
1 32ò1 1Ï
2015c 1�

� � n Ø � A ^
Control Theory & Applications

Vol. 32 No. 1
Jan. 2015

£££ÄÄÄVVV:::ÅÅÅ���ÃÃÃXXXÚÚÚ���NNNööö������ÀÀÀúúúpppÑÑÑEEEâââ

DOI: 10.7641/CTA.2015.40490

/©1,2†, páw1, _¢l1, ¸ï�2

(1. �®�Ï�Æ&E�ÆïÄ¤,�® 100044; 2. ¥��!�gÄz¤Åì<ÆI[:¢�¿,�w!� 110016)

Á�:�©|^V8���C���Å(pan-tilt-zoom, PTZ)�Å,¢y£ÄV:Å�ÃXÚ�ÀúpÑ�Nö�,
:ïÄ¿SE,�¸Ú1ìCz�¹e8IÔN�uÿ!£OÚ½ ¯K.Äk,JÑ
ÚN!�ÚÝ!�ÝôÚ
�.(hue-saturation-value, HSV)�meã�©��U?�{,ÏLK��#Ú	�Ý/Uõ©�(J,Jpuÿ�
{é�¸1ìCz�·A5;,�,ÄuHuØCÝ,|^ÔN/GA�,éuÿ���ÔN\±£O;3dÄ:þ,
|^��ÅÝKÝ
,O�8IÔN��m�I,¢yÙ½ ÿþ;��,3¢�¿²�þ,ÏL�[V:�Yö�,
�yJÑ�ã�?nÚ©Û�{±9ÀúpÑ�Nö��Y�k�5. ¢�(JL²£ÄV:Å�ÃXÚU
¤
õ�¤�YÄ���Nö�.
'�c: £ÄV:Å�ÃXÚ;ÀúpÑ;�Nö�; HSV�m;ØCÝ

¥ã©aÒ: TP273 ©zI£è: A

Visual servo technology for coordinated manipulation of
a mobile dual-arm manipulator system
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Abstract: Two pan-tilt-zoom (PTZ) cameras are used in this study to realize visual servo for coordinated manipulation
of a mobile dual-arm manipulator system. The focus of this study is mainly on the problems of target object detection,
recognition and localization in the indoor environment of scattered background and varying illumination. First, a modi-
fied algorithm is proposed to detect objects in the hue-saturation-value (HSV) color space based on updated segmentation
thresholds and bounding rectangles, which improves the detection algorithm’s adaptability to illumination variation. Sec-
ond, the target is identified from the detected objects using the target contour features and the Hu’s moment invariants.
Then, the spatial coordinates of the target object are computed with the cameras’ perspective matrices, and the target posi-
tion is consequently determined. Finally, to verify effectiveness of the image processing and analysis algorithms presented
and the visual servo technology, experiments are done on a mobile platform in our lab to mimic the manipulation of pouring
water with two arms, and the results show that the mobile manipulator system can complete the task successfully.

Key words: mobile dual-arm manipulator system; visual servo; coordinated manipulation; HSV space; invariant mo-
ment
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<5`,Àú´Ùa�XÚ¥7Ø���Ü©,3Å
ì<£Ä�ÊÚÔN(|ö�¥��^�´ÈT�

¦�. Àú¦Åì<XÚäk�r��¸Ú?Ö·A
Uå[2–4]. �´,lã�&EJ���¸n),é�8
�Åì<ó,�´��4ä]Ô5�?Ö.Ù¥�
�Ï´õ�¡�,��¡,<aéÀúÅn�@£�
3Øv,ÀúXÚ�E,5¦�yk�nØµe�Ø
Uî�/^êÆ�{£ãÀú&E;,��¡,ã�
&E�ÜÂ5¦�Ó��ÔN3ØÓ�1ì!À��

^�e�¤��J¬ØÓ,ØÓ/G�ÔN3ã�²
¡þ½�U�)�Ó�/G.d	,ã�N´É�¸
K�,ñ	!1ìCz�Ñ´K�ÀúA^�Ï�.

ÀúJø´L��¸&E,òÙ\\�Åì<�
�£´¥,/¤4�,=�¤¤¢�ÀúpÑ��.é
£ÄÅ�ÃXÚ5`,Àú�¤�¸ÔN�£OÚ8
I½ !�l,^uXÚ?1�(�$Äûü,¢y£
Ä²��S��Ê,¿��Å�Ã�¤�A�ö�.
|^ÀúpÑ,ü:£ÄÅ�ÃXÚ�±�1{ü�
8I8�Úó�C��?Ö[5–6]. PkV:�XÚ
KU�¤�E,�ó�,~X, PR2UÃø[7]!�X

ASIMO[8]Ú�I�Ê¥%JUSTIN[9]�YÄ�.8c,
Àú�A^õ�ü8[5–6]½V8[7–10]XÚ.

ü8ÏÀú(�{ü�ÊHæ^,�´,��¢
y8I½ O�,I�N��§��ïá���å.
V8ÀúK�±��O��m?¿�:�n�&E,
3ÿþ°ÝÚ½5�¡puü8,ÏV8Àú�
ïÄÚå�õ'5. �©|^V8ÀúXÚ,ïÄ£
ÄV:Å�ÃXÚ�ÀúpÑ�Nö�¯K.

2 £££ÄÄÄVVV:::ÅÅÅ���ÃÃÃXXXÚÚÚ(Mobile dual-arm
manipulator system)
¢�²�´��PkV:��U£ÄÅì<XÚ,

§æ^�¬z��O,äkûÐ�m�5Ú�*Ð5.
�Nþ,T²�d3Ü©|¤,=£ÄÄ�!V:ÚV
8ÀúXÚ,Xã1¤«.

ã 1 £ÄV:Å�ÃXÚ

Fig. 1 A mobile dual-arm manipulator system

£ÄÄ�´üÓ°Ä�£ÄÅì<,Ù.���
XÚö�ÚM�(�é^r´m��,�±V\

13��õUk,¿Jø
�ä��!ã�?n!$Ä
8I�l!�Ñ£OÚ(Bÿå�mu�. ö�XÚ
^��Windows XP,æ^VC++muóä. £ÄÄ�
�Õá�1ÀúXÚ!�Ñæ8!(Bÿå!��Ú

Å�Ã�	\��,ÙÄ�(�Xã2¤«.

ã 2 £ÄÄ�

Fig. 2 A mobile base

ü:þ´�¬z'!Gé�Å�Ã,�dõ�
PowerCube�¬|¤,kÕá�êi&Ò?n(digital
signal process, DSP)�¡,Q�¢yÕá�'!$Ä
��,q��Ù§�¬?1Ï&,¢yéÄ.�¬�m
�Ï&æ^��ìÛ��ä(controller area network,
CAN)o��ª,�y
�¬�mêâDÑ�¢�5.
ÏLþ Å�mu^�,�±��N^CAN–API¼
ê,D4�¬�$Ä��þ. ùp,Å�Ãk3�gd
Ý,=kp!·Ú�'!�¬,d	,�k�Ã8�¬,
Xã3¤«.

ã 3 Å�Ã

Fig. 3 An arm
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�Å!Ï&�¬9.���ì�¤. �âö�?ÖÚ
���{�I�,ÌÅ�¤$Ä5y,¢�¦)Å�
Ã��'!�$Äþ,ÏLêâDÑo�,ux�.
�°Ä��ì,¢y'!�¬�$Ä��.

XÚ�Àú�¬´ü��Ó�!�k���Sony
CCD��Å,Xã4¤«. §�ÏL	�Ü�pëIO
(peripheral component interconnect, PCI)Àªk�Ì
Å�ë,æ8�¸ã�.TV8ÀúXÚSC3£Ä
Å�ÃXÚ�ºþ,Xã1¤«. æ�ù«���ª,
�±�y��Åk���û�À�.Ó�,���Pan/
Tilt$Ä,q?�ÚO\
Àú���(¹5,;�Å
�Ãñ	��Å�À�.ü���ÅXÚ�Ä�ëê
Xe: ©EÇ640× 480��,vÇ30 Hz,Y²À�
[6.6◦, 65◦],���Pan���[−100◦, 100◦], Tilt��
�[−25◦, 25◦].

ã 4 V8ÀúXÚ

Fig. 4 A binocular vision system

3 ÔÔÔNNNuuuÿÿÿ!!!£££OOO���½½½   (Object detection,
recognition and localization)
3E,�µÚCz1ì��¸e,�
�y£Ä

Å�Ã^|8�8IÔN,�©|^ÀúXÚ,¢�
æ8ã�,uÿÚ£O�8�ÔN,¿?18I½ .
3dÄ:þ,¢y£Ä²��ÊÚÅ�Ã$Ä5y,
�¤ÀúpÑ��e�ÔNö�?Ö.

3.1 ÔÔÔNNNuuuÿÿÿ(Object detection)
ã�uÿ�3òÔNlã��E,�µ¥©�Ñ

5. 3yk�©�Eâ¥,ÄuôÚA��K�©�
Eâ{ük�,�¢�5Ð.Ù¥,|^RGBÚHSV&
E�©��{,�´�2�æ^. �éuHSV,Äu
RGB&E��{U
{B¯�/©�8IÔN,�´,
Ù©�(JÉ�¸1ì�K���.�d,ùpJÑ
��U?�ÄuHSV&E�©��{¢yÔN�u
ÿ. HSV´�«Úç£ã�m,ëê©O�: hue(Ú
N), saturation(�ÚÝ), value(�Ý).¦+§ïá3
RGB�.�þ,%U�Ð/�N<aéÚç�a�.
��dRGB=��HSV�m�²;O�úªXe:

V = max{R, G, B}, (1a)

S =





0, V = 0,

V −X

V
, V 6= 0,

(1b)

H =





Ã½Â, S = 0,

(1 +
G−B

V −X
)× 60, S 6= 0�V = R,

(3 +
B −R

V −X
)× 60, S 6= 0�V = G,

(5 +
R−G

V −X
)× 60, S 6= 0�V = B,

(1c)

ª¥: R, G,B©O�RGBôÚ�.¥ù!É!7©
þ,����þ30�255�m, X = min{R, G, B},
=���HSV�.¥�©þ�����V ∈ [0, 255],
S ∈ [0, 1], H ∈ [0, 360].
3HSV�m,�©þ����?�Ú5�z�V

ÚS ∈ [0, 1], H ∈ [0, 360],@o��c1 ={h1, s1, v1}
Úc2 = {h2, s2, v2}�Úç�qÝK�½Â�

S(c1, c2) = 1− D(c1, c2)√
5

, (2)

ª¥D(c1, c2)�ü���mÚçål,deª�Ñ:

D(c1, c2) = {(s1 cos h1 − s2 cos h2)2 +

(s1 sin h1 − s2 sin h2)2 +

(v1 − v2)2}1/2.

�â±þ½Â��,��qÝS�1�,L«ü«
ôÚ���Ó; S�0�,L«ü«ôÚ�qÝ�$.

�©3HSV�mJÑ��U?�©��{,uÿ
�8��ÔN,äN�Ú½Xe:

1111ÚÚÚ ÄkÚO8�ÔN�ôÚ&E,¼�Ùô
ÚÐ�.e8I���m× n,dþ�ÚO¦�ôÚÐ
��C0 = {ht, st, vt}§�ôÚ©þ©O�

ht =
1

m× n

m∑
i=1

n∑
j=1

hij,

st =
1

m× n

m∑
i=1

n∑
j=1

sij,

vt =
1

m× n

m∑
i=1

n∑
j=1

vij.

1112ÚÚÚ O�ã�¥z���:�Ð�C0�Úç

�qÝ,KÔN©��ÏLeª¢y:

pij =

{
(0 0 0), S(cij, C0) 6 threshold,

(255 255 255), S(cij, C0) 6 threshold,

(3)

Ù¥: pij�cij��:©���RGB�, threshold�©
�K�.'K���:8B�8I:,ÙRGB�©þ
þD��255,Ù¦��:�½��µ, RGB�©þþ
D��0. ©�K����0.7.

1113ÚÚÚ é©���½�8�8I���:,2?
1þ�ÚO,¿��#8IÔNôÚÐ�

Cnew = {hnew, snew, vnew},
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�©þ�

hnew =
1
N

N∑
i=1

hi, snew =
1
N

N∑
i=1

si, vnew =
1
N

N∑
i=1

vi,

ª¥N�©����8IÔN���êþ.

1114ÚÚÚ Jp©�K��0.9,|^#�8IôÚ
�Cnew,£�12Ú,éã�2g©�.

1115ÚÚÚ l©��(JJ�8IÔNÓ+,du¢
�¥¦^�8�ÔN¶��¡/G�Ý/,ÏL��
	�Ý/,K¼�8IÓ+. �â8I/G��°',
�?�Ú�Ø�	�Ý/,üØ�qôÚ¬�Z6,
���O(�©�(J.|^g��Ô¬,3ØÓ1
ì^�e,�©?1
©�¢�. ã5�Ñ
�|¢�
(J.ã5(a)���Åæ8��©ã�,ã5(b)�ã�
©�(J.�±wÑ,ÄuôÚ��,U?�{�±é
¯/uÿÑö��£ÚÔN.

(a) ��Åæ8��©ã�

(b) ã�©�(J

ã 5 ÔN©�(J

Fig. 5 Object segmentation results

3.2 ÔÔÔNNN£££OOO(Object recognition)
lc¡�uÿ(J�±uy,��µ�¸¥kõ

��Ó½�CôÚ�ÔN,ÄuôÚ��©����
8I�UØ���,ÏI�?�ÚE£. Q,/G
´£ãÔN����A�,@o,ÏL/G��¢
yÔN£O´�^Eâþ�1�å». ÔN/G�Ý
A�äk½Ú���Çp�`:,Ïd,3ùp,Ï
LÝA�O�¢y/G��,?£O�ö��8I
ÔN.

Äk,ÄuHuÝVg[11],éÝ?1½Â.�ã�

f(x, y)���M ×N ,Ù(p + q)�¥%Ý�

µpq =
M−1∑
x=0

N−1∑
y=0

(x− x̄)p(y − ȳ)qf(x, y), (4)

ª¥: pÚq´��ê, (x̄, ȳ)´ã��%.

?�Ú8�z,��

ηpq =
µpq

µγ
00

, (5)

ª¥γ = 1 + (p + q)/2.

|^¥%Ý,K�½Â7�ØCÝ|,=



ϕ1 = η20 + η02,

ϕ2 = (η20 − η02)2 + 4η2
11,

ϕ3 = (η30 − 3η12)2 + (3η21 + η03)2,
ϕ4 = (η30 + η12)2 + (η21 + η03)2,
ϕ5 = (η30 − 3η12)(η30 + 3η12)[(η30 + η12)2−

3(η21+η03)2]+(3η21−η03)(η21+η03)×
[3(η30 + η12)2 − (η21 + η03)2],

ϕ6 = (η20−η02)[(η30+η12)2−(η21+η03)2]+
4η11(η30 + η12)(η21 + η03),

ϕ7 = (3η21 − η03)(η30 + η12)[(η30 + η12)2−
3(η21 + η03)2] + (3η21 − η03)(η21+
η03)[3(η30 + η12)2 − (η21 + η03)2].

(6)

y3,b�8IÚ�'�Ó+©O�AÚB,|^
ØCÝ|,½Â§��/G�q5Ý�

I(A, B) =
7∑

i=1

|m
A
i −mB

i

mA
i

|, (7)

ª¥:

mA
i = sgn{ϕA

i } · log |ϕA
i |,

mB
i = sgn{ϕB

i } · log |ϕB
i |,

Ù¥ϕA
i ÚϕB

i ©O�AÚB�HuÝ.

I(A,B)��N/G��q§Ý. I(A,B)�0�,
`²Ó+/G���Ó,��C0,KL«/G�qÝ
��.

XJC�c¡uÿL§¥������ÔNÓ+

�8Ü,�®�8IÓ+��T ,@o,38Ü¥,�T

/G�qÝI����Ó+,=@�´�£OÔN�
Ó+Cdest,§÷ve¡�^�,

I(T, Cdest) 6 I(T,Cother), (8)

ª¥: Cdest, Cother ∈ C.

�éã6�Ñ��|ã�©�(J,�©|^ØC
Ý?1/G��,=ÔN£O�¢�. Ù¥, AÚB©

O�8�8I1Ú2��, C, D, E, F�ØÓÀ�ã�

©����8I1�ØÓ/G.dª(7)O�ù
©�
ÔN/G��qÝ�,(JXL1¤«. dã6ÚL1�
±uy,8I1�ã�©�(JC, D,E, F���A�

m��qÝ�´��C�,��BKkX²w��
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O,®²�C��êþ?. ù�,�â����qÝK
�,�±O(/£Oö�ÔN.

ã 6 /G��9Ü©ã�©�(J
Fig. 6 Contour template and selected object

segmentation results

L 1 ÔN/G�qÝ
Table 1 The similarity measure of object contours

X A B C D E F

I(A, X) 0 0.1114 0.0114 0.0064 0.0070 0.0035

3.3 ÔÔÔNNN½½½   (Object localization)
ÔN½ ´ÏLV8ÀúXÚ¢y�,Ù½ �

.Xã7¤«. éuÔNþ�:P ,XJ��§3ü�
��Å¤�²¡þ�ã�:p1Úp2,@o,|^��
Å�¤�ÝKÝ
,�±ïá'u:P�I�4��
5�§. ¦)T�§|,K�O�:P�3��I�,
¢yÔN½ . ¤±,y3�¯K=z�XÛ¼�½
 8I�ã�:Ú��Å�ÝKÝ
. þ¡0��Ô
NuÿÚ£O�{,U
°(¼�:P�ã�:. �
Ä�ÔN�/G'�{ü,ùp¦^Ù�%:��ã
�:,�Ò´,ÔNÓ+	�Ý/¥%.

��Å�ÝKÝ
�)üÜ©: SëêÝ
Ú	
ëêÝ
,�ÏL��Å½I¼�. ¯K´��½I
�¤,��Å�éu�¥�IXÒ�U´�é·�.
£ÄÅ�ÃXÚ¥¦^�´���C���Å(pan-
tilt-zoom, PTZ),#N��Þ$Ä.é����Åó,
$Ä=¦ØK�SëêÝ
,�3ÔNn�½ ¥�

©��	ëêÝ
�Ã{�yØC.©z[12]|^
���Pan/Tilt�Ý9£Ä²�$Ä�	ëêÝ
'
X,JÑ
��PZT��Å�¢�½I�{,�©½
æBd{�¤ö�ÔN�½ ÿþ.

ã 7 V8Àú½ �.

Fig. 7 Object localization with binocular camers

4 ¢¢¢���(Experiments)
�
�yþã�ã�?nÚ©Û�{,�©|^

¢�¿�£ÄÅ�Ã²�,?1
�[V:�YÄ�
�Á�,=: ��Å�Ã<�,��Å�Ã<�,3À
ú��Ïe,XÚ£Ä¿�NV:�¤�Yö�.Ä
�¤õ�ÄÓÅ�Ã$Ä5yk�'X,$Ä5
yI�÷v�«�å,Q�(�ü:mØu)�-,
38�Ô¬Ú�¤�YÄ��q�ü:�±�(�

 ^,��.
3$Ä5y�O�c,I�ïáÅ�Ã"àÃ9

�ö�ÔN3Ó���IXe� �'X.¦+3c
¡�½ ÿþ¥®¼�ÔN�3��I,�¼��´
�½3£ÄV:Å�ÃXÚþ�ë��IXe� 

�&E.�
BuÅ�Ã$Ä5yÚ'!$Äþ¦),
ù
 ��II�Ú��Å�Ã�IXe. Xã7¤
«,ïáXÚ�ë��IXΣWÚÅ�Ã�IXΣR,
XJÅ�Ã�IX�ë��IX�Ûg=�Ý
T®

�,@o,ÏLeª�±��ÔN3Å�Ã�IXe
��I:

[XM YM ZM 1]T = T−1[XW YW ZW 1]T, (9)

ª ¥: [XM YM ZM 1]T Ú [XW YW ZW 1]T© O
´8IÔN3Å�Ã�IXÚë��IXe� �

¥þ, [ ]TL«�þ=�.
��ÔNö�?Ö�ó�6§Xã8¤«,Ì��

)ÔNuÿ!£OÚ½ !£Ä²��Ê!ÔN8�

9V:�N�Y.ü:�N�Y¢�L§¥,V8À
úXÚé8�8I?1¢�½ ,ÏL_$ÄÆ¼�
Å�:'!$Äþ,/¤Àú�"��.ùp?1�
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YÄ�Á��,V:�´ÏL$Ä5y�N�¤�½
� ^. ã9�Ñ
V:£ÄÅ�ÃXÚ¤õ�¤�
YÄ�L§¥A���ã�vã. I�`²�´,
�ã¥�g��ä©O^5O�Y�ÚY�.

ã 8 £ÄÅ�ÃXÚö��6§ã

Fig. 8 Flow chart of the mobile manipulator system

ã 9 �YÄ��ã

Fig. 9 Selected images of of water-pouring manipulation

5 (((ØØØ(Conclusions)
�©ÏL£ÄÅ�ÃXÚ�[V:�YÄ�,ï

Ä
ÔN�Nö��ÀúpÑEâ. |^V8Àú,
:ïÄ
3E,�µÚ1ìCz�¸eÔN�u

ÿ!£OÚ½ �¯K.ÄkU?
HSVôÚ�me
�ã�©��{,¯�O(uÿÑã�¥�ÔN,u
ÿ�{é�¸1ìCzäk�Ð�·A5;Ùg,(
ÜÔN/GA�ÚHuØCÝ,O(¢y�ö�8IÔ
N�£O;,�,|^��Å½I���ÝKÝ
,O
����8I�°( �;��,��y¤JÑ�ã

�?n�{±9ÀúpÑ�Y�k�5,|^)ö¢
�¿�£ÄV:Å�ÃXÚ?1
�[ Y��Y

Ä��Á�,(JL²TXÚU
¤õ/�¤�Y�
�Nö�.
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