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Adaptive visual servo regulation of mobile robots

ZHANG Xue-bo, FANG Yong-chun, LIU Xi

(Institute of Robotics and Automatic Information System, Nankai University, Tianjin 300071, China)

Abstract: For a monocular camera-based mobile robot system, we propose an adaptive visual servo regulation con-
troller. This controller asymptotically drives the robot to its desired position/orientation, even when the range sensors are
not available and the camera extrinsic parameters are unknown. Because the translational parameters between the robot
frame and the camera frame are unknown, the kinematical model of a monocular camera-based mobile robot system is
developed based on a static point in the camera coordinate system. The orientation error is extracted from the image by
decomposing the homography matrix, which is then incorporated with the image error signals to form the open-loop error
system by a coordinate transformation. On this basis, an adaptive regulation controller is proposed by using Lyapunov
techniques. The performance of the controller is validated by both the theoretical stability analysis and the experiment
results, showing that the controller can perform a rapid asymptotic regulation even when the extrinsic camera parameters

are unknown.
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Fig. 1 The mobile robot frame and the camera frame
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Fig. 2 Kinematics model of the mobile robot
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Fig. 3 Visual servoing of the mobile robot with a monocular camera

3.1 A 45 5 & B (Derivation of measurable sig-

nals)

X H BRGNS, hT2dE RS =1
SR BEAR B, PR (U oL > ji A 8 5 U R e 2
[F1) P s ] 4R RO 0F L, I B AL S SR AN e TH BT
HFTA AR AL 2245 5. Blme,m? € R343R
FAAE s PAE 2 T BEE LA bR R F L TR S AR bR

RE; T H34EAL bR, HI

m. = [xc Ye ZC]T’ m: = [x: y: Z

"

(&)

HH 55275 0 AR B R 108 AT A, A bRa . Sk o A
PTEF S FX T P BEAS BRIV AE mAE S AR BLAR
b 2R V6 T 0] 16 AR bR AE). ) SRR PR A,
AL LA 5 3 AR o S U A TR R 3 4E AR
Frm, m* € R%:
T e  _x1T
m = [1 Ye ZC] ,m; = [1 L ZC} . (6)

Te X Tt xk

XT3 o AL IR BB ARG 5,
24 5015 00220 A AR 112 2 A 06



1126 oW s N M

07 %

CREAE S T [ — A1 b, JF HAR & = AL
2, v LLIE I B AU S A A AR
BN AR . 7E LA L, T8 i Faugeras B §772; 205k
LA fff A 32 1 UVAE K BN R B HEAT 4, TT AR
BF 5 Fr 2 B e PR € R3*3:
cosf sinfd 0
R = |—sinf cosb 0|, (7
0 0 1

Erho € RAHLE N Z A7 2 5 A7 28 2 0] 1Y)

e Ay, Ho T I B T AL B0 € [_g,g], ) 0
w] DL N R
0 = asin( 12 "2, ®)

(i, 5 = 1, 2, 3)ARRBEHHFE RIVN .G 3.
gi bk, fENLEs Nizshid R, wf U T At

15 TR — 1k Ahbrm, m*, f R 220, LLUT ¥

I I& B645 5 R e v E A D B ot 448 Tl 4, LA 1% 3))

BLAS N REE ] i

3.2 HI&E M il 4 % vh(Adaptive controller de-

sign)
S8 SN AR AR AR

G=2=CI/) ©)

G=""=1/(") (10)

ity O MAL, G € RE( € REY AT KB 5.
AR, FEIIRA AL, X € RE (G € RA

e Yoo T
<1 = ZE’ <2 = ;:’ (11)
N T e AR IR AT 55, s LU R ZEE T
eq =0, (12)

(13

er| |G cosf —sinf | |

LJ B (J - [sin& cos ] L;

AR 7L J LA DGR T, Heo, e, ex W E, 4T

TGHLAAR R FOR 5 TR R AR AL AR bR R A A,

RIHLES N D 25 T 8 5E A7 224k, A, N SOREL

T FAER AR B UL KA SHOR F B B0, Bt B
T A FI AT

eo(t) — 0,e1(t) — 0,ex(t) — 0, (14)

FE L SCHR 7R 0 RHR 2 A S S AT R A A
(K3 P B AR R (B ARAIL A A 4 T AR MLAR bR R 5 S B

BUARKR 2T R LA B2 FAE), MR NLA S8 b g iR
72 o BRARIR S oA B T S A 5, AT 2 5 T R0 i 4 Al
RGN PERE,PE A B A IR ) R 5 SCHER (174N, A
SCIEFERZEAR 5 B IR B LAE BTG o8, BRI mT DA % th 1
R E LU PR B3040 22 4l R 1K) AT R 0, DT ASE BT 45 o1 PR AR
PSR T HAGM bR 18 1% 22 45 R 38 HAT S0 o 1) 5 H k.
W 7R 4), KR (12)(13)BEAT SR G IR0, 7] LA
BN R IR ZE T R
€ = w,
aé] = —quwey — wa, (15)

aéy = qwe; + wb — v.

Hrha e R, R BIEA Ak S PLERGAHLAR
bR 28T 1 e B AT B CIE A PR AN AD), B
as zr, (16)

KR B # 0. XTI BEAS) ik (1 7T 3 R 4,

AR AR e R L R R Geda 2% Be v 77 P15 Lyapunov

FEVERRIE, TRV [ 2 o 42 4%
{w = —ki(eo —X),

T, 2 )
v=Y () &+ kasgn(a) (es + € cost),

DL AN 4008 B
p=—Twer (18)
& =sgn(a) 1Y (-) (ex + ey cost) .
HrYT() e R3Sy € RIAMAKRIEAN:
{X = eje3 + ey cost (ex + eg cost) + pey,

19
YT(:) =[e; (w—sint) —wcost w]. (1%

i€ € R®, p € R4 53855t 1 T A 3 % 1) &

& e R3Yp e RI\AhTH:
E2aat]", (20)
A Qa
pe 1)
1, Ha > O,
— 22
sgnla) {—L%a<0ﬁ. 22

E B 20N Z B B A8, ki, ke, o €
RYGIE M) HOE 35, [T € R340 1F € 3 25
FFE. K RADARN K (15), JEATHEH )5 ] LS 2 4]
WRZE TR T

éo = —ki(eo — X),

aé; = aky (eg — x) e2 — wa,

aéy = —ky (ex + e cost) — YT (") é + wb + awe;.

(23)



%59 3

IRE P B pLas A 3 N A ] IR e 45 1127

3.3 125 M2 BT (Stability analysis)

EE 1 SNV N2
O H AN 8), ] LUE RGES5) iR 2215 S i
T, Bl

tlim eo =0, tlim er =0, tlim ey = 0. (24)

UE it Lyapunov ik £ T
1 1
V= §|a|(e§ +ef) + §|a\ (s + €1 cost)® +

1;T = 1 N
3¢ T+ 5T alp® > 0, (25)

Hehé € RS, § e RABIFRUIFBEU 2%
p=p—p E=€—E (26)
¥ R@SXEFFR T, 3K 17 ~ (195 K230
VN ZSOR CSUEaEC S
V= —lalk (eo — X)2 —ky(e2 + e cost)2 <0,
_@n
*Eﬁﬁ(ZS) (27)ﬂ§ﬂ, €p, €1, €3 € Efo’ 1576 c £oo
RIFERHRA7) (19) QO)FT4I p, € € Lo, w, v,
X Y () € Lo, BETMTH5N(15) (18) (19)7] LAHfE Hiéy,
éla éQa P;, éy X S Loo
JESCRRELf () I T
f = lalk: (eo — X)2 + Ky (e2 + €1 Cost)2 >0,

W7 5 15 21

f =2ky(ex+ ey cost) (éx + €1 cost — eg sint) +
2|alky (eg — x) (60 — X) € Loo-
JIT DA H B e B A 1 2T AR B :
lim f =0, (28)
thjg (e0 —x) =0, tlirglo (ea + e1cost) =0. (29)
FRAE 2, A ERR3) (17) A8) AT 4n:
lim éq = 0, tlilg p=0, (30)

t—o0
tlim é =0, tllm w =0, tlim ¢, =0. (31
FIFISU(19) (23) T BLAHE] 2t

da (eg + e cost)
dt

=g() — e;asint, 32)
Hrp
g(-) = —kosgn(a) (es + €1 cost) — aesw cost+

wb — wacost + e;wa,
(33)
W29 53, B UEY:

tlim g(-) =0. 34)

ESp]
d(—e;@sint :
Z0MD _  (e16 4 esd) st —
ejacost € Lo, (35)

i QA S (—easint)— BUZE 2L, M4 20(28) (32)
(34), A H ¥ k& 0 5 hz 52 Pl(extended barbalat’s
lemma) 2210 DAAS40:

d (ez + e cost)

lim =0, lime;a=0. (36)
t—o0 dt t—o0
FIH A (18) (19) (23), AT LAAF 2] R
d(eilt_X) = J(t) — eI sint, (37)
s
kaer

Y(t) = (egsint — éy cost + )(e2 + ey cost) +

||
. A~ A 1 2~ .
w — é1(ex + p) — pe; + —ejasint —
o
d(ey + e cost)
dt

1 B
—eyw(ej@ + b+ acost).
o

ey cost -

(38)
tlim 9(t) = 0. 39
53— 71, S
o
d(eldstmt) =2e.é;sint +ejcost € Lo, (40)

Hl (e3 sin ) — S 4:, WALHE 0(28) (36) (39), FHXF
FH™ e U 0 s B m] DLTIE

. d(ep—x) _ . 2 i
tlirgo —a - 0, tlinolo e;sint =0, 41
AT AHE
tlim e =0, (42)
FRHE X (28) (19) (42) T LLAIE B :
tlim er =0, tlim x =0, tlim ey = 0. 43)

MR 20 (42)@3)rT 4, 2 FLAFAE. RIS shHLas K&
AR e B A L
4 fii B 535£% (Simulation and experiment)

h T B AIE AR SC RV R fiE, AN T fEMATLABH
B NS AP AN SIS N RGEAT T 15 5.
W ERE 2 I, #EPioneer 3 — DxHLEs NG kAT
TR, AT B S g R b T DUE Y, AU
T DA A Sl as NS s T B An i &, B
KA IR P e



1128 oW s N M

4.1 4jj F(Simulation)

WA SR B A PR AV (17) 5 (18), AR
L T TR GE R O B S, PR AN S
LSRRG HLAL bR 28R e B A 0 S A B R

a = 0.2m,
b=0.1m, (44)
zy =0.5m,
RYRZE IERTE 73 0
eo(0) = 5 rad,
e1(0) = —0.866, (45)
e2(0) = 3.5,
P LA N S BB A - 1 2 B R
ey = 0.2, ky = 1.13, (46)
I = diag{0.1 0.05 0.3}, (47)
I's =0.04. (48)

Hrhdiag{- } 70T HERE.

X PR B R GE(23) AT S, v LAAS 2
a4~ e g K. Horp B4R R Rk 2 AR
o th 28, B5R R sh L4 A IR J80 B2 42 o) 5 A 4k il
2. e iR T & RIS E NS &AL FE. thii
LA AT LUE H, AR SO e vk i 3 AR G
15, RSB SECR TG B, v LU HIR 3L
2 N HT AR B B AT EEAL.

715 7N,
\
~10F \\ ___e1 _
-05F \\\ ..... e,
00F
0.5 .
1.0F 4
15t F 1
20F F
25t 1
3.0F .

35 1 Il 1
0 5 10 15 20

€, e,e,

t/s
K4 RGERE

Fig.4 System error

1.5 T T T

0.5 7
0.0
1 1 1

-0.5

w/ (rad-s™)

v/ (m-s?)
_ o = N W
T
1

t/'s
IR CHH L 1PN
Fig. 5 Control inputs

0.01 T 0.6 T

0.00 - 047 ]
QU W 02F B
oot 7 0.0 1
-0. ! -0.2 !
002, 10 20 0 10 20
t/s tls
0.00 . 0.1
-0.01 1 0.0
S W01}
SROSE i -02 1
— 1 —
0035 10 20 035

t/s
K6 ZHdbil
Fig. 6 Parameter estimation
4.2 SE%(Experiment)
FE A BUIN R ) A 2 b, A S AR S S vk
AT T 520G 06 UE. 7E 5256 1, BAMobileRobots 2\ ] )
Pioneer 3 — Dx= W& s L% N -7 &, P14 &
8% 1K [ESV4A00® IEEE13944% H % 7 1% 4% 1, H:
LI B T IAS0M/FD, 43 #E 2 Jy 780 582. {E Visual
Studio 2005® #1145 K, 3£ T Intel 42 A A TFUE T S HLAR
W BEOpenCV®, A TSGR AT $2 B 5 MR R, DL AR
ST 458 ) SRR AT T AR SE I, NI S8R T %
FINLEE AN IR KA R At o, RER%E
PIRTARAE R -

eo(0) = —17°, €,(0) = 5.50, e5(0) = —0.43, (49)
il AR S B Fean
k1 - 018, ]{72 - 06, (50)

I = diag{0.05 0.1 0.4}, I = 0.03. (51)

P17 249 A i ) i ik R v 4 PR R AIE R 02408 B
8, 15 s AR AR AE H AR B P AL, T B
AR G AR U0 BB RO AL . W] U, A SC
JITHR P s A0 A5 = A R Al A B BRI
BT ES, ML MBS A %est. &
gLz A I e a8 P, L b i e sl T
F ol B9 A IRt R P RS BB LA N AR T 58 s 1 i
2. B1004 B IE ML HIAE b A R0 2 B sh &4kt



%9 TR R AL AN 1 I A £ I B A 1129
ek, 7TLAG H, XSS HEY BRI S RS 00 T 0.00 T
-0.05 =
100 ' ' ' ' ' x -05 455 -0.100 1
150 7 1 -0.150 - .
200 it . 1.0 — ~0.200 T
@_\____,_.—M 0 10 20 30 0 10 20 30
. 250 7
% t/s t/'s
g 0r ] 0.015 — 0.6 —
350 - a
0.010 - 04
000 T 7 W W 0.0
450 - i 0.005 - b ~02
1 1 1 1 1 0.000 1 1 70-4 L 1
5000 100 200 300 400 500 600 0 10 20 30 0 10 20 30
u(h %) t/s t/s
N , N SR A
ERERY It 10 SHfist
Fig. 7 Trajectories of 2D image features Fig. 10 Parameter estimation
: . : : : 5 458 (Conclusion)
or N NN — N N
= BEXFET 0 H AL AR S PLas AR GE, A SCHEAF
s lof 1 FERFIRBHAN SRR O T, F RN T HEUE
20 . . L . . P ) L. A SRR 5% 5 Ly apunov F 4 V42 1l
0 5 10 15 20 25 30 IR TS . [ N
APV IEA G, R T B I B T
ER DU R AR S 2 K W B A 2 AR A s
JEAR BRI BEAT AE LA a2, T A AS Zh AL 3 N AT
v SR ZEWT AT RS e B WV A 25, BB A AT 7 B0 K
06y &5 RIUE S T IXFR R B 72 1 U7 VR R R RE. AE
Ja SIS, AR AR S R R G I B
RS RRANE A I IR E R M A S € T
N - . . . (7 B 3o S AR AL SR A 5 DR 2 S5 AN o P D 3R
o AT, DLE— D3 m il AL 32 6 R GE ) & 4
v P, I LR 4 N ] TS B ds A
-0.4 4
1 1 1 1 1
0 5 10 15 20 25 30 ?}*%iﬁk(References):
! /: . [1] BROCKETT R W. Asymptotic stability and feedback stabiliza-
K8 ARGk tion[M] //Differential Geometry Control Theory. Boston, MA, Amer-
Fig. 8 System error ican: Birkhauser, 1983.
[2] MARCHAND N, ALAMIR M. Discontinuous exponential stabiliza-
- tion of chained form systems[J]. Automatica, 2003, 39(2): 343 — 348.
T@ [3] POURBOGHRAT F. Exponential stabilization of nonholonomic mo-
'g bile robots[J]. Computers and Electrical Engineering, 2002, 28(5):
g 349 - 359.
s [4] CANUDAS-DE-WIT C, SORDALEN O J. Exponential stabilization
of mobile robots with nonholonomic constraints[J]. IEEE Transac-
t/s tions on Automatic Control, 1992, 13(11): 1791 - 1797.
0.4 T T T T T [51] TEEL A R, MURRAY R M, WALSH G C. Non-holonomic con-
o | i trol systems: from steering to stabilization with sinusoids[J]. Inter-
é 0.2 national Journal of Control, 1995, 60(4): 849 — 870.
I 00 [6] TIANY P, LIS. Exponential stabilization of nonholonomic dynamic
. ~02 ) ) | ) ) systems by smooth time-varying control[J]. Automatica, 2002, 38(7):
0 5 10 15 20 25 30 1139 - 1146.
tls [71 YUAN H, QU Z. Continuous time-varying pure feedback control for
BlO P chained nonholonomic systems with exponential convergent rate[C]

Fig. 9 Control inputs

/IProceedings of the 17th IFAC World Congress. Oxford: Elsevier
Science Press, 2008: 15203 — 15208.



1130 oW s N M

07 %

[8] KOLMANOVSKY I, MCCLAMROCH N H. Developments in non-
holonomic control problems[J]. IEEE Control System Magazine,
1995, 15(6): 20 — 36.

[91 BLOCH A M, BAILLIEUL J, CROUCH P E, et al. Nonholonomic
Mechanics and Control[M]. New York: Springer-Verlag, 2003.

[10] HUTCHINSON S, HAGER G D, Corke P I. A tutorial on visual servo
control[J]. IEEE Transactions on Robotics and Automation, 1996,
12(5): 651 — 670.

[11] CHAUMETTE F, HUTCHINSON 8. Visual servo control, part I: ba-
sic approaches[J]. IEEE Robotics and Automation Magazine, 2006,
13(4): 82 -90.

[12] CHAUMETTE F, HUTCHINSON S. Visual servo control, Part II:
Advanced approaches[J]. IEEE Robotics and Automation Magazine,
2007, 14(1): 109 — 118.

[13] JUNG D, HEINZMANN J, ZELINSKY A. Range and pose esti-
mation for visual servoing of a mobile robot[C] //Proceedings of

IEEE International Conference on Robotics and Automation. Leu-
ven: IEEE, 1998: 1226 — 1231.

[14] DIXON W E, DAWSON D M, ZERGEROGLU E, et al. Adaptive
tracking control of a wheeled mobile robot via an uncalibrated cam-
era system[C] // Proceedings of American Control Conference. Pis-
cataway: IEEE, 2000: 1493 — 1497.

[15] CHENJ, DIXON W E, DAWSON D M, et al. Homography-based vi-
sual servo tracking control of a wheeled mobile robot[J]. I[EEE Trans-
actions on Robotics, 2006, 22(2): 406 — 415.

[16] CHEN J, DAWSON D M, DIXON W E, et al. Adaptive homography-
based visual servo tracking for a fixed camera configuration with a
camera-in-hand extension[J]. IEEE Transactions on Control Systems
Technology, 2005, 13(5): 814 — 825.

[17] FANG Y, DIXON W E, DAWSON D M. Homography-based vi-
sual servo regulation of mobile robots[J]. IEEE Transactions on Sys-

tems, Man, and Cybernetics-Part B: Cybernetics, 2005, 35(5): 1041
—1050.

[18] SU J, MA H, QIU W, et al. Task-independent robotic uncalibrated
hand-eye coordination based on the extended state observer[J]. I[EEE
Transactions on System, Man, and Cybernetics-Part B: Cybernetics,
2004, 34(4): 1917 — 1922.

[19] HU G, MACKUNIS W, GANS N, et al. Homography-based visual
servo control with imperfect camera calibration[J]. IEEE Transac-
tions on Automatic Control, 2009, 54(6): 1318 — 1324.

[20] FAUGERAS O, LUSTMAN FE. Motion and structure from motion in
a piecewise planar environment[J]. International Journal of Pattern
Recognition and Artificial Intelligence, 1988, 2(3): 485 — 508.

[21] ZHANG X, FANG Y, MA B, et al. A fast homography decomposi-
tion technique for visual servo of mobile robots[C] //Proceedings of
27th Chinese Control Conference. Beijing: Beihang University Press,
2008: 404 — 409.

[22] SLOTINE J E, LI W. Applied Nonlinear Control[M]. Englewood
Cliffs, NJ: Prentice-Hall, 1991.

e E A

KEW  (1984—), B, W LWFAE, T EEWEIT S ) MG 1
#l. FEHLES A TFE ML, E-mail: zhangxb@robot.nankai.edu.cn;

TTBE (1973—), B, B, WL S, IBEEM Zisx i, B
WHFUIT 10 A S R G AR L MR L L AL 12 ), E-mail: yfang@
robot.nankai.edu.cn;

X & (1984—), H, WO, FEOTT A B AIHLEE
s B A g4 5, E-mail: liux @robot.nankai.edu.cn.



