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Abstract

A sensor system has been developed to measure the posture(position and orientation) of mobile
robots working in industrial environments. The proposed sensor system consists of a CCD camera,
retro-reflective landmarks, a strobe unit and an image processing board. The proposed hardware
system can be built in economic price compared to commercial vision systems. The system has
the capability of measuring the posture of mobile robots within 60 msec when a 386 personal
computer is used as the host computer. The experimental results demonstrated a remarkable
performance of the proposed sensor system in the posture measurement of mobile robots - the
average error in position is less than 3 mm and the average error in orientation is less than 1.5.
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Table 1 Reliability of proposed sensor system (unit ; pixels)
Results Mim. Max Avera Standard
Objects Value Value verage Deviation
tmage 425 440 43257 467
area
Image analysis of X-
2.65 102. . .
Large landmark centroid 10 7 102.70 0.04
Y-
. 18.32 19.30 18.58 0.25
centroid
1mage 181 189 187.20 2.17
area
Image analysis of X-
61 138. . .
Small landmark centroid 138.6 3875 138.67 0.04
Y-
. 18.03 19.03 18.20 0.27
centroid
orentation |, ¢ 0.34° ~0.70° 0.21°
anlge
Image analysis of X-
113.2 113. . .
Total landmark centroid 3.25 ™ 113.56 0.13
Y-
) 18.23 19.18 18.47 0.25
centroid

Table 2 Image processing time of sensor system

Image Acquisition &

Processing Time

15 msec (standard deviation : +£0.8 msec)

Image Data Transfer Time

35 msec (standard deviation : +2.3 msec)

Image Center & Orientation Less than 5 msec

Computation Time

(386 AT compatible host computer)

Robot Posture
Computation Time

Less than 5 msec

(386 AT compatible host computer)

Total Processing Time

60 msec(standard deviation : +2.1 msec)
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Fig. 7 Performance of the proposed sensor system
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Table 3 The result of camera calibration

100 002 -0.03 -187.71
ST, 0.02 -1.00 -0.09 175.88
Transformation matrix| -0.03 -0.09 -1.00 2104.50

l 0 0 0 1

Focal Length, f=16.2 mm

Image Center : Cx=113.87, Cy=93.5
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Fig. 9 Effect of the camera calibration method

9 Al&-§ A=sle A 329 A (FLz @2
FA)E wvliste] Fig 9o ¥edF 3 9o} Fig. 9
of $5(+)2 BAH HEL 47 Faho] o3
345 349 AA HAE FA8d, Fig 9& 7
ol W BAYS Agstd $49 26 o
& X-%3 Y-F 9o & zalge] 24 Ad
1.28 mm, 3.15mmefj4 ztz} .22 mi, (.42 mm
2 FoJEdt AME XodFm ok old A
£ £ d7olA Aatd slellel w4 v whde
Bl s 5848 vodFa gloh

33 o5 =Rol XM £ U

ATl A Ak AA A=Y olghe] o
5 239 44 23 49 sk 2
Agol AL o5 229 g2z 348 ol sl
e Agiglen, 2x AM 24E FAe v
& B4 FUG AAe] B 94 24
A% de g G2 g A48T 4 UALE 3
dord, E4 FH WAL olf wHolEy

2201

ESTIMATION ERRORS IN X-DIRECTION

Fl -
2

ya

2
L

ERRORS IN X-DIRECTION (o)
’ . v
ak 4 [

£

Fig. 10 Distribution of measurement errors in X-
direction )

ESTIMATION ERRORS IN Y-DIRECTION

Id

. ]
VS BV e )

[

2 a
L

ERRORS IN r-DIRECTION ()

2 -

’
L s L

Fig. 11 Distribution of measurement errors in
Y-direction

X-%9 g QAFEE Axsgic, 2,
AR ol FA) FAA 0A Aeirlg 2HE
A2)E AFE A o)A A A 9
A(F, ol% 22l A4 AA)E A 24
4 9=% ek 20, olfwle)de] aa
omlx Aol samlel EAe Jao) B 4 9
T 49 (B 24l Aolee] F340l ol



angle

de AHE 7IFLE X-F W¥oz £60mm,
Y +£70 mm) ol A o4 o] £gf
0mm 7Aooz AYPoz o]lF
AT FAs 2X9 A4 (F,

€ Zfole ezt A4) & Aldbstaie
Fig. 10~12& & A4 Al2gg Agsted A4
Hog A4 2R AAll AHE +4 234E %
Alg 2y geld, Fig 102 71 #A3A9 X-3
3o F4ea, Fig lie 71 349 Y-F
Bgg 24 24, Fig 28 F9 437 ¢
3 A% HoFa gt & ATelAde 3y
AR Aoizt s 33 olF ol B HA A
oi7lell s 4R olf elolde AA HAARE
229 A2 AdAsch, =&, Fig 10~12¢]
AR AY AAEL 4 SAAAA olFElolE S
LA AR F 2R A E FAT AFolnh
Fig. 119] AgAdse 349 s4lo] #Zao
FAA Y& A (FEZ 0.000] X-F w 3
A A} AAAaA dEhde gheletsh el
A AFE 237t FojAve AL & F ek
ol A helizke) Ags} A4S avz
Holl ojaf FAlo] Uatsle Fekol wolA A4
A A4 (blurring) o] FE2lA G4e) s Fe] 4
stAl vhehds] wifolc}, Fig 119 AY Aze

h
e
tlo

g
o
ot
[
ol
r_l']_'

-% whake] 24 oo 2z Fig 109 A%
2] el 24E T4 F A9 4¥F
o FAL BA%L s @ 27 Fracg
AL AZF 4 gl oA FAvlast 4«
o FAE A4 A ZY¥E =2y I8 st
H 3Ao AT HAbo] Asle Y-wie =4
HF ol B 3%E v|A7] wifolt. Fig. 124
A AgAFSE F 9wt A 34 o5
= Fhellekel HAAZH0, 009 AHol FAA &
W b 2A JeElhvde Aoz BFE e o] 4
(1Dl A Bx uiel o] F 8 FA|E9 X-ub
o] =4 2RI Alalo] HAEsH F 87|
e 24 2 A9 gho] aA =& AR A Er,

o] F Z X9 AA FHo g £ AlA A xwe
A% A A3 X-4dd Y- 324 2449
Ao N HFFe =5 4 3mm vuto g
BEE e F3 Yzt e HE =4 o
#He 1.5 ate 2 #EEgid, AY ZAd JFER
Aol AF=H= 2P A77 S4 AYgEo @
< 4FE vixe Aoz BEEYow, 2w
Alzgol]l sl AFs Fake] AlZle] dlg Ao
o7t deaslche A4S vedFa ok ze,
F4 22 HFRe 2715 nsd olF =
o Al FAol| & AMAAEE ALEEE W o
Aotz ¥ 4 gl

Fig. 13~Fig. 15 o4 o] && HXA7]A] ¥
3 Ad&H oz FAojwA o]d Hlo]He] Axd
Fteletg Abgsted 2R AAE AT A A
HE HoFa glvh, B AYL F Fol olF =
2ol AAE Al & o YL Y3A dn
FYL AR B A A2HE AL-3d
ZAAE Z2AY 4 deAY 445 24357 A4
g3l Fig. 132 7% &3AY X-& w3
o 24 ¢z} Fig. 4= 7|13 AIF AL Y- 4
3o 4 2z}, Fig 156 F§ Wzt g &
A 238 HolZ3 9t} Fig. 13614 Fig. 1574
o] AFolME BE ule}l o] ol4 Hlo]HE AA}
Yoz o]FAFNA Ya FAl9 =4 BESL A
+ A4E AolMut AYE sesidch £ AY A2
25 X-9H, Y-93, FI Wikt g
F3 oz HEgE Tid 44 2.04mm, 2.02
mm, 1.62°% JFHYoew, 7+ FAXEY FF
Hate 77k 1.44, 1.75, 0.8022 BE&E ) o]
2 4 23 olF EXo] 22 AE A9 7}

e o~



°o]lF 2R AAZ A FAE AT A A2RS A

ESTIMATION ERRORS IN X-DIRECTION (MOVING)

“

2
L —/

ERRORS [N X-OIRECTION (o)
2

’
.

ve

Fig. 13 Distribution of measurment errors in
X.direction (measurement during navigation)

ESTIMATION ERRORS IN Y-DIRECTION (MOVING)

Fig. 14 Distribution of measurement errors in
Y -direction (measurement during navigation)

BEAHolA AR F AMEF FHHRAE HY A
2259 HFH(X-AAANNY HF 24=1.38
mm, Y-9AolAe] HF 2x=2.40mm, 3
uhekztell oigk HFE 24=1.31"3 AY vl
L2228 S33n 9gon o] i L85 A
AA 7R g AeolAdx & AA Alz"E AL
Blo] 239 AAE ALE] AHusA FAHAE + 3
otz H7Ag 4 Yok

2203

ESTIMATION ERRORS IN ORIENTATION ANGLE (MOVING)

1

2
[

&
Al

ERRORS IN ORIENTATION (degrees)
1.8
z

Fig. 15 Distribution of measurement errors in heading

angle (measurement during navigation)

Pk AFote 2ERE A2HE AL oA
G4 7)Yg HE3dE o]F 2Xe ALl
s7sE A4 AYEE AFAY F Y A F

e 3% & Yok

2) £ A4 A2dg A& FAG JA4Y
Algl F7be 2% A3 24 G4 =4 3%
of Wste +1 Skt wlxh, $gzel WSk +1%)



2204

nte2 AFHYo

(3) ol& Zfol FAo] AXH Hwel whs}
of £10° =|2e] HY WelA ZEdAE & A4
A2gg AHgdled 338 34 44 =4 3%
Aol wWahe 1 gkt wlul, wgzbe] wake 0.5°
ojE #Zs ek

(4) Ak A Alz=gg o] &3t o]F 29
AAE FAshe A4S FYL AH oF 2E9
Aol g 2xbel FFF-L 3mmujal, a7t
gk eabe] FFEE 1.5 wke g HSH A

(1) Muller, T., 1983, “Automated Guided Vehi-
cles,” IFS Ltd. and Springer-Verlag, pp. 5~26.
(2) Knasel, T.M., 1986, “Mobile Robotics-State of

the Art Review,” Robotics 2, pp. 149~155.

(3) Schuler, J., 1985, “Tool Supply for Machine
Centres with an Inductively Guided Mobile
Robot,” Int. Conf. on Advanced Robotics, pp. 123
~134.

(4) Okawa, Y. and Goto, H., 1985, “An Application
of Color Tapes to the Guidance Problem of
Robotic Vehicles,” Proc. 15TH Int. Symp. on
Industrial Robots, pp. 279~286.

(5) Bohlander, R.A., 1985, “Advances in AGVS
technology,” Automated Manufacturing Semi-
nar, Challotte, NC.

(6) Harmon, S.Y. 1987, “Robot mobility : Which
direction and how far?,” Robot 11, 17th Int.
Symp. on Industrial Robots.

(7) Tsumura, T. etc., 1982, “A System for Measur-
ing Current Position and/or Heading of Veh-
cles,” Bulletin of the JSME, 25(203), pp. 821 ~829.

(8) olAE, WEd, 1992, “AlA dlolg §&&
ol &4 olF zEol AM FA,” AYIARE
+7 164 113, pp. 2021~2032.

(9) Ochi, T. 1990, “A positioning system for

o) %% - Asut

mobile robots using symmetrical rotating laser
beams,” Advanced Robotics, Vol. 4, No. 3, pp.
217~222.

(10) Everett, H.R., 1989,
avoidance and ranging sensors for mobile

“Survey of collision

robots,” Robotics and Autonomous Systems,
Vol. 5, pp. 5~67.

(11) Abidi, M.A. AND Chandra, T., 1990, “Pose
estimation for camera calibration and landmark
tracking,” IEEE, pp. 420 ; 423.

(12) Teraya, K. 1989, “Determination of the posi-
tion of a freely moving robot vehicle by means of
sensing a mark patten,” IEEE/RS]J International
Workshop on intelligent robots and systems '89,
Sep. 4~6, pp. 220~223.

(13) Faugueras and O.D. and Toscani, G., 1989,
“The calibration problem for stereoscopic
vision,” NATO ASI Series, Vol. F52, PP. 196
~207.

(14) Abidi, M.A. and Chandra, T. 1990, “Pose
estimation for camera calibration and landmark
tracking,” IEEE Int. Conf. on Robotics and
Automation, pp. 420~426.

(15) Drake, K.C. Mcvey, E.S. and Inigo, R.M. 1985,
“Sensing errpr for mobile robot using line navi-
gation,” IEEE Trans. PAMI-7(4), pp. 486~ 488.

(16) Fu, K.S. Gonzalez, R.C. and Lee, C.S.G., 1987,
“Robotics : Control, Sensing, Vision, and Intelli-
gence,” McGRAW-HILL Book Company, pp. 12
~51.

(17) Roger Y. Tsai, 1987, “A versatile camera
calibration technique for high-accuracy 3d ma-
chine vision metrology using off-shelf TV camer-
as and lenses,” IEEE of robotics and automation,
Vol. RA-3, No. 4, August, pp. 326~329.

(18) Rosen, C.A. and Gleason, G.]J. 1983, “Evaluat-
ing Vision System Performance,” Robot
Vision(edt. A. Pugh), pp. 97~103.

(19) Ballard, D.H. 1982, “Generalizing the Hough
Transform to Detect Arbitrary Shapes,” IEEE
PR-15, pp. 111~122.

(20) Samet, H., 1990, “Region Representation:
Quadtress From Boundary Codes,” Comm ACM,
23, pp. 163~170.



