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Fig. 3.1: Surveyor type robot with a 3D laser scanner. Upper right: side view in normal
locomotion mode; Lower right: side view in extended flipper mode.
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VERBRERRICH WS OpenGL 7 4 77 U CRET L/ HHOGEEE (HE) % Fig. 3.4
(2R ¥, F 72 OpenGL O B %% (glFrustum) T H W 2 HL K f& 0 /X T 2 — % % Table 3.2 |2 7R
T T, B oFLIEFAZ Y —voFRIZHED EREL TS, P, D, W, H, Zyear,
Zpor WIEBICERET DRI A =X THDH. P (HEOEE) D (HEX27 Y=k
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Yaw axis |

Fig. 3.2: 2-DOF stage for a Fig. 3.3: Range of the 3D scan with a fixed pitch angle at
3D scan. —30°.

Table 3.1: Computer specifications.
CPU Intel Core i7 CPU 870 2.93GHz
RAM 4GB
Graphic card NVIDIA GeForce GTX470

OB ZZMETLICEDS. ERTIH, CAOPLEDREMRTHESTS. T
A=W (A7 UV —Vig) LH(AZ V) —V@EE) FHEAT L2740 AT LA IKRGFT
H. ZINHE Ry MEYyTF (HEMB) CEEMREBEEZHVVTHETE S, X7 XA —X4
ZNear & Zpar I W T, ZRICAHEEPHUERBICEENR LI LOICHREL TN D.
ZDEFENPONRTA—HIFIUTOLIICHAINS.

F:PZ21§CLT (3].)
EHBD/NZ A —=201%

left = —WZkear | F,

_ HZNear

(
right = % + F, (
bottom = 55 (
(

tOp — HZQ]Bear ,
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Table 3.2: Frustum parameters.

Parameter Value in experiments Description

P [mm] Measured for each participant Distance between both eyes

D [mm] Measured for each participant Distance from one eye to the screen
F [mm] Calculated by (3.1) Distance to the center of the near clip plane
W,H [mm] 474, 296 Width and height of the screen
ZNear [mm] 1 Distance to the near clip plane
Zpar [mm] 100,000 Distance to the far clip plane

left [mm] Calculated by (3.2) and (3.6)  Far left of the near clip plane

right [mm]  Calculated by (3.3) and (3.7)  Far right of the near clip plane
bottom [mm| Calculated by (3.4) and (3.8)  Bottom of the near clip plane

top [mm] Calculated by (3.5) and (3.9)  Top of the near clip plane

left ,l‘ right D >
.-: ZNmr ):l
Y, top |_TH
|v3'xi v, x, L

Zy Pz Z X bottom u
(left eye) (right eye)

Fig. 3.4: Configuration of the view frustum (left eye).
CEEEN, FEHDONT A —2X

left = — W Zkear _ F,

right = Lg%ﬂ" — F,

— _HZNear
bottom = S5,

top — HZQ]B&(M‘ ,

EEFEEND. OpenGLTUL X U 7358, HEHOB RN G Al v — XN
B (L0002 FaBBHLTLYy AU L, AHOBEMADO Ry — T H
(L@ e (20,0 FPABHLCLY ¥ Y v 7T 5. UEOMBMICLY, =77
U 7 i (near clip plane) & 77— 27 U w7 (far clip plane) O I & 2 WKL %
TIWEBIZHLI PO L IICETRIND.
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Table 3.3: 3D display specifications.

Name ZALMAN ZM-M220W
Type 3D passive polarized display
Resolution 1,680 x 1,050

Size 22 inch wide

Dot pitch 0.282 mm

Horizontal frequency 64.674 KHz
Vertical frequency 59.883 Hz

Fig. 3.5: Example stereo image (the images for the right and left eyes are overlaid).

AHFZE TIE, Table 3.3 1R I KD 3D T 4 A7 L A (Zalman ZM-M220W) % JH v T Az
BHEREZFEBT L. ANV —FFRAEATXENT CHEEZ RS Z LT, MIKEE
BLD2ZENTED. REATRICEY, TAAT LA BHEOAFEFEROEAEMR LO
RGN EHDOHRICHEEL, MEFAOEAER ELOMBRLERDOHICEEST L. Zhi
FMALCT, AEHOBEBZAREROEAER LIS, ZBHOBEG % MEEH O &R
FlcRRT 2L T, VHRHEREZEBTES.

SRR O RATH & Fig. 35128 T. ERT X9 REBRICR-TWDLIOE, AH &AL
HHOBGNHFHER EHBMBUEFHOEAR LICRAEICR RSN TNHILDTHD.

314 IMAEBMOHMEARNLT LWEH

BATERICEMT 2002 ELZRE, UTOLIRIENGN-oTWVD. BAT
EREZLTELTFERNDLLT, TTHIRIZED DI,

- B R E

- HEAORE S (REWEHGENHET)

- RO RE S (REREIRR BN D 5)
- EREH (ELS Db OIENT )
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- MR T Ik
- XD DA E

. AE—/
= 5

- HRY
- EHE—RIBE (AT E)
- HERGHE OKEEOEZRNED D)

N v, MIRICE Db DI

- R 1R 2E
- HEE (5<% D)

N B, WL L, RERAMEDIE > 2M 2L Thd. HENFNVWEHED HIC
RHDONZDOHRTHD. MNTIHLEEOEREZRE L TCIRKEZRHEL TCND LEE
b TW5S.

InEmA T, AENENVARREEZ AT r Ry O %@W%ﬁofwé W o & A
L, VEROIENENSTVWEREOSFELZHALNIC L. BbHICEREBEEKC %#5
0L LD RATHZEZHE LI-@E 33000, RITEAMRICHETIHEYZ2B 5
Lt LUT ISRk, IEfiE S %Lf,%ﬁﬁ&wﬁbfﬁﬁﬁ#ﬁ%&ﬁﬁ%
NI

- IR (B BB OB R) &0 i 12 K72 1A [59]

- BLERE LV RAEREE (B2 E < RES 2M8m) [60, 61, 62

NIEW, L, MELE (HEE~ONFE2H-oTEIZEZTTIE), WIKEOD

REZOEEE MW@AEBOREINEDSTHLHREINDIREINHEY Z{LL

RN E), Lol RN R VB [63)

- RN VEE LW (WTC O X 5 IC B HLEL L 72) HiTE [34, 64]

CRER L IE R D B D M (64, 65]

© SIRTHIC B HE TR BR BT [64]

2T 78 7 U [66]

C R EMECOEMAIMUNTE Y TS - EBEEN L LA [67]
PLE72v5, LREICE 2 Sk tBEEHMICE W Tl RHEZIC L 5RO 9 E B K&
KENDIEMNELULTOLIITHETED.

-ﬁ%hﬁ“%%ﬁﬁﬂb,%ﬁ%<fﬁﬁﬁﬁ?é@%ﬁ%ﬁ

ERACIE W (I A TGP IG ARG, LRE T — % O Kl (FR M8 5 12
INGY I % Te O Z L EEIE IR IR))
s BEEEAECRVHEA ORVEBEREEEIRERLL LSZ )
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R ENSEWNMNEICMER DS BmBN)
£ O (T TR =S O [ o
RV (o —E LR W)

CORMTERES Z&ETIE, MIRE IS XD SN0 RATE RO F RN
MO L2bDERZIENTE, BNLTOIMIREEICLDIZEROZ RO O
FElATE D EHFESIND.
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3.2 SMEFICK HHEEFTMESLR

EEBRTIE, BEEBEABETI Ry N2 HAWEFERKIESH 2 EET S, SFOER
fmnf/bﬁx%%/%l GENTWVWDEEYD, ZRIEAFYy T2 o Ry MTHEHE L
TEZRIEAFIY U EEmBTHLE LT 5.

3.2.1 EEROHEHW

FEBROBWIL, = REAHEZVRKHAT 2L T, TRV ORERBENPES I
DZMEIDENPDDLZELETHDL. Z0DIl, VKREOFETHFREZLEKT 5.

3.22 EREE

FEEBEE L LT, Eg%:%fﬁﬁ%%?y5~$&®ﬁ%m0i5&%W%ﬁ
ET D, 2F0, Ko ZREWICEBETH Y, T-RASRENEIEICE Y, B
BENEBEREICEDLN TCIZIERKG AL RoTWAHRNEZMBET 5. Fig. 3.6 1C1X3MD
WREOBEDNDEENTVEDN, RENBRKICELDNIZEZIKA—-ALRoTWD T
WD, HATEBTITHBNREICR>TWND, ERICHRAE S o ¥ —FHK®HRITERA
SN Ry M2 ANMEETIE, RELZOBEYWORE L Lol 2 LR
MR I TWD L, 2. Fig. 3.71%, ARy M X DHERKE T D57 A %I Gk E BT
ICHRRINTZAMOFLAONIEEDERL TS, RRTIE, 20O L) RRET
SHEWMERBRT DI, ZRGCRBEONEKEPNEINE I NE BT HZ L L L.
RESE L7 BREE L 2 Ol £ s OF % Fig. 3.912/x9. FEBRAH & L CikFig 3.101 25~ 7
EORBREIORY - 2HME L. 2B, SEOFERCITAFERETBGET 5 2 LT
EELTWHWRNED, IR T I RGO WEYKTREZHBEL TVD. 20X
Dk EMICE VW TrE ARy FEHWTEZRIEAFYy T — X AWML, XL —%
DR E L THRFO T 2R L-ET Fig. 38) 2BETH L LT5. A%
T Fig. 310" T Lo, SEIEFRFM-ECRET LI DETLH. 22T, =
WILA XY T —HI|Z aiméxkk/ﬁﬁwmmﬁf%é R 2Ef] O TE H 7207
JRWHIHOT — 2 BNWMATEL L5110, CHHEZRIECYTFAEEZ 900 ITHE L

“RIEAF Y B ET D . “Cé“ét?‘ﬁﬁ?f'—@ﬁﬁ‘ﬁ6héiﬁ ZDOLED
I—HAEORE ATy T AT T H. RRTDHREDO R — VX ,ﬁ%&*ﬁé
5701k 1ET S, £, Fig. 392737 X212, TOEBRTII=ZRLAFr
F—HZlcurRy hCCRMVIAALTND.
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Fig. 3.6: Confined space at the World Fig. 3.7: Material resembling a human

Trade Center (WTC) response with
three sets of victim remains [1].

hand remain recognized five months
after the WTC response [2].

Fig. 3.8: Target (glove with padding) in the experiment.

323 ZERTITRAFTYUVT—EARTOBAR

SRIEAFY T —FERATOIEORBITIEECERET DI LN TE LN, KE
BRCIIRBR TELRETRALRVWEI RERTEZRITAFY T —F 2B ME IR
AT D, e, BB ETCICHB LA, HECIDVMEREUANOEERER» LD X DI
WREHRETH. LMo, Fig .1I(b) IR T L9 R\ TCT— ¥ 2R T5HZ L
ET . E, EHHEORELZRIT L0, ERPOBSITZEETI2L0LT 5.

3.24 ZEBRAZR (2R7)

ZMEIE, IANT O ZRITEAXIY T —IREREINTZTAAT LA OFIZIEST-
WEET, ZRIEAFY T =X OHNOLXEWE TELLETZLEAL, 205
FOBESCHEY THEXTHHH. 2L, #8HWET — % FIC0OEM EdH D & HorT
L. 2, 1207 =X LT EKERLOBEELEKESL Y OBATITS. 20
FEEBR O T 2~ LA % Fig. 31212073, ERo ¥ 227 %, &H 65 L ®Fig 3.90
RE—=VDZRIEAFY T —F AV TLIEBEE 21TV, EMAl 2 #H 2 T, %
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Fig. 3.9: Example of images used in the experiment.

D%, Fig. 31012 R T 10 F =V D ZRIEAFY L T —ZICx LTEREZITH. £17-,
EBRIZILLTFO200 7 Vv —FTEIETHZ LT, MEBERL - LEKHH Y ORROIA
FiororowBeWbsEsr L L.

AT INL—T NIRRT R oEICEE T (8 A)
B ALM—T SR H Y - LA LONEICHE T 8 AN)

ZITHMEIT22EOBHEILAN, KEIAOEFHI6ATHY, LEHOEATH
L. FMBEBRBIX=ZRICHABOSEFEIZR UAN R, & 512, Table 3.21277 L
TENERRICKE R R T A= F I NMETLICHEL TS, EFROEERE £ LD
t, @ % Table 3.4 12/~ 9.

3.2.5 EF@AE

FEBRTIHI0Y — IR LT E RN EWE R R LR BR LKA DT
B. 2L T(Aa7)=(FRLESEDOK) - (BB LESEDOR) &5 K% % E
L, 23 7 8@ WVIE) B EWERBRLOTVEAMT 2. SR OMEZ AR L
DEPHEEDH Y OBETTEH L, tRETHET 5.
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(a) Env. III-1 (b) Env. III-2 (¢) Env. III-3 (d) Env. 1114
(Scale: 1, Targets: 4) (Scale: 1, Targets: 3) (Scale: 1, Targets: 2) (Scale: 1, Targets: 3)

(e) Env. III-5 (f) Env. I11-6 (g) Env. III-7 (h) Env. III-8
(Scale: 1, Targets: 5) (Scale: 1, Targets: 2) (Scale: 1, Targets: 5) (Scale: 1, Targets: 4)

(i) Env. 1119 (j) Env. II-10
(Scale: 1, Targets: 3) (Scale: 1, Targets: 2)

Fig. 3.10: Scenes used in the experiment. Top: 3D point cloud environments; Bottom: 3D point

clouds (orange) and a mobile CG robot.
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(a) Overhead view.

(b) Following view.

Fig. 3.11: Comparison of viewpoints for 3D LRF data displays.

3D display

3D point cloud
& Robot CG

Participant

3D glasses

Fig. 3.12: Experimental apparatus.

Table 3.4: Experimental configurations.

Displayed point cloud Point size
Point shape
Point color
Number of points
Screen Resolution
Background color
Environment
Target
2-DOF stage Pitch angle
Yaw angle rotation

2 X 2 px

Square

Orange (#FF6600)
324,300

1,680 x 1,050
Black (#000000)
Complex & Confined (Fig. 3.9)
Gloves (Fig. 3.8)
—90° (Constant)

0 to —300°

(Step angle: 1°)
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12 p<0.01
° 10 —
S 8 —
8 6 | —
S 4 — —
©
s 2
>
< 0 —

2 l

-4

-6

2D Stereoscopic

Fig. 3.13: Box plot (maximum value, +SD, average, —SD, minimum value) of the average scores
in the experiment.

3.26 EBRHER

ATZN—=T, BZL—=TDOBMET L OMEYIE LY, BRK%, 2237, BLUOKS
V—T7 D&, ¥, EEFZE (SD: Standard Deviation) % % 3L F 4L Table 3.5, 3.6 275
T, FE2EROME R % Table 3.738 L O'Fig. 3.13 12”7, fRz2 A5 L, A, BELL O
BGHEICBWTHLNEHEL Y DIFZHI N AT HE WA & RoT NS,

tREIL, FHEOEIIERR DD (AF) "EO>0E2HETEDLHiETHD. 22
TN EERELEDVDFEHAITOERFENE I DERET D, iR L O
BELIEEDL Y OBEOFEH AT ICH LT, HEAEL %THEHMBRE D HRE %
fTol & 25, t(15) =669, p=729x1070 L W I FERICR-T-. Z 2 THEIZplE & H
HE (Z2MEHKD POHESNIMETHS. ZOMENDL, ZOENBREAET S
e 1320.0007289 N TH YV, AEKELIDTHERENH D Z LN ool DE 0, 5
BERLOBAEETERED Y OBAEOEH AT ITIXAEKAEL (%] THRIFWICHEE
RENDDZEN Dotz LEBRST, MEHEOIFI N ZREAXY Y T — 4 21
LT WP H D Z & B0 hotz.

3.3 EE

MR E mrpegm CERT DL, BEROMRICEV CELEMEZR L OSE ORGEE
F131033, VAEHEDH Y OFAEOMBRIT021 2D, ZOFENL L, MEKBEH Y O
BADEFIONBREORBRICAMTHDIE VRS, UEORERERNS, =Rt AR O
AN BEYORBIZANTHHZ ENHERTE . 1o0H M & L TiX, RERTH
ELEBENIIAG CTRARALEZHFICHIBREY T EodEBEILND.

o, BREERDE, T—F2ORF 02T BFVNRKELYDIEINELL oT WD
D, BMBFEZ LI EREOE L HICERRODL NN D.
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Table 3.5: The result of Group A.

2D Stereoscopic
Participants Correct ans. Incorrect ans. Score Correct ans. Incorrect ans. Score
Al 2 1 1 10 1 9
A2 1 0 1 4 1 3
A3 0 2 -2 5 2 3
A4 1 0 1 9 1 8
A5 2 0 2 10 3 7
A6 2 0 2 7 1 6
A7 2 0 2 5 1 4
A8 1 0 1 4 0 4
Total 11 3 8 54 10 44
Average 1.4 0.4 1 6.8 1.3 5.5
SD 0.74 0.74 1.3 2.6 0.89 2.3

Table 3.6: The result of Group B.

2D Stereoscopic

Participants Correct ans. Incorrect ans. Score Correct ans. Incorrect ans. Score
B1 ) 7 -2 3 7 -4
B2 4 0 4 13 1 12
B3 3 0 3 7 2 5
B4 4 0 4 9 0 9
Bb5 ) 8 -3 11 8 3
B6 9 ) 4 16 7 9
B7 9 2 7 11 0 11
BS 9 3 6 10 0 10
Total 48 25 23 80 25 55
Average 6 3.1 2.9 10 3.1 6.9
SD 2.6 3.2 3.6 3.9 3.6 9.3

Table 3.7: Integrated Experiment Results

2D Stereoscopic
Correct ans. Incorrect ans. Score Correct ans. Incorrect ans. Score
Average 3.7 1.8 1.9 8.4 2.2 6.2
SD 3.0 2.7 2.8 3.6 2.7 4.0
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— T, AEIOFERTIE, B R LEBERIZCEVZMEBEOREBENIT AL T X
WMo T WD HRRMENRH DH. 72k 2, BICRRLEEBRICE VD LY OAED
Molzfe I, BICHERSLEEBROREDOH SICEBBER LIEARERD 5. W,
IR LEEFER TGN N EHEB LG A, BRI R LEBEROZ Y H S
EFREELTVWDIAMEE LD, AZVLVL—TX0BIZ A —7DIF)>BHBLETAI TN
FWHEHR RS LD, T LERERNLLIAREERDD. HDHWIFHIL, A L—7
EBI N =7 TCHRHEMICHEBEBNOEDboT-FREIELHDH. TN ORELZINK L
TRBRETOZEFABROBETH D

Mz T, ZMEORBMICEBTLHETGBRET LILERHDH. AEOFERTIE, £
KTETICIAYZZYBRRKT20BENDSTWEDN, BIHEOFITIENAE LS
BDIFEIV LW G EHEBELTHETZEL T, ZE, BARTONEE & IX
Bipnbl-oThbreELZLND. LENRST, EFFEOER, &2 EFe Ry hox
fREE A2 LR CITo7e ;i A, SOICETEZR D AIREERD .

34 KEDFEFLD

KETE, BAES v o 4 —HEGHAGO L) @R EREMABAERES L, =

WIEAXY T —FENEET LI L TRENARERZL TSR0 E I %2 RAET
5EBREToL. ERTIE, BHEZ2HOVTEZREAXTY T —Z2Oh b4 %
WETDXAT BNKER LOGAELLEED O OBFETITV, R EBBEREZL
L7, FEIICBWTHE, RBEBLEATICH LTEREICLIVSIEKE R LOLA L
MERS Y OEEDOAITICHBEN D D NREXTo. HRL LT, BERKC
BWTEZRIEAFY T — X OMKEOHNEN S HI AR oD Z L 2L,
SHOBEL LT, BCHBEERPBICEELLRVEIIC, HOREDO Y —
ERICAETEBNONE - OREAZ 7 VX LACREDL LT R EDHELIT
DI ER, BMEBEBEZWMSETEREZITI 2 &, LV EEOKERGITIHWVER
BCERZITIZ L, ZRIEAFY T —F 2V TV EALLICWMGELRENB LAY b
ERBEBAETLI2EREITHO DI OND. VI AEA LI ZRILAFY T — X
EWMA LB ERBIET 2 FECOVWTERETERD.
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4% 24

EELLRBASRTL—YRErF L
ERBAL L2 TI—2R

W

AETIETESERIAGEEA =R T —F AT LIRGEHA A ¥ 72— XD T

WD FTP, HLICHBELEZLRFEZHWEAETAOY T AX A L =KL —F
AXxFTIZOWVWTHBHT 5. £7, RANSACTV v I Y X a2z W Fmic ks A
FroEEOM EFECONWTHRRD., £, VIAFA LD =ZRIERBERTOIZD
AL 7o, IR M o HMD (Head Mounted Display) (22 W TEHI 3% .

11 BEABRBAZRTL—FRFrF OR:
4.1.1 BHORYFDOEREEICEITHILESEH

Bo#oe Ry homBHRIEICBT D0 EEMELE LT, Tabled 12T L 212, WEA
RERLPH, R, BEREA, A Xy kM, S, EHRECOWTHRF L. £F
AXXURRIZOWT, TV T A E A L) % TBREIr Ry FOEBEREICES W TEN
RWEKHWNICLEMO =Kt AFY 28T 3T52¢) LEXKTDH. 22T, Fig 4.1
AR T LI, e ARy P EEEWRERPOBAEWVWICEETA2RNEEZE XS, Bihn
Ry bDOETHEZ v, m/s, MEVWOREIS (AX¥y IO R_RERERERELTES) &
Som, ELBEEE L v, m/sE L, AXXY T OpEZrsrad &35 &, LER =RC
AXyEBMEILULTOLIICHETES.

d

Vo + Uy

T =

(4.1)

[y
[y
A

d=s,/7s (4.2)



oy

d = s,/1s = 8[m]

W

So=

0.2 [m]

hry, AEn °d
Obstacle Mobile robot

Fig. 4.1: Calculation of the “real-time” 3D scanning cycle T [s].

Th v,

Som): EEHOREE (BELITHEI)

Vo [m/s]: B E W O F8E R Byl

vy (m/s]: B ARy b OB E

d[m]: [ 4 R FT AE PR A

rs [rad]: A F ¥ F D 4y iR HE

T[] ST A Fv o A
Thd. HEAEZe Ry hOBEHHE L L Co, =025 m/s, AHOBITHEE & LT
vo=1m/s, NH DO DIEN 5 s, =02m, £ FiE»DLRF (HOKUYO UTM-30-LX-EW)

DI IREEN D rs=0.025rad & F 5 &, LER ZRICAF Y AMIZT =645t 70%. =
DA, 6A4sAMO ZRTAFY L Z2ITH 2 LT, BBy MEIHERET HAICHEEY (A
[A) ZzMmHETE 5.

PEEFPHIC DWW TIE, KB T RN O X5 kM 2RI 51
MBS 28 WEEDEZRET 572010, H/h01m&RE L. F 7z i KM BRI,
EEY DOV A Xs, & AXY T O fEREr, D ENN D EEW K H T REHEEd O X (4.2)
MHE8mU EEERELL. MBEHKEDZ BEDORNBIN02mTHDL I Lnb £
OlméEFRELL. BEHRBAZ, oAy hOHE EXLr Ry b0 ORKEIZH 2 IEF
WamHT 272010180 RELE CTH 5. AR, #5010 &R 5
rREELEBASMNE L.

412 WEOEE L DL

PERD =R AT EELMELTCHER, MK =Rt A Frv #1201, (a)Velodyne
L — % 2 F ¥ (5-15 Hz) X, (b)Microsoft Kinect (RGB-D 4 A 7 : 30 Hz), (c)mesa Swiss

25



Table 4.1: Requirements for a real-time 3D laser scanner.

Range [m)] 0.1 to 8 or more
Accuracy [m] <+0.1
Vertical FOV [°] = 180

Scanning time [s] < 6.4
Resolution [rad] < 0.025

Use environment In&outdoor

Fig. 4.2: Principle of the former swing mechanism [3, 4].

Ranger (Time of Flight 7 * 7 : 50 Hz), (d) 185 :CFE B M (3, 41 Hz) 8 5 2 & 2357
Mmoo, LaL, #n2h () BEFEMRE QmEl) 22Fr TERL, (b)) BNH
MThoBREAPEY, () d) BEETARRNE VWS BERH Y, K CLER
CREAFYUVEBOSMFICEBE LY. T2 T, AMETRLESMEEWH T ED
IZ Fig. 421287 (d) R IR EVEAE (3, 4] 2 X — R L LI#Hio/e 2R AFx T & B %
T5.

4.1.3 HEHORR

EEEEORBICHTY, £, Fig 431"+ L) Rl EM AR L. Il

# Tk X722 B Sk (3, 4] (Fig. 4.2) OMERE N E I DR T H DO ERET
NTHDH., ZITET ARy AZER I T WD Y T2 7120%, AT HFE T Ik (4 i
ZRHNLNATWDA, AR TIIAFEHZZHAL TWD. Zix, ¥ 25 EH
AE, TROLEEMATAZMAEATRICT 22O THDL. 2 2Tk, LT & R
DIETEBZZERT D7D, 777 REBHAESZ TN TS, Fig. 434
CAREHROBHESHOR F 2T, ZORERICLY, TEOFHEH N R T
TWVWDH I ERHERTELED, INETICEKOEHEIT)> L E L.
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Fig. 4.3: Test model of a new swing mechanism.

414 EOHDEFE

REBICHERT 2 Yo L LT, EFRBRZEM TR A Xy ATEICT
L7720, MOWEHZEZAXYURIETHDL L, FLTELREURBERE N &, HE
BBIRNT &, WERBNE W &, flifgERn 2w &, BATHLHEHATRERI &, &
Bitd+ 52 & & L. BV OB S % Table 4.2 12789, Microsoft Kinect I3 i # @
RCEMNTHY, BHICRTZLENTELZ Lo EMICENSTZD, ENHTHDY
BT ENE T 5 2 & B84 0vo7=. HOKUYO UTM-30LX T i J& P #& & 100000 Ix
(BROIEFDOKREE: BRRTRAON 2 KBE) 12T £50 mm (0.1-10 m) O E T
HMENARETHLD, ZOREFAFTHD. EBEICHOWT, HEMZITo7-
I [68]Ic LD &, RBEBAEIAHTH LN, T 7 AWEMOBIRFEZ T HEES m 2
BWT4dem, BITZ H MO TS mIZB W TT7Tem ThH-o7z. F 72, velodyne
HDL-32e XV 7 /v % A4 & (5-151fps) TRFMDO =R iuEZ*METEL00, £ %
LB I EILERN RV TH DA, RAOMBEHEALIm TH Y, ik % e
RISl Le., MEEMELEANWICHRHNT DL, 01-30m £ THHEER
HOKUYO UTM-30LX 28 bl L T\ 5 & b b.

ERROIIICHF LR, HOKUYO UTM-30LX 28 fic i CT& 5 & HMr L=, 723,
Bl %8 12 B\ TIZTHOKUYO UTM-30LX O # ik # T & 5 HOKUYO UTM-30LX-EW % #4 #
4 % . HOKUYO UTM-30LX-EW o 4 i 1% Table 4.2 (27~ L T\ % HOKUYO UTM-30LX
OMRERELESFEALTHD.
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Table 4.2: Comparisons of sensors.

Product name

HOKUYO UTM-30LX

mesa SR4000

Range 0.1-30 m 0.3-10 m
(10 m model 15MHz)

Accuracy 0.1-10 m: +30 mm 5 m model: £10 mm

10-30 m : £50 mm 10 m model: Unknown
FOV [°] 270 Normal: 43.6x34.6

Wide: 69x56

Scanning time 25 ms min. 20 ms (50 fps)
Price [Yen] 400,000 1000,000
Use environment In&Outdoor Indoor
Product name Microsoft Kinect velodyne HDL-32e
Range 0.84 m 1-70 m
Accuracy Unknown +20 mm
FOV [°] Xbox 360: 57.5x43.5 360x41.3

Scanning time
Price [Yen]

Use environment

Durango: 70x60
33 ms (30 fps)
15,000
Indoor

67-200 ms (5-15 fps)
5000,000
In&Outdoor

415 HY—FHRE—FDETE

AT LY —RE—ZICOW T, MESEREEET S Z & 25 360° M4 F 2 BT
EOLLONEELY. AEHEIZOVWTOMZEEZMA LR, W RFEORBELED
7' v — 7 [69] 12 ROBOTIS Dynamixel MX-28 & I \» T35 v, M (R [a] 5 7] §2 T 360° @ £ £
WAFANARRED, KEBICLIEZEAT 2L L L. 20 —RE—ZDIE
% Fig. 4412, L2 DL T2 T

c fEHEIE 10-14.8 V (HERREIE12V)

- K hv 7 225 Nm (at 12V, 1.4 A)

- M A IRE [B] 85 0 E : 55 rpm (at 12 V)

- B {E A AL E DD i E BE0-360°(12 Bk 4) iR ),
- e/l 4B 4 0 0.088°

HE R (7] i

4.1.6 Fx&EtA#t

Weba ZEMIC B W TIL, e HTLICEEYNFMLET D720, aRy hOE EHHIC
HL R ITEAFY L TEXDHIENLEE LW, 220, tOMEO ETHEBAZE RIS
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Fig. 4.5: Avoidance of a LRF laser inference with the link where the angle of gradient of a LRF
is 80°.

L0, E—XICRYFTonzZY 7MKL, ~ERBCTAEEELTE TX
HE 9T D RIS TIL10-80° DFIFH TI0P L AL B I DL ENTEDH LI
Lz, £, 2O HMAENRE KT HICONIRFL—FR I v 7 L FHT 52
ERBEEINDZD, Fig 452" T X OV V7 BRILRFO L —HF Z WS 720 K H 1T
T5. BAEICE, Ve icHMRoEHS %2 >2< WLRF L — ¥ 2 REETE 5 L 91
T 5. MTIXLRFOBERAENS DL XDEFEZ LTS, £7, AHEIIEY
FH -m— ARFEICEATL2EOICEETS720, LRFIZE— XA FBFEA LR
FOBELEVICHETSZ ZENEELY. TZCLRFOELEZMEL, ZOMEV I
Bz SE D L L., EROSKMHEZRE X TG L72HEZ Fig. 4612773, 22T
X LRF O A A 2 30° I EL TWD.

4.1.7 HBOHEEBEEHOHE

HHEOBR ORI, AT IEV Y - —FRE—FDOWHEENEZFHE L.
LTI Rz RT,

+ LRF (HOKUYO UTM-30LX)

- EE:12V
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Fig. 4.6: Design of the new swing mechanism where the angle of gradient of a LRF is 30°.

— WHHEBG 700 mA (EB)RF 1 A)
—HEE 84W (EE K : 12 W)
- % — A E— % (ROBOTIS Dynamixel MX-28)
- B\HE:12V
— B R K14 A (FFFERE 2 100 mA)
(KR#E R VZ7 :25Nm (at 12V, 1.4 A) £ »)
—HBEE  RK16.8W (FFHERF: 1.2 W)

LRFIZEHEFD8AWEZ, h—ARE— X IHWICHEET 52425 E L T AMEDI16.8
WHHWSHZ L., LERST, %é%éﬁi@?é%?éﬁ 12252 W & 72 5.

4.1.8 BIRD®E
FEHT 2 y7 VIR O & L, (HERIT

- HEE T2V
« 2% £ : 5200 mAh (37.44 Wh)

TH 5.

LRF &£ — 423 L7=-DCDC 22 > N— % &2 A& L 7=k, COSEL ZUS250512 3 7% 4
L7z, 4 E X % Fig. 4.712, k% DL FIiZxR7.

W

- ANJEE 459V
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- HAOBEE: 12V
- W1 E 1.7 A
- hER 82 %

INEILRFEE—HIZ1D2TO2HWS
T, NoT UOMBICLDEIERMBICOVWTUTO LI ITHRTHLE. NyT U D
FEHAREAREIL, DCDCa v R—X DEhR2»EZE L T

37.44 x 0.82 = 30.70 Wh
LB, 1O%ILRF EV—RE— Xl HFI2MH 5 5L, BERFMIT
30.70/25.2 22 1.22h = 1h 13 min

LA F7, 290%LRF L — R T — X a2 5 B4, B /ERRIX

- LRF
30.70/8.4 = 3.655h = 31 39 min
- E— X
30.70/16.8 2 1.827h = 1 h 50 min

b, K CIILRF &V — AR E—H T1OT D200y T VAT L &
T 5.

4.1.9 DCDCavNN—4 NyTFYUDERE

DCDC =t v N —Z (%, Fig. 4812 " T X 91T, = " —H L ERICE Y (1T 7= %, %
WOXN—20EAEONMMEICIRY AT L2 8L LTk,

ANy 7 UL, Fig 49133 X212, EoRICHlv T2 e L. 22 TEAY
TIUNETFTERIZEP R NWE)ICHMZEEL TWD. NyT URALXOH 7 X555
ROIETREHNCTHEAT . 7 or@#A» S XA0E S 1319 mm-28 mm 2 FE fif
CNIEX VWO T, IAIDOFSEVIZRAUYS-1I5ZH WS Z L Lz, LERIZLLTF O
EolthoTnag.

- HHE : 15 mm

- i K& :31.6 mm

- B KAfTHE 225 N

- JEWEITAER 012 N/mm

ZONyT YRS 2 A o mANIC iR E S S .
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Fig. 4.7: DCDC
converter (COSEL
ZUS250512).

(®)

Fig. 4.8: Assembly of the DCDC converter.

4110 7¥—JILEOEE

ZEEE>OOEBREMBICT S0, P—RET—FMX-28D USB-> U 7 /L2
oy RN IS 5. USB & U 7 /L 28 #1121 X Besttechnology ™ USB-3WAY % H W\ 5 .
Z AL1Z USB »» & Dynamixel @ €& — # T 1 3% TTL, RS485, RS232C D15 B I BT 5
bOThHH., o, Theér—ARE—F 2507 —7/VIEDX/RX H#k 7 —7 b
ZHW5. Zi#iEDynamixel & RS485 D EENIT 2 D L2 I M= —7 v Th
L. 2B 2o08 M % Fig. 41012779, 245 % Inventor = TEF U > 7 L, Fig. 4.11
DEIHIICHEL .

Fo, BHESH S OMIEREAICAL VWL ST, AT 2 Fig. 46D X HICHE L -
ERRcBm s b Rat L, RICBRY T8 8T8 A TICEIL
WERESRLIBNNHDH. FANICMOVMT2561E, BACIROUATLIHEE LT
WL TCHICE Y HTEAH X, BHESH 0 <ICRDH70, RENICHAICERDY 1T
HZ k&L

4111 RF7YUITDBREFE

AFEAE T Fig. 41218 T X5 IR Z T Mo 4EGm b 5. 2L EHI220 T
VERMMELZFREL, XT V7 REUTH L0 MR L. 2 2 TidFig 412127
T LI, BHOODEEXEE L CHELITo-.

9, LREOWMOEZ FEH2ICOWTHAT 5. ZZ CIELRFEOEEN N D
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Fig. 4.9: Assembly of the battery holder.

Fig. 4.11: Assembly of a USB-3WAY and
a connection cable for Dynamixel DX/RX
servomotors.

Fig. 4.10: Top: USB-3WAY. Bottom: Con-
nection cable for Dynamixel DX/RX servo-
motors.

CEHRELL. bbb, VB 20 E I
0.269 x 2 x 9.8 2 527N

LD, T TRHEZEDEDIZ2HEORMEFF-E TS, i FiE2oH25 0 TE
NENICZDOESORMELQANBNNALAZ LIZRA. FHLTWART Y 27 1EI A
2 ® SFL676ZZ T& 5. Lk IX

- B EMMEC,, 174N
- B EMK M EC, 421 N

LhoTWA, ZZTHERMBEIIHIEHFOEK THY, BIEKRMEIZZ OMEEZ N
TTC100 FEERRIBECH A L 2R L TCWA., SR FOrIZ7 Y7 v m (fhic
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Fig. 4.12: Locations of bearings.

EARGH) OMEZRLTWHWS. HHLTWHWERT Y v 73 EKMEICE W THE
BROMEZ K EEl-TH Y, BREMICEBEIZR NI &R0 hodz.

WIZLRF FO oy RESOEMZFTICOWTHRECHRH TS, 22TV 7
IRFMOBEBEN NS EMBE L. LEB-T, 2205 EIT

(0.269 + 0.038) x 2 x 9.8 = 6.01]N]

ERD. ZOWMBICIFERERLRTY T EHND.
KBIZY 7 O TREZICONTHA TS, 221213V 7 & LRF # 0 & & 53
MDD EREENDTED, PO MEIFELEFALLIIC60INTHD. ZZTHW
TWBHRT U713 A DSB606ZZ Th v, fEEkIZ

- B KT E C,y : 668 N
- B EK T EC, 0 1921 N

Lo T WD, EWERNPPDIMELD KIBIZKENWTZOHSRBETH S.
T2, V7o 0RB A EIARLREOLIRBEICRDLIED, XTAXT YT
OXRT IV THENEEBRAL TS, 61T, BHEEE ATV 7 h b7 nE D
W2, IEOfwERY i TnWbd. 22 TiEFig 4141239 X 912, 4o o EliEdE 2 F
WY T 7.
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Fig. 4.14: Assembly of retaining rings of rotation shafts.

4112 LRFL—HE#BO TS

Uo7y ELRF L —HFEFH LAWK O ICHF LR, AEECITEEHS LD
FHERRToN2W., 22T, FOLAICEAELELRF L —HF & 0)?#575%;67%%)%&
L7z, fEHRELT, LREBEAAEN1050° CTIETHEERELLRNZ ERNY otz —
77 TFig. 415416 IZ . 540 5 X 912, LRF A4 E 2 60-80° I W T FHWR AT,
L7emoT, e LB X 10-50° oA A EICHE W CIEMEBRIKELRF L —HF o+
WL unn, 60-80° I8 W TIXTWZlE T o nZ &R pnhol.

4.1.13 FETDFEED

AEH T, “RETLRF T — 2 2 H WIS EKEOEREZ VT ALE A L TITH D]
Bzl =L A X v AR L. BEMICE, SEHTEZRICAFTY B AR
RO EEEMOLRFERMAEZAILEICRR L. £72, B - —RE—FD#E
E, BIROKF, BLOZN O OB IECEE R OB EORTH, 5 05 0 o
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Fig. 4.16: LRF laser inference with the base (80°).

R EZITo. 61T, FIFEMLIEEFICAH LT, LRF L —F OEARK L O T
O, BEOMHEIND A X v @A OM B 2 1To7. R BW T, #EL7EH
RABEICBOVTHHOBIEREBR TETWDL I ERgol.
WHICAWE CTHERE 2 ERICBEL, ZOBBEMVWT=E=KTAXYr 2 U T ALZ A A
THWARS TRy b ONERIC L D ERRIEO EREIT .
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Table 4.3: Specifications and requirements for a real-time 3D laser scanner.

Specification Requirement

Range [m)] 0.1 to 30 0.1 to 8 or more
Accuracy [m] Max. £ 0.05 < +0.1
Vertical FOV [°]  Max. 160 = 180

Scanning time [s] 1~ < 6.4
Resolution [rad]  0.017~ < 0.025

Use environment In&outdoor  In&outdoor

42 BELDLEFHFA=ZRTL—Y XX+ ORH

AIETCIX, RO ZWRIEAF Y EEORICHLERFHEZW T bON oot
D, 2Rt Ay EELASR L. KE T, £oO&EICHE S\ T Fig. 4.17
WART ZRITAFY T 2B L7, Table 431233 K 912, RFETEHBELEZ A Xy
TET X TOLERMAELHLZLTNDS.

BB LAYy T O E LTI

1. ETOREARKEREAORTAAIZEBNTELW
2. FHAEE O B/h I

3EE TV Fax — X XEERIET D 2D HENES
4. LRE AR IT IR EEE LR W72 2 U w7 ) v 7N KRB
5. BREESC X A 72 U C M A B A & R R AT B

DT oD, KB LIEAFTYy T OEHRE L% Fig. 4.18 127~ 7.

[
(Y
A

I1,l3 [m]: Fig. 418 D HF W =ATE O KL D K &
o [rad]: LRF O B W 55 1 88 44 44 JiE
0, [rad]: # VIR E TR & iz vy F i JE v [Eg A E
0, [rad): 7RI AT CoR S vt o — LBl JE Y (8] 65 £
O [rad): 77N PR A C ok & U7 & — & [l fis /4 B

E

Thod.

BB LAY T IO BEEREAZRECZIEERXS L. X, EvyT -
2 LEHE Y CHHEORBERNIC LY SR A Xy & FEHL L2 AT O BEE X
HEE Bt LB oRATH D, BT AEORENESHEMEL, 120 —K
T X OLTHEHE SN, EyF -o—/LliE 0 ICEERRBOREDED 2 EAE T
L. AT, ZOREBERFHEBECOVWTEERABTALLF XL %R %
1T>7-. Fig. 418 DRod D EL V {1 IF L B X Link AICHR->CEE T HZ N TE, Zhic
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Fig. 4.17: Real-time 3D laser scanner Fig. 4.18: Definition of constants and variables

which we have developed. of the developed scanner.

JoOTILRFOMABAEZ1080° £ TS LA Z L CTHREMBBALZHET LN T
5. ZZCLRFOHBAIAE E EEMRT AV OBEKIT

V =2a (4.3)

ERIND. V=0CIZEHELIEHAD =R AFXy o O1EMOEE% Fig. 4.19 IZ7R
T.FET, BB LEAXRY T ORXA Xy i % Fig. 42012777, 22 CIXBmER
BAVICETENT D AFy & % OpenGL 2 H W CTHiE L T 5.

B LAy L, EEEBADN NS VWE ZRITABOBEIISL, - 2%y
CVEIEHE RS 20, YA E— X OREBEEE LIF D E SR RBEOEE TR
L. ZOREFAXFYTOEHEBRESCZAZIZIGLTERTLHZENTESH. BRL
AXyFICHEH SN TV DY — KT — # (T ROBOTIS Dynamixel MX-28 T#& ¥, LRF
I HOKUYO UTM-30LX-EW % H\» T\ % . A LRF I3 /K 47 B /4 2% 270° T K30 m
HHAZMEATRETHD. EBEAT YT MIT025°THDH DT EDOERETILOSLEOD A
ARG CTES., 22T HMHEVDOAXTY U 30.025sMETITbR D, AR LA
FY T TGN ZREAEIZULTOXNTERE .

np = np1 1/t (4.4)

[y
(Y
A

np: —EDO =W A F¥ > TRHIN DA
npi: —AID ZWIL A F v TRA S LD R
to[s]: —IEI D W IL A F v o JE
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(c) B =180°. (d) 6, =270°.

Fig. 4.19: Oscillating movement of LRF in one cycle of 3D scanning of the developed scanner
in the case of V =60°.

Thd. EELEAFYTDEA, np =1,081, t, =0.025s, T =64 s TH 5 D T,
ny =276,736 &£ 72 % .

421 ZRTABHOEELHR
O—J)L-EvyFHAEDIE

HH IS EIAFYyFOE— L -EoTFMAEBL e Ry MEERE A Xy
JEAE R L DT BREEMAZ A T Y — L FEERTOREICERINSD. 72— )L -
EyFAEILIE—XREAENSFEIND. GFEICHW D E %5 - EH % Fig. 41812
RY. 2T

l1 =lytan (4.5)
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Fig. 4.20: 3D Scanning range of the developed scanner.
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)V vX y

(a) For the motor rotation angle (b) For the roll rotation angle 6. (c) For the pitch rotation angle 6,.
Om.

Fig. 4.21: Variable definitions.

ThoDH. £, Fig 421(@)ICR"T X8, T— X OREAEICHEHT I AR 2 ERT D.
ZZ T
Tom, Ym [M]: 1 O R O JEEFE

T = 11 cOs O,

(4.6)
Ym = l18in 0,
ET 5.
7 — L4 £ 0, 13 Fig. 4.21(b) £ v
0, = tan ! (%—’;) (4.7)
e, yF MG, ILFig 4.21(c) £V
— -1 —ZTm
6, = tan (\/m) (4.8)

LD,

T— 5 A E DR M

IRENSDAFY T — X RERKAULEE—FXHEORBHELANIZITAED 5720,
Fig. 4220 L 5 ITHEMME L TRD 5.

gts = wtlts + wtl (49)
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0 O=0t+y,

v,

Fig. 4.22: Linear interpolation of the motor rotation angle 6,,.

L
¢t1 :9t1 —wtltl (410)

ZZT7T

O, [rad]: 2 F ¥ WAL, [s]ICB T D ®—Z A&

Oy, [rad] :& D W4ty [s|ICB T L5 F— X fA)E

we, [rad/s|:d D EEZt [s| IS T D€ — F A HE

Yy, [rad] : o 2 WA G S|ICB T HE—ZMEDOE
THD.
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4.3 BFABLEYTZILEIAL=ZRTL—F XX+ D HEET

TIZTE, AR LEATY T L RATHFE O RS AR B RE L e L 2BE o B A
2ODREBRIZEVHEDD D . JATHZE O a5 52 B B i, B SE M 1X V=56° &
RoTW5d., EZTCINEBET LD, RKIFRETHELELEAFYyFIZEBWTEER
FAHZV=60CICHELTCLKRTDHZ L L.

431 ZRFTARAFYUVDAZFELERAFZTYUEEDMR L

Fig. 4.23(a) IZ /R T8 E T =L X F ¥ & {To72# R % Fig. 4.23(b)~(d) i 77 7. B
I ATy BB VWHEETHD. £, V-V ORKEMBEIZS L TARICEAD
BEMIMLTVnS., BWEINBEOCRKNZEERLTND.

REEIZOWTOFMFIEEHEREZUTICRT. £F, VRS0 =%k sl 2 IUE
T5., ChIFEEOE— NIRRT IMIC KRR BEZIRGT 52 L TERLE.
WIT, Fig. 4230 ABCHRICBNT, EREZHFLET L —UN02mDON T EEE %,
INEEENDIROBEE DT NT 5. Z0O#%, L HIROERE TEoTHANKEY
kDODSﬁ%ﬁkwk.iﬁﬁ%30®§UEW:WﬂTﬂM8®JV:%ﬂTﬂﬁS@JV:%ﬂ
T=3.148) CZWILAFr o LI RICx L TiTole. 4R EBWVWTCIRIRAITL, £
DV RO, ROVEE DV T 7 % Fig. 42412 7%, 2 2 TH W AN — LT SR
OEEERIFHEEICLDIER, REBOARN—THBELEZAIYTICEDHREZRLT
WS, FRELRDE, FOA—THF AR TELINICEWEEEZRL TS Z
ERGMMD. LEDN-T, BB LEASY T IX AT ZE O Bl X B & ik L ¢
SEEOSTRIEARMENERTEZLE VWA D, ZOMEEIE, ZRITAELZ TV T
EDOXGEWE LoOTF 720, HHER ANV M A TZELE R W®E#%ﬁot0¢5 By,
MW AV T 4D ZRITHEFED LB R RFICR LD,

T, AFFUBEICBEL T, O TRV AN—DFETATY #HEZ 24127
ELEBEORBEZRLTWVD. ONRXN—IT XTIZBWVWTHFWN—% ER-oTWDS
END, FOWAR—ORBETHSREGAIE, TOAFY O HEEZHA WD I LN TE
5. kkiﬁ,Ew%%?:ﬁnxﬁky%ﬁofki#_ﬁﬁ%mﬁbk S
RRICBWTIHERONEEAT AL ENVATy A T ERITA XY 2170 TEMIC
REZFARTZDT 2L, BRL5MEBICHIENTED. LEeBnosT, B LEZA XY

FIE AT O EEE XIS B L CAFy U HEDO R THLEM TH D Z L D
wEnle., UEXY, ZRIEAFY L DORBELEAXRY UV KHORELTRES X A
KEUT%%%:&%%EK@%&%%EM%.X%%Vﬁ%ﬂﬁﬁ%U?»&%A
TEHEAETHLIN, EEHTAORBEICLD2AEEIBAEY T VI A KIEERET
X, S%ITEE ﬁ%ﬁ%??%:i X TUTNHEALIERTEDLAD=
ALERHTOILEND D .
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(¢) Our developed scanner (V=20°, T=6.28 s). (d) Our developed scanner (V=20°, T=3.14 s).

Fig. 4.23: Comparison of real-time 3D scanning by changing the vertical FOV and one cycle of
3D scanning. The case (b) indicates the result of the former swing mechanism [3]. The cases (c)
and (d) indicate the results of our developed real-time 3D scanner. A, B and C indicate where
their point densities are calculated.

25000.0
W V=60[deg], T=6.3[s]
20000.0 1 mv=20[deg], T=6.3[s]
o V=20[deg], T=3.1[s]
£ 150000
=
=
‘2 10000.0
[
o
5000.0
0.0 -

Fig. 4.24: Averaged point densities at A, B and C in Fig. 4.23. The blue bars indicate the result
of the former swing mechanism [3]. The red and green bars indicate the results of our developed
real-time 3D scanner.
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432 ZRTAFIYUVIZEIIEEYREBSZEHOM L

BE#ioRy hOREBEEICEBONTCL, el NBAEEYICHEZELZV A X7 LD
TLOERT DD, VIV ZALOEEDHREPEETHL. B LA Xy T
Ti, BEMRTAEZV=20-160°1CEET 5 ENARERTH L. T OENM % Fig. 4.25(a)
DERFE T IRILAT Y TR ZHBET 22 L Tord. REICIEIrARAYy MO EIC
WL ONDORATFRT LU —h, FlrmRy b0l < OREIZIEERWFHIZIR O EED R
BE2PNLTWD., UL OEEDE, ZITHEORRERIFEHEME LB LAYy N
MHETED20EI DERET-L. EBRCIIEMTHREOREGIEIHEBOREL LT
V=60°, AR L7 AFXF¥TOREEL L TV=140° L L=, AFr U BEEICOW T, Z
CCHEEWIIEEEZ2BELTCVDLZOUTOLIICHELLZ. F2ETRLERX
(4.1) (42) ITB T 2 ANDOEEH O A Xs, & L TRHEOEE20mm Z#E L, £/

EEWIZFILELTVNDZ e buy,=0m/s& LT TDOLIICEHELIZ.

d = so/rs = 0.02/0.025 = 0.8m (4.11)
T:v;Lhzofﬁ%:QQS (4.12)
L,
Som]: FEEHORE S (BELITES)
v, [m/s] : BE 4 O A8 E R B i
vp [m/s] : v ARy b O )
d[m] - B 3 ¥ % H T 6E BR
rs [rad] : A ¥ ¥ F D 5y fif GE
Ts]: =kt A Fx 8 #
ThHD.

Z OB BV THRATHZE O 1R B B O S V=60° TIiX, Fig. 4.25(b) (Z/RF
IoceRybro bicbsrEmEMERETL2Z2ERATERWn. £/, vRy FDRET
CHDHETOEERLHRETET TR, LERST, ZO0FEeRy FBET#ET S
EHREMICHEZE L TCLED. —FH T, HIICHBELEAXr ) TiE, Fig 4.25(c) ICR T
FolleRy b LilhHrEEMERILTETEY, ZOFEAET L LEHRET D Z
ENGD. T, BullhbrEEM AR TCECEY, 2o FaiET L L EHES
HILERWTEDL. L, e ARy NOEBICH L ABEITIr Ay PR A Xy I
TEERLTVD. LEDO X, CRTAFTYICEDEED RGN K LT
WADZENGND., ZoMEER EiX, UT MY A DB THENREEICEB VT,
PRy b ERBEET LI EXICHAITHLIEEZDND.
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(a) Experimental environment for the range of ob-
stacle detections. There are some polls and plates
over the mobile robot and a black object on the
ground near the mobile robot.

Polls and plates
4

(b) Former scanner (V=60°, T=3.2 s). (c) Our developed scanner (V=140°, T=3.2 s).

Fig. 4.25: Comparison of ranges of obstacle detections. The case (b) indicates the result of
the former swing mechanism[3]. The case (c) indicates the result of our developed real-time 3D

scanner.

4.3.3 WIRDOREE

F 7, LRF BIAR A E A 80° TIL & — & 4 £ 0°, 180° {1 T T AR A # X 1L/ S BE IS P 2
HPHTL 2MENH 5. Zhix, Fig. 4261273 X 912, LRFEMEA A E RSN 5
o, TE—XAEOEBEICHT I — VEAEOELEDRELS DD, ik
DI 22 75, MANTHOXLREIFEESNE ZEAFRRAEEZLNRD. 22 Tr—
NAEOE—FHEIIHTAMHEEEZXDLE, fIETHRKRKERD

geer — 1 . 15 c<l)s O

m 1 2
1+<ll 51lr219m)

db, T ~

a-(0) =7 =tana = 5.67
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angle [rad]
angle [rad]

/
angle [rad)

Fig. 4.26: Relationships between the motor rotation angle 6, and the roll and pitch angles
0y, 0,, with a = 10,40, 80° from the left.
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Fig. 4.27: Normal vector which composes a plane.
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Fig. 4.28: Calculation of normal vectors in the point cloud.
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Fig. 4.29: An example of a
wrong direction of a normal
vector. (in the two-dimen-

sional case)
Fig. 4.30: Illustration of normal vectors.
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Fig. 4.31: Normal vectors which com-

poses a plane (n) and of the three points Fig. 4.32: Distance between a point and an

(120, Tp1, Tp2) estimated plane.
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Fig. 4.33: Result of plane detection by RANSAC.
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duplication parallel

plane |1 (2 |3 (4 |5 plane |1 (2 |3 (4 |5
1 FIT|F|F 1 T|F|F|F|F
2 FIT|F|T|T 2 FIT|T|T|T
3 T|F|T|F|F 3 FIT|T|T|T
4 FIT|F|T|T 4 F{T|T|T|T
5 FIT|F|T|T 5 F{T|T|T|T
AND operation
integration
plane (1|2 |3 |4 |5
1 T|F|F|F|F T: true
2 FIT|F|T|T
3 ETEITIFIE F: false
4 FIT|F|T|T
5 FIT|F|T|T

Fig. 4.34: An example of integrated planes’ table. Upper left: a table of planes with duplicated
points. Upper right: a table of planes regarded as parallel. Bottom: an integrated planes’ table.
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Fig. 4.35: Result of plane integration.
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Fig. 4.36: Integrated plane example.
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Fig. 4.37: Point projection onto the integrated plane.
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Fig. 4.38: Configuration of u,v axes and Fig. 4.39: A result of sorting points in as-
vectors ey, e,, angle #; in the implementa- cending order of their angles in the imple-
tion of Graham’s scan. mentation of Graham’s scan.
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Fig. 4.40: Evaluation whether the order of vertices is counterclockwise or not in the implemen-
tation of Graham’s scan.
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Fig. 4.41: Drawing result of convex hulls. Left: floor plane. Right: ceiling plane.

Table 4.4: The number of detected planes.
High point density Low point density

Pattern 1 2 2
Pattern 2 4 4
Pattern 3 3 3

HTOAXYYyBILOEAUANATOAFYy L L., T2 TILEHATOAFTY Y TH
bVl mEE DT — Z13324,300 5 /20 8, 6 A TD A Fx 2 TH L NIZIKEE D
T — ZIE54,050 /5 TH L. BEOLIZ6:1THD.

Fig. 442123 X% — > OfERZ2RT. IOEMNEEE, AN KEEOCHA TH
L. TENZENOVFHEMRHEE £ L 7 % Table 4412, *IaT 2w OERT7 b
DT AE 5 F & iK% Table 4.512 /8T
FROEBRERNS, 300F =+ _XRTCICBTCHREEHREIFRLCLTHY, £ FHE
DIERR7 PV ORTHEIRRKPBIETHDLI NN, LEORERNS, SE
EOBRWEAETHLRUMANE INTZEWNWZD., LER-T, SEEOKWEAT
AXy T HIETAFY Ly EEON EZERTELEExLND. £/, RFIET
FFEEABRE -#E LTI, REEORVWEHEAMS 2L bAETHS.
—FH T, TR —F AR AV TEHELER R EXREFHICL-TSINNTLED
R LTV, SBBRHTOLEND D.

Table 4.5: Angle in degrees between corresponding normals of planes.
Ceiling Floor Wall 1 Wall 2

Pattern 1 0.29 0.32 - -
Pattern 2 0.46 0.18 0.088 1.9
Pattern 3 0.23 0.82 1.3 -
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(a) Pattern 1

7
.00, 2 0 0ofw]

(b) Pattern 2

(c) Pattern 3

Fig. 4.42: An example of results. Left: high density. Right: low density.
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boHEWz b, ZORMEE, ABOFKRERLD EREBEE REKE=5:1LRk-oTEY, &
BEOLFE6:1LEHERNL DL I IICEDbDRLS.
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Fig. 4.43: An example of a false detection for high point density in the case of threshold 5,000.

Left: an actual environment. Right: a result of the plane detection. A nonexistent plane was
detected as indicated by an arrow.

ShiT, MEELEEEOT — TN ThICE W T, R FmzMkd 2880
HMERFZ2LLSELLAEOVPHBRHEKEZLBELL., £TORE, &

7 L TR
BoOoFmEHRB LIZWEAS, MEZ2ABECIS L TCELIELINERH D Z LBy
Mo,

— /T, TR —=F R = L THESLCEEKZEAREFHIZE-TSENRXNTLE D
R Lo T W,

FEERIOERTIT -HOBEERERFCK IV /NI EHEE K

HT 52 FTE TR, 5%, ROLWEESEZSINRNHTER, 61T/
SV HEKE RO L THET 5 Z

—

W L TWAEMNEI L EREMT 5 2

L, MEFEDFEBRICe RNy b a2 @R ET 55
EEMFLTWS FETHD.

63



(a) Environment 1

(c¢) Environment 3

(e) Environment 5

Fig. 4.44: Examples of results in the case of
threshold 15,000 for high point density data and
threshold 3,000 for low point density data. Left:
high point density. Right: low point density.
Note that only the planes behind the point cloud
are drawn and the points which compose planes
are not displayed to be illustrated understand-

ably. 64
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Fig. 4.45: Results of the number of de-
tected planes according to the threshold,
where results of five trials were averaged.
Each graph includes high and low point
density data, which are indicated by HD
and LD.



Table 4.6: Oculus Rift DK2 specifications.

Resolution 1920x1080 ( 960x 1080 per eye)
Field of view 84-100°
Internal tracking 1000 Hz 3DOF (gyro/acceleration/magnetism)

Positional tracking 60 Hz (near infrared CMOS sensor)
Platforms Windows, (Linux, OS X)
Fig. 4.46: Oculus Rift Interfaces DVI/HDMI & USBx2

DK2.
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(a) Apparatus of (b) DK2 viewpoint indicated by the co- (c) Stereoscopic display with 3D point clouds and
wearing the DK2. ordinate frame ”oculus”. a mobile robot CG model which displayed on the
DK2.

Fig. 4.47: Displaying real-time 3D point clouds on the Oculus Rift DK2. The images for left
and right eyes are separately displayed according to operator’s azimuth difference. Both images
are also skewed in order that the operator gets wider FOV of the 3D point clouds through wide
angle of lenses.
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Fig. 5.1: Example of RoboCupRescue Robot League Arena.
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(c) Terrains Symmetric Stepfields. (d) Crossing Pitch/Roll Ramp.

Fig. 5.2: Performance tests on the four kinds of fields.
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(a) Teleoperation course. (b) Actual robot trajectory.

Fig. 5.3: Travelling course for the mobile robot teleoperation in the experiment.
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(a) Front camera view and the overhead camera (b) Stereoscopic display with 3D point clouds and
view which displayed on a 2D display. a mobile robot CG model which displayed on the
HMD.

Fig. 5.4: User interfaces for the mobile robot teleoperation in the experiment.

oculus

Fig. 5.5: Configuration of the vertical FOV
of the 3D laser scanner in the experiment.
The vertical FOV V is set at 120° in or-
der to increase the point density and to de-

Fig. 5.6: HMD viewpoint. Its reference
position is located at 1 m backward and 1
m upward from the robot CG model.

crease blind spots as far as possible.
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Fig. 5.7: The number of the robot crashes on the environment.
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Fig. 5.8: Lap time of the robot running on the field.
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Fig. 5.9: Total time of the robot running on the field.

76



FTOEFEAMAE RS T 52 L, LREAR DR ¥ % W TCSLAMAT VW, 4 K X
MU TIEERVWEHO N EHTEZITH) 2L T, ffILTEXHLEEZLND.

HMD TEEDDOUE NN HELHED

AX YU EMELEETLIN, e A FPORBRE LI LML LEEICZE, AFry

T B ORRIPPEERICRY, RERSLL DL WHIMENH-T2. SLAMIZ &
DT — 2 EMERT LN, bOMRICHREZEEL, Z22hbuRy bEAFD &
WO FETHIETE Db L.

DIMRATAVIBETAXISAASTODNFIL BN TELGL

J— FEBRIZIEIANCFALRITETS, PLENTTHETERIRDIEAEDHEAL
CRREAHTHD. ARy PORKREEEL P2 LT, EBEBRTFAREL 2D,
AXis W A T ~DEBENK T LTAREGREE O LA,

N— Ko7 0@
T4V RETHIZCUTOMERRAELT-.

+ OPT NM33 7 2 7 B Y 15 Fi 0 & & o 7 4
s By FATTHE O A=%D L OWR
- ARy AT RAREEE Y Ok
- ARy FREOR U ROME (FZBRATNG)

5.2.5 E&

FEBROMER, HMDZ N S5o CHRBET I HREC AT 22T r ARy b OXERE®R
ENTELZ MR L. 70, ERAICHKDDBEEL TV, 3DFHWIZ OV T,
BMFENFEALERC R 2 L 2MR L. SCHk (13112 & % &, Oculus Rift %
W2 T — N BEICEE SN HSBER S 25512 Ialb — &ﬁ’#b\i%{ﬁﬁf
D] B AREN TS, BET AT AW T, HMD & o F1 ¢8I F 1258 5
TH5 Ry FCCREERINTWTEED, RAEOERIEONTZLEEZLND.
REVATLDOLIODOREHAEIL, BHEFAZEORERBIEALY — F &2 E2 ERK
THZELETHD. Mfkaehrde, BEVATL2LEHWEESG, 2 —X%21ET 5012
RET249%, L HELTIEOBEERE E WI R ThHoToIZx L, BHEOEAIX

T, L TIEOEEREE L WIS R THoTz. LER-T, MEV AT AT

7



BWTHIEALY—-FEZHET LI IR DL NS, L LAanb, FEEOKFERAE
FFICEEMNICEA LRy h2 B CERBIET 22 LI AMREREZD, EV R
TR ZIORTTTICEMELRD S.

T, MEVATLAZHVWEBAEETHEV < R WHRETHo7EHB E L TIEMUT
MEZOND. ARy VAEPEHS 2L TRATLIHE (KEWEOMIIEE) 25
ZTCYVTINEALCKLERARZE D HEL WD, BETEIEERY B RKICHK
T+2%2E, e Ry FOREELYD RERBEEDNEEL TN LR hol. £DT
D, RIHZED TWIe U 7V EZ A4 LAEOFHB IR+ S mRtErd 5. 4R T
TEBRTIE, AFY U AMEL4sE LER, R TYITAX A LMEICEHEME
MW holzZ b, ThHEHRZIZLTH LV,

— T, AFY AP RS E, B A TG E R THRIET D OICILEKT 5 ElE
HE CHEBBECEI2ARERLLZ RN ano7z. LML, AFXxy A Z R T
HERBENEIZRYD, NMCEoTITRMEZHERE CE LR VWAEERSH L Z &L 0o
7. LIERoT, Axvr @AMam ES® oo, HERI NI+ 4 72 A5 B ik
TEXA2E2CTNiE, LD EWVWA U X T2—RITRDIARERDD. SHDODER & L
T, ANV =X OFEM[UAMEORBELZ —FEORIICKELOD, ZOMO=Y 7
BHETAXY T 5, LI FRVIBZOLND.

HARW e 73k L LCid, HMD CEHEEH N FHA TE 572, Z O HMD O 7 & & 5
EARXLV—ZOHEMEMERET D (ERICFHELsH LTSI TICHBEEZBH T 52 &
MTELDOT, HLETHRETH D). ZOMBEENLHBEXY FLE2RD, £
ANDOBHDOHEBEANLZDORBET MV FRORZ28EZHESTS. —F T, = Kx
AXXY T TAFY L TEXHHBLFRTRDDLIZENTEZDEEDNDIDO T, 204
P E M OZER 2 RS, ZRERMBICARDIE IR R IEAXTYTOE—XAEDOH
HAzRDODNIE, CPO#HMBTE—FXDALE—F&E ETFRIZ WS NDEOTIEZRWN
meEEZTND.

SO, BT =0 R TIESZEEDNAERICEH < K 5 22k CHEM R RN 72 <,
SWRENMAEBROFEN S ED o/ EMITH L. BEVWOREL 7 v ¥ AI2T 5
ERERNDEDLDDE Lt .

HE COMEEZERTHD0ZT0OMOFIEELTIE, I ATEBE =R
BERRTLHILEX, SLAMZE AL TRBW 2 ZRCBREMRK ZER LIZERT 5 2
L, AXx L 2R mBENS e Ry NN EAT A REAREKZFE LERT D2 &,
mERBZLND.

78



53 KEDFLEH

ARETHE, BB LIZIAHBEAY T LX A4 A=t —% XAFxx7) &, Oculus Rift DK2
THERISNDIEHBMAA L X 72— 22N TP HERZIToZ. THEBRTIE,
AF¥a—uaRy NHOFMAZEELZ — L REHAW, Z2EFICa Ry hORRBEREZ
fToThbotz. EBROMER, HMD 2 0 S-oCEEEBIET IIREV AT 22 HW T
ARy NOEBBRENSTEDLZ 2B L.

MHERL LT, BRTr ARy FERRERE, DA TEGZ R 2086 1Ry b xR #
B, HMD C=® i mftx Axnbn Ry MERBIELZHRE L. TOBRIZTZy T %A
LH(CEE), 2V T840 (), mERKEZLE L. fRE LT, 2%y
M6.28s DAL, HMD TR AHEZ AN bu Ry MERBIET 25628V T,
TOTBA LT IVTEALEBQICHHESLTATHERKL TEZ ORERB N7
@ﬁ@@ TENA N PoT. —FT, AXXx A A 114s & LG AT, B

WHEANER D LOD, BATEGLEFAEREORKH CTEMKTE DI EBNFho
CEAEBOTEELELTE, ARV OREAAMNIOREELZ —EDOEmIITHhkbHD
O, ZOMOEZY) TIEEETAIFY L T5, LW HFREZBRHFHT .

B

79



£6= %0

NAAEE Y THELRZKFRXTvY
T—2DMHIEFE

ARETEPHEE > THELLEKF A Xy T =2 OMEFIECOVTERD.
£ 9" Top-URG Z il L T h 5 MR L 2 F bt L MR BEIC B T DRt M RBR 21TV, K
AR D At RS EE - PERE 2 MRAE T 5. BARRYICIE, (1) KOW Y 2 4k & & ok it
W, 2) MM oALE L A2 ZASEKRTFNZIT 5. £ LT, KoEHHl o8
DIL, ETHFTOELBLZ2EE LAY T —FOMEFEZRET DH. & bHIT,
Top-URG TG TE 2 L —HVOZNHEEZHWTEBHMEDENT —FRET 5 Fik
ERETD.

6.1 EBREELSIVERIRE

AWFIE TIEAKR PR EFANC AL EHE (k) o UTM-30LX (Top-URG) Z i 14 5% .
Top-URG D ##l % Fig. 6.112, 372 fI:#k % Table 6.1 12 7% 3. Top-URG @ I i J7 2L 1%L TOF
(Time Of Flight) TH 0, 72 L —HFEMLEHMEZ NN — KL ol 24 T ThHDH. &
H5IZTop-URGIZZ M MEMAZ MG T 22 LN TE 5. MEF132 LD L, 2T
BALOZRWE PR T =2 Tho, RKAEBKEERTHSMETH S, 7o, B
ﬁéxtﬁfkiU%%®ﬁ®ﬁfmkxtﬁf@%M MIE TlX 720 [133]). &k,
ARAFZETRTEBREEICE W CIE, ZHMREMIT0-4000EE THo7-.
ﬁ@ﬁ@%ﬁi,V/7(%X%éx%é,@mnxﬂhmxwmﬂK?ﬁUw@
PERER % (B x E&H, ¢30cm x 3mm) THiAKMLE L 7= Top-URG & H LT — 7 T
EL, Yo7 EKEKTESITemE T2 LZRE CTiroe. 22 TiE, Y7 KK
W7 7 U NVERBEON G E R L ERTHOOSOWET — 7 20 L, £ O F .0 & Top-URG
@v~%%%ﬁﬁﬂ—ﬁ¢éiﬁm,Eﬁ?%ﬁbﬁﬁgﬂpmw&77Uw@$
ERERR AR E L. > 7 OBl % Fig. 6312, 7 7 U LEDEERER % % Fig. 6.2 128 1
7k, %%Tiﬂmmm®2%?/ BUOLZERKFOEEL RS T, Y27 D
MEicH LT =T R0 T TS,



Table 6.1: Specification of Top-URG.

Light source Semiconductor laser diode (A=905 nm)
Measurement principle Time of flight (TOF)
Accuracy 0.1-10 m: £30 mm, 10-30 m: £50 mm
Angular resolution Step angle: 0.25° (360° / 1,440 steps)
Fig. 6.1: :
Scan time 25 ms / scan
HOKUYO °
Scan angle 270
UTM-30LX
(Top-URG).

A \
g X

\(p30cm

Thickness: 3mm

£

Fig. 6.2:  Transparent
acrylic hemispherical shell

used as a waterproof cover
for Top-URG.

Fig. 6.3: Sink used as a experimental environment.

6.2 Top-URG®DOKFIZHITAHEHAIBE - HaeDREL
6.2.1 EE(1):KOFY ZLEiLSE-KPEA
EBRANBE

COEBRTIE, WMWPHEBRREZRET 22010, ERREFORVWESDEETNL TV
LR OFBEHEZHND. 22T, Koy Z7I2&HZ0ml, 1ml, 3mlinzx 5
ZETARFPOEY B ST, KASAHARA #8735t X £ K EH (TR-12)
EFHWCHEHEZUNEZ LA, Yo 2Z7iIZ@Em31Tem £ THlilz L7EKICETZ0m],
lml, 3mlMzx7c& &, WEFOMEIZTZNLZIN0mg/, 20mg/l, 158 mg/l Tho7-. F
7o, KHEFHOAFY 5L LT, KbeRy hoxREHEHN#HEICHVWO LD E
WY ry bEERELEZHAEDK (B xEmS, 085cm x 18cm) ZH Wi, T DX ¥
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= i i > ispherical shell
% Hemispherical shell 5 Hemisp
Q A f&q«,
8.5cm V‘ > 4 ¢ g N /

£ > e | o

£ (Top view) | ¢ (Top view) (Top view)
8 @
< =
~ N 2
.. Hemispherical |  ¥|_._._ ‘: Hemispherical Hemispherical
:' shell Target shell Asem shell
Target : i
i ! lTarget
15cm : :
; i
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i

(a) Cross placement of the target. (b) Vertical placement of the target. (c) Offset placement of the target.

Fig. 6.4: Experimental environments and their diagrams in the cases of (a) Cross placement,
(b) Vertical placement and (c) Offset placement of the target in the experiment (1).

Yt G e AL E (ERR), bl E (EER) , EFREE (57 'y M) (IT/
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REBER

SRR E (EAAR) , shFridE (BEA) , FExMmidE (7 8y M) OB EZ
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(a) Cross placement of the target. (b) Vertical placement of the target. (c) Offset placement of the target.

Fig. 6.5: Scan data in the cases of (a) Cross placement, (b) Vertical placement and (c) Offset
placement of the target in the experiment (1). The red data points indicate scan data in air,
the green data points indicate scan data in water with 0 ml of black ink (turbidity: 0 mg/1), the
blue data points indicate scan data in water with 1 ml of black ink (turbidity: 20 mg/l), and
the purple data points indicate scan data in water with 3 ml of black ink (turbidity: 158 mg/1).

REETHLZEBND. FHOT oy hTRENTWELIEH1ImIOBHE TIX, T
MDICAFXFXY U RBETHLIAERRBHEINTND., £, FkEBO TRy N TREIATW
ZEITOmMIOEBED R WVAKTEEE TIE, FAOToy h TREN TV D ZERTITHA
THEOHERMICKEATANELTVWEZ LR, Yo7 0ADEFNE LM
ETETIC, EBREL) FAMOMENAIFY T —XE L THHEATLEY [I—
AR BENERINT.

S BT, AT (134] I L D &, Top-URGIZ L D KF RAXY o 21To7 86,
RFIZAB0 cm T, ¥RETCOHMELAREDICFHI SN LZ2BRMAH D L I TWD N,
FyFomliks (k) O Z7MBEL LM SO A XY T — 20D, H%@ﬁ%
DAELTWLZELZHERTEDL. ZOTHOREKOLDIE, 2EKH &K Tl
WEOEW (BIFTE) Thd. ZOoRMEEL2EZRETHZ LT, yyﬂ%ﬁ@x%&y
HMBDODAXY LT =X IIMIETEDL. ZRICHONWTOHEZ6ILIHICRRD.
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EBRAE

COFEBRTIE, AFXFv oA ROME LM EEESE T Top-URG 1T L 2K FFHHI &2
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R CIEMEEAEOEICLIZENBDNVIZS WD, ZZTIHAFY R
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Table 6.2: Received reflection intensities
from Top-URG according to distances be-
tween Top-URG and the target plate and

| Distance: 30, 35, 40cm (Top view) to inclining angles of the target plate in the
s E I experiment (2), where the scanning angle
e § L :::::\ :::Iispherical Of TOp—URG is 00‘
i Incline [°] Distance [cm)]
plate 30 35 40
Whter level El mum (Side view) 0 1969 1950 1906
Target || © Hemispherical
plate— i shell 30 1821 1700 1608
50 1558 1450 1249
Fig. 6.6: Experimental environment and its di- 70 1197 999 869

agram with a target plate located in front of
Top-URG in the experiment (2), where the dis-
tance between Top-URG and the target plate is
30 centimeter and the target plate inclines at 0°
to Top-URG.

KTDEICKHEL, TN ONME L MAEZZE S, Top-URGIZ X 2 K H5HHl 2
To72. Top-URGIZ*f 3 % A F v x4 D fHHAfE 1L 30 cm, 35 cm, 40 cm, #4113 0°, 30°,
50°, 70° i ZF N ENEAL S 7. W& Top-URG 7> 5 30cm B 41 72 7 & 12 0° D 4 & T
BLAEERERE L ZORANZ Fig. 6.6(2/859. £72, 2 0 FEB CI% I ® iz
T, Top-URGDH T 5L —VORKFOELSZRTZHBREORE L ITo7.

REHER

FREROERIZHE VT, Top-URG O & 2 A3 0° O J5 [ (y i 7 [7) O R Fy > F— X
Dz NBEEZFE L DL O % Table 621277, & 512, Top-URG & A F v %} 5 D
EOWHBENR0ecmDBFED AT YU T — X ICZMEOEREMMLT, /75—
YEOF b EFG 6.7TICRT. T THEHREBREN NS RDICLER-THA
MOLEROAICET D LI TIT—varvzZRELTVD. £-ERQ) & RKIC,
B Dz, y DEIX, Fig. 6.6 D FEBREEE IC/R 4L T % Top-URG @ & B L L T,
Top-URGHI F Z ylih, A G mAzcdh b L7z “RICEERICE STV D,
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(a) 0° of the inclining angle. (b) 30° of the inclining angle.
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x [em] x [cm]
(c) 50° of the inclining angle. (d) 70° of the inclining angle.

Fig. 6.7: Scan data with reflection intensities received from Top-URG in the cases of (a) 0°,
(b) 30°, (c) 50° and (c) 70° of the inclining angle of the target plate in the experiment (2),
where the distance between Top-URG and the target plate is 30 centimeter. Every data point
is colored by a gradation according to its reflection intensities from Top-URG. The yellower
data points indicate stronger reflection intensities, while the purpler data points have weaker

reflection intensities.
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Table 6.2 12/ LT EBROFERN L, AFxv it % & Top-URG & O BN EEN 2 1F L

SZHIBEN/NSLSBRDIEN NS, FERIZ, Top-URGIZX T 5 A Fv 5t R D £
MRELRDIFE, THRBENNSLS 2D RN 0D, £, TOEBRICBEWTY,
EEOMBIZIERVWEN ATy NI —A MNASRHER I, 2 2T, Fig. 6.7
R LEEBROER»SL, T—AMNOABERGWVWAXTYy T —FOZNHBEN, £
DIIFNPOAFY T —Z LU THIMICENZ ERHRBTES. 22T, kM
FEOBERWAXy T —H 52 T—A ML LTHRETDHZILET, LV EHRREAXFYY T —
ZiZiE3< EBEZLBND. 2D FIEIT632H TR 5.
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6.3 KPFBREDME -BEFX
6.3.1 BHFEZAOLKPHABREORE

ZITE, KPickBIs v —VoEfrREEEL, KPR TEC LS 2mMET
LDHEERETD.

##IE F i

Top-URG & 7 7 U VB, EEWE OBREZMm» 6 ALt & & o ¥ % Fig. 6.8
2R, 22T, Top-URGIZ 7T 7 U NVERBZOHF LI EL, SH»H L —% % itk 5
L2 ET5. MPOEHESLERICOWTOERELE L DL O % Table 6.3 (287
Top-URG Tl SN AFY T —X L, KETOLV—VFOREITNEZEE I TV
W, D FE Y, Top-URGWH Tt S 4L 7- Top-URG 2 6 fEEW £ To Bk IX, Fig. 6.812
R Rk DR TR & LT K (raw optical path) & 72 5. Las L, FEEIZIX, Top-URG
DB E S vz L — L, Fig. 6.8 D JR W R (corrected optical path) @ K 5 12, & & I
EATHBICHET L2 OEEWE CRET D, LEN-T, ELWEHEMIETL —
FLEEMEORZED ERD. 22T, Top-URGIIHEZ M A TH D=0, D
TRE LV —VI3RE UK E - EoTTop-URG IZIFET 5. £ O 7= Fig. 6.8 TIX
VL=V OEKEZEKL TS, UTFICRADOEEDEHEEE KT,

FT, LB LT UNKRBENZREDLZAD, OEELZRD L. L—F OB &R
BEMRHD, O FERIZY =h, 727 U VERBENMITIHO FEAX2+Y2=r2TRIN5.
RED,DEREZ (X, V) &T28, IEVr>h X; >0 800

Xi = \/T‘Z‘Q—h2 (61)

Y, = h (6.2)

LD,
W2, RD; CRITLIZL—V T 7 U ILERENEEDRZRD, DEEZRD L. L —
I O 2 R T E MR DD, D 5T, M Di(X;,Y;) % D H & tan(0y; — 0s0) D EAR LY

Xtan(fy — 0s0) — Y — X tan(0y — 0s0) + h =0 (6.3)
LB, 272 L,

fan g = — e (6.4)

.
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Fig. 6.8: Refraction principle of a measurement by a laser in water. The red line indicates a
corrected optical path of a laser emitted from Top-URG. The corrected optical path is calculated
by using refractive indices n,,, ns and n,. The green dashed line indicates a raw optical path of
a laser without any corrections.

Table 6.3: Parameters for calculations of scan data corrections.

Param. Value Description

i [cm] 14.7 Inside radius of the acrylic hemispherical shell

To [cm] 15 Outside radius of the acrylic hemispherical shell

h [cm] 8 Height of the laser emissions

04 [rad] | by Angle of incidence from air to the acrylic hemispherical shell

6.5)

6.7) Angle of refraction from air to the acrylic hemispherical shell
6.25 Angle of incidence from the acrylic hemispherical shell to water
Angle of refraction from the acrylic hemispherical shell to water
Optical path length of a laser in air from H to D;

Optical path length of a laser in the shell from D; to D,

w [cm] | by (6.17) | Optical path length of a laser in water from D, to D

Ng 1.0002745 | Refractive index of a laser (A = 905 nm) in air

Ng 1.4832 Refractive index of a laser (A = 905 nm) in the acrylic hemispherical shell
Ny 1.3280 Refractive index of a laser (A = 905 nm) in water

es [cm] 3 Measurement accuracy of Top-URG (see Table 6.1)

w 100 Error tolerance of reflection intensities

L 30 Number of iterations for a weighted least-square method
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Bq; = tan ! (h) (6.5)
Lo

THbH. F7-Snell ®ERI NS

sin @, = R gin Oui (6.6)
L0
0y = sin ! <na sin 9ai) (6.7)
Ng

L%, T2 Ta=tan(0y —0s0), b= —1,c=—X;tan(ly; — 0so) + h £ B <. 727 U JLEK
BAE O FRRT X2+ Y =r 2 RENDZ 0D, ZBED, DERE (X,, Y,) 1

—ac £ by/(a% + b2)r2 — 2

X, = T , (6.8)
—be F ar/(a® + b?*)r2 — ¢?
Yo = \/aQ T2 (6.9)

LD, ZZ2TX; >0, >0THY, 7204 > 00, 0 <04 <7/4,0<0so <m/47>5
a>0, b<0, c>0&725DT

—ac — by/(a% + b2)r2 — 2

X, = R , (6.10)
—bc + ar/(a? 4 b?)r2 — c2
Y, = \/aQ — (6.11)

L.
MBI, SD, TR LI —PF LEED L ORR DXy, Yy) DEFEEZRDD. 22
T, iESNEEBEORKELZILET DL,

l=1lg+ 15+ 1y (6.12)

LxrRIND. EEL

la = \/r2—h?, (6.13)

ls = DiDy=+/(Xo—X;)2+ (Y, - Y;)2, (6.14)
by = DoD =+/(Xq— Xo)? + (Yq - Yo)? (6.15)
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(a) Cross placement of the target. (b) Vertical placement of the target. (c) Offset placement of the target.

Fig. 6.9: Correction results of scan data in the cases of (a) Cross placement, (b) Vertical
placement and (c) Offset placement of the target by using a refractive index of water. The red
data points indicate scan data in air, the green data points indicate raw scan data in water
(turbidity: 0 mg/l) and the blue data points indicate the corrected scan data by a refractive
index of water.

PR & Fi&

L—HFIZEX2KkPHBIZEBNT, TR TEICOIEEWAMB TELZ L
MEBFELW., 22T, —AMEBRETIHE, TEL2RTELSOAFY U ABEEN
HZEOCZRBEORMERTET L2 ENLETHD. £, MWEBREKEOBE F %
BEANOEW e P T L &, KRREZe Y/ Mgt mbh TS, 20
e, BRAPIZTop-URGHOR BEWA XY RICBIT 22 mEITZN LD EW
X%%/ﬁ@ JEEREE & B N CTHIXFIZ /NS < 72 5. Table 6.272° 5 %, Top-URG & &
XYy oM BEOHEHRARELSRDIIIONTZRBEN/NSLS 2D ERHERTE 5.
ZZ T, Top-URGHIRBIEVAFY U RICB T 2ZNME LV /NS WZIHRE Z b
DAFY U, BEENERNEHB TS, ZofFEEZFIHLT, 2—2 MERE
TOFHELRETD. UTICREFEORKN LR FIEZ =T,

A OX(6.12) TRD7Z, NREEFLAXFYy T —HOiFBOROHEEXKEL O
& KAHE %

Imax = max {l;}, (i=1,---,N) (6.29)

Lk bH., 22T, Top-URGOHIEMICITFEZAE (HEELOTH) BEERLTNDZD,
CORDEBRICRDEVAFY U REFROALN. 22T, BEORHBMAND X ¥ v
ROEBET 22 L LT 2. BEOHRMPMIZHERE (accuracy) TE & 5. Top-URG D
HEERE 2 es & L, Inax —€s <lj<lnax +es ERDAFY U A OZNBEL OEE %,

91



MEOwEME 2 2ZMEOESL, & LT
jth:{lj|lmaxfes§lj Slmax+68a ]:17 7M} (630)

ERT. 2L, MiTlnax —es <lj <lmax+es ERDAFY U HOEEERT.

W, I N TIT—2A RN A XY BERET SO0 MMEL, 23 E
T35, 22T, AFXX LT —FICEIT—RAIMREERTWDHEED, SHBEED L, T
LRELANEZRREBEZFHES T ARG ENTWVD. 22T, BEAMNE K/ FE
EEHNWTHANEOEELRWNZEEZRD 2. BAEMICIE, EAZEH LN LU
TOXRZHOVBLHAEL, RODLBME L, & Ly NOKE L OEDORNMMEELT .

M 2
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Fig. 6.10: Correction results of scan data by removing data points which have reflection inten-
sities lower than the automatically calculated thresholds in the cases of (a) 0°, (b) 30°, (c) 50°
and (c) 70° of the inclining angle of the target plate in the experiment (2). The red data points
indicate the corrected scan data by a refractive index of water (ref), and the green data points
indicate corrected scan data by a refractive index of water and by eliminations according to
thresholds for reflection intensities (ref+int). Each lower stand indicates a relationship between

optical path lengths and reflection intensities. The blue lines are the automatically calculated
thresholds. 94



E— T T T T m— T T T T m—
air + air + air

60 water (ref) 1 60 water (ref) 1 60 water (ref)
water (ref+int) water (ref+int)  * water (ref+int)
50 50 50
40 gt 0 40 P 40 e
+ +
4 x i 7 3 *
30 ¥ 30 Y 30 *
—_ w — -y —
£ [ £ 3 .
S, 20 S, 20 S, 20
e =S =)
10 10 10
0 0 0
10 -10 10
-20 4 -20 L) & | 20 ¥
30 - -30 - - -30 -
-50 -40 -30 -20 -10 O 10 20 30 40 50 -50 -40 -30 -20 -10 O 10 20 30 40 50 -50 -40 -30 20 -10 O 10 20 30 40 50
x [cm] x [cm] x [cm]
2500 T T T 2500 T T T 2500 T T T
water (ref) water (ref) water (ref)
water (ref+int) water (ref+int) = water (ref+int) =
threshold threshold threshold
2000 2000 2000
z z b z
& 1500 & 1500 8 & 1500
£ E ¥ £
S S H S
S 1000 S 1000 S 1000
T L 5 5 T .
[ o W o e %
500 500 500
0 - 0 0 -
10 15 20 25 30 35 40 45 50 10 15 20 25 30 35 40 45 50 10 15 20 25 30 3 40 45 50
optical path length 7 [cm] optical path length 7 [cm] optical path length 7 [cm]

(a) Cross placement of the target. (b) Vertical placement of the target. (c) Offset placement of the target.

Fig. 6.11: Correction results of scan data by removing data points which have reflection inten-
sities lower than the automatically calculated thresholds in the cases of (a) Cross placement,
(b) Vertical placement and (c) Offset placement of the target in the experiment (1). The red
data points indicate scan data in air, the green data points indicate the corrected scan data
by a refractive index of water (ref), and the blue data points indicate corrected scan data by
a refractive index of water and by eliminations according to thresholds for reflection intensities
(ref+int). Each lower stand indicates a relationship between optical path lengths and reflection
intensities. The purple lines indicate the automatically calculated thresholds.
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Fig. 6.12: Average errors and their standard deviations between scan data in air and corrected
scan data in water for the cross placement, the vertical placement and the offset placement of
the target. The blue boxes indicate results of scan data in water with no correction, the green
boxes indicate correction results by a refractive index of water (ref), and the red boxes indicate
correction results by both a refractive index of water and eliminations according to thresholds
for reflection intensities (ref+int).
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Fig. 6.13: Convergences of the automatically calculated thresholds Iy, in the cases of 0°, 30°, 50°
and 70° of the inclining angle of the target plate in the experiment (2), and the cross placement,
the vertical placement and the offset placement of the cylindrical target in the experiment (1),
respectively.

96



HONPLORBELTEVWKEXFAROMEONREZ KT THHEL TEE, ZANKRE
SNRVE D ICHEOFRHMHW LI, O TRMEEZREL T 2 & T, BEICKL
TE 5.

6.4 XKEDFLEH

AKETE, WHMEE Y QRF) 2 VW TAKF TG LEZAFYr T — X OMIEF

BERRELE. FTIHAHLRFZ AW EBERE LT, KOBWY 22k I F =K
B, BIOHSEYOMEEAEZEALSEZKFHAETo7-. EHRELT, E5H
TORELHBELT, KFTEV—VFORFTICEIVAFy o T —HIZORHRAEL D
TR, IR NEMENRDIEHEEOEKWT 2N ELND I EEENIDE. T E
BETHEZHIE, V—TORITFEEZEL TAIYy T —FE2MET D TE, BLY,
THBEICHEMAEBBMICREL, BEHEOCRWT — X 2RETI2FHEEZRELL
ITNETNOREFEZEBEERCEONLET —ZICEAL, OB L=
WHLRF Z H Wiz KT Etl o4 % OEE LTIE, Top-URGEER2 RO L —H
EHELIEMONHALRFICEWTHRIREFEDPAINEI PRIET H 2L, BLO
KETO=ZRIEAFXYVICREFELZICHT 22T N 5.

97



98

H
\]
i

i
i

71 FEFEH

ARHFZE TIE, KERARFICRSLSDWAREEO D2 BEHEIFZ2MET I E2HMEL
T, BEIo ARy hOERBIFEICHET2EBEBHIMICEHL THEEZITo7.

L AFa—v Ry b2 EBHRIETDIICYZY, TFaRy bEEOBRE O K
HRERTLHLVPEHETHDLZEND, FE3IHETLRFZHW TG L =KL A Fv
T2 L THWREECL DK REZITO 22 RE L. G L =RTAFY
VTR ENEEHT AT VA RREND. MR OFEMERRERE & LT, KEE
KEBIZCIVEELEZEYICE T 5L AXa— {8 CHE I LD KK CHM RS 2%
KL, RKFOFLHBLEAEGYWEZREE L. 6 AOSZMEBICHGEWERKT D4
27 % FTLTHLY, BRLESEHEZLELEZ. BRELT, YKRHETLHIHE
THEAENEZL, “REAXY T — X VB HE L CHEBRZEET S Z &8, BE
DRFHLLT IWCENDZ ER otz

Flo, BRBIEZV TAZA DT IRERSD 2 LD, FHAE TITERBERIEIC
VB P OEMEEREL, L [ ZkcL—V2AFxTF | 2B LAEZ. BHREL
TAXY T OREREHBIL, BESCHAAIZICISL CRAENTAZFAEAMERSTH
L. FEMER T, RAXYy TR RFIELALLABECLYGER =RKRITA Ty
EATZADZ EHER L.

EHIIE, BRY P EAVWEERLEBRTIEI e Ry PO BEMEE RE$ 2 &N SLEICR
L0, AELLAXYyTOREHATE ML RELTH52 LT, METL2=RtAF¥
VT X OFMMEIRKTE DL LT L. M ERTIE, WRFHBELERLTrRY
FORTICHIEEDMEZRE CEL2HBENILL 2D AR LE. £72, BT A
A AL LTIEBEADONYy RV N T A AT VA EZHEAL, KHEBEHADO R XY T
R LE=ZREAFY T =252 RRTHOICH LAV F 72— AEME L.
WHE T, LR THELE - Rolr—VAXxFT 2Ry McHE#L, ~vyF~U
VERTHUART VAN LDA X T — A THELLEREES X7 L0 MR %
Tole. MBEVAT A EZHEUNCFHMT 27201, VAFa—a Ry b lICERELLSH
7o, REMOT AN T74— AV RTEMEBFICLDERBIEEBRZIT-o7-. EBRTIE, &
MEFZFRD SNTZRE IR T Ry hE2ERBIET L2227 2F L. £72, &
MEBEEAY R T RN TAAT LA NS, REAFY T —F LtoRy O CG



DHNERENIRMNCTERBBRIEZITo-. R ELT, KV AT LZHVWTEBH
Ry P2 ERBIETELIENRENT. ZZTHERZ LT, PR L ERERME
VAT ALELTHETOINE ) NEHRIBT DI L Thole., LIEN-T, BEV AT
DIV AFa—a Ry FOEBHBRIES AT LE L THEATEIWEERD DL &K
maIhni.

FLE6ETIE, FEMRBEDO 2L LTAKFER~ORITITONTE D MAT.
e EAHOHWHLRFZ AW TCAKF ZFMLAEZLEZ A, KF TIEHEOREITCBE O FE
&V, IRFTHIELEAFY L T —F IR AELEEEOEWT — & 29— ||
MBEET DL EB ol TZTHAKRAI A= KENETRORBITRLEIETAEE
BLTAXyr T — X &M ETS5TFE, BLXORLRFOZX@BELFIHLTI—R N %
BEIWICBRET 2 REERE, FELL, FELETAITU XAE2H 0 CARP CTEHE
LIcAF Yy T —FEMIELTERE, ZEXFTHALEARFYy T —FI2ESL 2
NI SN, MEFIEOEHIEN RSN,

UEXY, KFETIE, BB ARy hOmBRERIECETIEREINEZHART L2 &
MTE. B LEAXYy L, USBR— M1 D2ELANKA— M12% b 2 — %7 PC
THhhIEERHRIT LN TED. bbb, — RN ARPCEHA-BHIe Ry FTH
NIEZFCIEHERLCHEI N TE D, £/, Y7 hu=T7TCBELTIE, eRy M
HOPCIZROSW A v A b — NV ENRNTWHIELERROS ) — NE2FEITTHZ LENTE
5. AR —=ZAOPCREICOWTITIZIEFHIRARAL SHEOLORMH TE 57120,
Oculus Rift Z B /ES ¥ D DI MK E R 7T T4 7 h— FE2HBEHRT LIRS Th D.
LN TABFZE TIX, MO ENEAELLBICRMTCE 2D H D =R ERIE
DERFMZAETE LWV D. FFRRHABLEFENEAEL LRI, RIFFRTHIEL
TFHEBRINNESESDZ EEEST WD,

72 SHEDERE

“RIELV—FRAXX T ICETL25%0EE LTIE, AXyr#HEom EIZ L 5=
BHAEO Y 72 A4 LEOW B, DATEHGB LY “RRBICEERRTLHZ L,
SLAM#AZE AL TR ZRCEREMMAZFERLERT HZ L, AFr 2 L=
RN RRY PR EITARRERZFRELERT IR E4MmEFL, BHICXK
DR EBIELRIEORIEALY - FOLEMEERT LI EBBITOND.

FRARFHERBISIZOWVWTIE, SEFIERAKPERESLTop-URG & B2 ED L —
PFEEHRLZMOPHILRFICBEWTHREFIENAINE I PRIET 52 &, BLW
KETO=ZWIEAFY R EFELZICHT LI ENAZOBEE L THIT N D.



CI

RKWFGE 2 BATT HICh-0, MEELEILTHU AW SOHERMEZ LT EEY,
H %O 4TG0 R CTHEZE 2 R < BL5Fo T < 72 Sor ] (K% KB H SRR S 0F 78 B
A ET2— AV AT LAFMRAEO HEHRBIFIZES E#H N2 LES. 72, b
FEBEJERED D v Ry M T 2 FMM A B - ik o Z 8z, Mik~o 85 e xt
I, FleFEHLTLICIEIERETIEL L LK ESoBIEEFEAMITL XY
W7 LEd. &S50, BERABBEO ZB NI kv, ezl Tikz2s
TENTEE L. BR800 &F IO ICEH - LET. Mo T
e Ry MEERICE T 2MRICLBICHIE L TLLZEY, FzoBRZML
BTy AT AEICH AL T EESo M EHMMB B ICEH V2 LET. #F
TIZBT L7 FAALZARERE~DOH NIV TEZRRAERZ LT, %
FEORBPCEEOHERIEATEHFOELRLET. FAYREFITBVTHELY
EEEZEDLFHTEZLTSNE, Sar~r LRRKRFOEEBLORZEFETIC

D AT I OWERIC B EH W LET. ko, MEBEMME cComEAER
AR TIHCHIEY, BAORYLHKASHEORDE, HLARWEEZ LT
o, R, B, i, W, BREICEH O LET. DR ES TENE L.

100



101

£ 5 Xk

1]

Robin Roberson Murphy. Trial by fire - Activities of the Rescue Robots at the World Trade
Center from 11-21 September 2001. IEEE Robotics & Automation Magazine, Vol. 11, No. 3,
pp- 5061, Sep 2004.

Jennifer Casper and Robin Roberson Murphy. Human-robot interactions during the robot-
assisted urban search and rescue response at the World Trade Center. IEEE Transactions

on Systems, Man, and Cybernetics—Part B: Cybernetics, Vol. 33, No. 3, pp. 367-285, 2003.

FRANZ2, WG Mo B R, AR —, RRBA, DIIRK, & B8 koo EAEE. 55
4059911 (%5 B 2008-134163).

A R, ALY, /DR, KM IER. INHEF3D L —HF A X xF L Vyv A vt K2R
MU ZHWERATES — a0 5L E i, Vol. 49, No. 9, pp. 608611, Sep 2010.

FAEP SR M RE K AR Y IB->T. BA R ARy ka5 Vol 28, No. 2, pp.
138-141, 2010.

Mark J. Micire. Evolution and field performance of a rescue robot. Journal of Field

Robotics, Vol. 25, No. 1-2, pp. 17-30, 2008.

Eric Rohmer, Tomoaki Yoshida, Kazunori Ohno, Keiji Nagatani, Satoshi Tadokoro, and
Eiji Koyanagi. Quince: A Collaborative Mobile Robotic Platform for Rescue Robots
Research and Development. In Proceedings of the International Conference on Advanced

Mechatronics, pp. 225230, 2010.

Keiji Nagatani, Seiga Kiribayashi, Yoshito Okada, Satoshi Tadokoro, Takeshi Nishimura,
Tomoaki Yoshida, Eiji Koyanagi, and Yasushi Hada. Redesign of rescue mobile robot
Quince —Toward emergency response to the nuclear accident at Fukushima Daiichi Nuclear
Power Station on March 2011—-. In Proceedings of the IEEE International Symposium on
Safety, Security, and Rescue Robotics (SSRR), pp. 1318, Nov 2011.

Keiji Nagatani, Seiga Kiribayashi, Yoshito Okada, Kazuki Otake, Kazuya Yoshida, Satoshi
Tadokoro, Takeshi Nishimura, Tomoaki Yoshida, Eiji Koyanagi, Mineo Fukushima, and

Shinji Kawatsuma. Gamma-ray irradiation test of electric components of rescue mobile



[17]

robot Quince —Toward emergency response to nuclear accident at Fukushima Daiichi Nu-
clear Power Station on March 2011-. In Proceedings of the IEEFE International Symposium
on Safety, Security, and Rescue Robotics (SSRR), pp. 5660, Nov 2011.

Erik Hollnagel, David D. Woods, and Nancy Leveson. Resilience Engineering: Concepts
And Precepts. Ashgate Pub Co, Sep 2006.

OpenRTM-aist. http://www.openrtm.org/.
ROS (Robot Operating System). http://www.ros.org/.

ImPACT 7 7 A X7 -aRT 47 AFxL Y| 25 E. http://wwus.
cao.go.jp/cstp/sentan/kakushintekikenkyu/siryo/plan07_tadokoro.pdf.

Hartmut Surmann, Andreas Niichter, and Joachim Hertzberg. An autonomous mobile
robot with a 3D laser range finder for 3D exploration and digitalization of indoor environ-

ments. Robotics and Autonomous Systems, Vol. 45, No. 3, pp. 181-198, 2003.

Toannis Stamos and Peter K. Allen. Geometry and texture recovery of scenes of large

scale. Computer Vision and Image Understanding, Vol. 88, No. 2, pp. 94-118, 2002.

Marc Pollefeys, David Nistér, Jan-Michael Frahm, Amir Akbarzadeh, Philippos Mordohai,
Brian Clipp, Chris Engels, David Gallup, Seon Joo Kim, Paul Merrell, C. Salmi, Sudipta N.
Sinha, B. Talton, Liang Wang, Qingxiong Yang, Henrik Stewénius, Ruigang Yang, Greg
Welch, and Herman Towles. Detailed Real-Time Urban 3D Reconstruction from Video.
International Journal of Computer Vision, Vol. 78, No. 2, pp. 143-167, 2008.

Yasutaka Furukawa, Brian Curless, Steven M. Seitz, and Richard Szeliski. Reconstructing
building interiors from images. In Proceedings of the 12th IEEE International Conference

on Computer Vision (ICCV), pp. 80-87. IEEE, 2009.

Sebastian Thrun, Mark Diel, and Dirk Hahnel. Scan alignment and 3-d surface modeling
with a helicopter platform. In Shin’ichi Yuta, Hajime Asama, Sebastian Thrun, Erwin
Prassler, and Takashi Tsubouchi, editors, Field and Service Robotics, Vol. 24 of Springer
Tracts in Advanced Robotics, pp. 287-297. Springer, 2003.

Hiroshi Ishida, Keiji Nagatani, and Yutaka Tanaka. Three-dimensional localization and
mapping for a crawler-type mobile robot in an occluded area using the scan matching
method. In Proceedings of the IEEE/RSJ International Conference on Intelligent Robots
and Systems (IROS), pp. 449-454. IEEE, 2004.

102



[20]

[21]

[24]

[25]

[26]

Andreas Niichter, Hartmut Surmann, Kai Lingemann, Joachim Hertzberg, and Sebastian
Thrun. 6D SLAM with an Application in Autonomous Mine Mapping. In Proceedings of
the IEEE International Conference on Robotics and Automation (ICRA), pp. 1998-2003.
IEEE, 2004.

Kazunori Ohno, Takashi Tsubouchi, and Shin’ichi Yuta. Outdoor Map Building Based on
Odometry and RTK-GPS Positioning Fusion. In Proceedings of the IEEE International
Conference on Robotics and Automation (ICRA), pp. 684-690. IEEE, 2004.

Kaustubh Pathak, Andreas Birk, Narunas Vaskevicius, Max Pfingsthorn, Séren Schwert-
feger, and Jann Poppinga. Online three-dimensional SLAM by registration of large planar
surface segments and closed-form pose-graph relaxation. Journal of Field Robotics, Vol. 27,

No. 1, pp. 52-84, 2010.

David M. Cole and Paul M. Newman. Using laser range data for 3d slam in outdoor
environments. In Proceedings of the IEEE International Conference on Robotics and Au-

tomation (ICRA), pp. 1556-1563. IEEE, 2006.

Satoshi Kagami, Ryo Hanai, Naotaka Hatao, and Masayuki Inaba. Outdoor 3D map gener-
ation based on planar feature for autonomous vehicle navigation in urban environment. In
Proceedings of the IEEE/RSJ International Conference on Intelligent Robots and Systems
(IROS), pp. 1526-1531. IEEE, 2010.

Arne Ronnau, Grischa Liebel, Thomas Schamm, Thilo Kerscher, and Riidiger Dillmann.
Robust 3D Scan Segmentation for Teleoperation Tasks in Areas Contaminated by Radia-
tion. In Proceedings of the IEEE/RSJ International Conference on Intelligent Robots and
Systems (IROS), pp. 24192424, 2010.

Julian Ryde and Michael Briinig. Non-Cubic Occupied Voxel Lists for Robot Maps. In
Proceedings of the IEEE/RSJ International Conference on Intelligent Robots and Systems
(IROS), pp. 47714776, 2009.

Sheraz Khan, Athanasios Dometios, Chris Verginis, Costas Tzafestas, Dirk Wollherr, and
Martin Buss. Rmap: a rectangular cuboid approximation framework for 3d environment

mapping. Autonomous Robots, Vol. 37, No. 3, pp. 261-277, 2014.
Susumu Tachi. Telexistence. World Scientific, 2010.

Kouichi Watanabe, Ichiro Kawabuchi, Naoki Kawakami, Taro Maeda, and Susumu Tachi.
TORSO: Development of a Telexistence Visual System Using a 6-d.o.f. Robot Head. Ad-
vanced Robotics, Vol. 22, No. 10, pp. 1053-1073, 2008.

103



[30]

[31]

[32]

[33]

[34]

[35]

[36]

[38]

Salvatore Livatino, Giovanni Muscato, and Filippo Privitera. Stereo Viewing and Virtual
Reality Technologies in Mobile Robot Teleguide. IFEFE Transactions on Robotics, Vol. 25,
No. 6, pp. 1343-1355, 2009.

Manuel Ferre, Rafael Aracil, and Manuel Navas. Stereoscopic video images for telerobotic

applications. Journal of Field Robotics, Vol. 22, No. 3, pp. 131-146, 2005.

Jessie Y. C. Chen, Razia V. N. Oden, Caitlin Kenny, and John O. Merritt. Evaluation of
Stereoscopic Display for Indirect-vision Driving and Robot Teleoperation. The WSTIAC
(Weapon Systems Technology Information Analysis Center) Quarterly, Vol. 10, No. 2, pp.
3-9, 2010.

Jessie Y. C. Chen, Ellen C. Haas, and Michael J. Barnes. Human Performance Issues and
User Interface Design for Teleoperated Robots. IEEE Transactions on Systems, Man, and
Cybernetics—Part C: Applications and Reviews, Vol. 37, No. 6, pp. 1231-1245, 2007.

Robin Roberson Murphy. Human-Robot Interaction in Rescue Robotics. IEEE Transac-
tions on Systems, Man, and Cybernetics—Part C: Applications and Reviews, Vol. 34, No. 2,
pp. 138-153, 2004.

William E. Lorensen and Harvey E. Cline. Marching Cubes: A High Resolution 3D
Surface Construction Algorithm. ACM SIGGRAPH Computer Graphics, Vol. 21, No. 4,
pp- 163-169, Aug 1987.

Juan D. Tardés, José Neira, Paul M. Newman, and John J. Leonard. Robust mapping
and localization in indoor environments using sonar data. The International Journal of

Robotics Research, Vol. 21, pp. 311-330, 2002.

Hans Jacob S. Feder, John J. Leonard, and Christopher M. Smith. Adaptive Mobile Robot
Navigation and Mapping. The International Journal of Robotic Research, Vol. 18, No. 7,
pp- 650-668, 1999.

Ricard Campos, Rafael Garcia, Pierre Alliez, and Mariette Yvinec. A Surface Reconstruc-
tion Method for In-Detail Underwater 3D Optical Mapping. The International Journal of
Robotics Research, Vol. 34, No. 1, p. 25, Jan 2015.

R. Paul Gorman and Terrence J. Sejnowski. Analysis of hidden units in a layered network

trained to classify sonar targets. Neural Networks, Vol. 1, No. 1, pp. 7589, 1988.

Brendan Englot and Franz S. Hover. Three-dimensional coverage planning for an under-
water inspection robot. The International Journal of Robotics Research, Vol. 32, No. 9-10,

pp. 1048-1073, 2013.

104



[41]

[42]

[45]

[49]

[50]

L. De Dominicis, M. Ferri de Collibus, G. Fornetti, M. Guarneri, M. Nuvoli, R. Ricci, and
M. Francucci. Improving underwater imaging in an amplitude-modulated laser system

with radio frequency control technique. Journal of the European Optical Society - Rapid
publications, Vol. 5, pp. 10004-1-10004-5, 2010.

Enrique Pena Gonzalez, Felix Sanchez-Tembleque Diaz-Pache, Luis Pena Mosquera, and
Jeronimo Puertas Agudoa. Bidimensional measurement of an underwater sediment surface

using a 3d-scanner. Optics and Laser Technology, Vol. 39, No. 3, pp. 481489, 2007.

Shawn O’Connor, Linda J. Mullen, and Brandon Cochenour. Underwater modulated pulse
laser imaging system. Optical Engineering, Vol. 53, No. 5, pp. 051403-1-051403-9, May
2014.

Nicola J. Grigg, [. T. Webster, and P. W. Ford. Non-destructive measurement of the time
evolution of burrowing shrimp mound topography. Marine Ecology Progress Series, Vol.

329, pp. 157-168, 2007.

Jan Christian Albiez, Alexander Duda, Martin Fritsche, Felix Rehrmann, and Frank
Kirchner. CSurvey - An autonomous optical inspection head for AUVs. Robotics and

Autonomous Systems, Vol. 67, pp. 72-79, 2015.

Chau-Chang Wang and Dajun Tang. Application of Underwater Laser Scanning for
Seafloor Shell Fragments Characterization. Journal of Marine Science and Technology-

TAIWAN, Vol. 20, No. 1, pp. 95-102, Feb 2012.

Thomas J. Kulp, Darrel Garvis, Randall Kennedy, Tom Salmon, and Keith Cooper. De-
velopment and testing of a synchronous-scanning underwater imaging system capable of
rapid two-dimensional frame imaging. Applied Optics, Vol. 32, No. 19, pp. 3520-3530, Jul
1 1993.

Karl D. Moore. Intercalibration method for underwater three-dimensional mapping laser

line scan systems. Applied Optics, Vol. 40, No. 33, pp. 5991-6004, Nov 20 2001.

I, MR —, &FF L—HF Lo V774 0 X0 AKFWIKD 3R T
RFFHL B A AR S & 5 SC4E C W, Vol. 72, No. 717, pp. 15061513, May 2006.

David Jay Segelstein. The Complex Refractive Index of Water. Master’s thesis, University
of Missouri, Kansas City, 1981.

Michael Maus, Els Rousseau, Mircea Cotlet, Gerd Schweitzer, Johan Hofkens, Mark Van
der Auweraer, Frans C. De Schryver, and Arnd Krueger. New picosecond laser system

for easy tunability over the whole ultraviolet/visible/near infrared wavelength range based

105



[57]

[58]

[59]

on flexible harmonic generation and optical parametric oscillation. Review of Scientific

Instruments, Vol. 72, No. 1, 1, pp. 36—40, Jan 2001.

Hirohiko Kawata, Akihisa Ohya, Shin’ichi Yuta, Wagle Santosh, and Toshihiro Mori. De-
velopment of ultra-small lightweight optical range sensor system. In Proceedings of the
IEEE/RSJ International Conference on Intelligent Robots and Systems (IROS), pp. 1078
1083. IEEE, 2005.

George M. Hale and Marvin R. Querry. Optical Constants of Water in the 200-nm to
200-pm Wavelength Region. Applied Optics, Vol. 12, No. 3, pp. 555563, Mar 1973.

Tetsushi Kamegawa, Noritaka Sato, Michinori Hatayama, Yojiro Uo, and Fumitoshi Mat-
suno. Design and implementation of grouped rescue robot system using self-deploy net-

works. Journal of Field Robotics, Vol. 28, No. 6, pp. 977-988, 2011.

Kazunori Ohno, Toyokazu Kawahara, and Satoshi Tadokoro. Development of 3D Laser
Scanner for Measuring Uniform and Dense 3D Shapes of Static Objects in Dynamic Envi-
ronment. In Proceedings of the IEEE International Conference on Robotics and Biomimet-

ics (ROBIO), pp. 2161-2167, 20009.

Keiji Nagatani, Naoki Tokunaga, Yoshito Okada, and Kazuya Yoshida. Continuous Ac-
quisition of Three-Dimensional Environment Information for Tracked Vehicles on Uneven
Terrain. In Proceedings of the IEEE International Workshop on Safety, Security and Res-
cue Robotics (SSRR), pp. 25-30, 2008.

Paul Bourke and Peter Morse. Stereoscopy: Theory and practice. In Workshop at 13th

International Conference, 2007.
R R, BAT = oz’ IR F, Vol. 40, pp. 161-168, 1998.

Lisa C. Thomas and Christopher D. Wickens. Effects of display frames of reference on
spatial judgments and change detection, 2000.

Donald R. Lampton, Michael J. Singer, Daniel P. McDonald, and James P. Bliss. Distance
Estimation in Virtual Environments. In Proceedings of the Human Factors and Ergonomics

Society Annual Meeting, pp. 12681272, 1995.

Bob G. Witmer and Paul B. Kline. Judging Perceived and Traversed Distance in Virtual
Environments. Presence, Vol. 7, No. 2, pp. 144-167, 1998.

Douglas E. McGovern. Pictorial communication in virtual and real environments. chapter
Experience and results in teleoperation of land vehicles, pp. 182-195. Taylor & Francis,

Inc., Bristol, PA, USA, 1991.

106



[63]

[64]

Anu Rastogi. Design of an interface for teleoperation in unstructured environments using

augmented reality displays. Master’s thesis, Univ. Toronto, Toronto, ON, Canada, 1996.

David Drascic. An Investigation of Monoscopic and Stereoscopic Video for Teleoperation.

Master’s thesis, Univ. Toronto, Toronto, ON, Canada, 1991.

David R. Scribner and James W. Gombash. The Effect of Stercoscopic and Wide Field
of View Conditions on Teleoperator Performance. ARL-TR-1598. U.S. Army Research
Laboratory: Aberdeen Proving Ground, MD, 1998.

J. V. Draper, S. Handel, C. C. Hood, and C. T. Kring. Three Experiments with Stereo-
scopic Television: When It Works and Why. In Proceedings of the 1991 IEEFE International
Conference on Systems, Man, and Cybernetics, pp. 1047-1052, 1991.

MHEZ. 3D T4 AT L AICERIND B D, 2010.

Kourosh Khoshelham and Sander Oude Elberink. Accuracy and Resolution of Kinect
Depth Data for Indoor Mapping Applications. Sensors, No. 12, pp. 1437-1454, 2012.

J BT I A, 9 K e B, BB R L (B S S B A A o 3DLRF o B % B K OVKS B EE .
F3llel HA v Ry b2 2, No. 1IN3-06, 2013.

Martin A. Fischler and Robert C. Bolles. Random Sample Consensus: A Paradigm for
Model Fitting with Applications to Image Analysis and Automated Cartography. Com-
munications of the ACM, Vol. 24, No. 6, pp. 381-395, 1981.

Robert B. Fisher. The RANSAC (Random Sample Consensus) Algorithm. http:
//homepages.inf.ed.ac.uk/rbf/CVonline/LOCAL_COPIES/FISHER/RANSAC/, 2002.

a5 55 = . http://i-health.u-aizu.ac.jp/CompuGeo/2006/stocked_
notes/Chapter3S.pdf.

Ronald Lewis Graham. An efficient algorith for determining the convex hull of a finite

planar set. Information processing letters, Vol. 1, No. 4, pp. 132-133, 1972.
Oculus VR. https://www.oculus.com/.
Oculus VR. Oculus Best Practice, 2015.

Koichi Osuka. Rescue Robot Contest — to expand the range of rescue research. Advanced

Robotics, Vol. 16, No. 6, pp. 565-568, 2002.

Performance Metrics and Test Arenas for Autonomous Mobile Robots. http://www.nist.

gov/el/isd/testarenas.cfm.

107



[78]

[79]

[30]

[82]

[83]

[84]

2RIy VA Fa—ELHKY — 7 )L — L. https://sites.google.com/site/

robocupjorescuerobotleague/other/rrl-rule.

Nozomu Matsumoto. Development of underwater search and rescue remotely operated

vehicles. Advanced Robotics, Vol. 16, No. 6, pp. 561-564, 2002.

Robin Roberson Murphy and Sam Stover. Rescue Robots for Mudslides: A Descriptive
Study of the 2005 La Conchita Mudslide Response. Journal of Field Robotics, Vol. 25, No.
1-2, pp. 3-16, 2008.

Alon Wolf, Howie Choset, H. Benjamin Brown, and Randall W. Casciola. Design and
control of a mobile hyper-redundant urban search and rescue robot. Advanced Robotics,

Vol. 19, No. 3, pp. 221-248, 2005.

Masayuki Arai, Yoshinori Tanaka, Shigeo Hirose, Hiroyuki Kuwahara, and Shingo Tsukui.
Development of ”Souryu-IV” and ”Souryu-V: 7 Serially connected crawler vehicles for
in-rubble searching operations. Journal of Field Robotics, Vol. 25, No. 1-2, pp. 31-65,
2008.

Yan Guo, Aiguo Song, Jiatong Bao, Hongru Tang, and Jianwei Cui. A combination
of terrain prediction and correction for search and rescue robot autonomous navigation.

International Journal of Advanced Robotic Systems, Vol. 6, No. 3, pp. 207-214, 2009.

David Sanders. Comparing ability to complete simple tele-operated rescue or maintenance
mobile-robot tasks with and without a sensor system. Sensor Review, Vol. 30, No. 1, pp.

40-50, 2010.

Jonathan Roberts and Rod Walker. Flying Robots to the Rescue. IEFEE Robotics &
Automation Magazine, Vol. 17, No. 1, pp. 8-10, Mar 2010.

Alberto Valero, Gabriele Randelli, Fabiano Botta, Miguel Hernando, and Diego Rodriguez-
Losada. Operator Performance in Exploration Robotics: A Comparison Between Station-
ary and Mobile Operators. Journal of Intelligent & Robotic Systems, Vol. 64, No. 3, pp.
365-385, Dec 2011.

Geert J. M. Kruijff, Ivana Kruijff-Korbayova, Shanker Keshavdas, Benoit Larochelle,
Miroslav Janicek, Francis Colas, Ming Liu, Francois Pomerleau, Roland Siegwart, Mark A.
Neerincx, Rosemarijn Looije, Nanja J. J. M. Smets, Tina Mioch, Jurriaan van Diggelen,
Fiora Pirri, Mario Gianni, Federico Ferri, Matteo Menna, Rainer Worst, Thorsten Linder,
Varoslav Tretyakov, Hartmut Surmann, Tomas Svoboda, Michal Reintein, Karel Zimmer-

mann, Tomas Petiicek, and Vaclav Hlava¢. Designing, developing, and deploying systems

108



[88]

[90]

[92]

[94]

to support human-robot teams in disaster response. Advanced Robotics, Vol. 28, No. 23,

pp. 15471570, 2014.

Vladimir Kubelka, Lorenz Oswald, Francois Pomerleau, Francis Colas, Tom&s Svoboda,
and Michal Reinstein. Robust Data Fusion of Multimodal Sensory Information for Mobile

Robots. Journal of Field Robotics, Vol. 32, No. 4, SI, pp. 447-473, Jun 2015.

Takahiro Sasaki and Kenji Kawashima. Development of a remote control system for con-
struction machinery for rescue activities with a pneumatic robot. Advanced Robotics,

Vol. 20, No. 2, pp. 213-232, 2006.

Ismet Erkmen, Aydan M. Erkmen, Fumitoshi Matsuno, Ranajit Chatterjee, and Tetsushi
Kamegawa. Snake robots to the rescue! IEEFE Robotics & Automation Magazine, Vol. 9,
No. 3, pp. 17-25, 2002.

Michele Guarnieri, Paulo Debenest, Takao Inoh, Edwardo F. Fukushima, and Shigeo Hi-
rose. Helios VII: a new vehicle for disaster response - mechanical design and basic experi-

ments. Advanced Robotics, Vol. 19, No. 8, pp. 901-927, 2005.

Zhixiao Yang, Kazuyuki Ito, Kazuhiko Saijo, Kazuyuki Hirotsune, Akio Gofuku, and
Fumitoshi Matsuno. Volunteers Oriented Interface Design for the Remote Navigation of
Rescue Robots at Large-Scale Disaster Sites : To Develop an Efficient Remote Navigation
Interface Combined by a Force Feedback Steering Wheel and a Mouse for a Tank Rescue
Robot. JSME International Journal. Series C, Mechanical systems, machine elements and

manufacturing, Vol. 48, No. 4, pp. 620-631, Dec 2005.

Andreas Birk and Max Pfingsthorn. A HMI Supporting Adjustable Autonomy of Rescue
Robots. In Bredenfeld, A and Jacoff, A and Noda, I and Takahashi, Y, editor, RoboCup
2005: Robot Soccer World Cup IX, Vol. 4020 of Lecture Notes in Artificial Intelligence,
pp. 255-266, 2006.

Brian McKinnon, Jacky Baltes, and John Anderson. A region-based approach to stereo
matching for USAR. In Bredenfeld, A and Jacoff, A and Noda, I and Takahashi, Y,
editor, RoboCup 2005: Robot Soccer World Cup IX, Vol. 4020 of Lecture Notes in Artificial
Intelligence, pp. 452-463, 2006.

Andreas Birk and Stefano Carpin. Rescue robotics - a crucial milestone on the road to

autonomous systems. Advanced Robotics, Vol. 20, No. 5, pp. 595-605, 2006.

Curtis W. Nielsen, Michael A. Goodrich, and Robert W. Ricks. Ecological Interfaces for
Improving Mobile Robot Teleoperation. IEEE Transactions on Robotics, Vol. 23, No. 5,
pp. 927-941, 2007.

109



[97]

[98]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

Ye Changlong, Ma Shugen, and Li Bin. Development of a Shape-Shifting Mobile Robot
for Urban Search and Rescue. Chinese Journal of Mechanical Engineering, Vol. 21, No. 2,
pp- 31-35, Apr 2008.

Zhe Zhang and Goldie Nejat. Intelligent Sensing Systems for Rescue Robots: Landmark
Identification and Three-Dimensional Mapping of Unknown Cluttered Urban Search and
Rescue Environments. Advanced Robotics, Vol. 23, No. 9, pp. 1179-1198, 2009.

Kristin S. Moore, Joshua A. Gomer, Christopher C. Pagano, and D. DeWayne Moore.
Perception of Robot Passability With Direct Line of Sight and Teleoperation. Human
Factors, Vol. 51, No. 4, pp. 557-570, 2009.

S Ali A Moosavian, Arash Kalantari, Hesam Semsarilar, Ehsan Aboosaeedan, and Ehsan
Mihankhah. ResQuake: A Tele-Operative Rescue Robot. Journal of Mechanical Design,
Vol. 131, No. 8, p. 081005, 2009.

Christian Dornhege and Alexander Kleiner. A Frontier-Void-Based Approach for Au-
tonomous Exploration in 3D. Advanced Robotics, Vol. 27, No. 6, pp. 459468, 2013.

Barzin Doroodgar, Yugang Liu, and Goldie Nejat. A Learning-Based Semi-Autonomous
Controller for Robotic Exploration of Unknown Disaster Scenes While Searching for Vic-

tims. IEFEE Transactions on Cybernetics, Vol. 44, No. 12, pp. 2719-2732, Dec 2014.

Dunwen Wei and Wenjie Ge. Research on one Bio-inspired Jumping Locomotion Robot
for Search and Rescue. International Journal of Advanced Robotic Systems, Vol. 11, , Oct

16 2014.

Peng Wang, Jixiang Li, and Yuan Zhang. The Nonfragile Controller with Covariance
Constraint for Stable Motion of Quadruped Search-Rescue Robot. Advances in Mechanical
Engineering, 2014.

Widodo Budiharto. Intelligent Surveillance Robot with Obstacle Avoidance Capabilities

Using Neural Network. Computational Intelligence and Neuroscience, 2015.

Wing-Yue Geoffrey Louie and Goldie Nejat. A victim identification methodology for rescue
robots operating in cluttered usar environments. Advanced Robotics, Vol. 27, No. 5, pp.

373-384, 2013.

Babak Mobedi and Goldie Nejat. 3-D Active Sensing in Time-Critical Urban Search and
Rescue Missions. IEEE/ASME Transactions on Mechatronics, Vol. 17, No. 6, pp. 1111
1119, 2012.

110



[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

Kenichi Tokuda, Koichi Osuka, Yoshihiro Mori, and Shinsuke Yano. Rescue robot CUL:
walking system based on a ’Robotic Follower’. Advanced Robotics, Vol. 16, No. 6, pp.
533-536, 2002.

Byeong-Sang Kim, Quy-Hung Vu, Jae-Bok Song, and Chung-Hyuk Yim. Novel design of a
small field robot with multi-active crawlers capable of autonomous stair climbing. Journal

of Mechanical Science and Technology, Vol. 24, No. 1, pp. 343-350, Jan 2010.

Yan Guo, Aiguo Song, Jiatong Bao, Huatao Zhang, and Hongru Tang. Research on
Centroid Position for Stairs Climbing Stability of Search and Rescue Robot. International
Journal of Advanced Robotic Systems, Vol. 7, No. 4, pp. 24-30, Dec 2010.

Huatao Zhang and Aiguo Song. System centroid position based tipover stability enhance-
ment method for a tracked search and rescue robot. Advanced Robotics, Vol. 28, No. 23,

SI, pp. 1571-1585, Dec 2 2014.

Jennifer L. Burke, Robin Roberson Murphy, Michael D. Coovert, and Dawn L. Riddle.
Moonlight in Miami: Field Study of Human-Robot Interaction in the Context of an Urban
Search and Rescue Disaster Response Training Exercise. Human-Computer Interaction,

Vol. 19, No. 1-2, pp. 85-116, 2004.

Quirin Hamp, Omar Gorgis, Patrick Labenda, Marc Neumann, Thomas Predki, Leif
Heckes, Alexander Kleiner, and Leonhard M. Reindl. Study of efficiency of USAR op-
erations with assistive technologies. Advanced Robotics, Vol. 27, No. 5, pp. 337-350, 2013.

Weidong Wang, Wei Dong, Yanyu Su, Dongmei Wu, and Zhijiang Du. Development
of Search-and-rescue Robots for Underground Coal Mine Applications. Journal of Field
Robotics, Vol. 31, No. 3, pp. 386—407, 2014.

Holger Kenn and Andreas Birk. From Games to Applications: Component reuse in Rescue

Robots, Vol. 3276 of Lecture Notes in Artificial Intelligence, pp. 669—676. Springer, 2005.

Alberto Finzi and Andrea Orlandini. Human-Robot Interaction Through Mixed-Initiative
Planning for Rescue and Search Rovers. In Proceedings of the 9th conference on Advances

in Artificial Intelligence (AI*IA), pp. 483-494, 2005.

Illah R. Nourbakhsh, Katia Sycara, Mary Koes, Mark Yong, Michael Lewis, and Steve
Burion. Human-Robot Teaming for Search and Rescue. IEEE Pervasive Computing:

Mobile and Ubiquitous Systems, Vol. 4, No. 1, pp. 72-78, Jan—Mar 2005.

111



[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

Holly A. Yanco, Brenden Keyes, Jill L. Drury, Curtis W. Nielsen, Douglas A. Few, and
David J. Bruemmer. Evolving Interface Design for Robot Search Tasks. Journal of Field
Robotics, Vol. 24, No. 8-9, pp. 779-799, 2007.

Stephen Balakirsky, Stefano Carpin, Alexander Kleiner, Michael Lewis, Arnoud Visser,
Jijun Wang, and Vittorio Amos Ziparo. Towards Heterogeneous Robot Teams for Disaster
Mitigation: Results and Performance Metrics from Robocup Rescue. Journal of Field

Robotics, Vol. 24, No. 11, pp. 943967, 2007.

Benjamin Balaguer, Stephen Balakirsky, Stefano Carpin, and Arnoud Visser. Evaluat-
ing maps produced by urban search and rescue robots: lessons learned from RoboCup.

Autonomous Robots, Vol. 27, No. 4, pp. 449-464, 2009.

Keiji Nagatani, Yoshito Okada, Naoki Tokunaga, Seiga Kiribayashi, Kazuya Yoshida,
Kazunori Ohno, Eijiro Takeuchi, Satoshi Tadokoro, Hidehisa Akiyama, Itsuki Noda, To-
moaki Yoshida, and Eiji Koyanagi. Multirobot Exploration for Search and Rescue Missions:
A Report on Map Building in RoboCupRescue 2009. journal of Field Robotics, Vol. 28,
No. 3, pp. 373-387, May—Jun 2011.

Lars-Peter Ellekilde, Shoudong Huang, Jaime Valls Miro, and Gamini Dissanayake. Dense
3D map construction for indoor search and rescue. Journal of Field Robotics, Vol. 24, No.

1-2, pp. 71-89, Jan-Feb 2007.

Mathew DeDonato, Velin Dimitrov, Ruixiang Du, Ryan Giovacchini, Kevin Knoedler,
Xianchao Long, Felipe Polido, Michael A Gennert, Tagkin Padir, Siyuan Feng, et al.
Human-in-the-loop Control of a Humanoid Robot for Disaster Response: A Report from
the DARPA Robotics Challenge Trials. Journal of Field Robotics, Vol. 32, No. 2, pp.
275292, 2015.

Sanem Sariel and H. Levent Akin. A Novel Search Strategy for Autonomous Search and

Rescue Robots. In RoboCup 2004: Robot Soccer World Cup VIII, pp. 459-466, 2004.

Steven Dubowsky, Samuel Kesner, Jean-Sébastien Plante, and Penelope Boston. Hopping
mobility concept for search and rescue robots. Industrial Robot, Vol. 35, No. 3, pp. 238-245,
2008.

Tyler Gunn and John Anderson. Dynamic heterogeneous team formation for robotic urban
search and rescue. Journal of Computer and System Sciences, Vol. 81, No. 3, pp. 553-567,
May 2015.

112



[127]

[128]

[129]

[130]

[131]

[132]

[133]

[134]

135]

[136]

[137]

Hisayoshi Sugiyama, Tetsuo Tsujioka, and Masashi Murata. Real-time exploration of
a multi-robot rescue system in disaster areas. Advanced Robotics, Vol. 27, No. 17, pp.

1313-1323, 2013.

Daniele Calisi, Luca locchi, Daniele Nardi, Gabriele Randelli, and Vittorio Amos Ziparo.
Improving Search and Rescue Using Contextual Information. Advanced Robotics, Vol. 23,

No. 9, pp. 1199-1216, 2009.

Ryosuke Masuda. Development of a rescue robot with a multi-sensor hand system. Ad-

vanced Robotics, Vol. 16, No. 6, pp. 541-544, 2002.

Robert C. Richardson, Arjun Nagendran, and Robin G. Scott. Experimental Tests of
'Bidi-bot’: A Mechanism Designed for Clearing Loose Debris from the Path of Mobile
Search and Rescue Robots. Advanced Robotics, Vol. 26, No. 15, pp. 1799-1823, 2012.

"Virtual nose’ may reduce simulator sickness in video games.
http://www.purdue.edu/newsroom /releases/2015/Q1/virtual-nose-may-reduce-

simulator-sickness-in-video-games.html.
4k 15 78 B R = #E. SCIP2.0 ¥EH#L “URG” & Y — X {5 {1 £k 3, 20009.

Hirohiko Kawata, Kohei Miyachi, Yoshitaka Hara, Akihisa Ohya, Shin’ichiYuta. A Method
for Estimation of Lightness of Objects with Intensity Data from SOKUIKI Sensor. In
Proceedings of the IEEE International Conference on Multisensor Fusion and Integration

for Intelligent Systems, pp. 661-664, 2008.

Perx KE fEEE, P E—8B 8F PNEHER KA T 2Ry bDz
OO BREER PIEICBE T 5028 B AR RSB T 52 5 521 58 3 2, pp. 309-310, 2013.

Philip E. Ciddor. Refractive index of air: new equations for the visible and near infrared.

Applied Optics, Vol. 35, No. 9, pp. 1566-1573, Mar 1996.

Stefka Nikolova Kasarova, Nina Georgieva Sultanova, Christo Dimitrov Ivanov, and
Ivan Dechev Nikolov. Analysis of the dispersion of optical plastic materials. Optical

Materials, Vol. 29, No. 11, pp. 1481-1490, 2007.

P A, FIE, & 1738, I — ~=Fal—XIZHEHLEZL—F LV Ty
A EMNTEERAERTOETWIEDIRITIIRGHH. BEEFERA T 47 ¥
75, No. 11, pp. J379-J387.

113



114

X ') R b

2 i

L o s, IS, RAINHE, LR O, LTl o THIE Lo AKkd 2 %y
T — X2 ORIETFIE, A AR T 2 SCEE, Vol. 81, No. 831, DOI: 10.1299/transjsme. 15-
00412 (2015).

2. Tomofumi Fujiwara, Tetsushi Kamegawa, Akio Gofuku, “Development of a real-time 3D

laser scanner with wide FOV and an interface using a HMD for teleoperated mobile robots”,

International Journal of Nuclear Safety and Simulation, Vol. 6, No. 2, pp. 132-141 (2015).

3. Tomofumi Fujiwara, Tetsushi Kamegawa, Akio Gofuku, “Evaluation of Plane Detection

with RANSAC According to Density of 3D Point Clouds”, Proceedings of IROS2013 Work-

shop on Robots and Sensors integration in future rescue INformation system (ROSIN2013)

(2013).

4. Tomofumi Fujiwara, Tetsushi Kamegawa, Akio Gofuku, “Plane Detection to Improve 3D
Scanning Speed Using RANSAC Algorithm”, Proceedings of IEEE Conference on Indus-
trial Electronics and Applications (ICIEA2013), pp.1863-1869 (2013).

5. Tomofumi Fujiwara, Tetsushi Kamegawa, Akio Gofuku, “Stereoscopic Presentation of 3D
Scan Data Obtained by Mobile Robot”, Proceedings of the 2011 IEEE International Sym-
posium on Safety, Security and Rescue Robotics (SSRR2011), pp.178-183 (2011).

Z D D G S5
[ o oisse]

1. Tomofumi Fujiwara, Hirotsugu Minowa, Yoshiomi Munesawa, “Development of Disman-

tlement Support AR System for Nuclear Power Plants using Natural Features”, Chemical

Engineering Transactions, Vol. 43, pp. 1999-2004 (2015).

2. Hirotsugu Minowa, Tomofumi Fujiwara, Yoshiomi Munesawa, Kazuhiko Suzuki, “Proto-

type of Decommissioning Support AR System for Nuclear Power Plant using Natural
Features”, Proceedings of the first International Symposium on Socially and Technically

Symbiotic Systems (STSS2012), pp.06_1-7 (2012). (7 7 A k7 7 b #& Hi)



3. Tomofumi Fujiwara, Tetsushi Kamegawa, Akio Gofuku, “Study on Teleoperational Perfor-

mance for Rescue Robot by Stereoscopic Presentation of 3D Scan Data”, Proceedings of the
first International Symposium on Socially and Technically Symbiotic Systems (STSS2012),
pp.17.1-7 (2012). (7 7 A N Z 7 - #&HE)

[FEEERBIORAFZ —F K]

1. Tomofumi Fujiwara, Tetsushi Kamegawa, Akio Gofuku, “Development of A Real-time 3D

Laser Scanner and An Interface using HMDs for Teleoperated Mobile Robots”, Proceedings
of The Second International Workshop on Functional Modelling for Design and Operation
of Engineering Systems and Infrastructures, pp.7-1-5 (2015).

2. BRI, &)1 3, BRIF A6 5, F 4% B 5% “Top-URG % I\ 72 7K w31 o0 JE i 92 B &
e EISHFHEBHE R AT AL T L— g M S (S12014),
Paper No. 1M1-5 (2014).

3. Tomofumi Fujiwara, “Development of an Interface System for Rescue Robots”, Proceed-

ings of International Workshop on Natural Science and Technology, pp.2 (2014).

4. PRIF ARG S, )&, I I, BIR KBS, “Z %W T LRF ¥ — % O SR IC Xk % 5%
Pz 22 MR R IEBR, BB 31 Bl H K a2 ARy b 52 510 5 1| 2= 5w C4E, Paper No. 1J1-05
(2013).

5. Tomofumi Fujiwara, Tetsushi Kamegawa, Akio Gofuku, “Rescue Robots from the Perspec-

tive of Resilience Engineering”, Proceedings of Second International Seminar/Symposium

on Natural Science and Technology —Resilience Engineering—, pp.39-44 (2013).

6. BRI An s, ok fa B, 8)I &, LW R BB ® @ NEREr Ry b OER
BRAF J OOV ER B M X 52 R E R, 5 55 [B] B &) i 4 08 5 5 T 2 5 U 4R, pp.749-754
(2012).

7. Tomofumi Fujiwara, Tetsushi Kamegawa, Akio Gofuku, “3D Environment Mapping by

Mobile Robots”, Proceedings of First International Seminar on Information for Mecha-

tronics Systems, pp.14-15 (2011).

8. JHE IR A B, g 5L W, SRR B, SSARTNE, CARFBAE A WIRT T T v N R
D= DOREKRZKIEAR Y AT L OBR, W& OR#--BHE T > K Y v A (MIRU2010)
T H £, pp.83-90 (2010).

115



T #A e

RFANREFRICEITLH2ERIEES LV
15 th [ e 7 32 B

wm

KA TIIHPEENSGRIEFABETANICE W CE L ZHZRBRIERER2 Ry b
DEBRIZOVWTHRET LS. BEMICIE, ABEFTERTOISEENICTENT, &Y
NHERe Ry MCHERH LE KR EAIYy T2 HOTZRICA XY 2170, BEREEHX
ERR B L OHRRE4To7. ZO3BMITE AR ER CERINTE LT, AR
HENRVWRETHD. £, BB ARy O~ =27 VEAIEIC iéw&wﬁ%%
Ry MEREBEERFOERBFZFRHOMB Z21To72. 612, BEFTNTHIEE
~NDTEVA ML —varlTrAy bOERBREERBRSSA XY Lo ZRTT —
Z O ZIRITCSARBLIR R &2 F2hi L 7o ER O R, %mbfwt%W%&é&f = BY T
X~ T, e ARy FOFABEARLBMEOHESCE S, HBHBRECFHAHL TV S ER
LAN O BB EEM, R IEAXFYy U fREZB R T LOBEOMBEOKS L o7 B
=W oW RN Aol el

Al BEYRERORY PSR TLDERK

SEERLEZEYNERe Ry b 2T 003, BEioRy ez hz8{ESE 5
DY T T, BIXOEBIEHa Ea—F L EAOBBRMN BRI TS,

7mE, $/27A®/7F7I7i*%%H%RT1FW?ITDH%%WT%%é
nNTWws. RT X Ko7 i3, ﬂn&w_%é&m%wﬁmﬁg BN F AL T X
LA CHRITHBICLZMABCHELTVWS., ARy hOXKHEEIZIRT 2 AR —F > b &
FER 2o 7etrt L ClREEIaN, 2hbzlAcadbE TR0 ENFEE
Ehb.

AR AT AL, HFIETHRLEFE310®Ere Ry hEHWT WS, £ 72 Fig 3.21C
AT EZRTEAFYTEZHOWTEZRIE ARy 217 9.

AREBRTHEH LZERLANOMAHIZLUL TO®EY TH 5.

- A —7 :1-O DATA
- B4 WN-WAG/A
- # ¥ : IEEES02.11a



- 7)1 6 mW/MHz

AREBRTIE, ZOBBOWDS T VoY -V E—%—MEZFHL TRy b &HBIEH

L Ba— X R OBEEEE ZITo.

T, REBRTIE, BIABLEZ=ZREAXY T — X BREMK S L TERIT 5 HIE
LT, BEO=ZWILARICMA T, BFROE A, BRSO AR L [26) R H,
Marching Cubes £ 12 X 2 FAER 1 35| D4 >0 FiExa FEE LT, AlfHo & A
o Ry MCBROA TN AT TRELZEGZRAL, =R s Oxt
ISR ZFHA L TAFY LERICBZXISAH T S22 TERLTWD., BFHR
ERIZENVOEAEEZ, ZRTEAXIY T —H 2B ETA XOSNHFET Uy Ry

HL, EENVIZEETNI2AOAZRAELTARIZEBLVICEATHIETERE LTS,
Marchlng Cubes £ X 2 B#ER i (LA FMCH) Tlx, Marching Cubes 1% T & 5
R L%, PATEGET 7 AF v L THERSNZFmICHE g, B e
LCHRHTH., S50, FIETHPLIEVNAKBEZEAL TN D.

A.2 ZEE&

SEOEREBRBNFIZILLTOBEY THD.
W AT YN L A BREMM T — 2 INE LR
v ma T ViEEERE (BB ES A, Bk 2 R EE o R

INHLOEREY, PEENEBRIEFNIBRENCEFTO3ISHOBEAKEZEY, B &
R IR A LN TITHo 7=,

A21 EKBREAY THOEE

T, Fv—F T EM, R ATy, BEEME, &2 E RO MR
M2 EBREITo7-.

TJL—F I ER

I ABEEALEZBYANER e Ry bR EENO 7L —F 7 (KT ROE) ©
EEEHBREICTRAL—XICETTELINICOVWTDOETEREITo7-. EROKEF
ZFig. ALIZRT. RELT, FHLEBE oAy O r—F TR EMRTE
HZEEMER L. ok, ERICEL T, EBRPICerRy hO B RED /N X R G
MW7V —F o 72BLTIFHICETTL2FERICHZ, 1LODTORICTAL—Y— %
BT HER L 72

117



Fig. A.1: Indoor searching robot running

on the grating cover. Fig. A.2: 3D scan on the grating

cover.

TJL—FUJLETOEZRRRAFYY

JL—F 7 e LELETLER, ZRIEATY L 2172/, T O % Fig. A2
Wt EREF O BEEZFig ASICRT. 22 TIEIEICAERE, AR X S5, A7t
o, MCHIE LTRARLTWVWD., fRZAL L, HIREVWEHEEENZ AXFyrrr 3T
B, AOVMATZH DR3PV WHERERSoTWS., ok, MPOAL PO
HENATZONBFEHOMETCAFERIMGTETCVWRVWEKTH S,

=] R R (S N Y 2 g R

WIZ, ~=27 VHBEICTe Ry PE2HBIEL, MRNOBBEZEMB TE 20 EHRE
To7z. BEONE % Fig. AAIZ/RT. ZOBEEE ETFom (BAAk) B, £
A EIZ IV —F e RoT g, FAMIZART EIIC1EHO &S 1L21 cm, 2B
HUUBEOE S 1322 cm, BAmEITIHE THRITZ 24 cm, E60cm & 2> T 5.
CIZTIEHUTD3ISDNRE — DEBRELT-T-.

1. ZOF FWERICHEITL CLEBRICEDY EIFTHELELS E9 5
2. AP e Ry hZ2HL ETHEEOIERICEYD LT EETHroBKT 5
3. U RNT — A EZHAVWTHEHEDIEHIZCEY LIPS CEkT 5

RELTE, 1OFETHE, BEOIBEHOZyYOEIN /e —F0BEFZLY K
ol Ry NBEEICEY EIF5Z N TET, BT 22 RN TEhhol.
—HT23DFBIC LV cEx s 2B L. 2FEV, IULOO1IEHOZYY
WueRy b7 o —F 0% EF5Z Rk ZTNIE, TORIIEEL EWHT D
IEMTEL. 3OFETERICHWEZEE Ry N BB %2 BT 5 81 % Fig. A5IC/R
T EBEES oA L LTIE, Fig ASICB W T, (1) EFWEICELL, 2 7 U v
T AEANCEEE S CHEAEEZMET CILERICRERY LFEE, Q) 7V 7 —L%%

118



(b) Colored point cloud.

(c) Voxels. (d) MC surfaces.

Fig. A.3: Results of 3D scans on the grating cover.
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(a) First step. (b) Second step and (c) Tread. (d) Step and the crawler.
above.

Fig. A.4: Dimensions of the stairs.

Fig. A.5: Sequence of stairs climbing.
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Fig. A.6: Experiment in the nuclear reactor containment.

(c) Voxels. (d) MC surfaces.

Fig. A.7: Results of 3D scans in the nuclear reactor containment.
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(a) Point cloud. (b) Colored point cloud.

(c) Voxels. (d) MC surfaces.

Fig. A.8: Results of 3D scans under the grating cover.
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Fig. B.3: 3D scan result for the 3D scanner located in front of the CT gantry at 60°.
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Fig. B.4: 3D scan result for the 3D scanner located on the left of the robot arm.

Fig. B.5: 3D scan result for the 3D scanner located on the right of the robot arm.
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Table C.1: Three D scan module input ports.

By | B 4 EL |
m_js_buttonIn TimedBooleanSeq | ¥a A A7 4 v 7 KRZ AT
m_current_angle_pitchIn | TimedDouble EROBEY YT A [
m_current_angle yawln | TimedDouble EHOBAE T — M)

M _range_dataln RangeData LRF A ¥ ¥ 7 — % (HR)#EE [m])
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Fig. C.1: Three D scan module process.

Table C.2: Three D scan module output ports.

R— % | 2 4 it |
m_point_cloudOut PointCloud =R T R RE AR ) [m]
m_scan_requestOut TimedBoolean | A x> U 7/ = X |
m_LRF_configOut RangerConfig | LRF /X7 A — & &% &
m_desired_angle pitchOut | TimedDouble | ZE+H @ HE v F A F [°]
m_desired_angle_ yawOut | TimedDouble | ZE & @ H L 3 — A4 & [°]

Table C.3: Three D scan module configuration.

7 K 4

| 2 4

| 7 fi

EXE |

’ m_fix_angle_pitch ‘ double ‘ -30

| LRF & 1 % & v 7 4 £ [7] |
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Fig. C.2: Connection of Two DOF platform module with Three D scan module.

Table C.4: Two DOF platform module input ports.
R — b4 R EX
m_desired_pitch_angleIn | TimedDouble | E & @ H#E vy F A F [°]
m_desired_yaw_angleIn | TimedDouble | Z & @ H I 3 — A £ [°]

BoTWhD., ZRIERFEORE, 1O A Xy 7 —% THTAMB| &7 578, EH
WHE CERWnWZ it d., Z0OBET 20KV A X EEETH-ODICFUT
D2 DFHENRD B .

1. rte.conf IZ LA Z B0 (36528 W 5 @ RTC 12 4 28)
corba.args: -ORBgiopMaxMsgSize 10485760

2. REABMELHT
export ORBgiopMaxMsgSize=10485760

2Tl KT A X% 10]MB](10485760[B]) ICEH L T\ 5.
ZDOF Ya— V4 L [ThreeDScan] & L 7=.

C2 ESEYa—

ERT2EHET V2= e ZRTEAFY YT Va— L OBERA A — D% FigC210 7
T ZOEVa— LD T r—Fr— b EFig C3RT. FAA A~DERITT 7 7 4
N— PRI T, TA4T 7 T4 — MUY 5. % 72 onExecute BN T
By FEe I — WA EOZIELRE T ETETY, TOL X ORME RIS
EaEfEdsiLe L.

Z 0% Ya— 4L ITwoDOFPlatform) & L 7. A ) — R iE, Table C4, C.51Z75
TEIC2o0FE—ZHOR— E2ERERMAE L. £7-TableC.6D X H 12, =2
T4 X2l —var AT A= L b 200 0EKERELE.
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onActivated: onDectivated
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Fig. C.3: Two DOF platform module process.

Table C.5: Two DOF platform module output ports.
A— 4 EE EX
m_current_pitch_angleOut | TimedDouble | ZE & @ H#E vy F A F [°]
m_current_yaw_angleOut | TimedDouble | & & @ H #E 3 — 4 £ [°]

Table C.6: Two DOF platform module configurations.

ET ¥ | 4 | BEEE | B
m_pitch_ID int 0| EyFihe—% DID
m_yaw_ID Int 1| 3 —H#lhE—%DID
m_start_pitch_angle | double —150 | ¥ 5 4 b A FE 0] (012 i)
m_start_yaw_angle | double —300 | = — b &h v A4 [°] (01T xf i)
m_end_pitch_angle | double 150 | & F il b A4 B [°] (1023 12 5 bis )
m_end_yaw_angle double 0 | = — b & b A4 BE [°] (1023 12 5 bix )
m_pitch_angle double 0| 72 MADHYEyFihfE [
m_yaw_angle double 0| 7ARMANDH I —HhMA EE [°]
m_baudrate int 1 | 315 3% & [Mbps]
m_ttyUSB int 0| 7 NAAT774 VFEE (ttyUSB*)
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Table C.7: Processing time of 3-D scan with mif robot program [ms].
Tty | AB | BC [ ¢D | AD |
#1 29.682 | 37.989 | 0.281 | 67.952
#2 28.680 | 37.992 | 0.291 | 66.963
#3 29.066 | 37.987 | 0.285 | 67.338
#4 28.046 | 43.641 | 0.242 | 71.930
#5 31.075 | 27.463 | 0.298 | 58.836
avg. || 29.310 | 37.014 | 0.279 | 66.604

Table C.8: Processing time of 3-D scan with Two DOF platform module [ms].
| Tty | AB | BC [ ¢D | AD |
#1 || 36.104 | 34.645 | 0.093 | 70.842
#2 || 35.308 | 34.042 | 0.097 | 69.447
#3 || 35.199 | 33.713 | 0.094 | 69.006
#4 || 34.788 | 34.576 | 0.093 | 69.457
#5 || 35.325 | 34.499 | 0.093 | 69.916
avg. || 35.345 | 34.295 | 0.094 | 69.734

C.3 ZEBE V21— /LiEAKROILEFMKR

PLETHERLEZERE Va— ISk LT, FARICABERFH G Z1To7-. % % Table
C8IZT-T. ELEETVa—VTEITLAEZ EITEY, kD mifrobot 7 1 75 A THEAT
L7m& & (Table C.7) LA WVWEEOHEEZER T TWVWAER I ENOgm5.

C4 ZRTAFARVED2—ILDOERK

IOFVa— VOLBENEIL, A RA NI ETVa— L ERBRE Y ETa— L b fE
TR, e Ry hOF A LAZ L TOE = REMEBRSEZHNTLH5Z2LTHD.
7 v 7 Z Alitmifrobot 5 OWEH TH DH. F YV a— V4 1L [ThreeDOdometry] & L 7-.
AN AR — K% Table COICRT. ZDEVa— L THEARANIT—2D5 bk, &
g YT — X O yawpitchroll 3 5. £ H /1A — K % Table C.10I2 /R~ 9. T 2
T =W eMEBERESEOT — 28 L L CTimedPose3D# W T WA, Z0OF — 2T D
ERE L List CLIZRT. THIEH A L AKX YT LALE [m], B [rad) TEI I TW
L. AA LAFZ T E Linux TO ¥ AT LRFZEAS B BT & 5 gettimeofday() z v\ T
W+ 5Z L& L. ZoBEIT timeval IS K D A 2 NEFIZHT (tvsec) &~ A 7 1
B (tvousec) 463 5. 2N EZRT I R U =7 @ Time i 1&E K O A N2 Hsec & nsec
ICHEM L TV D
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Table C.9: Three D odometry module input ports.
R— k4 EX2 IEX |
m_OdometryDataln | TimedDoubleSeq | 4= K X ~ U F — %
0:v 1w 2:x 3:y 4:0
m_AttitudeRadIn TimedDoubleSeq | X% & > % 7 — # [rad]
O:yaw 1:pitch 2:roll

Table C.10: Three D odometry module output ports.
ey LY ] |
’ m_pose3dOut ‘ TimedPose3D ‘ B A DAK TR Z IR GEAL E LB ‘

List C.1: Definition of TimedPose3D structure (by ExtendedDataTypes.idl)

© 0 N O g kW N =

I T N R N B T e S S o S S Sy G
oA W N R O © X N O A W N R O

struct TimedPose3D
{
Time tm;
Pose3D data;
}s
[171111700 07000177777
struct Pose3D
{
Point3D position;
Orientation3D orientation;
}s
1117770000700 0011T1177771107
struct Point3D
{
double x; // [m]
double y; // [m]
double z; // [m]
}s
[I7111170 0070007107077
struct Orientation3D
{
double r; // [rad]
double p; // [rad]
double y; // [rad]

s

Ch RZaAa7ZILEFEDS2A—IL

EF Va— 4L ManualRun) TH 5. WAL, RTC Joystick D i ) & 5 17l 5 R —
FEHEOBMEITS Z L&, BMUIRvwEH DTS2 THD. ANTAR—F (3k8)
% Table C11IZ/~" 9. ZZTWEVaA AT AT ORE VIEET e 7 AT 4v 7 H%E
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Table C.11: Subset of Manual run module input ports.
L L EL
m_inButtonIn | TimedBooleanSeq | &~ 4 > A 7]
m_inAxisIn TimedLongSeq AT A7 NI

Table C.12: HORIPAD 3 TURBO joystick’s buttons assignments.
o |1 ]2 ]3[4 |5 [6 [7 |8 |9 10 |11 |12 |
O] x|O]A|Ll|R1[L2|R2|SELECT | START | L3 | R3 | PS |

BETL2X921CLT0nD. ZZTEBORINDOE S L EEORZ & O XIS % Table
C.1212, AT 4 v 7 & OxtIH % Table C.13 127779, Z #L1X HORIPAD 3 TURBO Y= A A
TAvIDODHETHD.

FH AR —FETable C.1412, 2 74 Fa2lb—T a7 X —% ($F) % Table
CI5IZRY. 22 TRHuRy hORRKEE, RRXKAERE, 7T 0T AT (v7 ORKIA
AREFNBICLTND. ZOMERANCToL,wE L FO XS ICFHET 5.

A &

Wer,we [rad/s| : 2 7 v — T @ £ H
Wemax [rad/s] 1 7 & — T O i K A4 iE &
a1 T T T AT 4y T Dy EEEE
o T T AT AT 47 O HEIEAE
Umax : 7 T BT AT 47 ORKIE
Ver, Vg [m/s] : K24 7 & — 7 O &
vm/s]: v ARy b D HE
wlrad/s] : @ AR b D A E
rm]: 7 v —F 8

Trim]: by F

Umax [M/s] 1 B AN > N O fr K E

Wmax [rad/s] : B AR > b D e KAl

e

Table C.13: HORIPAD 3 TURBO joystick’s analog sticks assignments.
o v J2 (3 [4 ][5 |
x|y [ fix | fiy | +Fx ] FFy]
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Table C.14: Manual run module output ports.

K=& [ EX |
m_FlipperOut | TimedDoubleSeq | 7 U w3 B H /7 [°]
04 1./

m_CrawlerOut | TimedDoubleSeq | & A ~ & EE - 4 36 F H )
0:v[m/s| l:w[rad/s]

Table C.15: Subset of Manual run module input configuration.

ETL: EEET T |
m_v_max double | 0.5 ARy b O g KIE E (m/s]
m_w_max double | 9 m ARy~ O e KA E E [rad/s]
m_analog_max | double | 32767 | 7 w0 7 AT 4 v O KE

LERT DL, vuwidThEh

o = g
tRInhs., 22T

Ver = TWer

Vel = TWc|

THY, £7-mifrobot 72 77 LAOHFTIEVaAf AT 4705

Wer = * Wemax
QAmax
—ay1+ag2
_ y z2
Wel = Wemax
Amax

EEHEINNTWS. L7ENoT oy, vg i

—ay1—0agz2 0yl —0Ax2
Ver = TWer = 7511]“ 22 TWemax = ;Jmax = - Umax
—Gy1+az2 —ay1+as2
Vel = TWel = Z{max = TWemax = gmax ==+ Umax
EERFETEDS. £
Wmax = 21}%1;"“
LEREDLZEND
_ 2Umax
TT " Wmax

&%‘I‘%ﬁ«é IENTED. J:%E@%I‘%c:i D, aylyaxQODAjj ool b X, VUmax ) Wmaxy Amax
MHbo,whkRDODDHZENTED.
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Table C.16: Crawler module input ports.
K— k4 [ 4 EX |
m_CrawlerVelocityIn | TimedDoubleSeq | & 7~ k3 & - £ 3 & A 77
0:v [m/s] 1:w [rad/s]

Table C.17: Subset of Crawler module configuration.

ETE | W4 | BEEE | HY |
m_wheel radius | double | 0.0943 | H i - 4#% [m]
m_tread double | 0.22 Him AR (P Ly ) [m]
m_w_wheel max | double | 12 HL i D fe K A4 H L [rad/s]

C6 s70—S5FPa—)L

RKEV2— VT, ~=a7 VETEYV2—LOHHIZELET, AMMvwhrbkEh
ODHEIEOARELHHET L. T CHAEINCARE I~ A a2 iCH D, (ERK
L7 Y2— /it [CrawlerModule] T& 5. AJJR— k& Table C.16 12 /~x7. £/ 2 v
T4 F¥alb—var T A —% ($F) % Table CATIZ/RT. Z 2 TIEHEEG PR, MLy
R, HEORKKABRELZRETZL2L9CLTVWE. ZhAbEHVWTEAZ e —FD
HEELZUTO LS ICEHETS.

T A O L O 8 wer, wer 13

=f§

<
2

Wel =

3|

CERFETE S EEL
|Wc7“| < Wemax

‘wcl ‘ < Wemax

WZHIREsns., 22T

noH
Ver + Ve = 20

Ver — Vep = WI'T

LY, TR XY v, vl

Ver =V + wgr
_ wT'r
Vg =0 — %5
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Table C.18: Subset of Map viewer module input ports.
R— h 4 | B 4 EL |
m_point_cloudIn | PointCloud FEJERE - D N Ty
m_robot_pose3dIn | TimedPose3D | 7 &~ v b O = K oL & & &

LEMRTE 2.

C7 MERTEI I

AED2— LT, ZREAFY L EV2—ADLEBFEENREZZREAXTY T — X
ARRTDH., £, ZIRK A RFA MV EYVa— Vo AOQIZEDLE T, ZRtA KA b
VOEA2a Ry NCGOMERBICKMEED. EVa— 4 1E MapViewer] & L 7-.
Flo, ZRIEARA PN OEEZ =ZRITAFYr T — X OEBEEBIZH NS LI
o, TITEHAFY U NEESBZUTOFIETRET S.

1. f8 8 ) = R oo & BB & Bl ¥ I PR FF
2. AXY U T — AN KB H A LRAK T R
3. H T W Z DN E LB A AT D

TDETa— DO AR — k& Table C.18 |2/~ 7.

C.8 RICHEHODEEFRY ') T DK

ER L7TEE V2= A lEE T A NT 57201, RICHZ —H L CE#S:HTLH AT U 7|

EER L. 22T, 1203 Y —LVZEMoMRnRRrENDERIEL 2D
2, RICZ ElZay Y =L aRKRETHAZ VT MEER L. £, FClIcERBF
DRICITEBH LWV E S A EREE L. 62, FILZLbER2ary—1o
AA RV NR—IZRTCA + X —VarvERRTEH LI L.

H—IF bt LT, 7 A7 Fy 7R Ubuntu (#:/EH PC ® OS) T i gnome-terminal
RS 5. —J, B — /3R Ubuntu (L #3A % PC @ OS) T ¥ gnome-terminal 73 fifi X 72
W72, xterm & £ 1 9 5. gnome-terminal Z#fE H T 255D A7 U 7 K % List C.21Z,
xteem ZfEH T 2HBE DO A2 U 7 k& List C.3IZ/87F. Z Z Tid Ubuntu 10.04 1ts T & {E
R EITH-TWVD. TN END 2 — K% MySystem_bootup.sh 72 & TG L, EITHIR
EMNEGELERFETTNIZEIVD. RICOT AL 7 RV ARAR—=Vary RaEBHK—n T
WAHE AL, Lst C2,C3D X HCEL ZENTED. ML VEHDIFREICIVAER
NDLETHDH. 22T,
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- RTC #4:MapViewer
- RTCT « v 7 bk VU %4:MapViewer_1.0.2

- RTC %17 7 7 A /v 4 :MapViewerComp

DHATRICHIER SN TV D HEDa—FERoTWn5.

List C.2: Script for gnome-terminal

#! /bin/bash

rtc_root=/home/nedo/workspace # RTCD & % /¥ X
rtc_name=MapViewer # RTC® 4 i
rtc_version=1.0.2 # RTCO N N— 3

rtc_pid=$(pgrep —xf ./${rtc_name}Comp) # RTC®» 7 =& AIDH {5
if [ —z "${rtc_pid}” ]; then # nulld H &
cur_dir=${pwd} # BHED T 4+ L 7 VU % I
cd “${rtc_root}/${rtc.name}_${rtc_version}/ “© # RTCOF 1 L7 FVIZHKH
gnome—terminal —t ${rtc_name}_${rtc_version} —e ./${rtc_name }Comp
cd “S$curdir® # TOTFT 4V FPVICKD
else # EEB P OFEIXFEIAT LW
echo "${rtc_name}Comp(pid:${rtc_pid}) is already running.”
fi
HHHHHHEHEHE DL T RTC ORI T # 0 B U HHHHHHHHHH

List C.3: Script for xterm

#! /bin/bash

rtc_root=/home/nedo/workspace # RTCD & % /¥ X
rtc_name=MapViewer # RTC®D 4 gi
rtc_version=1.0.2 # RTCO R X— 3

rtc_pid=$(pgrep —xf ./${rtc_name}Comp) # RTC® 7 vk XID{%
if [ —z "${rtc_pid}” |; then # null»HE
cur_dir=${pwd} # BEDOT 4 L 7 U & I
cd “${rtc_root}/${rtc.name}_${rtc_version}/ “ # RTCOT 4 L7 MV IZEH
xterm —T ${rtc_name}_${rtc_version} —e ./${rtc_name}Comp &
cd “ $cur dir® # TOT 4 L7 FIVICKD
else # EHHF OHFEGILFEITL 2V
echo "${rtc_name}Comp(pid:${rtc_pid}) is already running.”
fi
HHHHHHHHAHE DL T RTC O RIZ T M 0 B U #HHHHHHHHH

C9 - ZEBLEEDSa—ILDEE

ERTER L-REEI A2 U 7 N EMEH L CRTC 2 &) L 7= # i % Fig. C.412/7R 7.
CZITHZREAXFY UV EIT)DICKLERRICZLEIL TW5.
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riv & B G B BaCvs YRS, [EC/Ci+ A RTC Builder |7 RT System. &' Java

[@ PostureCorrection.h  |a *System Diagram 53~ ™7 = O

CrawlerModule0

TwoDOFPlatform0 ic30

Fig. C.4: RT components for 3D scan. Top: RT System Editor display. Bottom: Console
displays.

C.10 Axish A SHIHEDa2—I

woRy MZHEBEIAWTWD Ry bU =2 25 (Axis 213 PTZ) OHl#EH € ¥ 2—
WEER L. ZOEVa— LOMENEIL, Axish A 755 OBE (jpeg) HiF - H
D, BATZ DN F N b A= LD BUEMBEL N, 2y vay FORAG-HAT
HbH. 2 TCEMEEZ ST DO, mifrobot 71 7T A THEH S 4TV 7z streamer
TurtAZRMAL TS, TELEAAEIRBATa~y FEE, MBRST 2 L9
WEE L2, #lE o B S 1L, RTC O activate BE |12 streamer 7 2 & XA Z B84+ 5 2 & TH
B3 5. KEVa— V4L [AxisCameraControl] & L 7z.

FEVa— D ANSHR— k& Table C.19I1Z7/R 7. T Z T2 F b b 42 PanTiltAngles
LWH T =M ERNTWD., 207 —FMOEFK % List CAIZRT. MR-
K% Table C20IC/R9. ZZClEHAF T vav hTF—H LT 4AMBET -4 DT —4
Al L L C Cameralmage # VT W5, 207 —ZHMOEFR % List CHIZART. Z 2 TiE
format(="jpeg”) & pixels(jpeg BIfg D /N A 5V F—Z) 2% E L THII L TWD. octet B
F8EY FEHEMTHY, ZLALDRECIICEEOchar MITHY T 28 D & b
L% . width R height X jpeg 7T — X O3 P2 D TRELRS T LS EITHD. #
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Table C.19: Axis camera control module input ports.

B EX EX |
m_joyButtonIn TimedBooleanSeq | 7~ % > A7)
m_joyAxisIn TimedLongSeq AT 4T NT]
m_inPanTiltIn PanTiltAngles X F v b A [rad]
m_inZoomlIn TimedShort A — hfn 4y (1-9999)
m_snapShotFlagIn | TimedBoolean AFyTFav T T

Table C.20: Axis camera control module output ports.
R— L4 EZ EX |
m_outPanTiltOut | PanTiltAngles | /X > F /b ~ BLIEfE [rad]
m_outZoomOut TimedShort R — A B
m_snapShotOut Cameralmage | A v 7 vay b5y —#

m_videolmageOut | Cameralmage | £ 7 A M 75 — X

A L AL T tmiTgettimeofday() # FIH L THREL TWDH. BT, EVa— /L THRE
L7zary74Falb—varRXT A —X%TableC21IZ/r7. 2 2 CldAxis 7 A 7 OIP
TRUVABPZEMELTHRIETEL )AL THETE S LO2ICL TV D,

List C.4: Definition of PanTiltAngles structure (by InterfaceDataTypes.idl)

struct PanTiltAngles

{
Time tm;
double pan; // [rad]
double tilt; // [rad]
I

List C.5: Definition of Cameralmage structure (by InterfaceDataTypes.idl)

struct Cameralmage

{
Time tm;
unsigned short width;
unsigned short height;
unsigned short bpp; // bits per pixel
string format; // jpeg/ &
double fDiv; // A7 =V 7 7 7 X
sequence<octet> pixels; // M B K {K
s

140




Table C.21: Axis camera control module configuration.

EX L E T T
m_axis_ip string 10.0.12.3 | Axis W A 7 OIP 7 KL A
m_pan_deg double | 0.0 R
m_tilt_deg double | 0.0 Fov AR
m_zoom short int | 1 A — LfE
m_snapshot_flag | short int | 0 AFyFray b7 I 7

Table C.22: Axis camera viewer module input port.
H— 4 X2 EXI |
’ m_videolmageln ‘ Cameralmage ‘ AT BB (jpeg) ‘

C.1ll AXisHhASHBERTFTETS1—I/

ZDOEVa— NV TIEZE LjpegBiff 2 K29 5. Z 2 TiXOpenGL E i & Bl X2 L
RCTAERL, BBEE2ERRTHILELELE. BBRIZVA Y RUIZE DY T KM /NT
5 X oI L7, OpenRTM Ml TlX, BT & jpeg7 — % M H RGBT — ¥ ~ DA
(libjpeg 7 A4 7 7 VHEH) #1795 2 & & Lz, B I 7= RGBT — % % OpenGL & [
TERRT D, AT Va— V4 1% NAxisCameraViewer] & L72. Z ® A Jj7 — b % Table
C.22 127

C.12 AxishASHMEBERTHER

RTC & ##i X & F247 # il # Fig. CH5IZRT. 22Tl vad AT 4y 712k b 3
FNVERRX =LA F T ay hOFETHRTEDLILEMR L. AT AT 0D
DG ERRTEITWNDLIIEEZHER L. MO L5, WENR W E XZIXINO IMAGE
ERFL, FLEBGENP KR TND & EITEBOLE EIZONLINE & £3, kR ot b
OFFLINE &t #/RT 25X 5ICL TS, ZZCRHIBUEEFARTNIEA T T4 T
HhoE LT,

C.13 OpthASHEEID2—IL

AR S H A2 A Z (OPTNM30) ##lHl T 22—V E2{ER L. Z2OFTa—LD
WLBENZRVE, Opt 1 A 76 OB (jpeg) WG -H I TH D . Axis I A T HlHIE€ TV =2—
JL L RIERIS, Bl 2 S 572D, mif-robot 712 75 A THEH S TV 7= streamer
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RTCH#t X BERAKETNDEE

RTC_loystickO
AxisCameraViewer( |
AxisCameraControl0Q

ERAELNEE

NO IMAGE

Fig. C.5: Axis camera image displays.

Table C.23: Opt camera control module input port.
Rob& EX ol |
’ m_videolmageOut ‘ Cameralmage ‘ EE T ‘

7ot 2EHEMHALTWS., EELEAAETYRB TCa~y FEBE, MERET 5.

RTC @ activate Rp ICEBY B /G 2 B4R 5 5. KT P a— 41X TOptNM30Control| & L 7.
FVa— VO IR — h & Table C23I27RF. ZZCEETAMGT — X Ohx )

THZELELELTWA., £/, Vad AT 4v 7 I X2 HIEIXIT-oT WA,

C.14 OptHhHASHBEBERRES21—I

ZOEFEVa— NV TIEZE Lcjpeglifp 2 R T 5. WEHONKFITAIs T A T BB E
REVa— Ll FEFoRALUTHDL. KE V22— V4L TOptNM30Viewer] & L7c. Z
D AN 7R — K % Table C.24 |Z 7/~ 7.

Table C.24: Opt camera viewer module input port.
F— 4 [ 4 EXI |
’ m_videolmageln ‘ Cameralmage ‘ AT BB (jpeg) ‘
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RTCH# = EEMNRTINDEE

-

OptNM30Control0 OptNM30ViewerD

B IRNEE

NO IMAGE

Fig. C.6: Opt camera image displays.

C.15 Opth ASHEBERTER

RTC @ #f5e ¥ & F247 1@ # % Fig. C.6IZ/R"3. Z Z T Opt h AT 0D OMMBEE R
MRTETCWL I La2MB L. BEORBESLA L T4 0 - F 7 T4 RO RRTIER
AXis H A TMBERESa— L LERETHL. 27 L, ZOETIED AT OBMEN
9 H W =R I oo TN D

C.16 RTICTOEDE=ZRTAFVYUDEE

BOX ZRILAFY U EZRICTEE L. BN & LT, Fig. CTIZ/RT L9
2, BAZHEIZ=ZRT ATy L TUOEEL, BIMEICEFETLZLSICLE. 22T
CRIEAFF U E V2=V EFEAFY R ET LELT ST =42 XET L. A AT
FIHE Ca—iE, YVaA AT 4y 7 TR EXITWNDEN AT EZBRAMBERD L 7RN
bAFyTvavihEREL, TOERBLEZOLEDNN VT A NMEEZXRET D, 22
TIHEZRIEAFY U EVa— TR, HIHIERE D 2— L TH AT H B E ST
VB TT L. ZOXEHICTHIET, BATEBOBMAENK T LTV TH K
BT — 2R TEDL5127T 5.

MHEREV2a—VOERIZOWVWTUTIZART. ZRITAFY U Z{To TV 5 MITH
ATHMBESHBLELZDELEEZONF VN ZREMEBERZE EHICHRAF L TEBL.
FERICZRIEAXY T — IR REEORAFEL TEBWEEH B EZ STV MAE L =T
MEESZ L EICHBIIYYE Y 7T 5. ZORIIIATHEHBNRKLEIZvYE T
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Fig. C.7: Colored 3D scan process. The

same processes are shown in the same col-

Fig. C.8: Result of colored 3D scan.

ors.

Table C.25: Added input ports for Map viewer module.
R— k4 | w4 EX: |
m_axis_pantiltIn | PanTiltAngles | /X > F /L | H [rad]
m_axis_zoomIn | TimedShort A — AfE (1-9999)
m_axis_imageln | Cameralmage | 7 A 7 @ {%

EETLEREZETRTDE (AT HBE- R 7 BN) . Ix4=36EENK-ZLT 7 A
FxOEMCH ZME - K RTH. XRUFIOLIMMEEIATERBEZRGET 57202, €
Va—//W{ZTable C25 2R T ANA—FEZEMLTWVWD., ZZTEA—LEHOKR—
N ABE LB R TIEERL T2,

U bEOWER 2 RELFEITT D E, /KD mifrobot 7 1 77 A TIEAEREDOERRITLS
OB o TWlDIIZx L, RICTEH2ITH TRFEZRZ TR TE DL Ro7. 20T
BT, PATEHBERYyE L T ENTWERTRARZL2OT, LOVEBERGHDR
T o2t Bbh 5.

C.17 HASHREFMOIEMRE

SHiEmEbT 2 HEL LT, W ATH B R T ORMEENET L2 L 2 BF
L7,

Axis W A FHIHEV2— A TIE, BEAEZLIIMNBEBRD -fHELTNWDHZ & TR
KOG ZRET2OCEFEICHEBAL>TWVWSE., ZZ T EHETHI AT 2
(5 —@[Egs) S8, ZOMOBEAE VA TEHGE L THEATL L., 22T
EANCEZREEIETEE, TR —EOAELBIATEETICHEAET VT D L
ST L. 22 TIE-10,13,36,59° FH>F )L hF 5. S EEE P ICHAEAE ARG L,
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Fig. C.9: Mobile robot teleoperation interface developed with OpenRTM-aist.

ZOLEOEB AN A TEBZLELTREGELEETS.
HATZNEGEREE L WD EHEEICI-oTIEEERASNTLEI> D, 22 TIES
NARWREOEEICARDEIOICHTHBE L. £72, EBEOBREAICO W TIE, 230 28 240°
T DRICOMBEBERS TE D X )12, sleep A Tl L. 252, H#EEL TV
HDICHEBREGREONSNCAEN-EETNDI I EE2ZEL T, MEAEOHIE%
1ToTW5H.

FROLHEEZET LML, MEROIFEE FETITASDET ZKRILATY U 2KIZ1
Auﬁﬂ#ofwé:kmﬂbf —ERETEEE L2 ok L1343 Ta

CRTEAFYUNETT DI 2B L. G LEEBIZ S W TS T A G

i:&iiﬁéz’ﬁ, AXxy T —HERRLTVWLIRY ZRIFEETRE2ICEDbDRS.
DL E DR % Fig. C8IZRT.

C.18 OpenRTM-aist # A lLV\f=4 V2 Jx— XA EE

AAFETHHALIEZRT 2 AR = FHELZEH L THE LS, VX 7=—AHEHE %
Fig. C.9 12/~ 7.
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F #D 0

ROS (Robot Operating System) [Z K&
HBYVRATLIEE

A TIE, MEVATLEHMEL TWVWDHROS / — FEEIZOWTaHT 5.

D1 YATLZHERTSHSR0OS/ —

BHrRy P ERHELEATY T ORBEICEL T, Fig. DICMM L TWVWDHROS / — K
E/—FHOTF =20 VWY 2Ry, ZZTOTHEAL TV XFIE, — M4 %
AL, /J—FEORHMIIMEYyZORVRY 2R L TWDS. REIOZ X OXFHIX R
Vy7 4L TW5.

UNICARMZE TREM 3 5 72 O IZERR L7ZROS / — FREA R T

* manual_run
- =T VET ) R VaA AT 4y DA EZ T T e — T HE
& 7 U w3 & % Publish
— Subscribe % F By 7
* VaA AT 4w 7 fH: [joy (sensor_msgs::Joy)
— Publish9 % h vy 7:
* 7w —TJ WE v [m/s|w [rad/s]: /crawler_speed (std_msgs::Float32MultiArray
)
* k7Y o] FE [rad]: /flipper_angle (std_msgs::Float32MultiArray %)
- REARE/NT A — Z:
*a ARy b O K E vy, [m/s]: vomax (double_t )
*u Ry b O KA HEE wnge [rad/s]: wmax (double_t M)
+ crawler_module
-7 e —=JflE =R s —THEANNLLELE Y 0 —TF ~DKER
TE~VA IS
— Subscribe % F w7



* 7 —J WE v [m/s|w [rad/s]: /crawler_speed (std_msgs::Float32MultiArray
)
— REWRE/NT A — &
* ) B i - 2% [m]: wheel radius (double_t )
* H i [ BB [m]: tread (double_t )
kIS ) i B K [ S A 0E B2 [rad/s]: wowheel_max (double_t i)
* U T VAR — 4 comport (strot )
+ flipper_module
— B T Uy — R 7 VRN BEANNNSELRET Uy ~OHERES
EvA . BEDO T U v3 K % Publish
— Subscribe % F v 7
* A7 Y v XA B [rad]: /fipper-angle (std-msgs::Float32MultiArray )
— Publish4 2% htv7:
* ek 7 U oA JE [rad]: /flipper_module/joint_states (sensor_msgs::JointState
)
— REWRE/NT A — &
* U T VIR — b 44 comport (str_t )

+ odometry

SHH A RARUHA S — R w35 O (v [m/s]w [rad/s]) & 0 35
L7 KA R U % Publish
— Publish+ % F Ev 2

=il

A KA MY T —%: Jodom (nav_msgs::Odometry )
— REWRE/NT A — X

* U 7 VAR — k4 comport (str_t )

+ ic3

- RSB =P YU T VEECTEREE Y LR AR —
vy« 9 — 4 & % Publish
— Publish 3% &7
*ORBNT — X [ic3_attitude (geometry msgs::Vector3Stamped )
+ odometry_3d
-l =k A A MY = F ZRaxA FA YU/ — K (odometry) 2> 5
Subscribe L7=4 KA MY 55— & B ¥ % 7 — )5 Subscribe L 72 &
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BF— X HWTrRy b0 =R EE B (2, y, 2, r0ll, pitch, yaw) & HEE L,
Publish 9~ %
— Subscribe % F B> 7
* A KA MY T —#: /Jodom (nav_msgs::Odometry )
*ORENT — X [ic3_attitude (geometry_msgs::Vector3Stamped )
— Publish 4% F vy 7
¥ EWoeA RA MY T —#: Jodom_3d (nav_msgs::Odometry )

* dx_controller
— WL © A &%) ® Dynamixel MX-28 & — X |l / — F. &€ & 1L72 € — ¥ [A] 5
AEREEZFRERAPLHEINLE—FZHEAEREL T — X ITRE.
— Subscribe 9% h B w7
F 2 Xy T o —ZONRE (B A EE L2 M) © /mx28_controller /state
(dynamixel_msgs::JointState )
- P —EARBHTHRET DT A —H:
¥ A XS DOE—F OMEE: /mx28_controller/set_speed (dynamixel_controllers::

set_speed )
¥ AFyFOE—Z D /L7 On/Off: /mx28_controller /torque_enable (dynamixel_

controllers:: TorqueEnable 7!)
- REWHRE/NT A — 4
* % — 2 A5 A 3l [rad/s]: speed (double_t i)
* & — 2 A5 ] [s]: cycle (double_t )

+ tf_broadcaster_forCG
D AR T OEIEEHRINT ) — K E— X ORERMAE L ZRLA KA B
U7 =42 % HWTLRF A ¥ v 7 — 2 PG S T2 B2 O FERE A %2 5K o
C Publish&Broadcast
— Subscribe % b By 7
¥ A Xy T OF—Z DOIREE: /mx28_controller /state (dynamixel msgs::JointState
)
* LRF (HOKUYO UTM-30LX-EW) Z %+ 7 — #: /first (sensor_msgs::LaserScan
)
*=WwoeA RA MY T —%: Jodom_3d (nav_msgs::Odometry %)
— Publish 4% F > 7
FAXXxF DK TaA v b MAE: [joint_states (sensor_msgs::JointState)
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— Broadcast % h By 7:
oy b O Z R E B (tf)

— REWERENT XA — 4
* LRF B A #8741 [m]: gap (double_t )
* LRF H A £ EE [°]: alpha (double_t )

D.2 ROS/ — KO

ROSZHWTUTNAH AL LI ZRITEAFY LR LEREBIELZ TEXD2 L9107 5
720, RERSEzR%E L.

D.2.1 BEAFGORE

BERL D ) — REHAWTAXIs I AT EOpt I AT D2ODH AT WK ERRT DL,
B ORFICHPDBERENSEAEAL TV, T2 CZOoMEEMILT S LI L.
UDP i {g§ T Subscribe SN TWARAWT — X L AW L TWVWDH I ER D AT EBER
BIEDOFR & EZ TN, BELTWEEZ A, ROSIFUDPESE TIXR W I &N
57 ro7z. Publish 3 % / — K & Subscribe % / — F25 b w27 HAL T TCP/IP £ #i &
o5 Lo ThsH. FEEEIZPublish 35/ — K& Subseribe %/ — K&V H EiIFTn5d
& X2, Subscribe ¥ 2%/ — Fadfifil#& 7425 &, @E®HRENMELL. @15 HEIT#
EHPCO L AIAHZPCIZPing 2~ RER{F L CTHERL .
ZZT, MBORERENBEEHMOER TE RN EEZ, WEZITo2. B
BMOROS/ — FIZBWT, UFTOEEETo/ L 2 A, BREEBEIREICKESNLL.
-+ Axis 7 A 7 [ {§ Publish / — F (axis_camera) @ i&% & £ #
— 640x480 — 352x240
— 15 fps
— jpeg £ i % 70 %
- Opt 77 A 7 [E % Publish / — K (opt_camera) ® % & 2 &
— 640x480 — 320x240
— 150 fps — 15 fps
— jpeg dh B 75 — 50
- HBERBOE Y EY :320x240 — 240x240
- BRI X 2 E I o E R R

— ping 20 [A] ¥ (LRF 7 — %, Axis 7 A 7 Wi{%, Opt & A 7 W {§ £ R)
— B :51.965 ms — % : 8.145 ms (916 % (2 4>)
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Fig. D.2: Coordinate systems for the surveyor type robot.

D22 AXiSAASONUFILMXA—LDOaARTFa4v9 B

25, BEFEO /) — FOFEETIEE, RUvFAL I —Lb0a~vy FEEFENLEERICH
CETEIWRBREXYA LT INDHoTod, ZORKEH ESEEZITo7. BEF O Axis
AATHE ) — FOPTAXIs T AT ICa~vy FEERFELTWL2HMYEBEET L2 &
T, R L LTOSPRERETCKIET 5L 5ITkoTc.

Flo, ASIZEEBR B I TV DI RAB Iy E 740 2O 0n/OF b FEE L. Z i
VaA AT 4T DOREFLTHIOEARD X DI L. 51T, Fig. D287 RViz
FETOAisH A T CCICHEBEDOERE (RN F L b a3 —-EoFMAE) 2XBSED L
2 L7, EFfRoMREEEHELE /) — Rid4 A% laxisptzirjoy) & L TW5.

D.2.3 ZUYUYyNABEODCGAND KM

Fig. D2_F‘?‘RVlzJ:“COD7)//\0)CG’§§5%@ﬁJ XM EL5LHICHHEL
7. 2770, BEREOAEZRET2E2DICE~AAa O Y TALVEETT U vNA
EERSETHILEND LN, BIEEITHESHEOIEI> ZCEIIKBIE TS,

D.3 ROS T EZE D f# fE

42181 TITol A F X A 2 L ol 2 2 T, ROS (Robot Operating System) [12]
O tf (transform) 7 4 77 VI X 2 EAEOH M 21T 5. tfz W THEER 2 BEHT D &,
EEORADERELZR EOEBLEZRG T L2 LN TEL. 2oL, WiERSY
W TUE AR 4 ] (Linear Interpolation: Lerp), FI#5EK 7 IZ DWW TIL 74— &% =4 > DK
1fil A% J& 4 [A] (Spherical Linear Interpolation: Slerp) {1 & ¥ #fifil & 4L T 5. Fig. D.3IZtf 7

151



D oispleys
¥ Global op.
e v

Q) Opt NM33

ROS Time: [1447816508.15 | ROS Elapsed: [26.43 Wall Time: [1447816508.17 | Wall Elapsed: [26.37 Experimental

Reset, TODO: Fix me! Left-Click: Rotate. Middle-Click: Move X/Y. Right-Click: Zoom. Shift: More options.

Fig. D.4: Mobile robot teleoperation interface developed with ROS.
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