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AbstractµµµTaking depth information and pixel coordinates of the feature points as image features, a quasi-min-max model

predictive control(MPC) algorithm for image-based visualservoing is presented. Compared with the traditional method, the

robot control signals can be obtained by the convex optimal problem involving linear matrix inequalities(LMIs), and the

closed-loop stability of visual servoing system is guaranteed by the feasibility of the LMIs. The proposed method is easy to

deal with the system constraints. Under the premise of actuator mechanical limitations, the image trajectories of the feature

points are effectively constrained. Furthermore, the introduction of the depth information significantly improves the three-

dimensional trajectory of the camera. The simulation results on a 6 degrees-of-freedom robot manipulator with eye-in-hand

configuration show the effectiveness of the proposed algorithm.
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1 7Ï �xx�: (Ü�Ý&E�ÀúpÑO����MPC�{ 10195Àú��Æ�)Û/ª,3U?��Ån�;,�Ó�,~�
8I�Ñ��ÅÀ�±9��Cþ�Ñ�1ìÔn4��AÇ.,
,T�{¿����Ä�å¯K,éXÚ°�5�?1²(�©Û.©z [8]ò��5�.ýÿ���{Ú\ÀúpÑ,3z�æ��Ǒ3�?nm�XÚ��å�`¯K,��
÷¿����J.,
,duýÿ��k�,�{��`)¿ØU�y4�XÚ�°�­½5.O�����.ýÿ��[9]´�«�é�5ëC (LPV)G��m�.������.ýÿ���{.T�{ÏL3�EÄ`zÄ��)�`��&Ò,U
wª/?nXÚ�å,¿�yXÚ�°�­½5.�©�éÄuã��ÀúpÑ,ÀJAÆ:����IÚ�Ý�O��ǑÀúAÆ,�âÅì<��Cþ�ÀúAÆ�mCzþ�m�'XïálÑXÚLPV�.. Ù¥�1ì�Ý�å5yǑXÚÑ\�å,8I��5�å���Åó��m��Ú�5yǑXÚÑÑ�å. Ïd,|^O�����.ýÿ�� (MPC)�{,ÀúpÑ?Ö�ÏL3��)�5Ý
Ø�ª�à`z¯K¢y,Ù�1)U
�yXÚ�4�ìC­½5.

1 (((ÜÜÜ���ÝÝÝAAAÆÆÆ���ÀÀÀúúúpppÑÑÑXXXÚÚÚ���...DÚÄuã��ÀúpÑ,Ï~æ^AÆ:�ã��I�ǑÀúAÆ,ã�ä�'Ý
´ÀúAÆ�AÆ:�Ý�¼ê.duØ���½Â3ã�AÆ�m,��Å�n�;,J±��,3pÑL§¥�U�)Ø7��$Ä,ü$
ÀúpÑ�5U,$���?Ö�}. Ïd,�©òã��IÚ�Ý&EÓ�Ú\ÀúAÆ,Ǒ���å��Å�n�;,Jø
^�.DÚ�{¥ò�Ý&E�Ǒã�ä�'Ý
��Cëê,Ï~I�¢��O,¤±�©À��ÀúAÆ�DÚ�{�'vkÚ\N\&E.

1.1 (((ÜÜÜ���ÝÝÝAAAÆÆÆ���ããã���äää���'''ÝÝÝ


b�AÆ:P 3��Å(k��IX��IL«Ǒ (X,Y, Z),òÙÝK���Å¤�²¡,KéAuã��I (u, v),�ö÷vXe'X:

u = k
X

Z
, v = k

Y

Z
. (1)ª¥��Xê k = �f, �L«¤�²¡�ã�²¡�'~Xê, fǑ��Å�å.½ÂÀúAÆ s = (u, v, Z)T,ò��Å�Ý

� = [Tx, Ty, Tz, !x, !y, !z]
T�ǑXÚ��Cþ, �t = [Tx, Ty, Tz]

TÚ �! = [!x, !y,

!z]
T©OL«��Å���ÝÚÆ�Ý.í�ã�ä�'Ý


Ls =

⎡

⎢

⎢

⎢

⎢

⎢

⎢

⎣

−
k

Z
0

u

Z

uv

k
−
(

k +
u2

k

)

v

0 −
k

Z

v

Z
k +

v2

k
−
uv

k
−u

0 0 −1 −
vZ

k

uZ

k
0

⎤

⎥

⎥

⎥

⎥

⎥

⎥

⎦

,

(2)����Cþ ��ÀúAÆ��mCzþ ṡ�m÷v
ṡ(t) = Ls(t)�(t). (3)

1.2 ÀÀÀúúúpppÑÑÑLPVXXXÚÚÚ���...ïïïááá½Âæ�±ÏǑTs,KÄ��§ (3)�ÏLk��©�{CqǑXelÑ/ª:

s(k + 1) = s(k) + Le(k)�(k), (4)Ù¥Le(k) = TsLs(k).dª (2)��, ã�ä�'Ý
Ls(k)´AÆCþu(k)!v(k)ÚZ(k)�¼ê.Ïd, 3��ÀúpÑL§¥,XÚÑ\Ý
Le(k)���ëê�þp(k) =

[u(k), v(k), Z(k)]�Cz
UC,=Le(k) = Le(p(k)).�â��Å�©EÇ�±(½ã��Iu(k)Ú v(k)�Cz��©OǑumin ⩽ u(k) ⩽ umax, vmin ⩽ v(k)

⩽ vmax. Ó�,�âÅì<��ö��m�±(½AÆ:�ÝZ(k)�Cz��ǑZmin ⩽ Z(k) ⩽ Zmax.Ïd, Le(p(k))�±©)Ǒ®�º:Ý
�à|Ü/ª,��?¿æ��Ǒk,Ñ\Ý
Le(p(k))3dR�º:Ý
Ler (r = 1, 2, ⋅ ⋅ ⋅ , R)|¤�àõ¡NΩ¥Cz,=
Le(p(k)) ∈ Ω = Co{Le1, Le2, ⋅ ⋅ ⋅ , LeR}. (5)A^TP�.C��{[10]´u¢yù�©).-Ø��þ e(k) = s(k)−s∗L«XÚG�,Ï"AÆ s∗Ǒ~ê�þ,K�âª (4)Ú (5),���ÀúpÑXÚLPVG��m�.
{

x(k + 1) = x(k) + Le(p(k))�(k),

e(k) = x(k).
(6)ÙÑ\ÑÑ÷v�å

∣�l(k)∣ ⩽ �l,max, l = 1, 2, ⋅ ⋅ ⋅ , 6, k ⩾ 0; (7)

∣eq(k) + s∗q ∣ ⩽ sq,max, q = 1, 2, 3, k ⩾ 0. (8)

2 ÄÄÄuuuOOO������������MPC���{{{���ÀÀÀúúúpppÑÑÑ������éu�åÀúpÑXÚ�.(6)∼ (8),ÏǑÀúAÆ¢��ÿ,¤±�
�Ǒëê�þp(k)®�,XÚÑ\Ý
Le(p(k))�±(½. ,
, �5�ǑXÚÝ
Le(p(k + i)) (i ⩾ 1)�{(½,�§3àõ¡N (5)¥Cz,ÏdÀúpÑXÚ����þ�ÏLO����MPC�{3�EÄ�`�).
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2.1 OOO������������MPC���{{{3z��æ��Ǒ k,�OG��"��Æ��/O���¹0�����8I¼ê��[9],=

min
U∞

0
(k)

max
Le(p(k+i))∈Ω ,i⩾0

J∞
0 (k). (9)©O�Ä�
�Ǒ���þÚ�5�Ǒ���þ,½Â��S�U∞

0 (k) = [�(k∣k), U∞
1 (k)],Ù¥ �(k∣k) =

�(k)Ǒ\1��.¥^uO��11Ú.�5��S�U∞
1 (k)�^�ÓG��"O�F (k),=

U∞
1 (k) : {�(k + i∣k) = F (k)x(k + i∣k), i ⩾ 1}, (10)Ïd,8I¼êJ∞

0 (k)düÜ©|¤,=
J∞
0 (k) = J1

0 (k) + J∞
1 (k), (11)Ù¥11�ã�d¼ê

J1
0 (k) := x(k∣k)TQwx(k∣k) + �(k∣k)TRw�(k∣k),

(12)

QwÚRwǑ�½��Ý
.�5�Ǒ�ªà�d¼ê
J∞
1 (k) :=

∞
∑

i=1

[x(k + i∣k)TQwx(k + i∣k)+

�(k + i∣k)TRw�(k + i∣k)]. (13)duG�x(k∣k)®�, J1
0 (k)�Ø(½5�3,ª

(9)¥��J∞
0 (k)����þ.B=zǑ�� J∞

1 (k)����þ..½Â�g¼ê
V (x(k + i∣k)) = x(k + i∣k)TP (k)x(k + i∣k), (14)Ù¥P (k) > 0. 3æ��Ǒk, éu?¿XÚÝ


Le(p(k + i)) ∈ Ω , i ⩾ 1,b�V (x(k + i∣k))÷v
V (x(k + 1 + i∣k))− V (x(k + i∣k)) ⩽

− [x(k + i∣k)TQwx(k + i∣k)+

�(k + i∣k)TRw�(k + i∣k)]. (15)-x(∞∣k) = 0,l i = 1� i = ∞\\þª,��
max

Le(p(k+i))∈Ω ,i⩾1
J∞
1 (k) ⩽ V (x(k + 1∣k)) =

x(k + 1∣k)TP (k)x(k + 1∣k). (16)Ïd,ª (9)�±L«Ǒ)û11�ã�d J1
0 (k)�'u J∞

1 (k)þ.�ªà�dÚ���z¯K
min

�(k∣k),P (k)

(k), (17)Ù¥�KCþ
(k)÷v

x(k∣k)TQwx(k∣k) + �(k∣k)TRw�(k∣k)+

x(k + 1∣k)TP (k)x(k + 1∣k) ⩽ 
(k). (18)�Ä,	ü^­½5�å

(k) < 
(k − 1), (19)

P (k) > "I, " > 0, (20)

KÏL�`¯K (17)�����S�U
�y�åXÚ�. (6)∼ (8)÷v�ÛìC­½5[9].

2.2 ÀÀÀúúúpppÑÑÑOOO������������MPC���������{{{Ǒ(���Å^����5,À�N ⩾ 3�8I:�ǑAÆ:,éìª (6)∼ (8),Ǒz�AÆ:ïáXe�§:
{

xn(k + 1) = xn(k) + Le(pn(k))�(k),

en(k) = xn(k).
(21)Ù¥: n = 1, 2, ⋅ ⋅ ⋅ , N ,�Ñ\ÑÑ�å÷v

∣�l(k)∣ ⩽ �l,max, l = 1, 2, ⋅ ⋅ ⋅ , 6, k ⩾ 0; (22)

∣enq(k) + s∗nq∣ ⩽ snq,max, q = 1, 2, 3, k ⩾ 0. (23)�Ä?¿AÆ:�Âñ5,½Â��S�U∞
0 (k)

= [�(k∣k), U∞
1n(k)],Ù¥ �(k∣k) = �(k)éu?¿AÆ:�Ó,¿3�
æ��Ǒ k�^uÀúpÑXÚ,±°ÄÅì<�$Ä.,
, U∞

1n(k) : {�n(k + i∣k) =

F (k)xn(k + i∣k), i ⩾ 1}L«�5�Ǒ���S�,=^5�y�5XÚG��Âñ,¢yXÚ��ÛìC­½,¿Ø¢S�^uXÚ,Ïd�AÆ:�±ØÓ.|^SchurÖÚn[11],©OòØ�ª (15)!(18)∼

(20)=zǑXe�5Ý
Ø�ª�/ª:

min
�(k∣k),Q(k),Y (k),
(k)


(k); (24)

s.t.
⎡

⎢

⎢

⎢

⎢

⎣

1 ∗ ∗ ∗

xn(k∣k)+Le(pn(k))�(k∣k) Q(k) ∗ ∗

Q0.5
w xn(k∣k) 0 
(k)I ∗

R0.5
w �(k∣k) 0 0 
(k)I

⎤

⎥

⎥

⎥

⎥
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⩾0,

(25)
⎡

⎢

⎢

⎢

⎢

⎣

Q(k) ∗ ∗ ∗

Q(k) + LerY (k) Q(k) ∗ ∗

Q0.5
w Q(k) 0 
(k)I ∗

R0.5
w Y (k) 0 0 
(k)I

⎤

⎥

⎥

⎥

⎥

⎦

⩾ 0, (26)


(k)− 
(k − 1) < 0, (27)


(k)I − "Q(k) > 0. (28)Ù¥: ∗L«�5Ý
Ø�ª�é¡(�, r = 1, 2,

⋅ ⋅ ⋅ , R. K�âO����MPC�{,ÀúpÑXÚ
(21)���Cþ�ÏL3�EÄ�)�¹�5Ý
Ø�ª (25)∼ (28)�à�`¯K (24)Ä�¼�.e�ÄXÚ�å,du �(k∣k)�©lÑ5,�òÙ{zǑ�
�Ǒ�Ñ\�å�ÙéA�=�ÑÑ�å,Kdª (22)Ú (23)��Ø�ª

[

�l(k∣k)− �l,max

−�l,max − �l(k∣k)

]

⩽ 0, l = 1, 2, ⋅ ⋅ ⋅ , 6; (29)
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[

(xn(k∣k) + Le(pn(k))�(k∣k))q + s∗nq − snq,max

−snq,max − (xn(k∣k) + Le(pn(k))�(k∣k))q − s∗nq

]

⩽ 0, q = 1, 2, 3, n = 1, 2, ⋅ ⋅ ⋅ , N. (30)I�5¿�´,3�
æ��Ǒk=ò��S��11��� �(k∣k)�^u��XÚ,ªà��P (k)

= 
(k)Q(k)−1��"O�F (k) = Y (k)Q(k)−1^5�y�5XÚG��Âñ,
3e�æ��Ǒk+1I­#�)à`z¯K (24),±(½e��Ǒ��`��Ñ\ �(k + 1∣k + 1).

3 ���ýýý(((JJJ���©©©ÛÛÛ±8gdÝPUMA560ó�Åì<ǑïÄé�,�^Robotics Matlab Toolbox,3Ìª2.26 GHz,=A�P8400VØ?nì��<>Mþ,ÏLü|ÀúpÑ?Ö�ý�y�©JÑ��{. ��Å (ëêXL
1¤«)SC3Å��"à,��Ù����ÝÚ��Æ�Ý©OǑ 0.5m/sÚ 0.5 rad/s, ^5½ ��>�Ǒ20 cm�Ý/8I.L 1 ��Åëêëê¶¡ ëê�©EÇ / pixel 512 × 512�: / pixel [256, 256]��Xê / (pixel/m) 640æ�±Ï / ms 40�ý?Ö¥�8I3��Å�IX��© ^XL2¤«,Ù¥
3���Ú�3���©OL« £ÚRPYÆ.�8I���Å��é ^ǑCHO

=(0, 0, 0.5, 0, 0, 0)�,��Ï" ^.À�Ý/8I�
4�º:�ǑAÆ:,KÏ"ÀúAÆǑs∗ = (128,

384, 0.5, 384, 384, 0.5, 384, 128, 0.5, 128, 128, 0.5).½ÂXê "=0.001,��Ý
Qw = I3×3, Rw = I6×6.|^
TP�.C�óä�[12]©)ã�ä�'Ý
,¼�à

õ>/��º:Ý
Ler, r = 1, 2, ⋅ ⋅ ⋅ , R.L 2 �ý?Ö�8I�©^�?Ö X / m Y / m Z / m R / rad P / rad Y / rad

1 −0.01 −0.01 0.6 −0.5 0.2 −2.1

2 0 0 0.5 0 0 3.14éu?Ö1,e�^DÚ IBVS�{[4]¢y,KÙ�ý(JXã1¥o¢�¤«,��:�Ø´ã�AÆ;,�´��Å�n�;,þØn�;3��Å�1�Ý���e,ã�;,�~­ò,��ÆÝ�^�^=q����Åu)î­��òy�,�)Ø7��$Ä.æ^�©JÑ��{,XJ3Ø�ÄXÚÑÑ�å��¹e,�ý(JX:y�¤«,�±wÑ:ã�AÆ;,��
�½�U?,�n�;,¿���²wUõ;XJÚ\�ÝAÆ��å�^,K�â8I��©^��Ï"^��(½AÆ:�Ý�Cz��,�3 0.5 ⩽ Z ⩽ 0.6,XoJ�¤«,��ã�AÆ;,¥²w­�,Ó���Å��òy�,n�;,��
4��Uõ.
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�{��ý(J.dã2�±w�,XÚ3�y�1ìÔn�å (=��Å�Ý�å)�
Je,ã�AÆ;,���Ån�;,þ��
é��5y.�,,eÀ½�ã�AÆ�å��Ý�åÀâ,����Å��1;,�3�,XÚòÊ�38I¼ê��� �,± 112⩽ u⩽ 400, 112⩽ v ⩽ 400, 0.5⩽

Z ⩽ 0.6Ǒ~,�ý(JXã3¤«.?Ö2´��71¶^=πlÝ�X^=?Ö.e�^DÚ IBVS�{, K��Å��òy�ò��ã�ä�'Ý
ÛÉ,��da?Ö�{�¤[4] .,
,�©JÑ��{é�Ýäk���åUå,��)ûda¯KC�{ük�.�â8I��©^�ÚÏ"^�ïáXÚÑÑ�å0.49 ⩽ Z ⩽ 0.51,dã4��ý(J�±wÑ,��Å¤õ¢y
7z¶�X^=$Ä.�,,eIo�ã�AÆ;,���,KAÓ�N��Ý�å,±¼��1���Å;,.
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