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Abstract— This paper discusses the task selection problem for
active vision systems, that is, what tasks should be selected to
control active vision systems and which order of priority should
be set for the selected tasks. One possible task to determine
an optimal camera placement is to obtain high resolvability,
or equivalently, to optimize a perceptibility measure which is
a quantitative scaling measure from error of the measured
velocity of image features in the image plane to error of the cor-
responding velocity computed in the camera coordinate frame.
This paper first shows that optimization of the perceptibility
measure may produce unreasonable motion responses for active
vision systems, and it should not be selected for a primary task
to control active vision systems. This paper then proposes target
tracking as a primary task and optimization of a perceptibility
measure as a secondary task. The perceptibility measure for
the secondary task is induced by certain Jacobian matrices, not
the image Jacobian matrix, to produce cooperative behavior for
active vision systems with multiple cameras.

I. INTRODUCTION

An active vision system is a robotic system with a camera
(or cameras) mounted on the robot end effector. The camera
position and/or the direction of the optical axis can be
controlled, and the system provides a variable and wide field
of view. Active vision systems may give wide tracking area
or accurate 3D shape estimation due to the variable field of
view. One typical class of active vision systems is the class
of pan-tilt camera systems, and the standard objective is to
track a given target object [1].

This paper discusses what tasks should be selected to
control active vision systems and which order of priority
should be set for the selected tasks, since the task selection
problem or the task sequencing problem is one of major and
significant problems in the area of robot control including
vision-based control [2], [3]. Possible tasks to determine
an optimal camera placement for a given target object are
to obtain high resolvability and to keep visibility of image
features, the field of view and the depth of field in a
certain range [4]. In particular, several quantitative measures
of resolvability have been proposed in [5], [6], [7] where
resolvability is called motion perceptibility. The perceptibil-
ity measures are quantitative scaling measures from error
of the measured velocity of image features in the image
plane to error of the corresponding velocity computed in
the camera coordinate frame. The measures are calculated
by using the image Jacobian matrix that relates the camera
velocity in the camera coordinate frame to the velocity
of image features in the image plane. In particular, the
perceptibility ellipsoid is defined by a product of all the
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singular values of the image Jacobian matrix. Therefore the
measure can be easily computed for vision-based control
systems, although quantization error analysis can be achieved
only for a specific active vision system [8]. The motion
perceptibility is successfully integrated with visual servoing
[9], since visual servo techniques basically use the image
Jacobian matrix to derive the control input signal.

This paper first shows that optimization of perceptibility
measures should not be selected for a primary task to control
active vision systems. This follows from the fact that the
perceptibility measures are basically optimized when the
tracked target is captured at the edge of the camera’s field of
view. Hence optimization of a perceptibility measure may
produce unreasonable motion responses for active vision
systems, when it is selected as the primary task. Based on
the discussion, this paper proposes optimization of a percep-
tibility measure as a secondary task, while target tracking
is selected as the primary task. The primary task moves the
center of gravity of image features to the center of the image
plane. The secondary task gives high perceptibility of motion
under the primary task. The perceptibility measures for the
secondary task is induced by certain Jacobian matrices, not
the image Jacobian matrix, since the image Jacobian matrix
does not have any information for control of active vision
systems with multiple cameras. Several examples demon-
strate that the proposed task selection produces cost functions
to obtain a reasonable camera placement and cooperative
behavior for active vision systems with multiple cameras.

II. MOTION PERCEPTIBILITY

A. Motion Perceptibility Induced by Image Jacobian

This section introduces the quantitative measures of mo-
tion perceptibility proposed in [7].

Let us first define the image Jacobian matrix. A 3D
point with coordinates (Xi, Yi, Zi) in the camera coordinate
frame is projected onto the image plane as a 2D point with
coordinates

si =
[
ui vi

]>
=

[
Xi

Zi

Yi

Zi

]>

(1)

where the focal length is set to 1. For given m image features,
the image feature vector s is defined by

s =
[
s>
1 s>

2 . . . s>
m

]>
. (2)

Let (vx, vy, vz) and (ωx, ωy, ωz) denote the camera velocity
and angular velocity in the camera coordinate frame, respec-
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tively. We set

v =
[
vx vy vz ωx ωy ωz

]>
. (3)

The relationship between ṡ and v is given by

ṡ = Lv (4)

where

L =
[
L>

1 L>
2 . . . L>

m

]>
, (5)

Li =

− 1
Zi

0
ui

Zi
uivi −(1 + u2

i ) vi

0 − 1
Zi

vi

Zi
1 + v2

i −uivi −ui

 .

(6)

The matrix L is called the image Jacobian matrix or the
interaction matrix. This paper sometimes consider motion
in the (X,Z) plane to simplify our discussion. The image
Jacobian matrix in the (X,Z) plane is given by (5) with

Li =
[
− 1

Zi

ui

Zi
−(1 + u2

i )
]

. (7)

One measure of motion perceptibility is the minimum
singular value of L, since the error bound is given by

‖∆v‖ ≤ ‖∆ṡ‖
σL min

(8)

where ∆v is error in the computed camera velocity, ∆ṡ is
error in the measured visual feature velocity and σL min is the
minimum singular value of L. It is seen from (8) that σL min

should be large to reduce the error ∆v. Thus maximization
of σL min is a candidate for a task to control active vision
systems.

The perceptibility ellipsoid defined by

wi =


√

det(L>L), if k ≥ `,√
det(LL>), if k < `

(9)

for the k × ` matrix L also provides a quantitative measure
of motion perceptibility. Another alternative measure of
motion perceptibility is the condition number for L, that is,
σL max/σL min where σL max is the maximum singular value
of L [5]. The condition number should be small to reduce
the error ∆v.

Remark 1: The image Jacobian matrix L defined by (5)
is valid only for single-camera systems. For multi-camera
systems, the image Jacobian matrix is given by the block
diagonal matrix whose diagonal parts are the image Jacobian
matrices of the corresponding cameras. Hence the optimal
motion perceptibility induced by image Jacobian for multi-
camera systems is determined by the individual optimization
for each camera.

B. Motion Perceptibility Induced by Target Jacobian

The measures described above represent motion percepti-
bility between the image feature velocity ṡ and the camera
velocity v in the camera frame. The goal for active vision
systems is to obtain the target state qt ∈ Rn in the world

coordinate frame or in the robot coordinate frame when the
target is also one of end effectors in the system. Perceptibility
measures for q̇t can be also defined in a similar manner to
the measures induced by the image Jacobian matrix. To this
end, we use

ṡ = Jtq̇t + Jaq̇a (10)

where qa is the vector of generalized coordinates of active
cameras in the system and

Jt =
∂s

∂qt
, (11)

Ja =
∂s

∂qa
. (12)

The matrix Jt is called the target Jacobian matrix in this
paper.

One perceptibility measure between (ṡ, q̇a) and q̇t is given
by

ρ :=
σJt min

σJa max
(13)

where σJt min is the minimum singular value of Jt, and
σJa max is the maximum singular value of[

I −Ja

]
. (14)

The error bound is given by

‖∆q̇t‖ ≤ σJa max

σJt min

∥∥∥∥∆

[
ṡ
q̇a

]∥∥∥∥ . (15)

The camera state qa usually can be obtained from sensors
other than cameras. Thus (15) implies that the computational
error ∆q̇t is bounded by sensing error. The measure ρ defined
by (13) should be large to reduce the error ∆q̇t. When k ≥ n
for the k × n matrix Jt, we can use the minimum singular
value of

Jc =
[
I −Ja

]+
Jt (16)

as a perceptibility measure, where
[
I −Ja

]+
is the Moore-

Penrose inverse of
[
I −Ja

]
. When k < n, Jc is not full

rank and the minimum singular value of Jc does not provide
an appropriate measure. Meanwhile (13) is always available.

An alternative and simpler measure is the minimum sin-
gular value of Jt. The error bound is represented by

‖∆q̇t‖ ≤ ‖∆(ṡ − Jaq̇a)‖
σJt min

. (17)

Furthermore, we can use the perceptibility ellipsoid

wt =


√

det(J>
t Jt), if k ≥ n,√

det(JtJ>
t ), if k < n

(18)

as a perceptibility measure induced by target Jacobian. The
advantage to use only Jt is that the closed form solution
of the perceptibility ellipsoid can be computed easier than
the minimum singular value. Moreover, the perceptibility
ellipsoid wt may be differentiable even when the minimum
singular value is not differentiable as shown later in Exam-
ple 2.
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III. MOTIVATING EXAMPLES

A. Control of an Active Vision System Using Motion Percep-
tibility Induced by Image Jacobian

It is seen from (5) and (6) that the minimum singular
value σL min is large when ‖si‖ is large or when the depth
Zi is small. In particular, σL min is sometimes maximized
when ‖si‖ → ∞ or when Zi = 0. Thus maximization
of σL min may produce unreasonable motion responses as
shown below.

Let us consider an active vision system with an active
camera, a linear slider and a revolute joint in the (X,Z)
plane as illustrated in Fig. 1. The camera’s X position xa

and the angle θ can be controlled. The state vector of the
camera is represented by

qa =
[
xa θ

]>
. (19)

The Z position of the camera is always set at 0. Let a point
be given as a target captured in the image plane. The target
position is denoted by

qt =
[
xt zt

]>
(20)

in the world coordinate. Then we have the image Jacobian
(5) with (7) and m = 1 where

Z1 = −(xt − xa) sin θ + zt cos θ, (21)

u1 =
(xt − xa) cos θ + zt sin θ

−(xt − xa) sin θ + zt cos θ
. (22)

Suppose first that θ = 0, that is, the optical axis of the
camera is parallel to the Z axis. Then the image Jacobian
matrix is given by

L =
[
− 1

zt

xt − xa

z2
t

−
(

1 +
(xt − xa)2

z2
t

)]
. (23)

From the above equation, |xt−xa| goes to infinity as σL min

increases. This implies that the target should be captured at
the edge of the camera field of view from the viewpoint of
motion perceptibility induced by the image Jacobian. Thus
maximization of σL min does not yield a reasonable motion
response in this case.

target

active camera

Fig. 1. Active vision system with an active camera, a linear slider and a
revolute joint.

Suppose next that xa = xt. Then we obtain

L =
[
− 1

zt cos θ

tan θ

zt cos θ

−1
cos2 θ

]
(24)

and

σL min =
1 + z2

t

z2
t cos4 θ

. (25)

Maximization of σL min yields that |θ| → π/2. This also
means that the target should be captured at the edge of the
camera field of view.

B. Control of Active Vision Systems Using Motion Percepti-
bility Induced by Target Jacobian

Consider again the system discussed in the previous sec-
tion. Then we have

Jt =
1

Z2
1

[
zt −(xt − xa)

]
, (26)

Ja =
1

Z2
1

[
−zt (xt − xa)2 + z2

t

]
(27)

where Z1 is given by (21).
The measure σJt min is written by

σJt min =

√
z2
t + (xt − xa)2

Z2
1

(28)

The measure σJt min goes to infinity as |xa| → ∞ when
θ = 0 or as |θ| → π/2 when xa = xt. Hence maximization
of σJt min is not suitable for a primary task to control active
vision systems.

Moreover, straightforward calculations lead to

ρ =

√
z2
t + (xt − xa)2

Z2
1 + z2

t + {(xt − xa)2 + z2
t }2

. (29)

It is seen from the optimality condition that ρ has a local
maximum at xt = xa and θ = π/2. Thus Z1 may approach
to zero when a greedy algorithm determines the local best.
This also implies that the target should be captured at the
edge of the camera field of view from the viewpoint of
motion perceptibility induced by target Jacobian.

IV. TASK SELECTION FOR CONTROL OF ACTIVE VISION
SYSTEMS

The previous section shows that the measures of motion
perceptibility are not appropriate for a primary task to control
active vision systems. This paper proposes target tracking as
a primary task and maximization of a perceptibility measure
induced by target Jacobian as a secondary task to control of
active vision systems.

The target tracking task for systems with a single active
camera is to minimize ∥∥∥∥ m∑

i=1

si

∥∥∥∥ (30)

where the center of the image plane is set to 0. The measure
(30) is not replaced by ‖s‖ or ‖s−sg‖ for a goal position sg ,
since (30) leads to redundancy but minimization of ‖s‖ or
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‖s− sg‖ does not allow performing a secondary task for an
active vision system that tracks multiple targets. In particular,
minimization of ‖s‖ may yield unreasonable behavior for
multi-target systems as will shown in Example 2. Note that
minimization of ‖s − sg‖ is the visual servoing problem.
Let us then consider a system with r active cameras. The
measure for the tracking task in active camera j ∈ {1, . . . , r}
is defined by ∥∥∥∥ ∑

i=Ij

si

∥∥∥∥ (31)

where Ij is the index set that contains indexes of image
features captured by camera j. The measure defined by (31)
is minimized for each active camera. Note that

r∪
j=1

Ij 6= {1, 2, . . . ,m} (32)

where m is the number of the image features, when the
system has a stationary camera.

The secondary task uses one of the perceptibility measures
induced by target Jacobian not image Jacobian, since the
image Jacobian matrix does not have any information for
control of multi-camera systems as discussed at Remark 1 in
Section II-A. Hence the measures induced by image Jacobian
do not make cooperative behavior of active cameras. On the
other hand, the measures induced by target Jacobian are valid
even for multi-camera systems as shown later in Example 3.

The following three examples demonstrate that the pro-
posed task selection provides appropriate cost functions
that produces reasonable motion responses for active vision
systems.

Example 1: Consider again the active vision system dis-
cussed in Section III-A. Suppose that the primary task is
completed. Then it holds that

xt − xa = −zt tan θ (33)

and we have

Jt =
cos θ

zt

[
cos θ sin θ

]
, (34)

Ja =
1
zt

[
− cos2 θ zt sin2 θ

]
. (35)

From (33) and (34), the minimum singular value σJt min is
maximized at

xa = xt, θ = 0. (36)

The measure ρ is given by

ρ =

√
cos2 θ

z2
t + cos4 θ + z2

t sin4 θ
(37)

when (33) holds. It is seen from the optimality condition
that ρ also has a local maximum at (36). The solution (36)
gives a reasonable camera placement, and it demonstrates
the validity of the proposed task selection.

Example 2: Consider the system discussed in Example 1
again, but it tracks two target points represented by (xt1, zt1)

and (xt2, zt2) in the (X,Z) plane. The state vector of the
target points is denoted by

qt =
[
xt1 zt1 xt2 zt2

]>
. (38)

Let us first chose ‖s‖ as the measure of the primary task.
Minimization of ‖s‖ is achieved at

xa =
zt1xt2 − zt2xt1

zt1 − zt2
, (39)

θ = tan−1

(
xt1 − xt2

zt1 − zt2

)
. (40)

It is seen that |θ| → π/2 as zt1 → zt2. This is not appropriate
behavior to perform tracking.

Let us use ‖s1 + s2‖ as the measure. The primary task is
completed when

θ =
1
2

tan−1 (xt1 − xa)zt2 + (xt2 − xa)zt1

(xt1 − xa)(xt2 − xa) − zt1zt2
(41)

holds. Suppose that zt1 = zt2 to compare the result obtained
above with the proposed approach. Then it can be seen from
the optimality condition that the minimum singular value
σJt min is maximized at

xa =
xt1 + xt2

2
, θ = 0 (42)

when

|xt1 − xt2| 6= 2|zt| (43)

holds. The condition (43) is a sufficient condition to derive
the optimal solution (42), since it guarantees the differen-
tiability of σJt min at (42). Fig. 2 shows that (42) gives the
optimal solution that maximizes σJt min when (43) is not
satisfied. The ellipsoid measure defined by (18) is always
maximized at (42), and (43) is not necessary for the ellipsoid
measure.

The proposed task selection is also available when zt1 6=
zt2. Let the two target points be set at (xt1, zt1) = (0.1, 1.1)
and (xt2, zt2) = (−0.1, 0.9). The minimum singular value
σJ min and the measure ρ defined by (13) are maximized at

xa = 0.2780, θ = 0.2790. (44)

-1 -0.5 0 0.5 1
0.4

0.6

0.8

1

1.2

1.4

1.6

Fig. 2. The minimum singular value σJt min versus the angle θ. Solid line:
xt1 = −xt2 = 0.9 and zt1 = zt2 = 1. Dashed line: xt1 = −xt2 = 1
and zt1 = zt2 = 1. Dotted line: xt1 = −xt2 = 1.1 and zt1 = zt2 = 1.
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and

xa = 0.3407, θ = 0.3354 (45)

respectively, as illustrated in Fig. 3. The optimal image plane
is not oriented parallel to the plane on the tracked targets. In
fact, the optimal angles in (44) and (45) are less than

π

4
= tan−1 zt1 − zt2

xt1 − xt2
. (46)

Example 3: Consider an active vision system with two
active cameras that share a linear slider and each camera has
a revolute joint as depicted in Fig. 4. The state of the two
active cameras in the world coordinate is denoted by

qa =
[
xa1 θ1 xa2 θ2

]>
. (47)

Suppose that the primary task is accomplished. Then we
have

Jt =
1
zt

[
cos2 θ1 cos θ1 sin θ1

cos2 θ2 cos θ2 sin θ2

]
, (48)

Ja =
1
zt

[
− cos2 θ1 zt sin2 θ1 0 0

0 0 − cos2 θ2 zt sin2 θ2

]
.

(49)

The minimum singular value σJt min is maximized at

qa = ±
[
xt + zt π/4 −xt − zt −π/4

]>
. (50)

The two cameras are symmetry with respect to the X axis
at (50). The optimal camera placement is natural, since
σJt min = σJt max and the resolution in the two directions is
same there. The resulting two shapes of σJt min and ρ are
similar to each other as shown in Figs. 5 and 6.

Remark 2: If a perceptibility measure induced by image
Jacobian is selected for the secondary task in Example 3, the
measure is optimized at

xa1 = xa2 = xt, θ1 = θ2 = 0. (51)

The optimal solution (51) is same as (36) for the single-
camera system, and no cooperative behavior is found. For
example, (51) is not valid for 3D reconstruction of the target

-0.8 -0.4 0 0.4 0.8
0

0.05

0.1

0.15

0.2

Fig. 3. Solid line: the minimum singular value σJt min versus the angle
θ. Dashed line: the measure ρ versus the angle θ. The two targets are set at
(xt1, zt1) = (0.1, 1.1) and (xt2, zt2) = (−0.1, 0.9) for the both cases.

target

Fig. 4. Active vision system with two active cameras that share a linear
slider and each camera has a revolute joint.
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Fig. 5. The minimum singular value σJt min
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Fig. 6. The measure ρ
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position. On the other hand, perceptibility measures induced
by target Jacobian provide reasonable solutions for both
single-camera systems and multi-camera systems.

V. CONTROLLER DESIGN

Controllers for active vision systems can be designed
by using the task function approach for redundant robot
systems [10]. Suppose that the input signal u is given by
u = q̇a. The error function for the primary task can be
written by

e =
[
e>

1 e>
2 . . . e>

r

]>
, (52)

ej =
∑
i=Ij

si. (53)

The controller based on the task function approach is repre-
sented by

u = −k1J
+
e e + k2(I − J+

e Je)
∂φ

∂qa
(54)

where k1 and k2 are positive constants, φ is a selected
perceptibility measure and

Je =
∂e

∂qa
. (55)

The selected perceptibility measure should be differentiable
to implement (54). Note that (54) also can be used in prac-
tice, if the selected measure is differentiable for all qa except
on a set of measure zero. Thus the measures ρ and σJt min are
available in practice, although they may be undifferentiable
at a point as illustrated in Fig. 2. If differentiability is still
desired everywhere, the ellipsoid measure wt is useful.

Example 4: Consider the system discussed in Example 3
again. The minimum singular value σJt min is selected as a
perceptibility measure. The controller (54) with

k1 = 1, k2 = 2 (56)

is implemented. Fig. 7 confirms the validity of (54) where
the target is fixed at (xt, zt) = (0, 1). The primary task is
accomplished, since ‖e‖ goes to zero. The secondary task is
also achieved, since the state qa converges to (50).

VI. CONCLUSION

This paper has discussed the task selection problem for
active vision systems. Optimization of a motion perceptibility
measure is not suitable for a primary task to control active
vision systems, since it may produce unreasonable motion re-
sponses. This paper has proposed target tracking as a primary
task and optimization of a perceptibility measure induced by
target Jacobian as a secondary task. The secondary task gives
high perceptibility of motion under the primary task.

To balance the rates of change of ṡ and q̇a, a weighting
matrix W may be introduced. If the weight is required, the
perceptibility measured are computed with[

I −Ja

]
W , (57)

instead of
[
I −Ja

]
.
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Fig. 7. Time responses of Example 4
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