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A Study on Seam Tracking for Robotic Arc Welding
Using Snapshot Visual Data

Enuyeob Kim* and Kwangsoo Kim**

Abstract

A new approach to seam tracking for robotic arc welding is proposed. In this approach, the
weld model is a-snapshot image and the acquired image is analyzed and compared to the welding
database which contains CAD data, weld positions, weld papameters, etc. This paper presents a
fast and robust algorithm for the Hough Transform. This modified Hough Transform(MHT)
algorithm uses the least-squares regression anaysis method in order to approximate the edge
lines more precisely, and leads to a significant reduction in both computation and storage. In

comparison with the conventional seam tracking methods, this new approach has the advantages

of low cost, continuous welding, and various type welding.
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(specific structural relationship)s] #3-e] =
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olg|®le] Eald(gray level discontinuity)e] %
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HAEATE ) =" o]v)z] (digital image)
Jd <lv e AEL S8 A gy
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d=x% cosff +y sin &

d=xicos @+wsin f

(xly }"1)
d (XZ' Yz) .
g d=1x; cos & +y; sin &
AN X T ¢
{a} x-y epace {b) d-8 space

[22 2] Normal Parameterol] 215t 5l= Hat

o] 7% AL A2 53] Az (algebraic
distance) de} 2% 42 F3El] H(2-1)7 2
o] 5|3z #-d-27kel| 4= sinuscidal curvert ®ek

d=x cosff+v sind, << -oooeemeener (2-13
ol2| ¥ Helulel 5 AHgR F4dAl2 89 HeE
03} 1 Ale)olja] FAALFIH 2 41e] normal para-
metery= U317 Ao} Hel, olejdt Aef =
A x-y HS BE A 40 §-dF
A & 2 f9g Aol =k nAle # {(xy)
(Xey2), = (Xa¥n) )0l QL8 ® o] 5-E Ad= 3

A7g FEEm, 2478 A (xy)E §-dT7edA

Al(2-1)2 #8952 sinusoidal curve® W &3l
t}. old] $o A44de| AH(colinear image po-
mts)el siFse AdEs 354 2P (6,d)e] &
Asp F-dFelA oleld HEL x-yHHA A
U 24¢ A= Y-S (colinear point) 2 #
Aaez AHojdc) webd FUg A4 Hs
S AEdhe Al G-d¥FTN ABo| wHE
b= A2 7 2be] Hr). oj2ld point-to-curve
wgo] Ade g ge] fokd F o2]13]
[13].

propertyl | x-y#wol 4 &

§-dF 2ol A
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property2 | §-d3- 7l A P& x-yHHd 4 7
el

property3 ! x~y3Hell A FUAZ H 9]0 ol
HEL F-d-F7 el 4] common point
£ 5323 sinusoidal curvegel
# et}

propertyd [ f-dF7bel 2] FYF curvedel ¥
9l HEE x-yHedl4 common
pointE F3shes HAT AFE
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2.3 7R H ¥ = F(Modified
Hough Transform)

HEwde 72U E o] sl x-yRuiAd]
Y ZE HEL o) 3= 4-d37e AH
=& w49 (mapping)A1Z 7} i, ojdf 4-dF
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of A= HES 2A4d4e] ek x-yHe] gls)2)
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Sl #H45 713 7 groE vy 43
gt

F, (xy)dl Adsl= (0d)s H493 gy
A FalRe, (4d)el P accumulator
celldl count=5 FHA|zlc}, A2 234 accumu-
lator®] 7 cell2 o] cell®] (4d)ZE 71F|= 3
Adl Fal 39 ¥4 countprt 71 EE 3L o
H F3 cell(@,d) o] 57} keldd %3] k|9
e (4,3)a parameters
zation error<iol 4 X)ulA) S}, ol ¥ wkalo g
x-y¥YHe =E HE
array-g &AM 2 countTE ZHE celle
olm|x]F AL A F-Fold, AL 4

(2-1)% ol §3t] 78 & 3k, o)7o] x-y

= A& quanti-

A2]8lx.  accumulator

de & g (6d) F2 vl3g A7, (4d)
F2NA vigE A ANSe RE 7L 7y
7, AAAE YAEhe AdRa ohds) e
(noise) £ 2 QI3 A%t HEE AHE Y4 &
ok = o)z AL dulFo)m, Ads
x-yHHR] HEe] 4 2508 2715 Hel
Apgo] Ao Erpsaicl

7122 ST el F ) 24 4hEs)
71 f8A 60 9 d9} L eRE Fojol A F
+ &7 (division number)K, L& 27121# o} &}
=}, o]ZAS A 4] &(computing cost)2] Z7}2
Z3te] ZHE 9] A7} A (real time contral)
dl= 2 8317] o2l el ook A4k wigs] 7
425 93 2 =FdA AR 49 szag
(Modified Hough Transform)& 237443 o=
Ax 2 sl & AL g5} accumulator
array®| I|4E2RE PHtc) AAAL st
= e gi= HAso AYS accumulators]
A 74 counttrt thE RET) ¥4 yonw
k18] B4 S Fite] g4 siode] dol. o) F
A sterd HEo AYDE oAl 2Aarsled regre-
ssiong TR sbH FEHI zid4e] Aike] Ho}
& FYATE Folx #HEex ¥HE quant
zatione} ¥ celld] &3 x-ydAde] A& 2§
& regression analysisg E3lo] Aag 2d4] e

Azdhe AL 2 dueEL oga 2o

r

Modified Hough Transform Algorithm

1) 2D accumulation
for (XY
for(8=0, x by 48)
for(d=-~L, L by L)
d ! =X cos#+ Y1 sind
end
end
end
2) peak calculationslt 2|% d, 4343
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3) d, gl dgE]= (X,Y,)2] grouping
4) grouping® (Xi, Yide] i8] regressiong
3 ZEY A4 AF

g accumulator cell®) ¥4 countes FHA
& A sk FEolld HA(peak)E o]F=Hl, ]
# 38 FERHF= 24 3 (threshold value)F
DA sz} A7 Aok w3 A9 ol
7b @& A fagke] Fopx HAZE| ==
A7} A g}, o| AL A o]n|R|Y AAIAE

Afe] BAZ ol $ARE Shobsts Ao A
Faldlo] Hejolgit), ojelzte]l e A& A
RE AAAE Aoz 37 A dreEl
23 2, -

Adaptive Peak Detection Algorithm

no-edge . =0

min . =aliowed minimum point no. on

shortest edge
max . =global Max(accumulator)
while max>>min do
for each pixel(x,y) on edge with max
decrement accumulator cells aleng loci(x,
¥)
end
max . =global Max{accumulator)
no-edge . =no-edge+1

end
2.4 ZAA ARk

gz 9 CAD database®] v|3-& & o}r]
Ao 548 27 AANE Ty o) FA
el HEEF Bojo} ). o|HL tiRY mape]
7} o7 (edge)E FASHe AASe] mAE T3
9 g}, o] A4do] k= 24 Cramerd] ¥
33 o] s Y9 WA APow FI 7
g 2= otk F 7|9 o]x) (edge) J, k7t (8,d),

(6.d) o 2] T2 24 (X, Y)L

_D D
Xi_ D Yi"‘ D

o} Zo] FEAR, 97]4 D, D, D= o
.

cosf, sinf;
b=

sinf, sind,

cosf, sind; cosf, sinf,
DL: D2=

Sin& Sinﬁk Sinﬁk Sinﬁk

olgA F&d AP AH2NE FHK A
A segment, Zt segmentZe], A segment
Ze] (perimeter) 52| Al4le] 71z}

2.5 A4

4o g Buled A2 $PPA &3
23 ARE FE3l7] HsllM= CAD dloletye]
2% oz ol dFshe NE odojof Bk F F
A dolelr} AAH ] sl CAD siolepu|
o]} HSH o)Al odia} A7l Aol e
%l o), ¢]2 =) A (matching)ela} glc}. o= el
L 2Has 713 S0 e st olv &
el 29 F =9 Zdjo] & (template) 2} Bl g}
743 2o oA E Agile AR o]F 43 v
¥ (template matching)e]=} Fet[9]. ol B ]2
£42 79 CCD7MIER #a1F P42 22
o33 e BA4s et ol2F Hule HrieA
e dutdezn @ A4 AoiES] 5 © 7 A
alEe] Zeo]l @ Al AaES] ZHe| @ HAY
= o ulmsle] Y= AL AAskd CAD do]
ehulo] 2% el SA7} Het

3. ZRE SEAo]

3.1 &% Al¥® (motion planning)
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HAH dlo|ets o84t olz gl R Y e S o ¥} A7 89

ZRE XA 7]2HQ FAll= vE] Al 2
= TR A5l 25 AYslkm olHY &5
+ o) F7) fld Hay WL SPSER 30
EE Aojshs Aojrl. 2ueEo] qlre)de] (end-
effector)7t &= A4 (trajectory) L oelrls
= FH 4 (joint angle)-2 Aalsle == AL 7
& A& (trajectory planning)elalsl= 9], o]&
HelA= 7] 7E4 )4 (kinematic analysis)e]
Yot YT F JHTT} Fo)h L o <l
Zo| B $iA e} s A Alste zlo) ¢wlg
7|9 {forward kinematics)oln, g2 dlzo]
Hel2] $]R) ¢} Wale] FolAL o o)o dligeie
FHAEE  A4bsle Ao A7) Fs(inverse
kineme-ticsyo) o} 47[6].

G773 £Ae 238H= (closed form solu-
tion) 2] #§ Fole 4PHL Denavit-Hartenberg
9] 2z} W34 (homogenous transformation
matrix) & o] gdh= dl, o] FHL i—1HA HF
(hnk) s} iAA P3E AP 7= FE24 H4
3w EHeled A BvE AR Ty ofg
9 g5 7l

cosf, -sinf cose; s, sing;,  a; cosd;

| sind  cosdcose;  -cosf, sina, & sind,
A= 0 sing; cos &; d;
0 0 0 1

.............................................. (3-1)

o]7]4] 4 ;i th joint variable
d, : i th joint offset
a - 1 th link length
@ ! 1th link twist angle
A7) 69 ZHES) Agel 7IRFEN et
EEPEERERER T
Te= A, Ag As Ay Ag Ag -eeereerrerensen-(3-2)
2 vebd = ook g7]73 FAlle A 3-2)4
To7t o138 o) 823 FP2HF i=1,6)%
Tihe ALE, Teok (3-2)2] 8% 3o A4z
S dAAA 12749 WAL we Ay

g T FAE AZe| o) o2t 1279
AAEE A dA 2 4 Pda4r) 98
5 P ATFL F3ie] 24 e s T
gir}. 0|9} 22 #| g F3lo] 8719 H7} FaA
= Hl, ol 2L AR =gsr] A% F4 44
At g7 8707 He Ao oju FH Al
EZHE] E2)F A e AS dsid gl
= o 717 &7k go{8]12].

3.2 A4 &A1
(straight line motion)

Aeod e 7} AR TR A2 F
Ay A ow £Fehe A7) ol Baldc) of
£ £9, 1€ #oI¥¢+x 24 (insertion a pin), A
el A2 E Falsh= F=F(tracking conveyor
belt), 44 2HESZ) 44 $3 Foir}. o|gzt
o] 55 Adsh= ojfi, AA YdP2=
B dE g A2s] 42, B AR £
A W g4 dZ sk FRolv, AA Paulzt
Talyor7t A HYZo] AU 5L she FUY &
A9l& vl Ee]eie} ArdiadE ) Fugls &
Aol g3 FARE FHA4A]7)7] wFolo)
[14].

ol e}zke] AAEH-L B o]Ho] QlA|ut o]z F
AL o]%7) AHME ol o] Azl 4
ol= F3¢ #AATE T3 E(joint space descrip-
tion) Alele] HHBIE 2|7t HEA ] 24 2%
o] A ¢erhs Zelrh 19794
Bound Deviation Method2} Ee]$-= w4 A
Algtgon ol dEdHe]zl FaE uel o)g
A kg glex ¢ $E2¥ intermediate
point& BIIels wle g <walge o) 7
ch,

Stepl) Calculate

Talyor=

J. and J.,
corresponding to starting point § and

joint  variable

ending poing E.
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Step2) Calculate joint coordinate midpoint, J,=
J+1/2(J.-J), and use J. to calculate
M(M is joint space motion path)

Step3) Calculate midpoint X of Cartesian
straight line motion path
P.=P.+1/2(P.-P.)

R.=R, ROT(r, #/2)

Stepd) Calculate deviation between M and X
8= | Pa-Py |
8= | anglepartof R,™'R,, |

Stepd) If &,<d&,", 8,<8™" then proceed to

Step6 Else make midpiont X as end
point E, and apply Step 1-5 for
segment SE(SX)

Step6) Interpolated knot point 1s cbtained.

In remaining segment, repeat Step 1-6

in order tc find ancther interpolation

knot point until all interpolation knot

points are found for whole segment SE,

4. e 29 3 24

B Aol o] 83 A A9l [(293]5
o] TAEHM AR A

#* CCD camera----+++r- PULNIX TM-545
resolution 512 %512,
8bit plane

* Image processor------ Imaging Tech. Series
150/151

s§or

Image proce-
* program library--«--- . ITEX 151 image proce-
ssing function

< AMgsiglen] IBMPColH CdelE Algsil

*

raw image

CCD

camersa Image

- processor

standard

IBM-PC | ouput

image

[J&3] HFEHIAE Al2- 2=

Y Eselal BlAE o[n|A 9 AA=ZAE P
AA zZ7)e} elnjAle] =79 BlE F EAAT
(calibration factor}E Falok 3o} oju] B A7
(calibration piece) 24 = olnl =75 43 9}
= AbEe AlRS o) ia EAAS: A T
szlch AA BA7| T4 o|n|AF & 53t raster
scanningoll ¢8 72 shie] $F Ao|H o|n)A]

o] WA AR} ol BAr|Fe A WA Ar
2 oju] akw glovwz WAASL COfs &3t 2
o] s zlct.
Cf= JAp/Ar (pixel permm)-+«+---- (4-1)
ojg}zte] RAA 7l Ao HIH, o] FE=
Fhellete] A RA ] flelx Fiele} el &4 3kt
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27 o)A pixeld AR CfE o143 Alskd [29d]e} 2en, o]F EE Sobel <

A Aske) 7FsEhch AAE H4aled FALNE F£3 At [275]
CCD camerag §3led G537 o]nj2| & FAA¢ ojc}.

A Grey-Level

0 30 106 150 200 250

[2R4] sl~=a- B4
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el AR

firid R B R

§¢=10, §,=10 7142 ZF BA4E K=
20, L=502%2 3lg< 75 [2d5]9 ¢lni|«]
sl 7]E8 s=Ege Hgsle] accumulator
array§ #4358 [ 23 6(2)]9} Zo] peakr} o7
A vew o]F fE &7t EAG) ulE B2 3t
& & o 7 At #AT & countTE 7}
A 4o} o RAEL P AL Y dAAE
ok Zlo| Brtwslch meky o2y FAH-S =
Fali AGLE oX5E Fe 71He] Hagh),

¢]+= adaptive peak detection algorithm£ =&
ste] HAY = oot DA peak #HF g
e ZAE Atz oA ddsks del 24
FAE countE accumulator arrayel 4] 7t4 4]
719, o] Axk= [2d6bHeF Rt olzid #
A& FFol s [Tge(c) (d]eF Zel Hx HE
Aoz [2% 6Gle]e} 2ol 3 countyrt vl
2] AsE g ol3lr} Hlo olv)A|F: AAA S o] F
€ ANATE A5 E A4S & 5 9

(a) edoeno=0
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edoe no = 2

(©)

edga no = 4
(e)

[aRl6] Accumulator Array Used in the Experiment
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(2”715 [a98)e 7lEs szgs, 39

Hzd#e A4 A H), AZke A9 2o

e Wold B A7t e & 4 Aok

[387] 7|=2 s|zHEE X s dn

h o (238.99)
(111.76, 324,73) ( 342.25, 386.96)

edaa 2 length @ (198.26)
(342.25, 386.96) ( 383.34, 193.48)

edge 3 lergth : (236.79)
,» 193.48) ¢ 159.35, 123,38)

edge 4 lenath © (206.91)
{159.36, 123.36» ( 111.76, 324.73)

[2®8] +HE 5|=HEe XEF
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SHAS 2 segment Tt ZRE 2HL AM [ 439]d) Biuls} o] FAoR MM
+522 74| 59 CAD databasecr &% ZHe] =9 Bound Deviation Method & -3}
HE= 2t segment?] AP £ sigelct. m oz 2o o),

Alzge] (50,0001 Aol (30,00)% AL

(b) Bound DeviaionZd 3}

[a89] Bound Deviation &}
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(2] Anand, S, Raman, 5., Wysk, R.A,
“Vision Assisted NC Milling Path Generation”,

5. 4%

2 Al A 44 £ yoR | ¢
o] ARELT sl £3HAE ul=) dS3 o= o]
Ag dof Helshs AR (preview )7 g & 7)
Asted 8225 ghHel Bofsled sz E A
AF 44 R} Fo} 9l CAD databases} u)
o, WAAA 2o $HARE 53 A2E
g AAsldch =g Ag FARE F53
7] s e gt 24Ade] Hagid) o] A4t
ol s Zaige] o] =% glx|ut A4 ko] o)
2% AL A 72 Y A
£ 3 71£9 HZdgs M43 AL sz
FH(MHT)9 dae)5-2 Adslsich

B oA AAgE wge] gL £48 899
3= ¥A7E CAD dlejefie] el &332 o
ol ejAuk =d 44 A EAHR F 44
#¥ut ohz} 718} 244 B (travel speed, wire
feedrate, voltage, etc,) & S£&0] 758t} w§
AA 2 Y4 dAs T2 FALAE o457
o Eel A2 Y45 frIH R A, sk
7Ibe] B 4 glek Y A (MHT)E A
S5 A7 7| £0] HEdd ulE Al 7R A
2] zxgkAE Q&g 2] 4o] 4HEo] Hg e, of=
A&7 v AL ozt B} o E A7 3
|HARE P53 39E 712t
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