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Precise Assembly Task Using Sensor Fusion Technology

°J.K. Lee*. B.H. Lee*
*Department of Control & Instrumentation Engineering,
Seoul National University

ABSTRACT

We use three sensors such as a vision sensor, a proximity
sensor, and a force/torque sensor fused by fuzzy logic in a
peg-in-hole task. The vision and proximity sensors are
usually used for gross motion control and the information
The

force/torque sensor is used for fine motion control and the

is used here to position the peg around the hole.

information is used to insert the peg into the hole precisely.
Throughout the task, the information of all the three
sensors is fused by a fuzzy logic controller. Some

simulation results are also presented for verification.

1. A
252t Holol ago] 2RES FHEHUA gibdol 2
o]folx Yt} 7i&e BRE AP cfrf chezty
olAv} 2ztell odsf AP iRt FAol: Aejo] i E S
24218 ek el o2t Al %ol WAL &
HE] FaeAst FHol ule} U3t AxE 2A Bite
Z9ot @At ol EAle 2RETL Y] A
HEH 4 Sle AeE AUA go2d NEFY =+ Qc) =
HE7L AFUFE AN o] § Aolol o] 8315} ML
A A 2-E o] &3 Zlo] Wt

Ae AEAMe vARANZ e 4 ded A
Molli= Y/E3 MM, touchdAd Fol | & Mo
rieldA, 2384, udAM ol glch olatt Mg
A3t A3t Ffele W WAL ek olgt A2 v
A2 BAE FHSE PYPo2e S FFY WAE o
A AE3AL M2 o2 FR/ AME At el A

=
L

g yol

L

ol =

AL

th Ae7ial AN EFEle] dolel& §Ushe AMFA Y

Bol wol d375o] fed gzt 22 WiEel Ak 1]
D 7t38ay

2) #qt 9
. 3) wojx]d &4 (Bayesian Estimation)

4) c}¥ wolx|d (Multi-Bayesian)

5) B4 HA ol & (Statistical Decision Theory)

6) ArH-AAE] F2 A& (Shafer-Dempster Evidential

Reasoning)

7) H= =g

8 BY A& 713 4% 723 (Production rules with

Confidence Factors)

flot B2 HES oy 82U Yol slxdn e
o HEAA Yo ot MAFAL ¥y UEY BAY
& Yololstn gl FF, £ & Yolo} #l= oy go}
ok A4 U olgMAM zAde] LY FLE wedy
AMPFlynn{2]& &4 AMet Aejd Mg ojgEREY Z
Yol Yoyt FEARZE Yalsh=d 2483, John M.
Richardson[3]5-& MAH{UY 714 Aryat olgel A
° 7goll slM vEYN FIPPRE FYUNE oF 2A
tl. M.AABIDI[4]52 SAXBAA(Fluid interchange
system)} REI A A (Module interchange system)e c}
A dolel g Alg8ith SHLeel5] & M3 2L 0|8
A U/E2 AN Yol M HyUANdg dF
et

Adzde RRESY 233y & b3 ciEQ gl
shuleldl, TATSUO GOTO[6ls2 R4y 7IA2zE 712
ZEHE YANME AYHOE o]fsted YUY e
s %ct DANIEL E. Whitney[7]e viu&aloleie] o §
ZH(Fine Motion)oll & == Aol F 312 ojoj 2ls] Alglzt
48 4%8rl. Tomas Lozano-Perez[8]%2 configuration
space?] 71dz} {AHPre-image)?] 7I¥& =Y BERE
o] E2te] 21584 (Automatic synthesis)&H7%ch S. N.
Gottschlich[9]52 F A HIol oy FUzYalgy
48y, Wolfgang Seyfferth(10152 2 zde 1% 59!
Y 2dg HANcL olfle]l HMA|olEF ol &y 2Yyds

— 287 —



- @2=gThiil-12]
of ERolE HARE ofs) ulBAA, 2HAN, 22|
2 Y/Eea AAe FRE FUD ol AUl $F
Sl g HolslE Yk MIAMAMS TAMNL Mg &o|
Aol HATME AU S, Fol Tt E WEeaN
of B oMY AU SUYCh o H AWM A
Aol ANE HARE] oltha $URCE

2. AY Al2H"
2.1 A Ao} Aasy 34

I3 212 AYdadE A Alagdel F4& Jehdch
o714 Atgshe AME wAAY, 248, Y/ELANME
olch ¥ AMME CCD 7injelgd AHg3ta me] ofefyparo
B3l o ulF Mo 2yt BN Mol J17] Fo A4S
Y3 threshold) & ol-83l 23k Hojm, ol2¥y X
H3g FHch THAME ZRE £ o 2318 A2 ¥r)
THAAME FRE A2 FHo] o] AertE AAsHE A
oltl. W/ELIAMNE BERE £8of Fa3li=d o] MM
BEE Ho] E F&3 Ug u] YPst= BHE Yuolr)
M2 o] A2 ooty ARER HE g w WA= 2
22h} 22| delo] M(orientation) @AM 2l 3tA] Qtct B2
iEt z é PO dEY Yg NtAM xH, y& WY
th wield, 2% Yoz ¢ Aolg dn x&, y
120l & Rt el AgEHE M 4%
ol A (chamfer)7t gich z& Wael ol
7 o Mol Fof oI A& enjsjlnz

o o M K
* O
Sq ot me
o X
lor~
Ho 1l

oo W
Mo g
2%
1

fv-u:‘ml'lr

i)
2

f/t sensor

/ CCD camera
&)

a2¥ 21 Aa= 34

2RERTEA ot & aAEALde] AL ¢ drin
7}k o] slef th& A2 J1EE WUrh
- 2RE &3 e shte] FM(rigid body)olch
- Mo wazt addie fAt Feelch
- 8 2P 2ge) AR Yejojct

2.2 NAAR 3y
2.2.1 ®AEAAN

WA, ado] A#Md(grey-scale)?l G I' & EHIL
(threshold)-& o] &3lof o] g 4}(binary image) o & H¥YCH
[13] olgA HHR ol gddo] el BHYUS f(x y+= ¥

Aol slgsts Aol cisidE 02 Zt& 71X Exof thalA
19 e ZHdch Aklagdeld B d4g dolgeld
ol st $2 SHUSEU] 1o HEF BYYL B
Lig= 3 '

ojalyd FAlY MNE BYEe ¥ AL W= e
mae] ZAl(center of area)d ol-g3cl WA FMH
(x, )& A4stsl s1siA o sleldd 2| AN A9t
2 BHE M., My & ofzie} o] A% theh14)(15)

= J'J"’ﬂx' ) dxdy @D
= [, %% 9 axay 22
My = JI, x, ) dxdy 23

WA Fael HE x yik vkt ol Fojzlch
x=M./A @24
y=M/A 25

N x N 378 olzlgdate] ¢ cigs} go| AA 4o

X E 7Y 4 olrh

- N N N N

x= X Zxxy/ X X fixy (26)
x=1l y=1 x=1 y=1

§=XZ>ﬂx,y)/Z ):ﬂxy) @270
x=1 y=1 x=1 y=l

28] ZAZEE o] gslo] RES o|Fuske the]
El(unit vector) Us = (Us, us)E FYCL

v RIS
238)
Usy = TS
2.2.2 234X
A2 AYAAME W] ol &tict [16] [17] (18]
g &t &R W 2& 3

2 K

Ag WLotgole $RTE olFolA olch 4342 A
i Aol gof wARch sty
= a”“/l 2 Aelof tHQ AYAHA A2 A= 2¥ 22
21 zcl Azt E A Z1golA olg whe] MM g1
= 33 22 uehiglch uwlepd, EXe] EddYE U
Ax2ieie] Ae2leh B 712010 A=E dobd £
ok 23 232 7184 38U vehdch W(beam)dl &
< A2 ol Al dA=el A, tiet TS A Tt

A& gl

u

2 rlo

=
=
e

=

e

flo rle

L3

— 288 —



- - HES Y Hol i a FEurE cf¥H 22 78]
A g},
. . .
object emitter
,“/ ’euniller D 0

receiver

[y~ receiver

o

z -

object

- -

intensity

intensity

-80 90
a (degrees)

2% 22 Aeuadel SYRA

N 2'\5

deteclion area

. 2y 2.3 71EAel &4y

a3y 2.4 Mo gebef o e A

det abs WM B4R HAAY oF Eold 7} A a
7t Atod, A FUEE dolAn W HHE &3P Uch

PN E AE FHSEd ASEre AW we
#e Exe £58 unisied AMSHTE o] Zf MM 2
g2 e olgA oj2glo g dojHrh

AMyEe] & Zxsh= Wi 2 g e &
otk a)F 7l AAM7 2% & At Ff, b 1
o] Zxlshe A¢, o)A 29te] AAsH= -9, dF A A
A7t 2% &g A=Al B3te Ffolch 7o Feof o
A dysis Wee oig} Poh (Y 24)

a)e] #¢ ur

= (0, a) 29
ne B¢ = (b (2.10)
ol A% we = (-b, @)
&8l 2% wr = (0,0 (2.12)

o] MelEe] VAMHE uw = (uw uw)el Bl

223 Q/EeaNN

f/Eea MAE W Ao Heoiglel 449 A2 Ao)
Z|(strain gauge)q ol & Trl 442 22 Aojxe ¥
EAo thald ¢RYetolme A A ¢ 2 A e =
e gEe Ay WS ustAU =M g 4 ch
ol M7t ¢l Fel AN s Reo]ld  ¥H(sensor
calibaration matrix)& JELEH o] Folci[13]

0y 25 ¥z o FHo| BHog offo]U Bl
t} olul YW/ELR AM HEAY Filo] UE Y2t RHEE
&z Yrh

Fi= 0
Fy=0
F.= [ PaA

(213)
.= | Py da

Ty = IA P-x dA

T:=0

o714 P &= A&dol sisixlE ddo| BE HolM ¢
Asjcia 7P Ych dA & H&HY] njAB Aot

Azge] MESo|S(centroid: TS ol AAH
ch[14]

LXdA 2.14)
Xe = -
- ——J-———A ”

Ye 219

T e

hole

— 289 —



Wzt gol Aol WAL olFox ok Al AA
292 yaue) WEeo=d ¥ F = P [ da ol 73

% ule] &9z FYsich
$l2] RRIE YHE o] g3l BHES] ojFUYY Uy

E‘ Il_m’ = (Um Umy)g' ‘?‘QC}

(2.16)

2.3 Aol U AMPRE §Y

713 HAA Ve Mx| i, 2ExiA, vyt
AZ o]Fold 3 T Way FAvols, doleuola
& 7Hdch 2 2AE ohgat 2 en)lg Adch

D HAH DA AMEREY Y EF YU WUlcrisp

set) 0|22 o|§ #x|Ygto= wiEch

2) 8 A : HA 33 Ayl 23t HAFBE ¢

t}.

3) viE| g @A  HAAYoE FolF FAE HEYY

o} #9og npgch

4) 3 wlolk WA FZo| Way ANES APYUc)

5) diolg} slol4 7 #HxAAYY] L&4UYSFEL AYY

c}.

2. 3. 1 =] 2HFuzzification)

HA e §AY g¥ TN A YPezel Ayt
(mapping) &2 Fe¥ch w]HMA L HFH(3), THMNMYA
B(D, ¥/ELAMNML B¥(m) £ MAd$o|n clez} 2
o] B}

s xS

gixi (2.17)
mx m

3 a

4714 s, i, m & FAH Yol X, g,, g, B B AAL
& HAYYeR HHse A5 8 A(scale factor)Eojrl.

Z HApdge] oy HAAYS F lo] VR AR, &
Sy 2ok 13 260 vt et

TS (AR T AR M(EHEAY)
S1 : Very Small ON M1 : Very Small
S2 ! Small OFF M2 : Small
S3 @ Medium Small M3 : Medium Small
S4 ! Medium M4 : Medium
S5 : Medium Large M5 : Medium Large
S6 : Large MS6 : Large
S7 : Very Large M7 : Very Large
® 1 HAEy

ml m2m3 mdms mé m7 s1 $2 s3 s4 s5 s6 s7

a) moment b) area
on
3 intensity
c) on-off

a7l 2.6 A&YS

2.3.2 3 #ojse] 343 FEPY
duyez FAFL b Yol FAA Arh

Rk : IF “s is Sk and “m is Mx and "ii is ON and
“iz is ON
THEN “y is Yx

Rwi : IF “s is Sk and “m is Mya and 7§y is ON and
“iz is OFF
THEN 7y is Y

Rz : IF s is Swe2 and “m is M2 and "i1 is OFF and
~jz is ON
THEN ~y is Yke2

R : IF s is S and “m is M and 71 is OFF and
“iz is OFF
THEN 7y is Yk

22 AA A 2174 2siM ®EEY ZHpormalized
value) 2.8 AXNE R, 213 262 243448 Aiiic) o2
€ Max-Min Wol 213} &9 #HAAY Y & AR ¥l

2.3.3 wixYy
29 sAygesYe U5 £9g Qech o ¥
AZadel 23lA o} Folurk

é% ur(5®)y®

y = - (2.18)
"g ny(y®)
o] 232 ctgat o AgHch,
o= ((1-y)Us + U+ yum)
(2.19)

-,

U= (1-yD) gu—H—
a1

A7H, g & AAYY 840lth yE 2 AAIE o
A 7FFA R zhgeir) yghe 7ol Ooff 7ivte AU 7}

— 290 —



N

132, Adglo] ojFoixm A 1o ZizieiZch 1Y BE, 2706
£ oulAAA e 2N AR 71328 o F3 abele]
Agol utel /20N NFHE ZA Qb

T Wol WY yurel welHEiol, 2ol uo|
g3o| 3 Alele] AYEHAM A gL

2.4 i3
Alag e ot e €42 o) FojUrh

D 279120 2REE ANAACh oi7lM, 27142
& datel stolete] Aol A ANWAATL & 9
of f2ste & Julgch

2) ANGEE YTl

3 AMUE 254U LAE FHA H

9 ASUSREH FYsol LR R HAFEE Urh,

5 AU FAE Fuch

6 NHAY g AN A5 FHE FUCL

T 2uEc JlFY ANFI Uk

8 z& B Yol AV RF)RTH 2 D& 1
#l3, 383 UHch Ao Aol o FAUEE nle
Bg adg Bdch

3. NEdeld B A

A gdold-e &4 WA gl 10mm olx, e uix|Fo]
99mme! Zeg rh HAHMMY BAL Fo] UAFA
1I0mme] 3, Mo x&Fo g 4e o] el 2ZmmE Xch 2RE
7 Mg 2L 82 15N 0|3, Aty 43 23wy o
o] 0dujeizie g Hcl 27X EF dWelsin] Ajgelo]dy
A2E 2% 313 3208 vehddch 1§ 312 271912071
ol 2FFHo) sl (-6, 2olx, 28 32& (-2, -6)A 3
Soltl WAo] FolEwA EHEI} AUE ¢ 4 Urh 7
ZSo] oisiM ARlAagle] 4= 10mWolct Aljle] 27)oe
A Aol ibgde] e mebd Aol ML ze}

Fich

4. A

rhu

vl AdA o 2HNAE A 2700 300 AYs
tUrke RAg o 4 ek AAdY 20lde €/E2IMNY &
ol 7717} ztotq RUEF F}r)7t ok ujAMMe
R 2B gy olsi AdAle] Feof Wy e o7
7t B&ch wield, SHNAE A wRAAMe] whHg
HYUch oz Wyl Yd& AEREd Fol ulAMA Y
SHAML R Eol Aet Mol HdIYs o ¢ Ad
th eos HAyadz el ofd, Agze] Hate Afs

HEY 4 AES FAL YU o] ol o &
o, Mo} Fol 7|7} HUCtER T Yye] Ho] opd
olelzixl cizidol chsiy AAZ 44Y 5 U=F riy
Y] Al delel 4ol FHed Hojxt.

X &8

M

{1} Renc. Luo and Michael G. Kay, "Multisensor Integration
and Fusion in Intelligent Systems”, SMC, Vol.19, No.5,
1988.

[2] A. M. Flynn, "Combining Sonar and Infrared Sensors
for Mobile Robot Navigation”, The Int. Journal of
Robotics Research, Vol.7, No.6, pp.5-14, December 1388,

[3] John M. Richardson and Kenneth A. Marsh “Fusion of
Multisensor Data”, The Int. Journal of Robotics Research,
Vol.7, No.6, pp.78-96, December 1988.

[4] M.A Abidi and R.C.Gonzalez, "The use of mult-sensor
data for robotic applications”, IEEE Trans. Robotics and
Automation, VOL. 6. NO 2, April 1990.

(5] o] 22, "4 Adelld M2 2o o ud ¢ Y/=
23A4q2] FA", Mgchta F& 4a} g =8, 1993,
[6] T.Goto, K.Takeyasu and T.Inoyama, "Control algorithm
for precision insert operation robots”, IEEE Trans.

Systems Man and Cybernet. 10 (1980) pp 19-25

[7} Daniel .E.Whitney,"Force Feedback Control of
Manipulator Fine Motions”, Journal of Dynamic Systems,
Measurement, and Control, pp.91-97, June 1977.

{8] Tomas Lazano-Perez, Matthew T. Mason and Russel H.
Taylor, ”"Automatic Synthesis of Fine-Motion Strategies
for Robots”, The Int Journal of Robotics Research, Vol.3,
No.l, pp.3-24, Spring 1984,

[9] SN. Gottochlich and A.CKak, "A dynamic approach to
high precision parts mating”, IEEE Preceed. Robotics and
Automation, (1988), pp 1246-1253

{10] Wolfgang Seyfferth and Friedrich Pfiedrich Pieiffer,
JProc. of the 1992 IEEE/RS] Int. Conf. on Intelligent

Robots and Systems, pp.1303-1310, July 1992.

(11) Y. K. Park, H S. Cho and J. O. Park, "A Fast
Searching Method for Precision Parts Mating Based upon
Fuzzy Logic Approach”, Proc. of the 1992 IEEE/RS] Int.
Conf. on Intelligent Robots and Systems, pp.1319-1323,
July 1992,

{12] HB. Gurocak and A.de Sam Lazaro, "A fuzzy logic
approach for handling imprecise measurements in robotic
assembly”, IEEE Intl. Conf. Fuzzy Sets and Systems,
1992

(131 K. S. Fu, R C. Gonzalez and C. S. G. Lee,
"Introduction to Rohotics : Control, Sensing, Vision, and

— 291 —



Intelligence”, New York * McGraw-Hill 1987.

(4 2 48, "2Ys THE P.Ee3 AN % A&l
dx anelde AL, Agcddz Y M U =2
1987.

[15] Crandal et al, "An Introduction to the Mechanics of
Solids”, 2nd ed., 1987, pp.154-158.

(16] J. Y. Catros, A. Dore, B. Espian, M. parent, J. Y.
Yclon, ”"Automatic Grasping Using Infrared Sensors”,
Proc. 8th Int. Symp. Industrial Robots, May 1978.

(171 D. J. Balek and R. B. Kelley, "Using Gripper Mounted
Infrared Proximity Sensars for Robot Feedback Control”,
Proc. 1985 IEEE Conf. on Robotics and Automation, Mar
1985. -

(18] Edward Cheung and Viadimir J. Lumelsky, "Proximity
Sensing in Robot Manipulator Motion Planning : System
and Implementation Issues”, IEEE Trans. on Robotics and
Automation, Vol.5, No.6, December 1989.

mx (N mm)

nd
.
ad
-
-
~

a) x4 ¢4 RUE

120

my (N mm)
i&l

— 292 —

area (# pixel)
¥

step

c) AFYR

231 27193 (-6, 2)d wl2 A3

»

mx (N mm)

«d
-

42 9
a5 4

my (N mm)
s

step

area (# pixel)
.

7

step

c) PR

ad
-

2y 3.2 27914 (-2, -6)d =i Azt




