATE (5 — U ARITN 525, 3G EoBEYINE
HBENh b, BHONRY —VORDPT, 20N — V5 RAT & SEHEfEBREEDS
RONE B ETFENDENY — V2 BIRT B, $1220%5 —  DBELES B
Tho T, EHT 2 25N OMEYHEE L 72 L 120 —H V2B TORE
PHEeRSTZODOEBETH Y, FLBIRENTHOEEELEDL I LIcLoT,
HHEFMDFFMREMNIMT LI EFREVELZoTWE, S50, AR L » T
LNz DEBATEN NS — OB 2 HEFFMO b L ICEE - B - BT 250
WA FEHT L L DM ELBbh A,

552 +TEF— 3>

BEIORY b ORENL, 25— PSS SHR L CREYICERET LI LR, HE
BRWCEHZET LI ETHD, 2T, BEYREO - D OEBRZ b L& HEFHH
ERTHBERI M EAETAZ LR Lo TRHORY FORF 7Y V7 2HET D,

Pe- T, BBy Ay b OITEIEM I HIREETE L EEY RS L 0 b b, &
T, HEEEREE o % T, Figure 5.14 KRT LI RO 3 DDFE¥HF —V g
VEMEEER D,

(1) |VO'|SO’th1 U)tg

AR B2 EET 5,

(2) o <|Fo| <oy DEE

HIEFETE 2 R HIZBLEN 7 )V & REEY RIBATE) 2 £ EHE~R 2 b VR fEge
ERERESCEACL o TEETATEICED ., BEIORY FORXFT7 Y ¥ & HH
RPET 5o
(3) |Fo| >0 DEE

P IR TE) & BEET 5o



moE FAVRIEBICHETIBEHOK Y b OTEEIA 156

12750, o EEEL E VWi o, BEBRLEWEERZHREL., FOMEIEEEEICL T
BOOLNDE,

Action [ steering, speed |

steering command

11 directions

speed command

slow -2
a little slow -1
5 levels medium 0
a little fast  +1
fast +2

interrupt command
stop 00

Figure 5.13 Action pattern for obstacle avoidance
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3

Table 5.2 Decision table of avoidance behavior
o;
-1.0 -0.75 <06 04 02 00 02 04 06 075 1.0

-0.4

-0.2

o 00

0.2

0.4

0.6

0.75

1.0
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Table 5.3 Avoidance action patterns

0.6<6,<0.8, 0.8<64<0.6 |31
ELSE C4+D]  [ELSE (4 T)
-1.0<£4<0.6, £4<0.0 (-1,-1) 0.6<£4<1.0, £;20.0 (+1,-1)
-1.08£;<0.6, £,20.0 [(:3.0) 0.6<64<1.0, £4<0.0 | +3.0)
0.6<6;<0.0 (-1,0) 0.0365<0.6 (+1,0)
20 ] ‘ -
0.2<6:<0.4, -1.0<62<0 8 |2 1.0562<0.6, 0.2<e20 4120
0.4<64<0.6, -1.0<2<0.8 1220 1.0<6,<0.8, 0.4<,<0.6 |20)
0.2<6,<0.6, 0.8<£4<0.6 | 1) 0.8<£,<0.4, 0.4<£2<0.61L1-0)
0.6<£,<0.8, 0.8<£,;<0.6 | 2:0) 0.8<£,<0.6, 0.6<£,<0.8 [(2,0)
0.4<6,<0.8, 0.6<64<0.4[| C1.O) 0.65£,3<0.2, 0.6584<0.8 |(1.0)
0.8<£,<1.0, -0.6<e,3<-0.41 (:2.0) 0.656,<0.4, 0.8<£,;<1.01(3,0)
0.6<£,<1.0, 0.4<e43<0.2 [ ¢1.0) 0.426,<0.2, 0.8<¢,4<1.01(2,0)

-a. 5

a.-1.0=£5<0.6, £4<0.0 ke 0.8 2D 1(:3,0) (22,0)
b. -1.0<£43<-0.6, £,20.0k¢ 0.8 (2-2) [(-3,0) 2,1
(-1-1) [(-3,0) 1,0)
('2"'1) (-3,0) (_2’0)
(-1,-1)

0.656:<1.0, 0.4<564<0.2

2. 0.626<1.0, £200 F= 571G LDI3,0) FO5]
b. 0.656,<1.0, £40.0 [z <0612 D (+3,0) 2.0)
C. 0.0<6,0.6 cer06 |l DIGB.0) o
0.8<;<0.6, 0.6564<0.8 +3.0) "o 0y
0.6564<0.2, 0.626,08) 1D |+30) 7700
0.656;<0.4, 0.826,<1.01 22| (+3,0) 75 5
0.45£:<0.2, 0.854<1.0] +2:-1) |43 0)
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Table 5.4 Avoidance action

la. -1.0=£4<0.6, £4<0.0
b. -1.0<g5<-0.6, £,20.0

212D (3,0

b

d. .
162D [(3,0) '(C.'z,O) |

Table 5.5 An example of action rule

06,6500 LD, (:20), (:2,-)

-1.0<€1<0.6, 620.0

(-3,0), (-4,0)

0.6<£,<0.0

(-1,0), (-2,0),(-2,-1)
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goal-following Behavior

Goal
(o)

avoidance Behavior

Goal
(o

goal following + avoidance Behavior

Figure 5.14 Navigation strategy
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ab—<3>
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5.6

SRS T7 49 2 AT, BEORY b L2k - THUY AL B %
YIalb—b Lo —HRIC, BERIREERICL o TESNLZOT, §84 7L —4
EFVICE S TRY . STTR T VORBHBREED L L. BEREEY I HRE
FETA2HERDOVTY I ab—Ya v &ffn, AFEOKRH 2475 72,

Y. BEREWS2EEET ABA B2 IalL -y V24T o e HHEML
DL T % Figure 5.15 ISR T, Figure 5.15 (1) 3BEWkOEEHEG =
Figure 5.15 (2) X 2D ) 50— OEEEEL T3, Figure 5.15 (3) X
#ERL . Figure 5.15 (4) HREEESARET 22010 Ly SEEEFoT V5
LCHTHB, T TERBEURY M L CREREEY OMHEEE A B/ X v
%ﬁb\Kﬁ%k%W%QKOWTGVS1v~937%ﬁw\%@%%Emee
5.16, Figure 5.17 ICZNTNRY, WHREL LT P = 0,07, V, = [0,30]" ,
Pe =[0,2001" , 7> 7Y 258 4 A ST = 0.5[sec] Th %o BEEWIZRIL Tt Figure
5.16 T\ Py = [31,107]7 , Vo = [-7,-12]7 , 02 = [-39,138]T , V},, = [+5, —4]T
& L. Figure 5.17 T, P,y =[31,107)7 , V,y = [-20,-20]7 , P,, = [-39,138]" ,
Voo = [+15, 5] & L7z SNHDIa b=V a VERICL), 205D L X |1fEE
VOFRZHEGY | BEHBEDKRE ol & S EEYOHE # ERL T3 =
EWbhb,

ﬁﬁ\%ﬁﬁ%ﬁSEML@%%%ﬁ%@LTW5%%®VEJV—VQVﬁ%%
Figure 5.18. Figure 5.19. Figure 5.20 X #FNENTT, WTFHOBAIIBNT
b BEIORy MIBEEEYL ) I EBL TT—VIRERELTWA Z E45hh s,
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Figure 5.15 Simulation results 1-(1)

[image processing]
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Figure 5.16 Simulation result 1-(2)
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Figure 5.17 Simulation result 1-(3)
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Figure 5.18 Simulatiom result 2
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5.7 EMSMEICHT 3EE

AFETR WD 5 BEEY OEEEHRE R LTV 2, BB 3 kous
& 2 KOG ~EHED O BEBAECEZ L THB Y, 205 £ o CHERN L
TRERICKRS BB EG 250 S 12, BMEYOABIERLE2 7010, WKOBE S &
LTHEREAR S Ly ¥ EHRERE L T2 2EEgIC BV TS OBEIR EE T 37,
REDE LS. &6 CAFETIIREEREMEBROES I L > TRD TV L DT,
BONTEBEFRICZI PR ) OBV VEPFEINDI I LICR D, &2 Tk, SR
DR L EBMEIC L 2B OVTY 32 b— s VRS T U SO EEBT 2,

5.7.1 S HEREICEIT 345

BEELVF (FRATF) Lo THEWEOEBIFTMRERET 272010, WEs e
2EY) [R] BB ENPEETH), # AT ORBHNEELMEE %2, 27+, iF
VPR VHE L OO THEIEVIEE LI ATORBL LTEL S
PEVPEEORMELH B, 3T, BRI & o TURBE L COMROME 2 BET 2
S EHE ECORBROMBEE, SFEICL 0T L D720, 7 A5 D45
DEBIVNEFROWMEHEL 515, LidtioT, BEOREES LUA AT D
FEEVEREL 25,

AATDFRERERD L I CEL D, KA LOFHE:E %, 2OFHEEH AT CTH .
WTLdDEF 2. TOFEH LT, WTH 2T OBEHE LOREES RS2, —
B CHIE S 2 REER DAL OYES S REDBR R D, Thbh, —FED
RAUHEEIVN S VIE EBVSRIEEE TV LITh %o 7 AT OEREBOFMHL L
Tid, BREETOSMERDOTY (PRI HER) & mEGEHN ORISRk % 2 5T
DR (RARSIIRER) % EAWRLETOSRRELE L 5T\ 5 [T 90],

WEL FEEOERSA (EEOFLIHET 25) $COEMS D . FTHREH XS
DeTHEEER LT Do HATDESIEMF =1 & L, BEHEIZ—L 2 OEHH
TEIW N BHOBR L VIR FIRCES S T2 b0 LT3, TR R,, i3
BEEOERE &7 27 BRALFEROLS S, BAESMREE R, 37 AT 25 WbiZA
BN EZHO—HREORAGERS LB LN D,
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R. = {C032 ,81 - (l sin ,81)2}2

“ 412D? cos B, N \ (5.14)
3 €osfy |
Ri; = (1 —ltan B3;)° - IoE (5.15)
Vs
h=5-8 (5.16)

%o EREMTHHRICET A XS OREBHELESRT 2 L ks, 7
LA, D DfEE—FIZL, f DEZAREL LTV EBWMRIEIELND, &
N, B AT REFTERET 2 L CLYEWIREENE O NS, T 72, RS
DERZ/=FH AT OREFIRE EdFKDZ & LaHsks,

Figure 5.21 b:ﬁ)( FDINT A= VB NBEELTE XD X 5B b M
FHOEGERT. SOLIT, BEHOEY F OB CBEIB LT, 34bb LR
BEDMEDHLE - BMERBHEAWEN L > TH AT ORUES & O B T+ 2
BEDH Do 7z, WEETO—EENES (ERIHYT 2 M) 13, 2 (5.4).
5AEMALRBICB VTS LAE T2 LICL ) RDOLND, % (5.6) MBI 5
Iab—¥ =¥ (Figure 5.17) RBVWTHRTARS &, k22Tl BIHRIC
MUTR—ERYL K 1. B LT 0.2 OBEBELATH D, —F, Boka
AT EATHI L TE—ERL ) # 5. BARICH LT 0.5 OEMEATH S,
TrVAHEREBILILE, ChODOFREEEERL TA YAV y PR BET
BEEBLEL LS, :

5.7.2 HE{&/ 1 X3 5485t

AFEOEEHEET T 2 B2 ARD DB AR Y I 2 b—Y e VE{Fot, B
BB T 2 MIIRE L. $5.68ICBTBYI 2L -V~ (Figure 5.17) R LK
T o, WET — 5 HEEORK 2% DI)AXEH 5% D)4k, 20T 32
V=¥ a3 YR % Figure 5.22 & Figure 5.23 I2# WENRT, Figure 5.22 £ )
FRBED2% O A XL TREFNMILEEY )T LV, 5% 2B T DL
EOBBHEE DS\ 3 S HRINT & FIATHREICELEE RIZT, LdaT, /
AZDLEVERIC BT, FEEEAREIC LB Y Y7 VAR FET L v, Bt
DEIRXIAXDFVETHTIE, AT TFAHNTOA—RANI YT 4 W % ER
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Figure 5.21 Image data
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Figure 5.22 Simulation result with image noise (2%)
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Figure 5.23 Simulation result with image noise (5%)
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Figure 5.24 Simlation results
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(a) guiding to a workpiece

Figure A.1 Pick and place
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Working area frame

Figure A.2 Visual control
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. coordinate syste
| 2D image coordinate (X,7)

Xe, Yo, Ze, oy 9o W)

Y

X,Y,Z,¢,0, v

y

Joint Angles 6; (=1,2,--,n)

Figure A.3 Transformation of coordinate system

V&l Image plane

Center of
Lens

Figure A.4 Coordinate system
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A3 {IE - BEHIEE

Figure A.5 [T &9 I, HEBREEEIAL T =Y 2 L— ¥ 04 B
DALE - FHIBE) S5 FELIRET 5 [1BA 900

A3.1 EYa7ziarro—Iib

H A2.4 BITHRAT & ) IS RY OEHR 4 BB L - THRBTEET. 210
4 ROBMER 2 BRI TH BIE. I AT DINT X — | B S OEE -
TOREERR (BHRT — %), RURHSE OSBRI 2 MEE VT, I+ 20 2
I (Fh) ONBRULEEN—FIIETL LV T EPFHMLATVE, SO b %TFU
HALT, ROEV 27 )3y b u—VERIRET 5 [Hashimotosda

AT, WEP L= =¥ L~ Ol & O A BRI REIT H 525,
B D 4 DORFERDTRTH ATk o TRIBTEET, ¥ 7-1% E <385 - SR
BETH Y, S HICHEE - BB B 2ARYOEED D 5 LOBLATVS b0
LIRET %o Figure A.6 iZ. TR F DFEIHT 20 AT hLELFHEERLT
VW3, Figure A.6(a) it BEDMER SESIC BT 2 S W OBEETH D . Figure
A6(b) B =¥al—% DkEs, BIELTAER U%%kﬁbtt%%%naﬁ
BERLTWD,

Y=¥al -5 Oftlne BEE., BB S €5 oI, WIS (Figure
A.6(a) ) DR 4 % HIZE (Figure A.6(b) ) DI 4 BMIC—F S ¢3 Lk
I~ OB AT 2 ERT T L v, Blb .

(A= A*,B= B*,C = C*, D = D*)

&b &) A A0 2RDNIT L v,

CCT, EWEETOF -5 HDE As(AX; = XF — X, AY; = Y - ;) LEHifA%
[ A0 & DETENZBRIERD & S ick &N D,
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As = M(A9) (A.22)
227Uy M() W=Vl — 5 OBRBIC L o Tk E DM TH B, L7disT.
A9 = M7 (As) (A.23)

B ETOT =Y HDE As L=V a2 L—¥ OKBEH~DIESE A0 £ ORIO R
BIFBETHY . B A23 I CRLFRRBEEBO L TR L v, 22T, &
DI LR E =2 —F VA Y b —2 2 HWTEET 2, ( Figure A.7 £H8)

A8 = NN(As) v (A.24)

7272 NN E=a2—95 Vi vy b 2577,

A32 Za—SlxybhT—%

CCTR ANT -5 L7 — % L OMEANT 2 3BT 52 ESCELPDP Ay
b &2AV% [Rumelhart86lo m AJJ n HJOBBEAMEEIRREILAD & 3 icE S5,

[BBE=1—5/%y k (PDP)]

B2 —-FVAy b7 =2, AIRZ MV e 0,1 & BARI MV y e
0,1]" DMMBHFIELIZEE NN i oy ERDEEPSE L - TERTLEET
H%,

[0,1]™ % (0,1) B B EROBRENE 3BD=a2—-5 iy -2 T+5E
BO=a—uri2b oFlBEAVIUE, WL THENTESZ EAHLRTVND,
o, BB 2 —-FVAY M-S BROBRBEH 2HT 52 LS T WD,

CC )

REBRBL THECOFEEOERE R L2 BN %754,
WEL FBRE (wo,m0) ETBE, Ve > 0,36V € {z | |z — =o|] < 6} WXFL
Ty=NN(2), ly—yoll <& &% 2o Thbb, 38 LI-5EHRAT—HREERN 2 R
T3,
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Za—F)VAv b7 —2iE, Figure A.8 IZ/RT &5 CANB. BB, HHBo

(AX;, AY;) ® ATJL WA TREDEY bv=Va b—s 0K ME
{68 (A0;) ZHIMET & LTHEB 2R BT, T Tk, TROZANVEF—EKE 0
K22 &) CEARERLTEET 5,

E = Z(Aek.des - Agk.act)(Aok.des - Aek.act)T (A'25)
k
CCTHEBENY -V ERD LS IET,

PT* = (As*,A6%) (A.26)
AW — v DEMBREFB L2 - VR VT —2 ik, =P al—4 D
S L B L OB ONE - EREOBREEFTMELC Itk b,

A33 T -EF7O&X

Figure A9 IZFF 7/ 0t 2 2R, FE7UEATH, v=¥al—5 0¥kt H
BALE - LD LEBRICT V& MBI L PG 25, & 0B N R &
HIREZ O 2 M OEHET — & 5 b US4 S OHEE ECORBEORES BB L, —a2—
TNFY P T = DATIBEANT %o DL &, BEEHIATT 7PIREL V4 b b1
LA EEMOAEFREMMET L LTE 25, #L T, &iffER L =a—F Vay
P2 DHIMEL DEDROIES L ETNAY 270N -3 3 Vic L 54D
)5

Figure A.10 KET7 U A &R T, ET7 LA T, FFDRboF=m2—F
Vav b7 =2 %R, BHEg (OPES) & EERgZEOBMS (45) %
TEDILELRZBEH O Y P u— UEREZER T2, 2L T, EBICZ0ERICHE
DWTR=ZVEab—7 28Hd,
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A.3.4 FEOSE(E

Ny 7 TUNT =Y a VITEBFERC BN THFEREIMEL ko TBY, 8T 8%
BEEIET VTYXLADPREZINTVE, TR LTOBREADORTRIC L 25
BCFEZHVD 154 88], HH N — 12k o TRE BRI, ©knik
BOPCREICRSSRBERIITEELOND, ADNS =2 U ik, U? L3
TIANVF—ORDEEIBRL CTD, ADNY—V U, #FHELLTE L2 L 1,
DED 0L 1 FTEMMTDE U2 S 0805 1 FTRELBELTLEN, AHE
NBNRY— VLo TN DL LIHELEZ LIk b, CNEFEMET 272010 U
LREC LU, R AJJTBL

U+ (1 -U)?=2U: —05)2+05 (A.27)

DB TIANF—DRAEEHFST T ERED, U, OEF0 75 1 $TEILT
bEDEEIT 05 5 1ITkb, NE =V DENIT LD IR NE—DREEDE D
ERETAHILENTED. AN 1-U ., ATJU OBELALT LD TELDTH
BATNOIRRE LN T2, COFERIANVF—EROBREELTVWE LV
RIESTEL, Thbb, BEANERRT L2 LICL ) LR VF—EHIUGE LS
WERIZZ o TR EE2 bh b,
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Image Data Control
Figure A.5 Visual control system-
0 X 0 X
‘[ (a) I (b)
Y Y *, k%
sk, k% (Xl’yl) . % %
Bty A(xpy1) B (%) C*(x3.y3)
C(x3,y3)
D(x4,54)
D*(x3,y
Current image Desired image
—_— Control
Signals

Figure A.6 Camera image
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Error Feedback

Figure A.9 Block diagram of learning process

= o

camera system

Xi»Yi

desired image data

* *
Xi»Y¥i

compare
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A®;

:

Robotic
Manipulator

Figure A.10 Block diagram of execution process
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A35 TIal—IariikzrEE

Y3ab—Ya>l (uBEAE)

T, AFEL Figure A11 IORT 3 HHAE Y=o L— & OB LTl
AL, ¥Iab=Yaryeffol, ¥YIalb—¥ 3T, Figure A.12 IK7RT &S
KAEg 2=y b BB 12 2=y b, BB 3 2=y F 0 3BEE, LKL P
DPAy b2V, 8B, ¥YI21—% & LT NeuralWorks #FHVWTEBH, =2—
FNVEy b OMPEREILT V5 ACRETE S, FHANL, BEONY 27Oy —
vaveAwl, FE7 02 2T Table A.1 IZ7RT 30 OFFNY — V%251 3K
L&A, # 500 EOFEFEFECPBRL 7225, HEEZ LT 2729128 5124 10,000 5]
DNFE%4To 7. Figure A.13(1a)(1b)(1c) HEFE &1 — V12 T2 DT,
Figure A.13(2a)(2b)(2¢c) IZFB L TWARWSS — VT B DTHD, v =¥
V=% Ofcimid. REBROALD L HEOABICH R VEBIEL, 12I2—H L Twd, &
Foe BRATWEVHENY — 23 LC b AR EIES e,

YIalb—322 (RBHME

AT 6 HHEY=Ca L -5 OLBGEBIH L TCHEAL, Y3Iab—Yars

fTofze 7272, ST CIEEE L OH. F2RE, BIMMLEELCVd, ¥YIal—
YaVIZHWPDP Ay b OREEUE. 8 AJ], 6 HITH B, HEOEEITET
R AR D B L . AT 24 V. EE T a0k AT 35 DEF/NY — V2D
ELHZ . #1,000 @ OFBEBCIERL 7245, HE £ LT 272012 % 5124 10,000
AEO¥E % T 5720 Figure A.14(1a)(1b) BT I8 — Vi3T5 b DT,
Figure A.14(2a)(2b). Figure A.14(3a)(3b) iZZFE L TR WY —ViZit$ 5
bDTHB, WTRDOPAICDY=Ea b—F 05z, HEOEBU I ) EEFL.
BIT—;L T35,
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with three degrees of freedom

{ l,sin 92 + lgSin (02+93) }COS 91
{ lsin 6, + l35in (6,+65) }sin 6,
I, + 1cos 6, + 15c08 (8,+63)

X
y
z

Model

Figure A.11 Robotic manipulator
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X2

Axqy  Ays

AB;
Aya

Axy

AB, '
Ay,

Axy

ABy

Ayq

7~

Axy

’/I i rv L

Figure A.12 Neural network used for simulation(1)
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Table A.1 Training patterns for simulation (1)
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Figure A.13 Simulation results

A6, | 00 | 00 |00 | 00 | 00| 0000 | 00| 00| 00
AB; | 50 [10.0 | 150 | 200 | 250 | 300 | 350 | 400 | 450 | 48.0
AB; | -5.0 |-10.0 |-15.0 | -20.0 | -24.0 |-29.0 | -34.0 | -39.0 | -44.0 | -47.0
A0 |20 |20 {20 |20 | 20|20 | 20]-20] 201 -20
AB, | 00 | 5.0 | 100 | 150 | 200 | 250 | 30.0 | 350 | 40.0 | 45.0
AB3 00 |-5.0 [-10.0 [-14.0 |-19.0 | -24.0 |-29.0 |-34.0 | -39.0 | -44.0
AG; |20 |-40 |40 | -40 | 3.0 |-30 |30 |30 |30 |30
AB, 1500 | 0.0 | 50 [100 {200 {250 |300 |350 | 400 | 45.0
AB3 | -50.0 | 0.0 -5.0 |-10.0 | -20.0 {-25.0 |-30.0 |-35.0 | -40.0 | -45.0
(1a) (2a)
nt i
(1b) ABy=-2.0 (2b) AB;=3.0
A6,=40.0 A6, =31.0.
A6;=39.0 gﬁm%fm A63=31.0
ired im
(Ic) A6;=-1.996 (2c) A8;=-3.027
: A6,=39.69 . A6,=30.85
% A6;=38.75 mﬂ%\ mim A85=30.79
esired s
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(1a)

d_es_ir_ed'%f,v\

current image

1

A8, =0.0. A8, =0.0. AB3=0.0
% *
A64=20.0, ABs =4.0, A8 =0.0

(1b) actual image
desired image

A61=-0.0002, A6,=0.0032, 4603=0.0002
A64=20.16, AB5=3.96, A0=0.00096

(22) £6,'=0.0. A6, =0.0. A63=0.0
% * %*
ABs=-15.0, AB5 =-4.0, AB¢ =0.0

current imafe

desired im.

i

(2b)

A6,=0.0004, 46,=0.15. A65=-0.0016 |
AB4=-14.72, AB5=-3.99, ABs=-0.0014

ctual image %ﬂg

(3a)

current image

A6 =0.0, A6, =0.0, A63=0.0

actual image
desired image (3b) _

desired image

L 2 4 A6;=-0.0004. A6,=0.0035. A8:=0.0038}
A64=6.0, A05=3.8, ABs=0.0 A64=6.31, A05=3.93. A6c=0.0038

Figure A.14 Simulation results
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¥2alb—3>r3 (B - £&HE)

AFEEOHBEY=YaL—5 & - LPHE ST L OERL, Y3Ialb—¥s
Y %4707 Figure A.15 12V Ial—Ya YicHWR6HEEY =Yl —4% DE
FTVERTo 720 3ab—Ya v Tk, ANB8 2=y b, BRE 48 2=y b, 1
HE6 1=y FOIRBHEENLEAPDP Ry M 2V,

6 EHEY =1L —20&JFEFIL

Z OFREBATE TR 3RD & S 1SS,

T§ =

L, ZZT

S,'jk = Sin(gi + 0]' + Hk)

'

Rll
R12
R13

P

Il

f

0

i

Il

I

I

Il

Ry Riya Riz ps
Ry1 Ry Ry Py
R3; Rsy Rss p,

0 0 0 1

Oijk = COS(O,' + 03' + 0k)

C1[Ca3(CsC5Cs — 5456) — S2355Cs] + S1(S4C5Cs + CySs)
C1[—Ca3(C4C5Ss + S4C6) + S52355.56] — 51(S4C556 — C4Co)
—C1(C23C4Ss + S23C5) — 5154855

51[C23(C4CsCs — S4S6) — S2355C6] — C1(S4C5Cs + CySe)
S1[—C23(C4Cs8s + S1C¢) + 52355 56] + C1(S54C5sS6 — C4Cs)
—51(C23C485 + S23C5) + C1545s

—S23(C4C5C6 — S456) — C355Cs

S23(C4C5S6 + S4Ce) + C235556

S23C4S5 — Ca3Cs

C1(1.Cy + 1.Ca3 — 14 S93) — (I — 12) 5
S1(leCa + 1.Ca5 — 15.S23) + (I — 13)Cy
—1.52 — 1.S93 — 15 Co3

N(A28) &L h<=¥a =5 OFHMBERZ MV r iBRO LD I2KT 2,
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(A.28)

(A.29)
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r= [7’1,7‘2,’7’3, 7‘4,7"5,7'6]7‘ (A30)
72720

™ = pm+R131g
rs = py+ Ryl

r3 = p,+ 1.+ Rssl,

ry = atan?(R23,R13)

rs = atan2(\ / R%g + R%Ba R33)

N atan2(Rszq, —Ra) (REL,+RLA0DLE)
6 = atanQ(Rgl, Rgz) - R33T‘4 (R%3 + R§3 =0 )] é’. %)

(#8770t X]

T AT EHEDE LOBEMER (0,0) & L7-& &, EIEERTORHET 4 MO MEIEHE
2RISR

A* = (192,207), B* = (91,120)
C* = (293,120), D* = (192,274)

A ASHBFOFIRIC L ), T4 KT XTHD A5 OHFRIIEVWE L )T, v=
Kalb =3 DOFE (7 27) OBfE#E% Figure A.16 [SRTHFEARICEEL T
ab—vavEiTd. FEF—F L LTk, REHAEL 1A V¥ A5
B3, 6059 —VORKMEFT RS, 2L T, FRENDONY — ¥ TORIEAL
EXZValb—F AN, 2OEHELNLESGEF — 4 (WHESE) & BEEGLD
REZHELTZa I3 b DATET B, =2 —F VA v FT — 2 ~DORKEHE
FIXBREHAETH S, Table A2 126 0737 — VDI BB DDDIY — U Bl%
RYo TNH 60185 —VDF— 5 %4V BELE L, ¥3FEOFEE 47572,

[(EF70+x)

FAT7 0L AT, FFTOLALBVTE 08—V DF -y 2 FF Lz a—
ThAy bY =7 ERCT, FRCZa =5 VA b7 =2 2L ObTHER AT &
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LTe=¥al—% 2857, Figure A.17 it B X734 — YT BEYIa
V=Y a YRRERLAEOOTHY, BEEGE—BT 22 Ldbhd, 20E %0
%ﬁﬁ4ﬁKOwT®E$I7—%ﬂmbA3KﬁToﬂmbAB@L&(mmﬂ
Error) &, EiZW{E & 2IRHEE I B LR A MOBROREES L o7~ bOTHY .,
T&(Hmﬂ%m)ﬁ\E%@@&:1—5W$9F#B@ﬁﬁ&?:ﬁ;b-&ﬁ
ADLTED L7 S 1255 W EifE RS 4 HOBELS — 2R LD TH B,
C@?“&lbﬁﬁlﬁ“ﬁ—4~+4@§ﬂﬁKWiBhtoC@%%ib\igb
RN =YDV THE, v2¥a b— s DL BEL T 2008 - L2328+
LI EWRTESL,

[RFEINE— L ADEA]

CCTHE, =a2—=F N2y NI =2 ORI 2 T<5 12010, I8 L7603
§ =V INDF — S O CGEAL AT Don Ty I ol -3 a v ffor, & oT
DRFZNG =2 ERFBL T WEROMIIBED = & 2453, 7 — & & LT,
FE/NY — 7 LIRS Figure A.16 R LZHERNTY v AMcRE S 41, 20
F—3 2T 0 Ao TEfTT D, #DEEXDYIal—3 g ViEFR % Figure
A18ITRT, E/o, ZDLEDEELS —% Table A4 ITFT By — >
IS L BRERICEET B L TR0, K2 E - LB 05 447
YT EDTED, LPL%EDS, Figure A.19(1a)(1b) Z/RT & S ICHEZHE &, 5
ELTNTLEI DD DB, COREE LT, ¥ENRY — U d i i g
7% LBAETA L OFRHEBIT SR EN TV AEWI L EEL LR, DL 5%
PIEICH LTl BN~V ORREL TR LD E 2 0D, 27, BEOE
EHMICBA DRy h =2 VT, 25 2FN (o—=) &7 4—Fnv2
FTRELVIFERHNDE I LICk o THER M LS E2Z LACE2 LEDLNL, &
MR L T AL EITIBR2, BLEDT & £ 358 OB 4 2T H5HH -
Wik HAUTRETH D LV IKMDOT T, 2o b—s 0k HEEmE = 2 —
TNAY b T =2 EHVTHEONE - £BIhB VB S 4, 1TI2—H g2 L
BWTEB, |

C TR, NEY ORISR A BT RTH AT 12 & - THRIETRE T, B LET20
4 RATER - FATED LV IEMEDD L1T, EEHEBELTWSDS, —a—I )
2y b EEACT, EAREEEREERL L9 L3841, ARTIEBVTOH
51 GEBHE) CHBIET 2 LICE 2R, AT HEBOME, 25101t 7 b—
VAV EOREN DB, DL ) RIBEITIE, EEERRSE L TERD =2 —5
VA D=2 2B EOTEIBEICLL EZL N5,
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lin rameter:

la. €1 lz: 400[mm]
‘l‘ 1. : 400[mm]
‘ I¢ : 300[mm]
% Iy : 200[mm]

Figure A.15 Simulation model

6 50° ~ 50°

0, | -300° ~ 250°

6; 20.0° ~ 250°

6, -15.0° ~ 15.0°

s 50° ~ 50°

6s | -150° ~ 150°

Figure A.16 Restrictions to training patterns

Table A.2 Training patterns

Input Patterns (pixel) Output Patterns [ °]
Trainig No.
Axl Ayl sz A)‘z AXJ A)‘; An AY4 AO, Aez AB; Aeq AG, Aeg
1 -115 6 -108 | 26 -137 -81 -51 53 1-50 | -29.0| 23.0 |-13.0{ 3.0 | -5.0
2 18 -78 42 | -55 15 14 108 38 | 20 |-28.0] 220 |-15.0| 40 | 9.0
3 28 -20 29 -2 -14 39 71 40 1.0 | -30.0] 25.0 | -13.0] -2.0 | 14.0
4 -84 | -1461 91 | -135| -129 | -98 -53 94 | 4.0 1-260} 24.0 | -10.0] 2.0 9.0
5 -123 -2 -116 16 | -141 72 -59 40 § -50]-260| 210} -8.0 |-3.0 |-11.0
6 -68 -89 -57 70 | -87 -9 3 45 | -3.0 |]-300] 220 | -70 | 50 |-13.0
7 -2 | -100 -1 -87 -40 | 47 39 -49 0.0 }-26.0 | 230 | -8.0 1.0 |13.0
8 24 2 10 23 48 46 40 80 0.0 | -28.01 2201 4.01-1.0 13.0
1 1 1 1 1 1 1 1 1 1 1 1 ! 1 i
1 1 } 1 1 I 1 1 I 1 1 I 1 1 1
1 1 t 1 i 1 1 1 1 1 i 1 I ! |
1 I I 1 1 1 ! | 1 1 | 1 ! 1 1
1 i 1 1 1 1 1 1 1 1 1 1 ! 1 !
60 -84 | -140 | 99 -127 | -143 | -100 | -69 -80 | 40 | 250 220 | 1.0 40 | 5.0
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(1a) (1b)
current desired &u/l_:l desired
image image image image
(2a) (2b)
desired i tua
current  imace (%;;rgegd ac o l
image Hnase

Figure A.17 Simulation results (1) [learned patterns]

Table A.3 Pixel error (learned patterns )

Error | Axy | Ayy | Axy| Ays | Ax3 | Ays | Axg |Ays
Initial | -57| -70| 3|-45|-87| -9 | -68| -89
(Final | 1| 2| 1] 2| o] 3] 1|1
Initial |.116] 16 -59| 40 |-141]_ 72 |-123] -2
Final | 3| 0| 3| 0| 4| o] 2| 1
Initial | 8 | 51 ] 50| 86| -31| 90| 5| 33|
Final | 2| 1] 4| 0] 2] 0|-2] 1
Initial | -1 |-87 | 39| -49 | -40 | -47 | -2 |-100
(Final | -1| 2| 2] 1] 0] 2] 1] 2

208
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(1a) (1b)
Qe ire \
image
current desired actual
\m image unage
(2a) (2b)
current desired || actual desired
unage im ge image lmag e

Figure A.18 Simulation results (2) [not learned pattern]

Table A.4 Pixel error (not learned pattern)

aibedbadbaliadiadiy Il B B . T T i Rt DU S,

- e o e e e mm me b o e o e o v e o o v e faee e e e o o o o e [ o v o o] - e e - ]

ol Bl R R R g e
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(1a) (1b)
desired current || acfual desired
image image image image
(2a) (2b)
\\\\ ]
desired \current actual desired
image image image image

Figure A.19 Simulation results (3) [not learned pattern]
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A.3.6 JFEUR 4 ROBENE
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Y3ab—=7arTiR, RYOREIE 4 ST RO - B3 BTEETH 2
LWIFHEDOT T, v=¥ab—% 0l #1iTo Tz, &2C, fEROEELE
&) 4 ZORBIETTEETH 205, 4 MOMISZERD BB HEICOWTIRRL , &
RTIEARDOHERETHEDT, 248 OTEMDEDH S, ZTRUTFTOHFEIR
E S g

B

(1) RISESRTE

U RRTTRE (1 A SHEFA) T4 SOBERE % 5 SOEE L OEER . EiE
W (THEEB L OHR) WLoTROONBE B DET B, 12, WHEDERIZ OV
THEMNTH D, 2OLE, HWEHLEOED, LZEBENIHIBE LTI PR RET S,

(2) BRI &

AROPTHACELCRITEROE (74 —2F7237—-27) RO E LD
BRSO BRZICHRATRETH B, L7120 T, YD 3@ ICOWTEET S,

Figure A.20(a) REAFEEHR P, O B2 X2 V-V FE S, LICBELZLE
HeFELTWD, $7-, Figure A.20(b) IZ7RT & ) WWEFEDIZ 3 HOFATLER
DHH S 7% 55, B L TREEROERRETH L —HTRXDb S, Figure A.20(c)
DE)WHEERE LB, LI, BAHRDAN1OTH B AE 28R P, oAz
% Figure A.20(d) IS7RF, Figure A.20(b) IZBWTER AE LE# DB DEE
MRAZE D © 125 Yoo 1% Figure A.20(d) D & ) IS P, 2513, BE#E AE & FAT%
HCH Do LIzdo T, HE P, POBHOMRZDHFHD%THE L LT Figure
A.20(d) D& 9T pry, poy EBITIE

AQ = AE -sinpyy = e-sinpy (A.31)
= AP, sinpyy = p- sin pyy (A.32)
Ebhb
p= 2P (A.33)
sin poy

b, TNETLAD  AF IZOWTHFERIIBI LRI LICEoTRD &S5 %
"5, '
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_esinpy _d-sinpix _ f-sinpg (A.34)
sin poy sin pox sin pyz .

DT EDPL, 3DODA AE . AD | AF PEE LD EOINIHET B, HAE
WRICH DHEEDIDIE I DALV OTHIENE, TNHOMETITOVTES S
ERTED, I T, MDD 5 3 D2DMAERITOWVT, K (A34) IATALTHED
MOPEIPERNUTLV, CRICL-THEID3IE (AD.EE.AF) Mk
EINb,

&L, B3R (KD RE.HF) ¥brhid, X (A34) 225 p DAX S bF
HTELDT, HlH P, DEEIRD L HI2FEEND,

(=pcos(pix + pax ), —pcos(pry + pay ), —pcos(piz + p2z)) . (A.35)

&) LCHEHE EOER bE Tk LA L ORBIIE 2 —EIcks S E)STE D,
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(a) (b)
G
<y
B c
\\Dz
.\ i v S
E W, T P
\ A
\l
\\‘. -
\ u
P,
w
© (d)

Figure A.20 Relation between image and object
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Ad Za—SNWRyMNT—T2F L4

COTH, HABSHDOY I 2L - s YRR UEEL 5 F 2 T, Figure A.21
KﬁTi%K:a»?W%yFV“ﬁvz?AtLT2ﬁﬁ®$v}%w~»t§d
WTEID R T, v =¥a b — ¥ 0%BosE 2175 [Hashimoto89c]o

A4.1 ¥TBO0EX

Figure A.22 X¥EE T UL A %R T, 2T, FIFEWBET LTS 2010, 1.
BREVEEEREERT 23546, ABHCEVT 025 1 GESHE) w8t 2 -
EITE DT BMFUCHLT 272010, 2HHEDAY T —22H\ 3, 1 DA
WLz TH7 0NV —-F WAy b T—2 &, b5 1 DREEDFED
R E e 2B T 20— AN =2 -5 VAy NI =2 Th D,

TH=NVZa—=FViy 7 —2 ORI % Figure A.23 IR T, 7 0—NL
Za=F WAy b ORI, N 4 HOWE ECOBEORES T TIE . 2
DEIDBEMABES AT T Do =¥ 2 b — & ORI %2 BRI 2 OIREEAE 0
BLRT B0, 22 —-FNVEAY MEhHOLPUDERE LTE227-0TH 2, D
RERARENRRL, 2B, LY I—F ORI D LEHIEL N,

A0 = NNg(As,0) (A.36)
—H\ B—AN=a—F iRy b T -2 OBRIE% Figure A.24 IR T, O—H LRy
MIEE - BB OEELFET A0, BN 4 B OEGETOBENEET
EATT 5,

A8 = NNi(As) (A.37)
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A42 EfF7OEX

Figure A.25 KEFT UL AZRT, FT70LA TR, FHORboIe=a2 -7
Viy b T—2 2 EWT, BEg (OPEE) L EEEE EORE (41) &
F+ DL ELEEHEOIY b O UEREERT 5, 9, Fu— WAy P EA
WC BERE - BBIES S, EECBWTEESE LGEICa— v Ay Y]
Dz CEEEZPINT 5 &)W KRBT 0 A TETT %,

Fa—nNhma—F Wiy bT—sku—FN=a—=F iy bT—2 LDPYHER
ANV—VEDTICRT . (Figure A.26 28 )

[§n A IL—IV]
IF  [Ym,n(m#n) omn < ]

THEN QO—Al=a—F)IbxybT—7
ELSE Y R0—NI=a—-SWxybT—7

VA AR BN

Ol =| E’mﬁ_‘[_’ﬂl , m,n¢€{A,B,C,D}

Lom @ HBm &fn LOBOBEG RIS 2 HEE
Lr, ¢ BHm LRn L OBOBEER RSB S HERE
[0 73 SN l/ % V){E
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Network
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7

Figure A.21 Visual control system

Randomly

Generated
joint angles

Error Feedback

Figure A.22 Learning process
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Input Layer

As Output Layer
: AP

0

Figure A.23 Neural Network system (Global Network)

Input Layer
As | Output Layer

Figure A.24 Neural Network system (Local Network)
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Figire A.25 Execution process

U m,n (m=n) On < Oy,

Then Local Neural Network
Otherwise Global Neural Network

G
e
p

Here, ——

L:m - Lmn
Lmn

Oy, a threshold value

,mmne {A, B, C, D}

Omn =

Figure A.26 Change rule
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Ab UIalb—3>

AFEC6HBEEY=Ea b= LCHAL, YIalb—Ya v iffor, ¥
a2 b—% L L TNeuralWorks ZFHVNTEBY, =2 —F Liy N D EEEES V&
AMIRETE B, FHANE, BEONY 2707 -V 3 v v,

Ab51 EBO+X

AT BROLE EORERMEE (0,0) & L2k %, EREEEETOREUN 4 5o g
ERITRT

A* = (192,207), B* = (91,120)
C* = (293,120), D* = (192,274)

HASHRBFOFRICEL D, ¥ I2b—T 3 2id, Figure A.27 \RTHPIHIZ DWW
T FETF =2 L LT, 70—V A Y F OB BEHARES 1 BRI,
o— wwxzb@%ﬂki%%?ﬁ % 0.1 BAAICT V7 ACRESE, 2hPh
60 NF —2 BLU100 /%8 — > DHEMES 2152, £ LT, KL DY -~V TOY
Fﬁ&%v Kalb—F AL, 20BBLNLEGET -5 (MHEgE) L 5EE
BENRELFHBEL T2 -5 %9y FADANET 2, 22 —F LAy b T—2~D
BEME 53K AE TH S, Table A.5 B LU Table A.6 IZFFES -V D
ILDCLDOPDNY — VB FNEIRT, 770 AV Ial—v g vicBnTit
BefTolf=a—S5Viy by —2 OB Figure A.28 1 X Uf Figure A.29 IZ
TNENRT . TNHLDT—F 280 LEZ . £ 50,000 BT 44T 5 7=,

As52 EfF7OEX

FAT7 0L ATR, FTTEDCET 7 0LRTBNT6 089 — VD7 — ¥ $5%
L7z a—nNma—5 Ay b 7—=2 20T, EBIC=2-5 VY FT—2 55
DENELFHATTE LT =2 L -5 285 T, Figure A.30 ik, 8 5473
VT BEYIaV—Ya VERERLEZOOTH Y, BEREGE—BTLZ L
Vbbb, 0L EDFHHM 4 FICDOWTDEEL T — % Table A.7 I27R %, Table
AT OEB (%01) &, BEEEG & HIEEIC BT A BN 4 AOEEMREEE Lo
12HDTHY, TR (BH#) 3, BEHBL=1 - VEiy I 2rbolhs<w=¥a
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V=S RATLTEHP L7z & 1B NGO S 4 KOTELS —2E L1 b
DTHbo TOT—5 K DRIELT —1% ~4 ~ +4 BEEEICHL bz, OB
Dy FELINY -V IZOVTIE, Y=¥al—8 0klz BEL 2408 - K8c
ZIZBEIT A L TE S,

A.5.3 KREBINGZ—ADWEA

FBIFEBE L2 60 N5 — VA OF — 5 2o THA LB A oWTS 32 L —
YavurRitol, F—% LTIt B A3S HDYIal—Yay3ieBnTLS —
DRED 21288 — VI L THA LTz 2OLEDY I 2L~V 3 VHEE% Figure
A.31 IZ7"Y, Figure A.31(1a)(1b) iT/RT & 512 HEEESA 5B A3 T W3 28,
YRV — Mo T = A V=2 =T Ry b T—r 2D o LI L), 25—
TR ELBEHTED, U—H Ay b AV Iab—Y 3 VEERE Figure
A.31(1c)(2c) iR T o ZNESIDRER vy — 2 L L THE 5 — > L FAEC Figure
A2T \ORLZHFNITT ¥ MRE: S8, 2057 — 5 2 EF7 04 2 12fo TEF
T5o TDLEDEHKLT —% Table A.8 IT7RT o BEDFERL )T L Tz WE
BEoOMNENS HEMNE - SHUCE TR B,

RIT REFNG — 2 & LTHRPITEDMES & LT N80 2 AF
&@ﬁ@ﬁ@ﬁ%%ﬁc&oto%®a§®@§15~&1mmuL9KﬁToit\
Y3alb—va VEERE Figure A.32 2R T,

BEnz &, SRYoRBUS 4 ST TORH - 3058 - BIITEEcH 2 L v
REOTT, v=¥a -5 0kli%, HEBRLE=2—-FViy T —2 w7
HEDOAE - BRI hr L2 )L EE, 1ZIT—K €22 L TE 2,

Ab54 Za-FNRybI7—VICHTIER

Za2=F VAV M= DAPE LTREAE L2 VWIS L Wi WIES DB
T 7200V 3a b= a g otz Y3ab—3 g VRS Table A.10 137
To TTT, Za—9V%v b+ OHEEERORXTEDLT,

A8 = NNy(As, 0) (A.38)

A8 = NN,(As) . (A39)
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v=¥Ya b =5 OME - LHEWAT . BEORE (M8) EET 20T, B
DIRNBABFREWANLT ) P EH L ISR R TE 2 L N2, 23 o
V=2 a VRO —HLTWE, B—A VA P T7—2 L TH. ALZ E55n s
5 LEbNDY, FHEHE HELEOM/NER & LT3 72 o5 R L &l
HMEEAZH L OBRIRBIGELTRTH D, 22—V iy F OAHZE 2
BHALT B - OBHEDORIER A1 T % L 2 DBBIKRE (b, REAEL ATT2
LR TEL R 2TV, LzdfoT, Z =20y bcsd L it (A.38) D%
A7 % —HA—=HVFy ML TR (A39) DI A7 HVS,

Global Network Local Network
6, -5.0°~5.0° -1.5°~1.5°
6 -30.0° ~-20.0° -1.5°~1.5°
63 15.0°~25.0° -1.5°~1.5°
64 -5.0°~50° -1.5°~1.5°
6s -5.0°~5.0° -1.5°~1.5°
s -5.0°~5.0° -1.5°~1.5°
(0.1° step)
60patterns 100patterns
N.N. 14X 20X 6 N.N. 8X 30X 6
L.T. 50,000 L.T. 50,000

Figure A.27 Operating range
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Table A.5 Training patterns (Global Neural Network)

Input Patterns [pixel,- ]
Trainig No.
& Axy | An | Axy 4y | Ax 4y Ax, | 4w & 6 1Y [ o 8
1 -8 52 28 70 -20 83 23 102 | 10.0 | 500 13.0] 3.0 150} 5.0
2 -55 18 =25 44 -74 44 -37 72 113.0| 500 | 13.0] 3.0 13.0§ 0.0
3 32 29 | 67 7 10 3 51 39 8.0 | 590 90| 00 60 20
4 -26 71 6 106 -53 102 | -13 1371 12.0 | 58.0( 140| 0.0 60| -3.0
5 -1 -59 34 -31 -18 -29 24 -1 10.0 | 54.0| 10.0 5.0 80 -1.0
6 41 40 71 66 24 68 60 96 80| 52.0] 11.0( 40 | 150 | -40
7 -28 8 6 42 -52 40 -111 75 120 | 580/ 120] -301} 5.0 3.0
8 88 -55 115 -19 66 | -27 100 9 50| 560| 11.0{ 40| 50 -3.0
1 I 1 1 | 1 [ 1 ! 1 | I | i !
1 ! 1 1 1 1 I 1 1 1 1 ] I | !
i 1 I I ! ] | 1 1 1 I i I 1 !
I | ! 1 1 I 1 1 l 1 1 1 i 1 !
60 55 -66 97 -41 44 1 30 92 -5 701 570 50| 401 110]| 50
Output Patterns [ ©
Trainig No. i L1
AB, | A8, | A6; | A8, | ABs | Abs
1 00 | 200} 170] 3.0 | -50 | -5.0
2 -3.0 | -20.0f 17.0| -3.0 | -3.0 -5.0
3 20 { -29.0] 21.0] 00 4.0 2.0
4 -2.0 | -28.0] 160] 00 4.0 3.0
5 0.0 | -240| 200 -50 2.0 1.0
6 20 | 220] 190| 40| -50 4.0
7 20| -28.0] 18.0f 30| 50| 3.0
8 50 | 260| 19.0| 40| 5.0 3.0
I 1 1 1 | 1 |
| 1 1 i I 1 !
l | 1 1 | 1 |
1 1 1 i ! 1 |
60 3.0 {-270| 25.0| 40 | -1.0 -5.0
Table A.6 Training patterns (Local Neural Network)
Input Patterns [pixel, *] Output Patterns [ ©]
inig No.

Trainig No- 1" T an | 4 | 25 | 4% ay | A | 4w | a6, | a6, | 26, | a6, | 48, | a6,
1 -39 38 -40 40 | -46 37 -45 41 -1.5 | 04 | 02 1.0 -1.01 07
2 -19 | 21 -19 22 | 22 22 | 21 2 107 ] 011 -10 12 0.7 14
3 -11 -14 -12 -13 -12 -16 1 -12 | <15 | -0.4 04 | 07 1.0 -1.0] -1.2
4 31 32 34 32 33 37 37 36 1.2 ] -12 | 04 1.0 07| -13
5 21 6 22 5 22 8 25 7 0.8 07 03} -1.2 1.2 09
1 ! i 1 | 1 1 | 1 1 1 ! 1 ! 1
1 I I 1 I 1 1 ! I 1 1 ! 1 | t
! I i 1 1 1 1 I 1 | 1 ! 1 | 1
| 1 \ 1 1 1 1 | 1 1 1 ! 1 i !

100 1 3 4 2 3 6 7 4 0.1 05101 -01f 07] -1.2
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: : <global> PATH: </ 2/u
V“;‘ Global Seura) Network

RMS Output Ereor

[N

o !Lnl:al Neural Network System

Figure A.29 Local Network
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(la) desiredima (2a)  desired image |
current
current image image —’@
(1b) (2b)
/ desired image _ desired image
actual image actual image

Figure A.30 Simulation results (1) [learned patterns]
Global Network

Table A.7 Pixel error (learned patterns)

Errors | Axy |Ay1 | Axp | Ays | Axs | Ays | Axy | Ays

------------------------------------------------------------------------------------------------

------------------------------------------------------------------------------------------------

-------------------------------------------------------------------------------------------------
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global
network

(1a)

A initial image
desired image

(2a)  desired image

local
network

(1b) (2b)
S
desired image current S\
current image image desired image
(1c) (2¢)
s o2
current image current image
desired image desired image

FigUre A.31 Simulation results (2)

225

global
network

local
network
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Table A.8 Pixel error (2) (not learned pattern)

Error | Axy | Ayy | Axa | Ayy | Axs | Ays | Axy| Ayg

---------------------------------------------------------------------------

--------------------------------------------------------------------------

--------------------------------------------------------------------------

-------------------------------------------------------------------------

-------------------------------------------------------------------------

Table A.9 Pixel error (3) (not learned pattern)

Error Axy | Ay | Axa | Ayy | Axs | Ays | Axy | Ayg
Initial 29 { 98 | 1 130 {-55 {127 |-17 | 160

LocalNet | -3 | 5 | -3 -11 0 5 1] -2
Initial 54 1 30196 | 53| 43| 68192 | 92

-----------------------------------------------------------------------------

..............................................................................

Local Net | -8 0| -8 S| -6 1 (-5 -5
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(1) (2)

. Qesired d / \
Objec(; lgarned( image he;;reéi earned
move image mmage image |

(la) (2a)
e -
desir{::l cur:(ent
image TS
Global —
Network (1b) 2b)
._b. ‘
\ f
actual actual desired
image image image
Local .
Network (Ic) o (2¢c)
b B
o7 final final ~ desired
e mwe |

Flgure A.32 Simulation results (3) [not learned pattern]
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Table A.10 Simulation results (pixel error)
Global Network

Hidden Layer : 20unit
Learning patterns : 60
Learning times : 50,000

Try No. I_llltlal
1 AXi| AY1 | AXy | AYs [AXs | AYs | AXy| AY:
2 3|48 33|67 -15(79] 28|99
3 -26 |1 63|10 [ 80 |-38| 94| 5 (112
4 311 45] 6 | 64|44 76| 0 | 97
5 571 44192 166)]45] 77 86 (100

Try No. Final NN(as)

1 AX; |AY) | AX, |AY, | AXs| AY;3 | AXs | AY,
2 J-9f12-21f12f-21]10]-21] 10
3 |38 3538 27| 45| 36| 45| 28
4
5

21 43| 26| 35| 29| 46| 35 | 30
1] 2118 67] 17] 76| 19| 72
Try No. Final NN(As,0)

1 1 AX; |AY: | AXs |AY; | AXs| AY; | AX, |AY,

2 Jojr |13 2|1]-1]3
3 lalaflal7l6]| 5] 6]-8
4 1]-29] 4 |-20] 2| 29| 529
S 112416 3]16] 2|20
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A.6 EERIC & B

KB AT b % Figure A.33 IIRT, AEBRIBVTHVY =2l — 5355
EE%%L\%%#Db???%yﬁﬁﬁﬁﬁwzl—?wiwbV—&%ﬁmfﬂ
BATIERL L 720 MR ORI 4 MOBEIL . WELEITEES ST 2 W20 10E
BeRBfHIC L > TBAIL T2, BERIC L D IRET 2 FEOAE LT L.

A6.1 FEEIXFL

AFEESHHEY=Ya L —~% (MOVEMASTER-EX ) o3t L CEA L7z £8
VAT LD %E Figure A.34 IK7RT, Y= ¥al—4 DEBIINEDH S —C C
DA 27 (XC711RR) 1B o TEBY ., EEEEIEA A - AT £ F
UWM%M%)%ELT%@E%%X%G\ﬁﬁv&wwﬁwﬂﬁ“@@f—&mﬁ
BN, RA P IV Ea—5 D VRAM E~—Tf§47- D% 0.03[sec] LLPIIC DMA &2
EEND . WRYORB R OB . EHELBICEEE M BV E S ICBBHRIz L -
THIILTWS, 22 =S VA T —2232Lb—F L LThS YAV 2—% 5/
%57% % TRP-NEURO SIMULATOR (¥8) #FIVTHBY, =2 —5 Vi vy } OuH
ESFX T V¥ ATERETE %, Figure A.35 #7517 SFEiL. BEOINY 27118
F—a vERW, - |

A6.2 Za—SILxyhDFEE

vIalb=YavilHwlma—9 VA y b —2 OBEROY =2l —¥ OWE
#iPH% Figure A.36, Figure A.37 ICENFIRT, FEF—4 L LTIk, Z 10—
WAy MZBWTIE 60 NF =Y, B—F Ay MIBWTIZ100 35 — ¥ OEEFES
EREL. 2,000 BCPORL 28R BT 5 720128 50,000 [ 028 %475 724
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A.6.3 EEREH

AT LA TE, FTROCFE I UL R BOCEE L/ =N mr— S
W$vbv—7EﬁwT\%%K:1—5W$7b7~7#6®&ﬁﬁ%ﬂﬁkﬁt
LTX=¥ab -3 28T, 20L 0SS 4 IOV TOHELS — % Table
ALLIRY e COF =5 LNEEENY -V iZon T, S (45) OEELS —
i =5~ +5 HRBEEICHIZ S,

FZBLINy - P oF -5 izonT Figure A.37 [Z/RL -#iBLIN TS v 4
ACSEE SEEREAT o720 & & TR L2 LHNOEEOMED b HiEME - &
BIHH EIT o T b, HEBBICESIK—EIE L TR i, K2 cing - Az
DOHE EITH Z LA TE S,

RIZ, REFENSY - L LT Figure A.38 IZ/RT & 9 ISR YD FHEDE 5
UG E T 2 RPREOFYRORF 2 B otz 20 L XOERLS —
% Table A.12 \IRT o B—FNV=a—F VR Yy b T —2 3480 BELEAVL S LIk
NI — WP IEHT LaHHS,

BELY, x=€alb—5 D5z, HEBHRL=2—5Viy F T—22H0T
HIEOAE LB 2D EEE L, IS LI LD TE D,
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FDMO9SRC
CCD Camera P ( PSRGB)
(XCT711RR) o
‘ | Image Processiné el | CRT |=
Unit
Host -+ Neuro
Computer Simulator
(T /R
(Trp-Neuro<AMI>)
Robot Arm Te%ching
+ Controller 0X

Figure A.34 Experimental system
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" Transputer-Neuro
System

a5 Av

Network Board ﬁ__ Host Computer
NEC PC9801VX
Root Transputer

Model : Backpropagation

Network cofiguration : Input Layer  13unit

Hidden Layer 3Ounit
Output Layer  Sunit

Learning patterns : 60
Learning times : 50,000
Learning time  : 10 [hr]

Figure A.35 Trp-neuro simulator (AMI)
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Input Layer

Output Layer
Hidden Layer G unzt(s’)

Operating range

o, | -5.0%5.0°
0, | -30.0%~-20.0°
6, | 15.0225.0°
6, | -5.0%5.0°
s | -5.0%5.0°

’ (1.0° step)

L.T. 50,000 (times

Figure A.36 Neural Network (Global Network)

Input Layer
(illmts) Output Layer

Hidden Layer (Sunits)

‘Operating range

6, | -1.0%1.0°
6, | -1.0%1.0°
63 -1.0%~1.0°
04 -1.0°%1.0°
Os -1.0°%1.0°
‘ (0.1° step)

L.T. 50.000(times

Figure A.37 Neural Network (Local Network)
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Table A.11 Experimental results [learned patterns]

Global Network

Pixel errors | Axy | Ayy | Axp | Ays | Axs |Ays | Axa | Ays
Initial 42 -72 | -18 9 | 41 -9 -20 | -71

Final 0 0 -2 -3 -2 0 1 -2

Initial 91 | 21 37 | 97 | 100 | 87 | 28 | 34

et e el TN R~ AR W R——

Final 4 |3 1] 4 S| 4 3| 4 5
Initial 3 (-3 ]1-5|60] 1| 58]-60]| -3
Final 0 3 1 4 1 3 0 4

Figure A.38 Experiment for not learned pattern

Table A.12 Experimental results [not learned patterns]

Pixel errors | Ax; | Ayy | Axy | Ays | Axs |Ays | Axg | Ay,

-----------------------------------------------------------------------------

......................................

............................................................................

---------------------------------------------------------------------------

LocalNet| 0| 6 | 1 0| 2 3| 3] 4

234
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A7.1 w2 FHETEE & DLEBURET

(1) SRR

235

W7 —5 Lx=¥al—5 ORFGHER L OBEERERD LS icE X5,

0ec R . BIEIA
PeRt : R=¥al—¥EBoiE - L4
z € R® : FHA 4 HOWE L CopERE

z =g(P)
A = NN(zq— z) = NN(Az)

{P=ﬂ@
HEEE - £Z (24,04, Py ) ICBWT

{ Py = f(0a)
zg = g(Py)

2 (A40) £ b,
z = g(f(9))
Tq~ O3 Py DEEITBNWT
g+ Az = g(f(6a)) + —a%g(f(a)) o=, -AB
A (A41) L K (A43) &b,
Az = 2o £(8))oeg. N0
T = %g(f( ))o=64

WX, Ne R E§5 LR (A44) 2R (A40) KRALT

(A.40)

(A.41)

(A.42)

(A.43)

(A.44)
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Af = N(%g(f(()))g:gdAH) (A.45)
—> N (6(70) ls=os= (.46
GLODFELT
N = (O o FOD ™ oo (FOD) lcss (A7)

Elbo THIZ, AG, Az BPEZ LN L EDRIR B, g « 0,0 Py DEEEIIBN

THIEET VR LT EROAIELNNS,

((AO, = &1Azy + &l + é1sAxs
A92 = 621A$1 + 522A$2 R + éQgAJIg
|
| Abs = Ca1Amy + EgAzg+-vvne- + CesAus
L7=5%- T,
Al =¢ Az

&b, T, ¢ ERHETH,

Wk, EEETILDIRT—F (A", A0Y)  (n

- o1
0; = o € R®!
o5
[ Az}l Az} - Az}
X — Az? Azi ... Azl c B8
| Az} Aa§ .- Add

(A.48)

(A.49)

1,2,---,8) D8 MEHET %,

(A.50)

(A.51)
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C}
. C?
i=| . |eR™ (A.52)
s
L4k
0=X.C O =[04,0,,---,04] C=[C,C,-,C e (A.53)

3 (A.53) ICBWT, X ¥ nonsingular ( | X |#£0) THE%ELE. C koL Iic
#EIND, ‘

C=X"1.0 (A.54)

(2) BI2EHERE
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N
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t=1
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C; = (XTX)'xTe | : (A.62)
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t=1
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= Pl +onal (A.66)
L7228 T,
éN = C\’N—l + PNIEN(GN — w]l\}éN_l) (A67)

Pyt = Pyl + oyzl (A.68)



f132A ~YZFE1L—42NEY 17 IVEIH 239

WAFFI R FWTITRT &,

A A Py_izn
Cny = Cn-
N N 1+1+x11\}PN_1:cn
Py_izyal Py_y
1 + m%PN__l.’ZJn

(On — 25 Cn_1) (A.69)
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Co = 1£& (¥ 0) (A.71)
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Table A.13 Pixel error by Neural Network method

Error | Axy | Ay1 | Axy | Ayy | Axs | Ays | Axy | Ay
Initial | -41| 14| -38| 16 |-29 | 28 | -26] 7

b e b o o e o] o e o s e o o
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Table A.14 Pixel error by Least Squre Estimation method

Error | Axy | Ayy | Axy| Ays | Axs | Ays | Axy | Ayy
Initial | -41| 14| -38| 16 |-29 | 28 | -26| 7
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(1) x=-15 y=-15
(1a)
| | IAZS
Figure A.39 Dynamic servo system oted intial
(1b)
(1) x=0 y=10
(1a) (1b)
S e
lmage
corrent _
lmage
current desired actual esired =
image image image image ‘ (Ie)
2) x=-5 y=5
(2a) (2b) /
desired actual
image image
Qe,sired \
current magel 1 el desired Figure A.41 Simulation result 2
image image image

Figure A.40 Simulation results 1
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Table A.15 Simulation results

Evaluation value =—1-Z v AxPray}?

[Casel] 4
Moving distance Initial (pixel error) Final (pixel error) Evaluation
X y Ax; A_)’l Ax,| A AX'3 Ay3 AX4 Ay4 AX] Ayl AX2 Ayz Axs Ay3 Axy A_)’4 value
5 5 f-11) -10] -10] 9| 14| 0|11 o) 3] 1[ 3] 2| 4| 1| 3] 1] 351
5 S 15| o -3f 7] arf of-14] 7l o[ 4o 4| 1| 5| ol 4| a2
5 5 -12§ -15| -10| -13] -14| -15} -11] -130 © 1 -1 21 -1 0 0 -1§ 1.31
5 5 1219 11| -7 1-14| -104 -11] -8 0| 2 1 -11 0 -3 1 21 216
5 5 ~-11 4§ -12} -10% -10§ -13} -13 ] -10] -11 0 0 1 1 -1 -1 1 11 1.06
5 5 11§ -10f 9| -8]-14 ] -11} -10} -8 0f 2 0 -1 -1 -4 0] 3] 253

[Case2]

Moving distance Initial (pixel error) Final (pixel error) Evaluation
X | ¥ [Ax|Ay|Axol Ayof Axs| Ays| AxgfAys [Ax, [ Ay [ Ax,JAy, [Axs| Ays[Axy[Ayy| vene
0 10 2410 2270 |26 |0 {-23]0 1 3 2 2 2 2 3 2 311
0 10 §-22 13 |-21 24 | 2 -2 2 41 2 2 1 2 2 3 1 2.62
0 10 {221 2 {-20 1 §-24 1 -20 1 2 2 4 1 3 2 5 1 3.91
0 10 §-2112 |-19 1 {2311 |-19]1 0 |2 2 4 1 2 2 4 0 3.44
0 10 12212 |-19 1 12411 |-1910 ¢3 3 5 1 4 2 6 0 4.95
0 10 |20} 2 |-17 1 §-22 1 -18 0 1 2 4 0 2 0 4 1 3.09

[Case3]
Moving distance Initial (pixel error) Final (pixel error) Evaluation

—

X y 14Ax, Ayl Ax, Ayz Ax, Ay3 AX4Ay4 Axq Ay Ax;_lAyz Axs Ayg AX4 Ay4 value
-15 <15 3137 | 33 31} 28] 41| 32| 35| 27| -3 171 -3 14] 3] 19§ -1116 |1671

0 073 171 -3 1 14] 3|19} -1 ]|16 | -3 2| -5 1 41 2]1-41]1 4.32

-15 -15 § 33§ 35| 27] 30| 37|35 31|29 0 3 ]-1 1 1 6 1 ]2 3.18

-15 -15 133} 35)27] 301 37135 31§ 2] 1 10 | -1 9 1|14 0 | 10 | 10.79
0 0 1 10 | -1 9 1] 14 0110} -3 0| -7 1 5] 3| -8 1 {3599

-15 15834 ) 32| 26| 29| 37135 29 30} 3 -1 0 3 3 3 1 -1 295

-15 15§40 | 321 33| 26| 45| 36| 38 28| ¢ 71 2 6| 6 121 3 8 1938

0 0 6 7 2 6 6 121 3 8 | -1 2 1-5 21-317 5] 4] 541

-15 -15 136 | 341 28 31) 39|40 3133 7 213 0 8 8 513 6.86




f133A YZELL—40EY 17 IILEIH 244

AT74 TTRYZE2L—%ZIIDWT

BEETRy MIBWTk, BEOBLITIET 2B LB ER X2 0
T, Yoo b= I L CURME b 02 2 LV ETH D, TEC=Va L—
% Lid. Figure A 42 KRT LI RFEHEL2ETAY Va2l — ¥y v =V L —
5 OFEIRONIE - BT LT, SEBAEI—ETHL D%V, TEY=Ya
V=5, ZOTEMEZFIFE L CRERCREEY O - HRY0BEA~DEb ) i
% EOBWEDTIREL % %0 —RRICTRY b 7 — A3 b 2LRBUIIBVTEFOFLOME -
LY ERDOTNCH PR 22T Db, DL D AERBIERELIFTRT
Wb, BRI ZNEAZEAT L EPREE L2 WEIT T, 2ORECBW
THRHMENBRICES ZLNHDEDT, FRIGETLIEDET LBV, 22
T, mﬁﬁ%ﬂmLf%ﬁﬁ#gmﬁ%%§¢7ﬁﬁﬁﬁonkks<&5;7kﬁ
I NIFRAEERT 5 LA TE D,

CDEIXTTLRT=Ea L—F XA TH B, BITTEMI D 2550 21 2.
RoEa b —5 ORRME - £BDP L=V al—5 ORENAELEET28F 2
CT A7 ARBELSHECHEEOBRY D ) —BIEL ST, TEHAENL D L
BAPFRHERT S, I CREES N-HHFECEEREIA 2 5% &Y
TNE A LFBICRAMETH S, CDL ) RMELFERT L0 LoD L LTH
MR WL 5 & tklbﬁﬂ%ﬁ#?ﬁfﬁ%&#ﬁ<&% & HIF
TX%,

Za—FNVEAY NI =2 T, BXAENY—UESIT GRRT 252 5ITTER
PR A EDMEETH Do T, AMBDT—E L %2 2RI LT, —3t—
LB &) BHERERIICEE Lo TEN LT 2 L2 BT 5, AFEOES)
WEBGRET 5 7:012, TEEOSH 2 FH 5 HHENY = ¥al— s 2B LTy 3Ia
V=23 v &f1h o725 Figure Ad43 WWHEBNY — /iS5 3ab—Ya VigRE,
Figure A 44 I ERFFH N -T2V I ab—Ya VERR FNFRL TV,
CNOH L), AFRENEY=Ca L— S K L TOF0F AN EHAT 22 LT
&7



f183A ~wZFEaL—40OEY 1746 245

Manipulator

Figure A.42 Simulation model
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Figure A.43 Simulation results (for learned pattern)
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Figure A.44 Simulation results ( for not-learning pattern)
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