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Research on Rescue Vehicles

with AR-based Support*

Masanao Koeda

Abstract

Natural disasters such as earthquakes or typhoon in urban areas make heavy
damages and a large number of deaths. To reduce these damages, it is efficient to
use robots for tasks of a search/rescue of diaster victims. However autonomous
robots do not perform in unknown environments or indefinite tasks. The best
choice in the real world is a manual operatoin. We developed two vehicles which
have an Augmented Reality(AR) based support system for search/rescue opera-
tion. One is a compact size teleoperated helicopter which is utilized for searches
disaster victims in a wide range. This helicopter fly over devastated areas and
an operator surveys with an AR-based support system The other is a electric
wheelchair which is used for rescue operation in door. The support system shows
some guidance information and leads a rescue team to victims. Using these ve-

hicles, some experiments were conducted and their feasibility was confirmed.

Keywords:

Teleoperation, Augmented Reality, Vehicle, Disaster Control, Rescue, Support

*Doctoral Dissertation, Department of Information Systems, Graduate School of Information
Science, Nara Institute of Science and Technology, NAIST-IS-DD0261011, February 3, 2005.

il



010 0o

) I P

1.2. 000000 .00

020 dO0d0obbooooobbbooobobbooooboo

21 0000 ..o 00

22 0000000000 DOOO0OODDOOg ..o

221 O00O0OO0O0OOOOOOOOOOOOO ©o 0000

222 000O0O0OOODOOOODOOO .00 000000

23. 000000O00DOO0OO0DO0 .00

24, 0O00O0OO0ODOODOODOOODOO .o oo

25. 000000000 000 s

030 dodbobbbooodobbbuoodoobbbd

3.1, Dgbooboobooboobooog oo oo

3.2. 0000000000 .00

321 0O0000O0O .o oo

322 00000OODOOODOO .« ..o

33. gbooboobooboobooobooobooo ..

v



3.4.

3.5.

3.6.

3.7.

040

4.1.

4.2.

4.3.

4.4.

3.3.2 00000 ..o 20
gbobboooobbbooooboog 00000000 32
341 000000 ..o 00 oo 32
342 0O00OOO0OOOOOOODOOODOODOODOoOg ... 34
343 0O00O0DOOO0OOO0O ..o oo 35
344 0000000O00O0O ..o 37

oboobooooboobooboobooboooboo ... 40

3.5.1 OO0 oo 40
3.5.2 UO0O0O0OO .o o 40
goboboogobboboooobobogog . oo 44
3.6.1 O0O0O0OOO ..o o s 44
3.6.2 0O000O00O0O0O ... o oo o 46
3.6.3 U0O0OOO0OOODOOODOOO0O ... 20
3.64 0O000O0OODOOO ... oo .. 23
UOD0OD0O0O0O .. o4
gogbbbuooogbbobooooobbo 55
OO0 .. 25
I I 1 26

gogoobobbobbobbbbotbodoooooooobbobbbon
OO0 .o o7

gboboboboogoobboooobobobooogbobooooag . 89



4.5.

4.6.

4.7.

4.8.

4.9.

us0

5.1.

5.2.

HEN

442 0000000 ... 0o .
443 0O00O0O0OOOOOOOOOODOODOO @000 ...

444 0DO0O00O0OO0OODOODOOOOODOOO .00 000

471 DO00O0O0O0DOOODOO0O0O .« o000 o000 L.
472 00000 ... o
I I

UOD0OD0O0O0O ..

g

gbobodd

gooo

vi

82

82

83

85

89

93



1.1

1.2

2.1

3.1

3.2

3.3

3.4

3.5

3.6

3.7

3.8

3.9

3.10

3.11

3.12

3.13

3.14

I L 3
I L 4
0000000000000 (Uooo). ..o, 9
I I 15
I I 16
UO0D0O0O0 .0 16
gobobooggbboboogoboboooooboo ... 17
gbobboooobbboooobobooooboo ... 18
gbobboooobbbooooboboog ©o 0000 19
I I 21
000 AOOOQOOODODOO0O0O ... 0 oo 22
000 AOOOQOOODODOO0O0O ... 0 oo 23
OO0 BOOODOODOOOOODO ..o oo 24
OO00BOOOOOOOOODOO .« ..o oo 25
I O I I 26
OO0 COODOO0OOnoOnog ..o 27

I I P 28

vil



3.1 000 D0OO0D0OD00OOnDOg « .o oo 29

3.6 OO EDOODOODOOOO ..o 30
17 000 EDOODOODOODOO « ..o 31
3.8 0000000000000 oo 32
3.19 HyperOmni VisionO O OO . . .. .. ... ... ... ... 34
320 000000000 (210000) « .o 36
321 20010 0000000DO0O00DOOODOOOO ~ ..o ... 37
322 40000000000000 ... 0o 38
3.23 20020 0000000DL0O0DODOODODO oo 39
324 000000000 ... e e 39
325 000000000O00O00O0O0O0O ... oo 41
326 000000000 ... 41
327 000 ADODOO ... e 42
328000 BOOOOO ... e 42
329 000 COOOO0O ... e 43
330 OO0 DOOOODO ... s 43
331 00000000000 00000 « .o 44
332 00000 .o 46
333 00000 .o 47
334 0000000000000O00O .« oo oo oo 47
335 00000000 .. .0 48
336 DOOOOO0O0 ... o e 48
337 00000 oOonooOooooog ..o 49

viil



3.38

3.39

3.40

4.1

4.2

4.3

4.4

4.5

4.6

4.7

4.8

4.9

4.10

4.11

4.12

4.13

4.14

4.15

4.16

4.17

4.18

I I o1

0000 (0:0000000000ooo0:.0D00000OOO00O00
0:00000000000) ..., 02

00 6m|0000 640x480[pixel] 00000000000 0OOODO
OO0OD0O0O .. 52

gooboboogoboboooobooboooogoooag ... 56

QOOOUOO .o 58
QOOOUOO .o 58
I 29
OOOO 60
I 60
I 61
I 0 O 63
I 1 0 63
I 1 1 63
OOOO .o 64
D000 25[em/s] . o o oo v 65
D000 29[em/s] . o o v oo 65
D000 320em/s] . o o v oo 66
D000 35[cm/s] . . . oo oo 66
0000 39em/s] . . . oo oo oo 66
I 67
I 0 O 68

1X



419 000000000 oOoooon ©o 0o oo s 69

420 00000000000 « ..o oo 70
421 0DO0DOO0O0DOODOODDOO0nO o000 oo 71
422 000100000000 ... 00 oo oo 72
423 000200000000 ..o oo oo oo oo 72
424 DO00bOOoOooOOooOoboOoobobooooooboog 74
425 0000000 .o 75
426 Obooobooobooobooobobooobooobooobog ... 76
o/ T 7
428 0000OO0OooboOoooOoobOobooooooog e 7
429 DO0obooobOoooboobobooooooog oo 78
430 DOO0DOoOooDOoooOooboOobooon oo oo 79
431 000000000000 © o000 79

432 0000000O0ODOOODOOOOOOnD .00 80



2.1

3.1

3.2

3.3

3.4

3.5

4.1

O0000000oooooooO (Bjooog) .. 8
I 20
I I 33
I 36
I I 45
I I 23
I I 62



10 Ui

1.1. OO0ooogon

gboooboboboboboboboobobboobobooboboobot
0000000000000 000O00000O0000DOO doooroO0OO
gboobgbogbogboogbuded3ssbogbooonoion 111,054
0000000000000 O po0ooo000oo0o0ooooooooog
gbooogbbodgbboobobboobbuogobboobboobooon
gbboodgbbuoodboobboodgbbuoobobbobbodobbooob
gboooooobooboboboz2e0200b0000000000000000
gbboobobboodbuooobooobbobboodobbooobbooob
gbobobogdbbogobbooobobuooobobboobobbooan
gbobogobbuoogbbuobbooobbbooboboboooobooan
gbbobooobbuoooboobbboogsbbbooooooobbooab
gboboooobobod

1. ogbbbooodobbb obbbbuooobbbodao
2.000000bobob oobbbooooobbbouoooon
. 0uougoaoboboooobboboo bbbuooooboo

() 0000000 0O0O0OO0OODOOOOOOO
(b J0ODOOOOOOOO0DOD0DOOOOOOOOODODOODOOOOO

(¢ DOODOOOOOOODOUOOOOOODOOOOOODOOOOOOOOO
gboboboogobbbodadn



(d) DD0OD0O0OO0O00000OOoODDOOoOOOOoOOOO

4. 0000000000

04000000000 400000000000000O00O00DODOOODOO
000000 3(d)oooNPOOODOOOOOOOOODOOODODOOOOOOO
gboooobuoggbbooobbooboboggbboobboobooon
gbbboooobboodbbbooobboodbbbuooooboooon
gbogboboboodgbboobboobbooobbooobooobbooob
gbbodglibbboogbbbbodoodgbobboooobbbuoooob
0000000000 [f|000000000000000000000000
gobboooobboooaooboo

00007, 8 00000000000000000000000000000
1.00: 00000000000

2.0000: 00000000000
3.0000:000000000000000

4. 00:00000000000D00

A
goood

a0 » 0oooooo 5 5

00000000 : :
00 »0oooooo ; ;
oo ' ooooooo : :

oooo nooo Rt

. ; g oooo

000 . 000 L 00 . 2000 . 000

00 . o0ooo o000 . U0 Hpooooo
0000 00000 00

011 00booboobo



5. b uuunbobobodd

6. 00: 000000000000

.00 00boobooboobooboobooob
. Ub:0bbuuobbbuooobbn

9. b0 0b0o0bOob0bOobboOobn

O0000000o0oooooo 3-(d)0oo0000ooooooo240000
gbooogbbogbboogbbuogobogbbooobboobobogan
gbogdsedboobboobooboobuoobooboobooboobbon
gbobooboobobooboobooboo120b00000000000
gbooboogbogobogobboobobbobbooobooobbooon
gbooggbboogbbobogbbuogbobooobboobobooobbob
gbooggbboubbuogobooobbooobooobbuooobooan

Assessment of the situation Planning of the rescue operation

—_— <
||
LEE
LEE

Rescue Operation

012 0000000000



gobbobobobobbbbododoodoooooooooobbbooobobn
gboboogdgbbuogbuoogobooobbooobooobbuooobooan
gbbooobboodobboogobboooooooboobbooobob
gbboodgbbobodbobooobboooboodobbooobbooob
gbobodd

1.2. OOO0OOO0O

ggbbobodgsgdbobouoan

g20: 00gdobobuggboggbuogobbbooogbb boooo
gbbobooobbbododoobuooobbooobboooobboooboob
gbboobboboduoobbuodgobbuooobboooooooobbooob
gbbooogobbboooobbbuoooobbod

U3b: dggubbuogubbuogubobboobn buooobboodob
gbobogdgbbuoobbbodobbuoobboobooobbuodoobooob
gbogdgbbuogbbbodobbuoobboobooobbuooobooab
gbooogbbuoogbooobboobbuoogbboobuoobbooon
gbooogbbuogdbbuoobouogbobboobboooobbooon
gobooooobboooobboboooobooo

U40: 000obbogobbuooubboodab bbooobbooob
gbooggbboogbbbogbbuooobboobboobboooboaan
gboogbbogobogobboobboooboboobbuooobooon
gbboodgbboodbbuaobboodobbuobobooobboobobbab
gboboodgbbuoobbbodbbubbooobooobboobobooob
gbbooooobbooooobboooobbbuoooobo



gsd: 00 O0bbhoobuogbuooboobbobobooboobbogn
gbooggbboogbbobogbbubbooobooobbuooobooan
gbooodao



20 Ootdbobotdbobotodood
Juoogddoogddn

2.1, O00O0O0

gbbuogobooobboobbuoobobobboobboooboboob
gbboodgbbuoobbbodgbbobbooobooobbooobooob
gbooboodboogbbogbobooobbodgbbooobooobooan
gbooogdgbboubbuogobooobbooobooobbuooobooan
gbbouooobbbooodoobbuoooobbbuoooobbbooaob

22, J000oooobuoobooobooobooobog

221 JO00obooooooobboooo

gbbogoboogobboobbuoooboooobboobooboboon
gboboggbobuoogbbooobbobbobbbooobuouoobooan
gbobbooooobbooooobboooooboboooobon

e OUOUOOODLDOUOOOODLDLDDLDOULOOODLDLDOOOO
e JUUOOUOOOLOOODODO
e JUOUOUOONO

e JUUOUOUOOLDODODO



021 000000000000000 (30000)

0o (@o) |70 8O 90 100 110 120 130 140
oooooo0o | 26 26 26 27 27 27 2T 27
0000000 | 24 32 37 39 40 41 41 41

0 59 58 63 66 67 68 68 68

gbbogobbooboobbbuobbbuoodgbobouooobbooab
gbodbboobbuooobboobbbodobobooobboobooob
O00000000000000 4000000000680 00000000O (O
21)0000000000000D0000O00000oooDoooOoOoooooon
gboboggboboogbbbooouobobobooobbooobbooan
gboogdgbboobbuogobooobbooobooobbuooobooan
00 (0 21)00000000O0000O0O0OOOO, 100000

e DU UOOOODLDOOOOODO
o JUOOUOUOOOU
e JUIOUOUOUOU

o JUUOUUOLOODOODO

gbooggbboogbbobobtoogbbooobooobbuooobooan
0000000000000 000000D 1)poooooooooooog
gbboodgbbuogbuoobobuoodobbooobooobbuooobooob
gobbouoooobbooooobboooaobood



MU EIEE 5 o b7 — TR |
F - FiEEnEEEE AL . K5
By - FESEETS

v — M Ushid =

FIAL TIEBL . MEIFCRTTE

[iﬁmiﬁﬁiﬁﬁmmﬂﬂiauﬁﬁ¥i\

moh

A VBRRECLD
RERRIEE L 2 5 4

SR EHEECET
* B (R E s e 1R
s BRUHESE T A T 4 b

& - vomE
l-mﬁﬁﬁmlﬁ
» EEHEEE 25 4
\ L EA R R B (R
¥ BHEE £ 1EHR
- EEOERE (XEEE)
FAEBAE <>

FRiEREEREENRE
B2 T4

Hidhr e

[-g;—ﬁmmﬁ'
- JEtE#0 A A

ﬁﬁﬁm

BT
AT

5

GFPSHE -
Yo -
A #
E

TEEEHE

:@;h

Y

&%ﬁﬁ%mﬁ
B
Fﬁ@ﬁ *iiiﬁi

021 0000000000000 (o000)



222 JO000oboooooooob

OO00b0O00 OOOoboOooogiessuboooobogn R-5000199700
RMAXOOOOOOOODOOOOODOOUODOOOODOOODODOUODODOODO
0000000000000 YACS(YAMAHA Attitude Control System) 0 O O
OoOOoO00oooooOooooobooboooooooobOoOoboOoOg GepsoOd
000000000000000000000O0O [12]J00ooooooooog
0000000 [(BUOO0000000o00o0ouoo0D [40ooooooog
gbobooogn

Carnegie Mellon University Carnegie Mellon University 0 Autonomous He-
licopter Project 0 0 YAMAHA R-500000000000O00DO0ODODODO
OoooGpSOO0O0ODO0O0ODOO0OO0ODOOODOODODOODOODOOODOODOODO
0000000000000 000000000O0DOo00oooDOOoooDoon
O0000000000000O0OO00O0OO0O0O0O 15 160000000 3000
O00000bO000O0bOO0bOO0000bOO000o0DOO0bbOO0oDOobDbOOoDO
O30000b00ob0obooooboboobobDoobobDUoobOonoo
O [17, 18]0

000000 0OUO0O0O00OD0O0OD0O0 YAMAHA RMAXOOOOOOODOOO
GPSOO0O0D0UDO00O0O0O0ODO0OOOOOO0OOO([19,20000000000 YACS
OoOoO000oDoo0oOoooboobo0oOoooobooooboobUoOooOoo Gesoo
gboobogdboogbboobobooobbodgbbooobooobooan
gbooodgbbouogbooobooobbooobooobbuooobooan
gbobbooooobboooobbbuoooobobuooon

O0C00O0 DOOOOOO0OO0OO0OOoOoOoOobObDDOOOOO0OORPH2ADO 20010
gboboogbboodgbboooobbdooobboobbooobbooon
gbooboogbboobobboobobbodbbuooobboobbuooboooon

10



000000000000000000000000000000000000
000000000 [21)0

gboodgbbuod dobbuooobobdodobbooobboobbbboob
gbooodgbogobbooobooobbogobboobobobbooon
O GPS O IMU(Inertial Measurement Unit)0 0 0 0000000000000
000000000000 0000000000000O000 [22,23j0000 3
00000000300000000000000 [24]0

godd bOodboobobobobuodboobobobobodgbooobago
OO00oooboo0ooooooooonoboooooobobooooooGepsooO
gbobboobbodobbodgbogoboobboobboobboboabn
0000000000000 000000ooOoOoDOOOOOOO (25, 26, 27, 28|0
gbboggbbuoobbuooobbuoodobbuoooboobboooaan
gbobbuoooobbbooogoboooooobbooooobobogd

000000000000 O00000000000000000000000
000000000000YAMAHA RMAXOOOOODOOOOOOOO RTK-
GPSOOO0O0O0O0D0O00000O0D000000000000000000000
00000000000000000000000LANOOOOOOOOOOO
000000000000000000000000000000000000
000000000000000000000030000000000000
000 [29, 30]0

gbooogd gboogbobooobbuoobboggbbodobboooobob
gbogboogoboggbbooobboobboooobuooobooaan
O00000000000000000 InfoBalloon OO OOO0O0O [31, 32, 33]0

11



000000 00000000000000000000000000000
000000000000000000000000000000000000
000000000000000000000000000000000000
0000000000 [34)0

23. JO0ogooooooobooboo

good boboodoobobbuooooobbbouooooobbbooo
UMRS(Utility Mobile Robot for Search) D0 OO OO UMRSOOOOOODO
O00000000000000 [35,36,37,3800000000000000O0
O000 LANOOOOOOOOOODOOOooODooooooooooooooo
oo boboboboooooobboooooooooa
guoggooooooobobbbbbbbooooooooog

000000 00000000000000000040000000000
0000000200000000000 [39,40,41]000000000000
000000000000000000000000000000000000
000000000000000000000000000000000000
00000 [42,43]0

24, JO0Oooooooooobooboo

00000 (AR:Augmented Reality) 0000000000000 O0O0OO0O
oocGOOoooboooobobooooooooboobooooooobboooooo
00000 (VR:Virtual Reality) 0000000000000 00O0O [44, 45|0
gboboogbbogdbboobbuogboogbbooobboobooon
000000000000 0000000000O00000O0000O00 46]/00
gbgbodgbgboobuoobobuodgbobuoobouobobododbob

12



00 47000000000000000000O Hollerer 0000 MARS[48]|0
000000 Weavy[49]0 000000 [0JARISE0DO0OOOOOOOOOOO
gbbbouoogboboooaobboo

25, oo ogboo

gbbogobbodgoboodoboboobbuooobooobboboon
gbbooooobbbooooobboooobbboooobbo

gbbogobbobobbuogobboobbuooobooobboboon
gboodgbbubbuoobobbooobbooobooobbodoobooob
goobbbbbbbbboobototoduoooooobbbbbbbbobbo
gbobogobbuoogbbuoooboobbgbooooobuooobooan
gbogbodboudgbodbgboobuoobooobobooboboobon
gbooogbbogbogobboobobbodgoboobooobbooon
gbuodgbobobbodbuodgobobobbooboboobbobobooobn
gbboogbbuooobbuooobbbooobbooobboobboon
0000000000000 000000oooooooO pljooooood
gbooboogdgboggbobooobooobbodgbbooobooobooan
gooo

gogbbooobbooobboobobboobboogsbbuobboaad
gbooogdboooboboogobooobbodgbbooobooobooan
gbbbooodoobbuoooobbboooobbbooobbn

gogdgbbbbobobodooogooobbobobbodooddlligooooon
gboodgbbogbbbodobbuoobbboodobboobboooboob
gbboogbbuooobboooobbooobboobboobobooan
oboooobbobobgobobooooboboboboboboo40000b
gbooogdboogboboobobooobbogbbooobooobooan
gbobbooooobbbooooobbooooobooboooobon

13



30 oo btdood
Juoootdyg

3.1. dogooooooooooooobogo

gboudgboobuodgbobobobbooboobbobuodbuoobobbob
gboboodgbbobbuooobboobbbodobobooobboobbbob
gbooboodboogbbogbobooobbodgbbooobooobooan
gbooogbboodbbugbooobbogobooobuoobbooon
000000000000000000D0 100m000000000O0DOO0OO
gboboodgbbuogbbbodgbbuobbboobooobbuodoobooob
gboboodgbbuogbbbodgbbuoobboobooobbuodoobooob
gbooodgbboodbboobbuoogbboogbooobboooobogan
gboboggbogbbboobbooobbboobobbuooobooan
gboogdgbboogbobobogbbuogboboobooobbuooobooan
gbboodgbodbbuooboboodobbooobooobbooobooob
gbogbobuogdbuooobboobboodobbooobboobooon
gboogdgbboogbbobogbbuoobobbooobbooboboobooan
gbobooooobboboogbobbsiggbboboooobbbuooon
gbodboogoboggobooobboooobobbooobbooan
gbobbouoogbobbodooagobo

14



3.2. oo uoooood

3.2.1 00000

gboobdooboobuooboobogs20bobobobobobonbbo
OO0HMDOOOOOOOOOOOOOOOOOOOoOooOOoooboooDooDO
OOoobooobboOo33bbo0oboobooooboooobooboo JOoYPRO-20O0DO
gbobboogobboboooobouoobouogoobbboogbobbooan

3.22 JUO0Uooooooog

gobogobboobbooobboodobboodgb 200000000
000000 (034)000000000000000000O0OO00O000OO0OO

Helicopter

Camera

Transmitter /

Image
Immersive
Display
. —~—
Receiver —

Operator

031 00000bobbobbon

15



gboboggbbuoogbbuooobbbooobbooobbooboboon
0000 (035 0000000000000000000OO0OOO000O0O0O00
gbobboodgbboodbbooobboodobodoobboobobooan
gboboobbodbbuootobooobooobbooobboobbooob
gboboogbbuooboboobbbodobbooobboobboobooob
gbobooooobboooobbbooobobobooon

Gyroscope

RS-232C

PC Controller

032 0000000000000

033 0000000

16



034 00booboobboboooboobooboobg

17



g 35 dgboobobobobboboobooboobon

18



33. bbb booudboon
HEN

3.3.1 00U

0D0000000000000000000000000000000000
000000000000000000000000000000005000
00000000000000000000000000003.6000000
000000000000000310000000000000000 2[m]0
000000000000000000000000000000000000
010m] 00000 [52,53)00000000000000000 15m|000
000000000000000000000000000000000000
00000000000000000000000 1000000000000
000000

T —

_L'an'ding_Poin't

~ Obstacle

I Feah
M keoff Point
':'ztml[’f

~ Operator

Csm)|

.:9[m]:.

036 dobogoboooboboobooboon

19



3.3.2 U000

gbooobdoobooboobobbobogsyoobooboobonobo
gogoooobooboobgsebsiTobooogbobobooooooooon
O000000000000000000 45%000 19%(000 D)OOd O 75%((0
00 C)D00000000O00o0o0oooooUoo Db, E0D0ODOOOOOO
ODO0O000O00oo0oo0 A, B,CO00O0OO0O0DOoO0oO0oooOoDbDhbEOODOOOO
gbuogbouoobboobouooobuogbooobo-gbooboobbob
gboogdgbboogbbobobooobbooobooobbuooobooan
gbouogbbooobbobuodgbog-bogboboobooboobbobon
gbogboboogdbbuogobooobbooobooobbuooobooan
gboboodgbboodobbooobbooobbooobboobooaan
gbboggbbuooobbooobboobboobboboobobooan
gboboogoobboooobboboogbobboboooboboboo

031 0000ogdgoon

000 [m] | 0000 [m]
0ooA| (10, 3) (15, 15)
oooB| (3,3) (5, 10)
ooocC| (5 3) (12, 12)
oooD| (5 3) (12, 12)
OOO0E| (5 3) (12, 12)

20



180

Normal Mode
160, Immersive Modé
140¢ ]
120
()
£ 100} _
— 80} 7
60}
40|
201t %
0
A B C D E
Subject
() DODODODOOO
320
Normal Mode
2807 Immersive Mode
£ 240}
S
Q 200t _
g -
0 160}
[a)
120}
80}
40} <
N\
0 ﬁ» %§ ‘
A B C D
Subject
(bhyooooo

037 00boobobobonobo

21



Obstacle ®

X [m]

(Hoooo

45

0 20 40 60 80 100 120 140 160
time [s]

(2)0000000

038 D00 AODOOOODOOOODO

22

180



16

Y [m]

z[m]

14}
12}
10}
8_
6_
4t
ol Obstacle @
O —2 4 6 6 10 12 14 16 18 20
X [m]
(1)o0ooo
10
9_
8_
7_
6_
5_
4_
3_
2_
1_
00 10 20 30 40 50 60
time [s]

(2)0000000

039 00bADODODOOOODOO

23



[EEN
o

z[m]

O P N W » O O N 0 ©

215 -10 5 0 5 10 15 20 25
X [m]
(Hoooo

0 10 20 30 40 50 60 70 80 90
time [s]

(2)0o0oo0o0O0

0 310 D00 BOOODOOOOODOOO

24



6 ;

4t Obstacle
) 1

O.

50 2 4 6 8§ 10 12z 14 16 18 20
X [m]

(Hoooo

12

10+

z[m]

; . . R ViWA

0 10 20 30 40 50 60
time [s]

(2)0000000

0311 000 BOOOOOOOODOOO

25



z [m]

=
o

time [s]

(2)0o0oo0o0O0

O 312 000 COhOO0OOoOooooooo

26

50|
O_
201}
10}
Obs‘dacle.
0065 0 5 10 15 20 25 30 35 40 45
X [m]
(1)o0ooo
9_
8_
7t
6_
5_
4_
3_
! A
i il m
0 ' fnlﬁ. L ' M\ Ao da |/]/\ Au/\
0 20 40 60 80 100 120 140 160 180



12

10+

Y [m]
(o))

Goal

Obstacle

2 4 6 8 10 12 14
X [m]

(Hoooo

16

z [m]

5 10 15 20 25 30 35 40 45

time [s]

(2)0000000

0313 000 cCchOoooooonoooo

27

50



14

12+

10+

Goal

Obstacle

16

10 20 30 40 50 60
time [s]

(2)0000000

0314 D00 bbobooboooboogodg

28

70

80



12

z [m]

Obstacle

451

3.5¢

251

15¢

0.5¢

0 10 20 30 40 50
time [s]

(2)0000000

0315 000DODOO0OO0O0Oooooon

29

60



18

16|
14}
12}
El0}
> 8
6 L
4t Obstacle
®
2 L
O~ 4 6 8 10 12 14 16 18 20
X [m]
()oooOo
12 . . . . .
10}
8 L
=
N 6r
4 L
1 /N/\
| RN ATATIY
0 20 20 60 80 100 120
time [s]

(2)0000000

0316 D00 EQOO0OOOoOooOoDd

30



35

30+

25+

20+

Y [m]

15+

10+

Obstacle

14

12+

z[m]

0 10 20 30 40 50 60
time [s]

(2)0000000

0317 Do E0OOOOOboOoOnDd

31



d34. U0 boouboooboobooobod

3.4.1 000000

gogdgdgooobbbbbbbbbbbbbboboooooooodoood
Oobooooobooboobooobooobooboobooo eMDODOODODLO
gbooboodgbboogobbooobbooobbooobboobooan
000000 HMDOOOOO (O 3.18)0000000ooooooooooog
gbooodgbboogbobogbbuogbobboogbbooboooobooan
gbboodgbbuoodbbuooboobbbodobobooobboobboob
gboodgbbogbbbodgbbuoboobobooobbuooobooob
gboogdgbbogbbobogbbobbooobooobbuooobooan
gboboggbobooobbooobobbuooobboooobooonbon
gbobooogobbooogbobbooggs2n0guggoboboogono

Unmanned Helicopter

Capture ‘”_Q =
Receiver Card PC
Angle Sensor Controller
9 )

I| Operator '|
O 3.18 O00O0OOOOOOOoOO

32



0 3.2

gooooodogooodg

Helicopter

Airframe HIROBO TURUGI
Payload: 1.2[kg]
Stabilizer FMA CO-PILOT
Camera ACCOWLE
Omnidirectional Vison Sensor
(Hyperbolic Mirror)
Transmitter | RF BS-550GTH
Operator
PC TOSHIBA DynabookA1/X10PMC
CPU : PentiumlIII 1.0[GHz]
Memory : 384[MB]
Receiver RF BS-120GRH
Capture HITACHI MSVCCO03
Resolution 640x480[pixel], 30[Hz]
HMD i-O DisplaySystems i-glasses LCX2
Resolution 450x266[pixel]
Gyroscope | DATATEC GU-3013

33



3.42 JU00OO0OO0OOO0O0OO0OOOOOOOOO0ObOO0

HyperOmni Vison 0 00000000 3.190000Z00000000 30
00000000 (X,Y,Z)00000000000000000000000
000000 (3.1)000000000e,b,c0000000000000000
00 =a*+0*00000

ooo: XY 22— 1,750

00 : (0,0,4c) (3.1)
0oooo: (0,0, —c)

CCDOO0 zy0 XYOOOOOOOOOOOOOOD O.,000000000
0 f0000000000000000000 P(X,Y,Z)000000000
p(z,y) 000002,y 000000 (32),(3.3) 0000000000

T = (0> = A fX
B2+ )7 —c)— 2bc\/X2 FY2 4 (Z—c)2 (3.2)
. o (3.3)

(B2 +2)(Z — ) — 2be\ /X2 + Y2 + (Z — )2

z
Hyperboloidal Mirror

Focal Point #=.o — <~ — —x— — — — —
\T% 6
: X,Y,Z)

C

X . Display Area
OI play

TR 2 Perspective Plane
CCD Plane ,‘ (Look-up Table)
Camera Center

O 3.19 HyperOmni Vision 0 0O 0O O

34



0 (32),33) 0000000000 XYZO00O0O a,b,e, fO00O00O0OOOO
cCcbobooooobooobobobobDoboobDoooobobobOooo
Oooooccbooooooooooopobooobooooooboboooooo
0000000000000 00000000000 Z00O0OO fldegl0OO0O
Oobooooboobooboobooboooboobooboooobooooooboo zoO
gbooggbbogbbobogbbuogbobboobooobbuooobooan
0000000000000 0000000000OO0O PentiumlIIl 1[{GHz] OO
OPCOOOOOOOOODODO (30Hz)OOOODOOOOODOOODOOOOOO
gbbooogbboodooaoobn

3.4.3 JU0O0Oooooooo

000 20 000000000000000000000O0ODODOOOCOOO
gbboodgbbuoodbboobbuoodobbooobbbobboobooob
00 100 200 30[cm/sec]D 00000 10203[sec] D0 ODDOOOOOOOOOOO
O000000000000000010[em/sec]000000O0O0OOOOOO
gbouodbogbbooboobodgbuogbobboobooboobbogn
0000 3[sec] 00000000000 OOD 15m|000000O0OOOOOO
goo

gogouobbbobbdodooououoouaobbbbbodoooouaoboon
HMD OOOOOOODOOOODOOODO0OO033000000099ms]0000(2]0
00000000 20[cm/sec] 000000000000 00.4/m] 00 0O30[cm/sec]
O00000C0ooo00ogmO00000fdoooo0oooooooooog
gbobooooobboooobbobuoooobood

35



Error Value [

T
& 10 cmisoc T o 4 T
/ 00
gggm“':: O & cmisec o
'g' & 10 em'sec o
'E a
c o o E - "
o 0O ] (5]
[ ¢ o] 0 Sod + & 2 0 i
O o O g 4 n 0
O &
o o
i
g8y % . £ o0 8
2 e, 8
0 i ] 3 0 ] 2 3
Dlay Tima [sec) Delay Tima [sec)

() 000000000 (by0OOooooo

0320 000000000 (20000)

033 00o0gooooooooooof

00 00 [ms]
ogoooood 33
godooooooooot 33
HMD O OO 33

0 99

36



3.44 0J00OO0OOOOOO

gboboobboooboobboo20ibb2002000000000000
gbouogobuogbbodgbgobb2o0i0bodbbogbooboooobooan
O0000000ooo0ooo (o 32)goo0o0oooooooooooog
gboobobooooboboboboobobobooboboobobon
goboboboboboboob bs320b0b0b00b04000000000
0000020000000000 4£90[deg]D000000ODODOOOOOOOO
gbooogdboooboboogobooobbodgbbooobooobooan
gboobooboobooboobuooo400boobbobobOoobOon
gboogdgbboogbbobogbbuooboboobooobbuooobooan
obobooboobooboon

0200000000000 b0 HMDUbDODODObODObDOO0OOOOD
0000000000000000000000000O0O0O003.23-(H)000d
00000000000000000 3.23-(2)0000oooooooooog
pCO0O0O0OO0O0O0O0OOOOOOODOOODLDOOOOEMDOOOODOODOD
gbouodbogbbogobbooobooobbooobobuoobbooon
ob0d324a0000

gbbogoboboogbooboggbbugbboogbbuoobbboon

-
o

0 3.21 2001 000000000000000000

37



gboogbbogobogobboobobboooboobooobbooon
gbobooooobbooooobobodgo

() DO000D0O000O0 (h)OOOooooooo

(c)00D0O00O0 (0000000000

0322 40000000000000

38



(1)00000000000000000 (2)000
0 323 2002000000000000000000

L e

(HOooooo (2)0000

0324 DO0O0OO0ODOOO0

39



3.5. U bobooudboon
Joood

gbogbooboobboobbooboobuooboobooboobbob
gbogdgbbuoobuooobboobbbodobobooobboobooob
gbogbbobbobodgobbooobbooobboooooobbooan
gbooogbboggbobuobooobbobboooboogbbooon
gbogbogs320b0bo0bboobboobbooboobbooboon
00 (0000)0000000000000D0000oODOOO(OooOoOO
0000000)00000000000oooooooo

3.5.1 OO0

0000000000000 3000000000000000000000
0000000000000000003250000000000000000
00 1m000 1m/00000000000000000000000 10[m] O
000000000000000400000000000000000000
0000000000

3.5.2 JUO0OOO

O0o0oo0oobooOobboOoobooos2robo 33o0oboboboonD A0DODO
ODoOoOBOOODOOOCODOEODOOOOODOOOOODODODOOOO
gbooboogbuogobooobboobobbogobooobuoobbooon
gbooogbboodgbbugbboodgbboggboobbooooban
OobobooobobooboboooooooboooooboobbbooooooDO
gbboogbboobbuoogbbuoodobbuooobboooboodob
gbboobobuogbobboobboodgbbuooboooboboobbooob

40



gbobooooobboooan

032 000000bOo0obooobon

(a) 0000 () DDODOOOO0O0O0O0000

0326 DO000OO00O0O0

41



-2

[m]

Subject 1 immersive operation with annotation —%—
conventional operation - +
i E ++++-I—-l=%_ 1
-+
A
[m]
-5 30
0 327r OO0 AODOODOO
[m]
Subject 2 immersive operation with annotation —<—
Y% conventional operation -
A B
- O € ]
. X
1 1 1 1 1 [m]
-5 0 10 15 20 25 30

328 OO0 BOOOODO

42



(m]

12 T . . . . .

Subject 3 immersive gﬁg@ﬂdﬂ, ith annotation —%—

ot +++ conventidn_el operation - + T
+ +

'
oo

-5 0 5 10 15 20 o5 30

0329 00D COOODOO

20 m]
Subject 4 immersive operation with annotatic_)i_;ﬁ#%
++++|'++++ conventional ope;_a_ﬁon -l:l_-'l_-

15t L F X
S+
W
+

10
£

+
+‘
+_|_++

-10 - . , . .
-10 0 10 20 30 20 50

0330 OOODOODOOO

43



3.6. 0o ooooooboooboobn

3.6.1 JOo0oo0O

gboboooobobobbdobobobooboboboboboobo
OoOoOoODOO00o0o0obooCcobooooOobooOobobobDDobODObODbObOD GPS
00000000 PCOOOODO(O331)DGPSOOOOOO PCOOOOOO
000000000000 0000DO000oODOOoCOO000obOoOOoOoO0Og LANGD
oboboobbooboos40boobuoobuooboobog

PC .
ireless Video Transmittef
Wireless LAN :

0331 DOoobooboobooboon

44



034 0000000000

Helicopter
Airframe JR VoyagerGSR
Payload: 4.0]kg]
PC SONY PCG-U1
CPU: Crusoe 867 MHz|
Memory: 256[MB]
WirelessLAN: WLI-USB-KS11G
Camera ACCOWLE
Omnidirectional Vision Sensor
(with Hyperboloidal Mirror)
Capture Canopus ADVC-55
GPS I-O DATA PCGPS
Gyroscope | InterSense InertiaCube2
Operator
pPC TOSHIBA DynabookG8/X20PDEW2
CPU: Pentium4 2.0[{GHz|
Memory: 768 MB]
WaveLan: Embedded
HMD i-O DisplaySystems i-glasses! LC
Gyroscope | InterSense InterTrax2

Data Relay Station

Access Point

BUFFALO WHR2-A54F54

Antenna

BUFFALO WLE-HG-NDC

45



3.6.2 JUOOO0OOOO

goboboboobotboboobooboboobooooooooboooan
gboooggbboogbbobogbbuoobobboobooobbuooobooan
000000000 (0 332)0000o00oooooooouooooooog
godoobobodooobobbooooobbobobooooboooooooooon
OO000003330000cGO000000000DOO0O0O00OObOODODOOO
gobooboobdobobooboobdobooobdoboobooboooobooon
0000000000000000000000 (Evacuation_Area)J0 O (Medi-
cal_Center)00 O (Police_Box)O0O0 OO (Fire_Department)d0 O O (City_Office)O
000 (Elementary_School)D OO0 (Library) D000 0000O0000000O
O00O000003340000CGO0O0 OpenGLOOOOODOOOOODOO
gobooboobobobooboooobdobobooooboobooooooboooba
00003340 A000000000O0O 333360 000000000000
200000000000 0000b0bO00o0oobLbbOoOo33TooOon
3.37-(d),(e) 00000000 DOODOOO0DOOOOOOOOOOODODOOOODOO
ooboboobdoood

0332 00000

46



0333 Dogdn

| = I -

———— T . rI'C|ty Off|c - Iﬂ

B {l 5 ==l [ s

Police Bo% tEIementary_SchooIT

L ﬂl' ) — )

| : h = | Medlcal Cente|=‘

Fire DepartmenJ
o AT

—Evacann_Area

|| L|brary |

‘, ﬁ | H l
| - s {
. e = -

0334 0D00b0oobooboobon

47



Latitude

3441.485

3441.480

3441.475

3441.470

3441.465

3441.460

3441.455

3441.450

3441.445

3441.440

13547.815 13547.820 13547.825 13547.830 13547.835 13547.840 13547.845 13547.850 13547.855

0 3.35

Longitude

gbobobooodgn

200

100

Angle[deg]
o

-100 [

-150 [

-200
160

180

200

U 3.36

220 240 260
Time[s]

gbooboogn

48

300

320



AT

(e) (f)

0337 Dooboobooboooboon

49



3.6.3 JUO0O0ooooooooon

0D0000000000000000000000000000000000
00000000000 24m00000000000000000 1.7m]00
00 3m/0023m|00 1m]00000000000000000000000
0000 10000000000

o JUUUOUOOLOODOODO
e JUUOUOUOOLDODODO

e JUUOUUOLODODOODO

O000000000000000000000 320x240pixel| 00000000
obooooobb 3630000

D000000000000000000000094m000000000
00000000 11.0m000000000000000000 19.3m]000
00000000000000000000000 3390000000000
00000000000000000003.233000000009.4[m]00
11.7[pixel]0 11.0[m] 0 O O 10.3[pixel]0 19.3[m] 0 0 6.3[pixel] 00000000
000000000000000000000 640x480[pixe]0 0000000
000000000 6m00000000000030m000000 34000
000000000000000000000000000000000000
030m0000000000000000000 7.3[pixel]000000000
000000000000000000000000000000000000

50



(20) 22[m| (21) 23[m]

(19) 21[m]

0 338 Duggooboooaoobooo

51



Distance [m]

Ok, NWAOO O N ©
T T T T T T T

Subject

0339 0000 (0:0000000O0O0ODoOoO0:000DO0DOoOoooDODO:O
O0000ooooo)

14

12r

10 [

Body Height [pixel]

0 10 20 30 40 50
Distance [m]

0 3.40 00 6m|0000O 640x480[pixel] DO OO DOOOOOOOOOOOOO
gooo

52



3.64 JUOOOOOOOO

00000000640x480[pixel] 000 JpegD OO0 FTPOOOOOOOO

00000000000 1frame]0000000000350000000000
00020[frame] 00 00000000000000000000000 394[ms)
0000200000000 30fem/sec 0000000000 1[m]00000
00000000000000

035 000000000000

oo 00 [ms]
oooonoon 33
JpegO O OO 90
gogn 160
JpegODOODOODO 45
obooobooboobon 33
HMDOODO 33
O 394

93



3.7. U0

gbbogobogobboobbuoooboooboboboooboboon
gbooodgbbogdboobboobobbooobooobboobooon
gboodgbbubbuoobobbooobbooobooobbodoobooob
gbbboogbdgbbuooobboodgbbooobbbbuooobbooaob
gbobogdgbboodbbuabboodbodobobooobboobbbob
0000000000000 000000000000 (b4, 0000000
gboogdbboogobuooobboobbbogbuooobooobbooon
gbobodo

o [JOODO

e JUUOOUOOONO

gbo2000000000b00b000b0bb00b00obbO0obOobbOobOon
gbooboodgbbogdbbugbbboogbogoooooooobbooon
gbooodgbbobobooobboobobbooobooobboooobob
gbooodgbboodgbogobboobboooboboobbuooobooon
oooopPCOO0O0OO0OO0OO0OO0O0OO0OCOOOOOOOODOUOOUOUOUOODOOO
gbboogbuogbobboobbboobbuoobobooboboobbooob
gbobooobobobooboobobobooeMbbOboooboooonbon
gbouogbboobuobooboobbooboobboobuooboob 2001
gbooodgbboodbbuogbooobbogobooobboobooon
gbboogodgn

gbbobbuoggbooobbuooobooobbuooooooboboon
gbgbbobobooboooboobuogboobooboobooboabon
gbooudbbuogbobboobbooobbuoobobboobboobooon
gbobobooogbbboogoobbbooooobbooooon

o4



40 Ooodoodotodood
Juooogt

4.1. O0OO0O

g3doboobooboboobobooboboobobooboboobo
gbboobboobobuooobboobbbodobobooobboobboob
gboooggbboogbbuogboobobbogobooobbooooban
gbooogdgbbogbbobogbbuogbobboobboobuogoobooan
gboboodgbboobbboobbuobboobooobbooobooob
gboobdobboodobbooobbooobbodobbooobbooob
gboboodgbboboodbbobbbodobbuoodgbbooobbooboob
gboogdgbbogbbbogbbuogobbooobboobobooobbob
gbooogbboodgobbooobbuoogoobooobooobbooon
gbooboogdbodbbuogobooobbooobooobbuooobooan
oo

gbbodgbbdugobooobooobooobooobbuoobboon
gboodgbboobbbodobbuobbbodboobbuodoobooob
gbboodgboodgbboobboodobbodobbooobooobooab
gboboodobooboobobooboobuooboobuoobuoob41b0o0bOO
goobbogobbuogobbooobobuooobobboobobbooan
goboodg

95



4.2, oo oboogbood

00000000000000000000000000 (56000000
0000000 T-5200 [57]00000000000000000000000
000 35m000024m0000 5t 000080000000000000
00000000000000000000000 (5800000200000
000000000000000000000000000000000000
000000000000000000000000000000000000
000000000000000000000000000000000000
0000000000000000000000 ifoot[39)0000000000
000000000000000000000000000000000000
00000000000000000000000000020050300000
00000000000000000000

Vicrim Obstacle
—

R Y
A gr
)

U041 J0booooobobobobooboobooboobo

Rescue Worker

o6



4.3. oot oogdd
Jooooogogo

gbbuooobooobboobbuoobobooobbobooobooob
gbgbbobogbbodbooboboboboobuobobooboobob
gbobogbboggbbuogobbobobboogbbbuoooboboooban
0000000000000 00ooo0o0o0o0oooooooooooog [61]
gboggbbodbboobbbodobboobbooobbobbooob
gbboodgboodgbboobboodobbodobbooobooobooab
gbobodgbbuoouodgbboooobooooboooobboobooan
gboogdgbboogbbbogbobuoobobboobooobbuooobooan
0042 430000000000000000000O00O0O0O0O0OOOOOO0
gboboogboogbbbooobbbooobboooobuooobboon
Ooo0ooOoOo0ooooOoopboooboo0ooooooobooooo pcboOd
Ooboooobobooob EeMDODOO0OO0OOO0oOOOooOOoooooDoDO
gboboobboodgobbooobbogbboboobbboooobboon
gbobobooobobbooboooobooboboboobo gMDOOD OO
gboboggbbuoobboobobbdooobboooobuooobooan
gbooboboboobo48uboobooboboboobobobbbon
gboboodgbbuoodbooobboobbboobobooobboobbbob
gboobooobdb  HMDODOOOObLOODbDObLODOObUOLDbObDOn
OHMDOODOOODOOD40DOO0DOOOoOOobDOoOoboOobOg

o7



PC for Face Train and Annoation

Laser Range Finder

042 000000

Wheelchair

~
PC for Face Measurement
and Annotation

—
Stereo Camera Pair

Capture Card

Guidance
Information

(NTSC)

Face Image

Position of

(Ethernen) Wheelchair

Scan Data

(RS-232C)

LI_aser Range Finder PC for Localization

043 000000

o8



4.4. oo bobbobogddgbbooguogd
Jooogod

OoooooooooooooDboGpSsOobOObOOOODDOOOODDOO
0000000000000 000O000D00O e2l0O00ooooooog
OO0 GpSOOOOO0OO0ODOODODOOOOOOODODDODODObOOO
gboboggbbuoboobbooobbooobbooooooobooan
gbboodgbbuoodbooobboobboodobbooobboobboob
(044)000000000000000O0DO0OO0OOODOOOOOOOOOOO
0450460000 A0 0000000000000 0000O0O00ODDOOO
gbooboogbboodbbuogboogbobbogobooobboobobaon
gbobooggboboogdbbuogobbooobogbbuoobobooonooo

4.4.1 0000

gbbogobogoboboobbuobboobbuoobbooobobooon
gbobooboobboobboobbobooboobOOWeissODOODOO

044 00DO0ODODODOO

99



000000 e3ooo00000oooooood

l.ggbobobooggbbbooogoobooooon
2.20000000000000000O0DO0O0O0O0OAdegIODOODO
3. D00 fldeg| DO OO OO

4. 20000000000 dr,dy000gn

5. 00000 de,dy00OODOODOO

L

—ll;_i:_'J:lE
J?ﬂ CEJT

[*J
o]

(2]

IS

o

N
|.

.
A

6 . . . . .
-30 -25 -20 -15 -10 -5 0

046 000OO0O00OODODODODO

60



442 0J00O0O0OOO

04700000 ADSHKO0ADOOJOOOOODOOOOODOOOODOO
gbooogdgbboogbbobogbobobbooobooobbuooobooan
gboogdgbbogbbooobboobobogbboobbuooobooon
oboobgobobobobobooboboowobbobbobbobboobbon
Oob4100000000000000DOOODOOOOOOOOODODLO
Oooooboobbooobboobboobooboobooobooobboboboobo
0000000000000 0000000000000000gs1em)0Od
04[deg) DODODOODODODOOOOOOOOOOODOOOOOODODODODOOOOO
gooo

44.3 UUOODOUOOOOQOUOobouoooooon

0000000000000000000000000000004.90 A0
000 65[cm]x 000 65[cm]x 00 70[fcm] 0 4000000B,CO00 48[cm]
x 000 29[em]x 00 76[cm] 0000000000 O0STARTOOOO GOAL
000000000000000000000048000000000000

[m]

° &7

E
2_.. ,\D e
O_\ !
2r
"
-30 -25

047 JoDOoOooOOoOoOO

61



gbooboodgobooodgbb4io00bobooboboobbooobooon
gbobbooooobbbooooobboooooboboooobon

O 4.1 J0o0googoodooooogn

Real Estimated Error
x y  angle T y  angle | dist.* angle
[cm] [cm] [deg] | [em] [em] [deg] | [cm]  [deg]

-506  -51 1775 | -508 -50 178.5 2.2 1.0

-609 200  85.0| -603 201 855 6.1 0.0

-859 217  85.0| -85 217  85.0 4.0 0.0
-1548 281  84.0 | -1541 281  84.0 7.0 0.0
-1942 328  83.0 | -1936 329  83.5 6.1 0.5
-2270 365  84.0 | -2265 366  84.5 5.1 0.5
-2683 411  85.0 | -2679 409  86.0 4.5 1.0
-1745 114 -5.0 | -1741 112  -5.0 4.5 0.0
-1768  -99  -5.5 | -1762 -101 -5.0 6.3 0.5
-1794 -354  -6.0 | -1790 -357  -6.0 5.0 0.0

Ave. 5.1 0.4
dist. = ((Real z — Estimated x)? + (Real y — Estimated y)?)'/2
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