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F�¦®�ãj *� �'G;�Ê�~ Jê

fê'†

ÿ«;�&�v �-�Ê���"

Ö 608-711 ¦Ö� Î� Ï�ÿ 535®æ

�;C

��"�VFö Vê��"
Ö 305-701 &*� FW� �Wÿ 373-1®æ

(2002j 4ú 1¢ Ar, 2002j 6ú 10¢ >;� Ar)

F�¦®f �ã �ö æ;� B�~V r^ö �-j �Ï� ¶ÿ�ãöB �~ W�'� �ãj *�Bº ¦®æ; 5
ç&JN¢ Î"'b� G;� > ®º O»� jº~
. �ö � ¢^öBº �'bB¢ �Ï~� ç&JN 5 ¦®æ;j
G;� > ®º 3Nö G;�Ê�~ JêO»j Bn�
. �Ê�~ 7��Cj Û� 
B ·ë�*" �z¢ 'ç� Ò�~
Òç&ê¢ �C~�, �¢ Æ&� �Ê�~ JêO»j Bn�
. 6� �*B 
B �Ê�j �Ï� �ã
þj Û� Bn
B �Ê�~ FÎWj ¦Ã�
.
"BÚ : visual sensing system, flexible parts assembly, system design, mirror.

I. B �

�-j �Ï� �ã~ W�j *�Bº �ã¦®*~ ç&

JN �;� jº~
. ��� �ã^B �Öj *� ���

� � ÿn ��� ¦®(rigid part)j &çb� ôf ��[1-3]

& ��Ú^ zæò, F�¦®�ã(flexible parts assembly)ö

&�Bº ôf ��& ��Úææ p� ®
. F�¦®�ãö

&� ���� Merlet[4]º F�� ö;¿~ ã«·ëöB ¾

" æ; Ò�~ &ê¢ Fê~&�, Zheng[5] �f 1Nö æ;

�(beam)~ ã«·ëöB �ã*Ûj >ã~&
. Nakagaki[6]

�f 1Nö æ; F��~ ã«·ëöB ã«�~ ²�Î·

5 ¾ &ê¢ �C~&
.

F�¦®~ ãÖöº ¶7 6º �ã>Kö ~~� ¦®æ

;� B�~V r^ö ��� ¦®öB¾" ¾ bBö ~�

G;B �ã>Kb�¦V ç&JN¢ rjÚV& ÚJÞ ö

jî¢, ¦®¶Ú~ ;W� ·j ¾ ;�~ FÏWê >6 B


. V¢B F�¦®~ W�'� �ãj *�Bº ¦®æ; 5

ç&JN¢ Î"'b� G;� > ®º O»� jº��, �

º �' bBö ~� ��Ú î > ®
.

� ¢^öBº ç&JN 5 ¦®~ æ;;çj G;� >

®º 3Nö�' G;�Ê�~ JêO»j Bn~�, �Ê�~

7��Cj Û� 
B ·ë�*" �z¢ 'ç� Ò�~ Òç

&ê¢ �C�
. 6� �Ê�~ 
B �* 5 �ã
þj Û

� BnB �Ê�~ FÎWj ¦Ã�
.

II.  �'G;�Ê�

�â 1f BnB G;�Ê�[7,8]~ V����� �&~ �

z¢f vB~ ï��Þ, vB~ Ò'ú�Þ �Ò� ¦®j 2

æ~V *� ��� ��Ú^ ®º�, �&~ �z¢� 3Nö

*~ 5 ;çj G;~V *~� �â 1(b)f ?f öÒ� v

B~ �Þö j� 'çj ��~� ��¦V &çbÚ~ 3N

ö ;�¢ áj > ®ê� ~&
.

�G Ò'ú�Þ(outer pyramidal mirror)f Ò'ú&, ÚG

†E-mail: kjy@tmic.tit.ac.kr �â 1. �'G;�Ê�~ ��.
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Ò'ú�Þ(inner pyramidal mirror)f Ò'ú~ ;çj ~�

®º�, �â 1(a)ö ��ê ©¾" G; &çb~ ª~~ �

6öB ÂB� �f b& �G Ò'ú�Þ~ Ú¦ 4B�ö R

'>� ��¦V ÚG Ò'ú�Þ~ &w~º 4B�j �ö *

� Ë~² B
. �â 1(c)º �z¢ö R'B 'ç~ .��

Ò'ú�Þ~ 4B�ö &w~� 'ç�� 4ª� >Ú®rj r

> ®
. Ò'ú�Þ~ 4B�ö j� 'ç� ~¾~ �z¢ö

R'Nb��, Ö� 4&~ �z¢¢ ÒÏ� ©" ?f Î"¢

á� ®
. Ò'ú~ 4B�j Îv �Ï�b�� Ò'ú~ v

� òö ~�Bº ��æ pº >&Þö &� ;�ræ �Ï

� > ®ê� �b�� �ã� öï(occlusion)ö ~� ;�*

£j Oæ~º 
OË(multidirectional) G;Wj <� ®
.

III.  7��C

3.1. ~¾~ �Þö &� �C

BnB G;�Ê�öB 
B ¦®~ *~ 5 æ;;ç" �

z¢ö R'B 'çÒ�~ &ê ¯ 
B ·ë�*" bB�*

Ò�~ Òç(mapping)&ê¢ �~V *~� ÖF ~¾~ �Þ

ö &� 7��C[9]j >¯�
. �*ç~ �6 X i = (xj, yi,

zi, l)TöB OË zÒ� si = (li, mi, ni)T
� ÂB� �� »FÇV

& Ni+1= (Li+1, Mi+1, Ni+1)T� �Þ�ö ¦P®º *~ Xi+1=

(xi+1, yi+1, zi+1, l)T" >Ò>º �~ OË zÒ� Si+1= (li+1,

mi+1, ni+1)Tf 
r" ?f &ê¢ <º
.

(1)

(2)

(3)

(4)

�VB Pi+1f ²�ê { i}~ ö6öB (i+1)®� ²�ê� �

Þ�ræ~ >ç�Ò��, ρi+1f «Ò7F si~ (i+1)®� �Þ

ö >ç� Wªb�� ρi+1=SiÁNi+1b� "Úê
.

3.2. �Ê�~ R'&ê

� (1)öB � (4)¢ BnB �Ê�ö 'Ï~V *~� �â

2f ?� ²�ê¢ J;�
. �VB {K1a}, { K2a}º �G

Ò'ú�Þ 5 ÚG Ò'ú�Þ~ J� 7öB '' ��ö

��~º ²�ê��, {K3}, { K4}º v ï��Þ~ ²�ê,

�Ò� {C}º �z¢ 'ç�~ 7�ö .6j <º ²�ê�


. 6� {S}º 7�ê~ 7� Ocö ö6j <º bB ²�

ê��, {W}º G; &çbj VF~V *� ·ë�*~ ²

�ê�� �'ú�Þ~ 7�»" &çb� ¹�®º bÚï�

(object plane)~ v6öB ö6j <º
.

ÖF ·ë�*b�¦V Ò'ú�Þ~ ��j Û� bB�*

b� R'(projection)>º &êº 
r" ?� �� > ®
.

G; &çb~ ª~~ �6 X0öB Soa~ OËb� ÂB� �

� {K1a}, { K2a}, { K3}, { K4}~ JB~ �Þ�ö >ÒB

ê S4~ OËb� >Ú �z¢ 'ç�~ �6 X5ö R'B


� � r X5 5 S4¢ X0f Soa¢ �Ï~� V&²�ê {B}

ö &�B VF~� 
r" ?
.

(5)

(6)

�Þ Soaº 
r" ?f O»ö ~~� �� > ®
. 'ç�

ö R'>º �f G; &çb~ � 6öB ÂB~� 7�7

�(optical center)j Ë~� ¾j&æ� Ö� X0aöB ÂB~

� Oc¢ æ¾ê� ~º �~ OË� Soa& B
. ��� X0

öB ÂB� �f �� B~ �Þö ~� 7�& ä��B

Ocö ê�~² >æ� Soa¢ Ï�~² �~V *~� �â 3

ö ��ê ©¾" &ç~ 7�7�(virtual optical center)

f O'c, O"c, O"caj ;~�
.

ÖF v®� ï��Þö &� &ç~ 7�7� O'cf 7�

7� Ocf v®� ï��Þ~ ²�ê� {K4}~ ö6 O4, �

Xi 1+ Ri 1+ Xi=

si 1+ r i 1+ si=

Ri 1+

1
Li 1+ l i
ρi 1+

---------------–

Li 1+ mi

ρi 1+
------------------–

Li 1+ ni

ρi 1+
-----------------–

0

   

Mi 1+ l i
ρi 1+

-----------------–

1
Mi 1+ mi

ρi 1+
--------------------–

Mi 1+ ni

ρi 1+
------------------–

0

  

Ni 1+ l i
ρi 1+

----------------–

Ni 1+ mi

ρi 1+
-------------------–

1
Ni 1+ ni

ρi 1+
-----------------–

0

  

Pi 1+ l i
ρi 1+

----------------

Pi 1+ mi

ρi 1+
------------------

Pi 1+ ni

ρi 1+
-----------------

1

=

r i 1+

     1 2Li 1+
2

–    1 2Li 1+ Mi 1+–     2Li 1+ Ni 1+–

2Li 1+ Mi 1+–    1 2Mi 1+
2

–            2Mi 1+ Ni 1+–

2Li 1+ Ni 1    +– 2Mi 1+ Ni 1+–       1 2Ni 1+
2

– 
 
 
 
 
 

= X5 R5R4R3R2R1R0 R5 1, X5= =

S4 r4r3r2r1Soa r4 1, Soa= =

Õca

�â 2. G;�Ê�~ ²�ê.
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Ò� �Þö~ �* »FÇV N4¢ �Ï~� 
r" ?� á

Úê
.

(7)

?f O»b� ­ B~ �Þö &� >��b�� O"c, O"ca

�Ò� ö~º &ç~ 7�7� ¢ 
r" ?� �� >

®
.

(8)

(9)

(10)

�VB O3, O2a, O1aº '' �Þ ²�ê {K3}, { K2a}, { K1a}~

ö6��, N3, N2a, N1aº &w~º ''~ �Þö &� »F

ÇV�
. � (7)öB � (10)ræ~ &ê�¦V º ' �

Þ
~ *~f �*»FÇV, �Ò� 7�7� Oc~ �>ªj

r > ®º�, �r º 
r" ?� "Úê
.

(11)

3.3. �Ê�~ �R'&ê

bB�*b�¦V ·ë�*b�~ �R'(inversion)&êº

� (5)f (6)~ R'&ê¢ �æ~ �b�� �� > ®
. &çb

~ �6 X0ö &w~º 'ç�~ v &w6(corresponding point)

X5af X5b¢ r� �
ö &w~º �G Ò'ú�Þ *~ 6

X1a, X1bf �
�¦V X0¢ Ë~º OË S'oa, S'obj 
r�

b�¦V ��
. 

(12)

(13)

(14)

X1bf S'obê � (12)öB � (14)f ?f O»b� �� >

®
. X1a¢ æ¾� S'ob~ OËj <º çFj lo¢ ~�,

X1b¢ æ¾� S'ob~ OËj <º çFj lb¢ ~� X5b 5

X5bö &w~º &çb~ �6 X0º laf lb~ v6b� "Ú

ê
.

IV. �Ê� Jê

4.1. Jêæ>
G;�Ê�~ JêÏ'f G;�Ò(working distance)f G

;º*(field of view) �~ "Úê Ò·j ò�~º Jêæ>

(design parameters)¢ Ö;~º ©�
. Jê�öº 3N ö

��~ Î� Jêæ>¢ �J�¢ ~æò BnB �Ê�f &

� ���æ� �â 4f ?� 2Nö çöB &¦ª~ Jêæ

>& Ö;F > ®
. �Vö º&>Ú¢ ~º ©f �æ v

B~ ï��Þ" �G Ò'ú�Þ~ ��ö &� � B1, B2,

B3 ö�
.

G;�Ò wº �Ê�~ 7�7�(optical center) OcöB b

Úræ~ �Ò� ;~>�, �º �z¢�¦V~ «Ò' θ 5
Jêæ>
ö V¢ æz�
. V¢B v ï��Þ~ J~'ê

α1, α2¢ 45o� &;~� θ=0o¢ r¢ V&b� ~� G;�

Ò wo¢ ;~~� 
r" ?
.

(15)

�VöB 7�~ ^� º �G Ò'ú�Þ~ ãÒ'j α4¢

� r 
r" ?
.

O′c Oc 2 O4 Oc–( ) N4⋅( )N4+=

Õca

O″c Oc′ 2 O3 O′c–( ) N3⋅( )N3+=

O″ca Oc″ 2 O2a O″c–( ) N2a⋅( )N2a+=

Õca O″′ca 2 O1a O″′ca–( ) N1a⋅( )N1a+=

Õca

Soa Õca X0–( ) Õca X0–⁄=

X1a R5 2,
1– X5a R2

1– R3
1– R4

1– R5
1– X5a= =

S′oa r4 1,
1– S4a r1

1– r2
1– r3

1– r4
1– S′4a= =

S′4a X5a Oc–( ) X5a Oc–⁄=

wo d1 d2 d3 dr 1 dr2+ + + +=

�â 3. G;�Ê�~ &ç 7�7�.

�â 4. G;�Ê�~ Jêæ>.
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(16)

(17)

�VB hsº bÚï�(object plane)b�¦V �G Ò'ú�Þ

~ 7�ræ~ ¸��
. �Þ 
B &¦ª~ ¦®
f ¸�

¢ &æ� ®V r^ö ¦®~ Î� 6
� ?f ï�çö ®

æ p� V¢B bÚ& ¹�®º bÚï�f ÚÊ �;B ¸

�öB ;~F > ì
. ��¾ JêO»~ *�� VFj *

~� �;B ¸�¢ <º bÚï�ö &�B JêO»j VF

~�¶ ~º� �º ¸�æz¢ �J� Jê^BöBê £²

'ÏF > ®
. bÚï�� Ò'ú�Þ~ 7�ö ï¯� ©

b� &;~�, Ò'ú�Þ~ ��ö ~� " > ®º bÚï

�ç~ �&^�¢ G;º* Va¢ ~� �º 
r" ?� "

Úê
.

(18)

�VB θmf θ~ �&8�� αpº θ = 0o~ 7�� 7»" b

Úï�ö~ »F� ��º 'b�� α1, α25  ÚG Ò'ú�

Þ~ ãÒ' α3¢ Îv 45o� &;� r 
r" ?� B
.

(19)

G;�Ê�~ G;�Òf G;º*º G;�Ê�~ ÒÏ~

ã ¯ �ã~Jº &ç¦®~ �Vf �¢ 2æ� ��~ �

V, �Ò� G;�Ê�� ËOF �-~ �V, ËO�* �j

�J~� Ö;�¢ �
. V¢B � JêöBº G;�Ò, G

;º* 5 G;�Ê�~ J~¸� hsö &� .VÒ·j

wo=508 mm, Va=40 mm, hs=185 mm� Ö;~&
.

4.2 �z¢ 2®~ F;

bÚ�Ò(object distance), bÚ�V(object height), 'ç�~

�V(image height)& '' wo, Vp, r� ãÖö Vp& rö &

�® R'B
� ~� ­f 2®��(thin-lens formula)b�¦

V ç�Ò(image distance) bf 2®~ .6�Ò(focal length)

fº 
r" ?� ��ê
[9].

(20)

(21)

�VB Vpº �z¢~ 7»ö >ç� ï�ö ¹� bÚ~ �

V�æ� �â 5ö ��ê ©" ?f öÒ¢ �Ï~� G;º

* Vaf~ &ê¢ 
r" ?� �� > ®
.

(22)

�VB θmf Rç²¶~ �V r, �Ò� bf 
r" ?f &

ê¢ <º
.

(23)

�Þ �z¢~ ãÖ � JêöBº J~�* �~ ��j �

J~� 1/2�~ CCD �z¢¢ F;~&
. �Ò� � &;~

� � (19)öB � (23)ræ¢ �Ï~� .VÒ·j ò�~º

ff b¢ �� > ®º� � 8f b= 32.4 mm, f = 30.4 mm�

B
. V¢B �z¢~ 2®º êÖ8b�¦V &Ë '.� ç

Ï2®� f = 25 mm¢ F;~&
. V¢B f = 25 mmö &�

b 5 Va¢ 
� êÖ~� b = 26.3 mm, Va= 48.9 mm� B
.

4.3. �Þ~ Jê

G;�Ê�öB ÒÏB �Þ~ �Vº �â 5öB ¾æÚ�

� 7�7�b�¦V �Ò a ò¢ ÎÚ^B �z¢~ 7»ö

>ç~² ¹�®º ï� Pf ãÒ' α¢ &æ� VÞÚ^

®º ï� Pα Ò�~ &ê�¦V 
r" ?� �� > ®
.

(24)

(25)

(26)

(27)

�VB θmhf θmvº �z¢ 2®~ >ïOË" >çOË~

«Ò'��, L" Bº �Þ~ ^� 5 �ö &w�
.

4.3.1 ï��Þ~ Jê

�z¢~ 7�»" 
B ·ë�*ö ®º bÚ ²�ê~ ö

6 Ò�öº B� Þ�>Ú ®V r^ö ÿ»'çj áV *~

dr 1

Lol

2
------- d4 d3–( )cotα4–=

dr 2

d4 d3 hs+–

sin 2α4( )
----------------------------=

Va

wo θmtan

cosαp sinαp θmtan+
----------------------------------------------------=

αp 2α4 90o–=

b
rwo

Vp
---------=

f
rwo

Vp r+
--------------=

Vp=Va αp αp θmtansin+cos( )

θmtan = r
b
---

Lr=
a θmhtan

α α θmhtansin+cos
---------------------------------------------------

Ll=
a θmhtan

α α θmhtansin–cos
---------------------------------------------------

L=L r Ll=
2a α θmhtancos

α2 α2 θ2
mhtansin–cos

---------------------------------------------------------+

B= a Ll  αsin+( ) θmvtan

�â 5. �Þ~ ^�f �.
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� � JêöBº v ï��Þ~ ãÒ'ê¢ α1= α2= 45o
� ~

&b�, v �Þ~ J~*~ d1, d2º G;�Ê�~ ²;z 5

"æ"~ *Sj �J~� d1= 55 mm, d2= 90 mm� ~&
.

�r � (24)öB � (27)j �Ï~� ï��Þ~ �² ^�

5 � Lif Bi �Ò� J~�Ò ai¢ 
r" ?� êÖ� >

®
.

, i = 1, 2 (28)

, i = 1, 2 (29)

, i = 1, 2 (30)

, i = 1, 2 (31)

4.3.2 ÚG Ò'ú�Þ~ Jê

ÚG Ò'ú�Þ~ ãÒ' α3º 45o ãÒê ï��Þ�~

R'j �J~� α3= 45o� ~&b�, ï��Þ"~ J~*Ï

d3º d3= 48.5 mm� ~&
. �r �Þ~ �V L3f J~�

Ò a3º 
r �ö ~� "Úê
.

(32)

(33)

4.3.3 �G Ò'ú�Þ~ Jê

�G Ò'ú�Þ~ ãÒ' α4º G;º* �j �J~�

α4= 57.2o� ~&b�, ï��Þ"~ J~*Ï d4º d4= 80.9

mm� ~&
. 6� Ò'ú&(frustum)~ 7�~ ^� Lolf

130 mm� Ö;~&
. �r �Þ~ �²^� 5 � L4f B4,

�Ò� J~�Ò a4º 
r" ?� �� > ®
.

(34)

(35)

(36)

V. �Ê�~ �* 5 �ã
þ

� .öB VF� :f ?� Ö;�¢ � Jêæ>& ôj

ö jî¢, �
 Ò�~ &ê& 
Ö �Ç�B Jêæ>
f

¢N~ ";ö ~~� �®ö Ö;>V Ú[�, �̄ OJ»(trial

and error method)ö ~~� B�~ 'Ëj ¦Æ~�B Ö;�

¢ �
. �f ?f ";j Û� Ö;B Jêæ>ö ~� �*

B G;�Ê�� �â 6ö ��
. �â 1~ ��¢ 
*�Ê

V *~� R« j�Ú *ö ÚG Ò'ú�Þj RJ ¹�, �

©j �G Ò'ú�Þ~ 7�ö ¦O~&
. �Ò� ¦®j 2

æ~V *� ��º j�Ú 6~ 7�ö ¦O~&
. ï��Þ

5 Ò'ú�Þf r��ªj ã�&�~� ÒÏ~&
.

�â 7f BnB G;�Ê�j �Ï� F�¦® �ã
þ~

� .�� �;7�" ¦® 7� 7�Ò�~ �Ò ¯ ÇOË

ç&JN~ �V¢ em, �s7�" ¦® =� 7�Ò�~ ï�

ç �Ò¢ cr, ÇOË ç&JN~ O*'j φh¢ � r, em=

7 mm, cr = 7 mm, φh= 45o� ãÖö &� �®~ �;Úÿ

m1b� ÇOË JN& �;B ©j ��&
. �r~ ¦® ç

�º �f ?�, �VöB m1" >& OË~ çFÚÿ m2,

m3& >¯>� �öB �Ò~º 'êJN& �;F > ®
.

Li=
2ai  αicos  θmhtan

α2
i α2

i  θmhsin–cos
---------------------------------------------------

Bi= ai+
Lli

2
------ αisin 

  θmvtan

ai= dk
k=1

i

∑

Lli =
ai  θmhtan

α αi  θmhtansin–cos
------------------------------------------------------

L3=
a3 θmhtan

α3 α3 θmhtansin–cos
----------------------------------------------------------

a3= di
i= 1

3

∑

L4=
a3 θmhtan

α4 α4 θmhtan⋅cos–sin
--------------------------------------------------------

B3= a4 L4 α4sin+( ) θmvtan

a4= di
i= 1

3

∑ +
Lol

2
------- d4 d3–( )– α4cot

�â 6. �*B �'G;�Ê�.

�â 7.F�¦® �ã
þ .(em= 7 mm, cr = 7 mm, φh= 45o).
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�º ÇOË JNö ò� jî¢ 'êJN ræ �;B ç�

��, �º �öB ¦®j �s ³b� 5 mmO ã«� ç��

� �f �öB 
� 5 mm¢ z ã«� ç��
. � 
þj

Û� çFÚÿ òö ~� 'êJN �;� &Ë�j {�� >

®î�, ç&'� *~JNf 'êJN& �;>� �s ³b

�~ ã«ê &Ë�j {�~&
. �öB �ræ~ ¦® ç�

ö &� ��>º J#F 'ç� �â 7(b)ö ��ê
.

VI.  Ö �
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Design of a visual sensing system for flexible parts assembly
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Unlike rigid parts, flexible parts can be deformed by contact force during assembly. In robotic assembly, information about their
deformation as well as possible misalignment between the holes and their respective mating parts is essential for successful
assembly. This paper presents a method to design a visual sensing system for measuring parts deformation and misalignment in
flexible parts assembly. This paper performs ray-trace analysis of the system. A series of experiments for flexible parts assembly
by using the implemented system are performed.

Classification code : OE.050.


