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Adaptive Visual Servo Regulation Control for Camera-in-Hand
Configuration with a Fixed-Camera Extension
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Abstract: In this paper, image-based regulation control of
a robot manipulator with an uncalibrated vision system is dis-
cussed. To compensate for the unknown camera calibration
parameters, a novel prediction error formulation is presented.
To achieve the control objectives, a Lyapunov-based adaptive
control strategy is employed. The control development for
the camera-in-hand problem is presented in detail and a
fixed-camera problem is included as an extension.

I. INTRODUCTION

The use of computer vision data to control the motion
of a robot manipulator is commonly referred to as visual
servo control. For single camera systems, the vision data
may be acquired from the camera which is mounted at the
end-effector of the robot manipulator (camera-in-hand) or
the camera may be fixed in the workspace (fixed-camera)
so that it can observe the motion of the end-effector of
the robot manipulator. For both camera-in-hand and fixed-
camera systems, the two dominant control architectures are
image-based visual servo control and position-based visual
servo control [1]. For image-based control schemes, the
Jacobian matrix, which maps the image errors onto the
joint space of the manipulator is commonly referred as
the interaction matrix. The interaction matrix is a nonlinear
function of the intrinsic and extrinsic camera calibration
parameters. Hence, the performance of the controller depends
on the accurate knowledge of the camera parameters [2].
However, camera calibration is tedious, difficult and costly
[2], [3]. On the other hand, a control scheme with off-line
identification of the camera calibration parameters is usually
not robust to the change of parameters, disturbances, and
unknown environments [4].

Beginning from the early 1990’s, the focus of much of the
research on visual servoing has moved to uncalibrated vision
systems. Yoshimi and Allen [5] utilized the geometric effect
of rotational invariance to estimate the interaction matrix.
Hosoda and Asada [4] presented an extended least squares
algorithm with exponential data weighting for estimating the
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interaction matrix. In [6], Fakhry and Wilson presented mod-
ifications of the resolved acceleration controller for visual
servoing. Jagersand et al. [7] proposed an adaptive visual
servoing controller. In [7], a nonlinear least-squares opti-
mization method using a trust region method and Broyden
estimation is utilized. The method proposed in [7] is similar
to the ones in [6] and [4]. Bishop and Spong [8] presented
a sampled-data controller for uncalibrated monocular visual
servo systems with an online calibration extension. In [9],
Ruf et al. proposed an online calibration algorithm for
position-based visual servo control. In [10] and [11], Pa-
panikolopoulos et. al. proposed an algorithm based on online
estimation of the relative distance of the target with respect to
the camera. In [12], Malis proposed a visual servo controller
which is robust to changes in the intrinsic camera calibration
parameters. Piepmeier et al. [13] proposed a dynamic quasi-
Newton method for visual servo control of uncalibrated
robotic systems. In [13], where a recursive least squares
algorithm is utilized to estimate the unknown interaction
matrix. In [14], Lu et al. presented an online algorithm using
the least square method to calculate the extrinsic orientation
matrix. In [15], Hespanha et al. developed theoretical anal-
ysis for uncalibrated stereo systems. In [16], a visual servo
controller is presented for end-effector regulation tasks in
the presence of uncertain camera calibration parameters. In
[17], Kelly et al. suggested two controllers based on the
transpose Jacobian control philosophy. However, the first
controller requires the depth information for all the feature
points, and the second controller depends on the approximate
Jacobian method which utilizes the best available information
on the depth and the camera calibration parameters. Recently,
Liu et al. [2] presented adaptive controllers for uncalibrated
fixed-camera systems. The first controller tracks only one
feature point and the second controller can track multiple
feature points. However, with a six degree-of-freedom robot
manipulator, the proposed controller can track at most three
feature points. This constitutes a problem based on the well-
known fact that four coplanar feature points on an object are
needed to determine its posture from their projection in the
image plane. Similar to [2], the development in [18] is also
for tracking control of one feature point.

In this paper, image-based regulation control of a robot
manipulator with an uncalibrated vision system (i.e., the
intrinsic and extrinsic camera parameters are unknown) is
addressed. To compensate for the unknown camera calibra-
tion parameters, a prediction error formulation is presented.
For all the feature points, the interaction matrix and the depth
are both linearly parameterized, which is then followed by
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a novel prediction error formulation to design the nonlinear
estimation law. The novelty of this formulation over the past
research is its unique method to linearly parameterize the
interaction matrix and the depth simultaneously. To develop
the error system, the image error signals for four feature
points are combined to form the final error signal which
is followed by the Lyapunov-based stability analysis. The
novelty of this analysis is the design of the Lyapunov func-
tion which incorporates the depth informations for all feature
points. Satisfaction of persistent excitation (PE) conditions
allows the image and the estimation error signals to be driven
to zero. The control development for the camera-in-hand
problem is presented in detail and a fixed-camera problem
is included as an extension.

II. ADAPTIVE CONTROL FOR CAMERA-IN-HAND
CONFIGURATION

A. Geometric Model

To make the subsequent development more tractable, four
coplanar target points located on a static object, denoted
by O; Vi = 1,..,4 are considered. In order to develop
a geometric relationship between the fixed object and the
moving camera, an inertial coordinate frame, denoted by
7, attached to the object, an orthogonal coordinate frame,
denoted by F, whose origin coincides with the optical center
of the moving camera, an inertial coordinate frame, denoted
by W, attached to the base frame of the robot manipulator,
and an orthogonal coordinate frame, denoted by &, attached
to the end-effector of the robot manipulator are defined (see
Figure 1). Let the 3D coordinates of the i feature point on
the object be denoted as the constant x,; € R? relative to
the base frame W, and m; (t) € R3 relative to F, which is
defined as follows

%] (1)

(Fixed object position)

(Camera current position)

(End-effector of the

robot manipulator) (Base of the robot manipulator)

Fig. 1. Geometric relationships between the fixed object, robot manipulator,
and the camera attached to its end-effector.
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In the subsequent development, it is assumed that the
object is always in the field of view (fov) of the camera,
hence the distances from the origin of Z to all feature
points remain positive (i.e., z; (£) > € where € € R is an
arbitrarily small positive constant) and bounded. To relate
the coordinate systems, let R (t) € SO (3) and zf(t) €
R? denote the rotation matrix and the translation vector
respectively, between F and Z. Let m; (t) € R® denote the
normalized Euclidian coordinates for the ih feature point,
which is defined as follows

1
m; & —m;. 2)

In the image captured by the camera, each of these feature
points have projected pixel coordinates expressed relative to
Z, denoted by p; (t) € R?, defined as follows

pi2 [ v 3)

where w; (t), v; (t) € R. The projected pixel coordinates of
the feature points are related to the normalized Euclidian
coordinates by the pin-hole model of [19] such that

pi = Am; 4)

where A € R2*%3 is the unknown truncated camera calibra-
tion matrix [20] which is assumed to be of the following
form

_ fku fkycotg wu
A" T o ®)

where k,, k, € R denote camera scaling factors, ug, vg € R
represent the pixel coordinates of the principal point, ¢ € R
is the angle between the camera axes, and f € R is the
camera focal length.

B. Open-Loop Error System

To facilitate the open-loop error system development,
image error for the i feature point, denoted by e; (t) € R?,
is defined as follows

ei 2 pi — Ddi (6)

where pg; € R? is the constant desired image coordinates
for the i feature point. The dynamics of the image error is
found as follows

€& = pi @)
1 - .
= —Aum (8)
2

where A.; (t) € R?*3 is a function of camera intrinsic cal-
ibration parameters and image coordinates of the i feature
point as shown below

Aeiég_[

O O (3

and from Figure 1, m; (¢) can be found to be of the following
form

mi=R.| —R, SRy (xpi — x)] | Jrd (10)
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where the forward kinematics of the robot manipulator was
utilized [21]. In (10), R, € SO (3) is the camera extrinsic
calibration matrix, R, (t) € SO (3) is the orientation matrix
of the end-effector of the robot manipulator, J, (¢) € R6%¢
is the Jacobian matrix of the robot manipulator, z, (t) € R3
is the end-effector position of the robot manipulator relative
to W, q(t) € R® represents the joint positions of the robot
manipulator, and S (-) € R3*3 is the skew-symmetric matrix
form of its argument defined as follows

O _53 52 51
SEOE| & 0 =& | Ve=| & (11)
& &0 I3

The joint velocity vector ¢ (t) € R® is assumed to be the
kinematic control input such that

= (12)
After utilizing (10) and (12), the dynamics for the image
error of (8) can be rewritten as follows

zzez = AeiRc [ —RT S [RT (.I'pi

—a,)] | S (13)

Remark 1: In [22], it was shown that four non-collinear
object feature points are sufficient to determine the end-
effector frame pose with respect to the base frame. Based on
this fact, the analysis in this paper will be based on regulation
of four feature points.

Remark 2: In the subsequent analysis, it is assumed that
the end-effector position of the robot manipulator x,. (t),
the orientation matrix of the end-effector of the robot
manipulator R, (¢), and the Jacobian matrix of the robot
manipulator J,. (¢) are known, and the camera intrinsic and
extrinsic calibration matrices (i.e., R, and A) are constant
and unknown.

Remark 3: In the subsequent analysis, it is assumed that
the joint positions of the robot manipulator are bounded (i.e.,
q (t) € L) provided that the projected pixel coordinates of
all feature points are bounded (i.e., p; (t) € Lo Vi = 1,..,4).

Remark 4: In the subsequent analysis, it is assumed that
the orientation matrix of the end-effector of the robot
manipulator R, (¢) and the Jacobian matrix of the robot
manipulator J,. (¢) are bounded signals provided that the
joint positions of the robot manipulator are bounded.

After utilizing (1) and (10), the dynamics of z; (t) are
obtained as follows

si=rl[ R S[Re(zpi— )] | Jou (14)

where 7L, € R'*3 is the third row vector of the extrinsic

camera calibration matrix. To facilitate the subsequent anal-
ysis a diagonal matrix, denoted by Z (t) € R®*8, with its
entries being z; (t) Vi = 1, ..,4, and a combined error signal
e (t) € R® are defined as follows

ThPI20.2

We can see from (15) and (16) that the product Z (t) e (t) is
equal to the following expression

Je= [ zlef zzeg Z3e§ 2462; ]T (17)
After utilizing (13), (15) and (16), the following expression

can be obtained for Z (t) é (t)

zel el 1T as)
(19)

= BlJru.

where B (t) € R®*% is defined in Appendix I. After adding

and subtracting the term 1Z (t) e (¢) to the right-hand-side

of (19), the following expression can be obtained
1.

Zé=—=3Z (e (t) +lu (20)

where 11 (t) € R®*C is defined in Appendix I. Since, the

auxiliary matrix IT (¢) has unknown constant parameters, the
product IT (¢) u () can be linearly parameterized as follows

Hu = W50 2y

where W3 (t) € R®¥*P is a known regressor matrix, and © €
R? is an unknown constant parameter vector'. The estimation
form of (21) can be defined as follows

u = W50 (22)

where IT (£) € R8% is the estimate of II (¢), and © () € R?
is the yet to be defined dynamic estimate of ©. After adding
and subtracting IT (¢) u (t) to the right-hand-side of (20), the
following open-loop error system is obtained

Zé = —%Z(t)e(t)—f—flu—i—ﬂ@é (23)

where the following expression was utilized
u = W50 (24)

with TI (t) € R®*6 being defined as follows
M2M0-1I (25)

and © (t) € RP is the estimation error defined as follows

©620-6. (26)

C. Closed-Loop Error System

Based on the subsequent stability analysis, the control
input u (¢) is designed as follows

w2 —kITe (27)

where £k € R is a positive constant control gain. After
substituting (27) into the open-loop error system in (23), the
following closed-loop error system is obtained

. 1, o ~
Z 2 diag {21, 21, 22, 22, 23, 23, 24, 74} (15) Zé= —§Z(t)e(t)—k:HHTe+W3®. (28)
es [ el el el el }T . (16) IThe reader is referred to [23] for the derivation of T3 (t) and ©.
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D. Prediction Error Formulation

In this section, a prediction error formulation for the
unknown parameters will be introduced. From Figure 1,
m; (t) can be written as follows?

m; = R, [RTT (:Cpi - Ir) +pc] (29)

where p. € R3 is the position of the origin of frame F with
respect to frame WV expressed in frame F. After utilizing (1),
(2), and (4), the pixel coordinates for the ith feature point can
be written as follows

1 -
pi = —ARc[R} (wpi — 27) + pc] (30)

where the corresponding depth can be written as follows
€19

where rl; € R'*3 is the last row of R.. It should be noted
that, in (30) and (31), A, R,, Zpi, Pe are unknown constant
parameters, and ., (t), R, () are measurable signals (see
Remark 2). Based on these facts, p; (¢) can be linearly

parameterized as follows

Zi = 7’?3 [R;? (xpi - Ir) +pc] .

W6y
b= W20O2;

where the following linear parameterization of z; (t) was
utilized

(32)

Z; = W2®27j. (33)

We note that z; (t) are assumed to satisfy the following
inequalities

i () >z (t) =Wy (t) Oy >e; >0 (34)

where p; (m;) € R Vi are positive functions and ¢; € R Vi
are positive constants. In (32) and (33), Wy (t) € R?*™,
W (t) € R*™ are measurable regression matrices, and
©1; € R™, Oy; € R"™ are unknown constant parameter
vectors®. After multiplying both sides of (32) with the term

Wa (t) O4; the following expression can be obtained
piW202; = W104;. (35)

The estimation forms of (32) and (35) can be defined as
follows

W164;

pi = (36)
WoO2;

piWaOa; = W10y 37

where ©1; (t) € R™ and ©y; (t) € R™ are the estimates
for ©; and O,;, respectively*. Subtracting (37) from (35)
and adding and subtracting the term p; (¢) Wa (t) ©2; to the
right-hand-side results in the following expression

_ 1 - ~ ~ T
Pi= eV [of o5 ] (38)
2For the derivation of the expression for 7m; the reader is referred to [24]
3The reader is referred to [23] for the derivation of W7 (t), Wa (t), ©15,
and @22', Vi = 1, ..,4.
“In the subsequent analysis, a projection algorithm will be utilized to
make sure that Wa (t) ©a; (t) is always greater than some arbitrarily small
positive constant.

ThPI20.2

where W; (p; (1), 1) £ [ Wi —p;Wa | € R¥X(1t72) g
a measurable signal, ©;; () € R/ is the estimation error

defined as follows
0;i20;,-6,Vj=1,2,Vi=1,.,4 (39)

and the prediction error for the i feature point p; (t) € R?
is defined as follows

Pi = pi — Di- (40)

The combination of the pixel coordinates for all the feature
points, denoted by p (t) € R®, is defined as follows

T
pE[pl p pi pi] . 1)

The prediction error p () € R is defined as follows
pEp—p (42)

where p (t) € R® is the estimation of p (¢). Based on (38)
the prediction error  (¢) can be written as follows

p=FRWe (43)

where Fy (1) € R8*® is an auxiliary matrix defined in
Appendix I, and W (-) € R®*P is a measurable signal,
© € RP is the combination of the unknown constants,
O (t) € R? is the estimation of ©, and © (t) € R? is the
estimation error.

Remark 5: 1t should be noted that, when obtaining (43)
from (38), there were common unknown constants for dif-
ferent feature points. As a result of this fact, an unknown
vector © with the exact same size as in (26) is obtained.

Based on the subsequent stability analysis, the estimation

law © (t) is designed as follows
©2 Proj {alW'p +TW{ e} (44)

where Proj{-} is defined in [24], and « (¢) € R is a positive
scalar function defined as follows

a2 1+2p() 45)
where p (-) € R is a positive function defined as follows
p(-) = max {p} ()} (46)
and € € R is a positive constant defined as follows
= Iniin {e:}. 47)

In (44), ' (t) € RP*P js a least-squares estimation gain
matrix designed as follows

d (n—1\ & o T
= (r=1) £2w'w. (48)

Remark 6: It should be noted that if '~ (¢0) is selected to
be positive definite and symmetric then T (¢o) is also positive
definite and symmetric. Therefore it follows that both I'~! (¢)
and I () are positive definite and symmetric. From (48), the
following expression can be obtained

I'=—2'wTwWr. (49)
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From (49), it is clear that I'(¢) is negative semidefinite;
therefore, I' (¢) is always constant or decreasing, and hence,
it follows that T" (¢) is bounded (for more details, the reader
is referred to [25] and [26]).

E. Stability Analysis

Theorem 1: The control law defined in (27) and the up-
date law defined in (44) ensure that ||e (t)||,Hé (t)H — 0 as
t — +oo provided that the following persistent excitation
conditions [27] hold

to+T
v, 1g < / ()T (7)dr < 7,15 (50)
to
to+T
vslp < / W)W (r)dr < v, (51)
to
where 7y, € R Vi = 1,.., 4 are positive constants, [z € R8>8
and I, € RP*? are identity matrices.
Proof: See [24].

F. Conclusion

The image-based regulation control problem of a robot
manipulator with an uncalibrated vision system was ad-
dressed. The depth information which is in the denominator,
and the rest of the interaction matrix were simultaneously
linearly parameterized for the first feature point. After utiliz-
ing a novel prediction error formulation the estimation law
was designed. To avoid the singularity issue which might be
caused by the depth signal appearing in the denominator,
a parameter projection algorithm was utilized. Lyapunov-
based analysis techniques were utilized to achieve the control
objectives. The Lyapunov function was designed to embody
the depth information of all feature points. This design
of the Lyapunov function allowed us to have a depth-free
stability analysis. Upon satisfaction of persistent excitation
(PE) conditions, it was proven that both the image and the
estimation error signals are driven to zero. As an extension,
a fixed-camera configuration was presented (see [24]).
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After uti}izing (16) and the time derivative of (15), the
product Z (t) e (t) can be written as follows

. d
ZGZEl—[Zl z1 Z9 Z9 Z3 23 Z4 24 ]T (53)

dt
where the diagonal matrix Ej (t) € R®*® is defined as
follows
Ey £ diag {e11, €12, €21, €22, €31, €32, €41, €42} (54)

with e;; (¢) being the j™ entry of e; (¢). The second term on

the right-hand-side of (53) can be written as follows
d
p [ Z1 21 29 Zo 23 23 Z4 24 }T =C1J,u
(55)
where (14) was utilized, and the auxiliary matrix C (t) €
R8%6 is defined as follows

[ rl | — R, SRy (zp1 — )] | ]
rc;3 R, S[Ry (zp1 — )]
ER

s Tes — Ly T pr — Ty
G = [ R SIR (00— )] (56)

TCTB R, SRy (zps — )]
Te3 | —R, SRy (vpa — )] |

| L | — R, SRy (vps — )] | |

The auxiliary signal II (¢), introduced in (20), is defined as
follows

1
S <B1 + 5Elol) Jy (57)

where (19), (20), (53)-(55) were all utilized. The auxiliary
matrix Fy (t) € R8*® introduced in (43), is defined as

follows
1 1 1 1
F, £ dia { , , , ,
! g W21021" Wa1021" WaBO22" WarBOa9
1 1 1 1
b b 9 }' (58)
Wo3023" Wa30a3" WoyOoy’ WoyOoy
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