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Trifocal tensor-based 6 DOF visual
servoing

Kaixiang Zhang', Frangois Chaumette? and Jian Chen'

Abstract

This paper proposes a trifocal tensor-based approach for 6 degrees-of-freedom visual servoing. The trifocal tensor
model among the current, desired, and reference views is constructed to describe the geometric relationship of the
system. More precisely, to ensure the computation consistency of trifocal tensor, a virtual reference view is introduced
by exploiting the transfer relationships between the initial and desired images. Instead of resorting to explicit estimation
of the camera pose, a set of visual features with satisfactory decoupling properties are constructed from the tensor
elements. Based on the selected features, a visual controller is developed to regulate the camera to a desired pose, and
an adaptive update law is used to compensate for the unknown distance scale factor. Furthermore, the system stability
is analyzed via Lyapunov-based techniques, showing that the proposed controller can achieve almost global asymptotic
stability. Both simulation and experimental results are provided to demonstrate the effectiveness and robustness of our

approach under different conditions and case studies.
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1 Introduction

Visual servoing is aimed at closing the control loop with
real time visual feedback to increase the flexibility, accuracy,
and robustness of a robotic system (Hutchinson et al.,
1996; Chaumette and Hutchinson, 2006). In this paper, the
6 degrees-of-freedom (DOF) eye-in-hand visual regulation
task is considered, which is conducted via the conventional
teach-by-showing idea. Specifically, an image is prerecorded
in the teaching process to express a desired pose, and then
by utilizing the visual feedback, the robot is driven from
an initial pose to the desired pose automatically. According
to the feature information used for the feedback signals,
the visual servoing can be mainly divided into image-based
methods (Liu et al., 2006; Kallem et al., 2007; Collewet
and Marchand, 2011; Dame and Marchand, 2011; Spica
et al., 2017) and pose-based methods (Wilson et al., 1996;
Lippiello et al., 2007; Fujita et al., 2007).

The image-based methods define the visual features in
the 2D image space. Classical image-based methods directly
use image coordinates of several points or lines to construct
the system errors, which would be sensitive to feature
mismatching between current and desired views. To reduce
the effect of image processing errors, more dense image
features can be utilized, such as kernel-based (Kallem et al.,
2007), photometric-based (Collewet and Marchand, 2011),
and mutual information-based (Dame and Marchand, 2011)
methods. However, the interaction matrices of dense visual
servoing are complicated, and thus it is hard to determine
the convergence region theoretically. Different from the
image-based methods, the pose-based methods construct the
visual features in the 3D Cartesian space. Generally, the
decoupled translation and rotation information is exploited
to define the system errors, which simplifies the controller
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design and leads to a larger convergence region compared
to image-based methods. Nevertheless, to estimate the pose
information, a priori knowledge of the target model is
required.

To eliminate the requirement on a priori knowledge of
the target model, a good choice is to design the visual
control strategies based on two-view geometry, such as
homography (Malis et al., 1999; Malis and Chaumette, 2000;
Fang et al., 2005; Silveira and Malis, 2012; Zhang et al.,
2017) and epipolar geometry (Mariottini et al., 2007; Becerra
et al., 2011). More precisely, both homography-based and
epipolar-based methods construct the geometric relationship
between the current and desired views to facilitate the
control development. This relationship is formulated by
homography matrix or fundamental (essential) matrix, which
can be calculated through the corresponding feature points
in different views. However, both homography-based and
epipolar-based methods have drawbacks. The decomposition
of homography matrix requires an initial guess of the normal
vector of the scene to determine the unique solution, while
the epipolar geometry becomes ill-conditioned with short
baseline and with planar scenes (Lopez-Nicolds et al., 2010).
Different from homography and epipolar geometry, trifocal
tensor encapsulates the intrinsic geometric correlation
among three views and is independent of the observed scene.
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Due to this fact, the trifocal tensor has great potential in
addressing visual servoing (Andreff and Tamadazte, 2016;
Chen et al., 2018). The trifocal tensor based visual servoing
can be divided into 1-D methods (Becerra and Sagiiés,
2013; Sabatta and Siegwart, 2013) and 2-D ones (Lépez-
Nicolas et al., 2010; Chen et al.,, 2017). Most of these
methods focus on controlling a nonholonomic wheeled
mobile robot to achieve different tasks, mainly including
regulation (Becerra and Sagii€s, 2013; Lopez-Nicolas et al.,
2010), path following (Sabatta and Siegwart, 2013), and
trajectory tracking (Chen et al., 2017). Nevertheless, there
are few results that extend the trifocal tensor to address the
6 DOF visual servoing, and Shademan and Jigersand (2010)
is the only one up to our knowledge.

For the trifocal tensor based visual servoing, one of the
main concerns is how to define the feature information.
Some of the aforementioned works (Sabatta and Siegwart,
2013; Chen et al., 2017) decompose the pose information of
the camera as the system states, while some others (Lopez-
Nicolés et al., 2010; Shademan and Jagersand, 2010) directly
use tensor elements to provide visual feedback. In general,
to extract the camera pose from the trifocal tensor, singular
value decomposition (SVD) techniques need to be exploited.
Although using the explicit pose information as feedback
signals can simplify the controller design, SVD-based pose
extraction is complicated and is sensitive to image noise.
To avoid this problem, an alternative interesting idea is
to construct the visual features directly from the trifocal
tensor elements. This idea has been considered in Shademan
and Jigersand (2010), which uses all tensor elements as
visual features to design the control scheme. However, the
visual features are redundant and highly coupled, and the
corresponding interaction matrix is obtained via numerical
techniques without deriving its analytical expression. Under
these circumstances, it is extremely difficult to guarantee
the system stability theoretically. To facilitate the stability
analysis, linearizing the error system around the origin point
is a common method. Nevertheless, this technique can only
achieve local stability and cannot determine the convergence
domain. Therefore, suitably refining the tensor elements
as visual features and developing a control strategy with
rigorous theoretical proof are motivated.

In this paper, a 6 DOF visual servoing strategy is proposed
to regulate a camera from an initial pose to a desired pose.
The scene-independent trifocal tensor is used to describe the
vision model. Since the trifocal tensor might suffer from the
degeneration issue, a reference view is introduced to avoid
this problem. Specifically, the reference view is generated
with the aid of the transfer relationships associated with the
initial and desired images, which ensures that the trifocal
tensor across the current, desired, and reference views can be
estimated consistently. To facilitate the tensor normalization,
an auxiliary tensor variable is introduced. Then, 3 elements
of the trifocal tensor and 6 elements of the auxiliary tensor
variable are chosen based on the geometric connotation
to construct decoupling visual features. The relationship
between the variations of tensor features and the system
inputs is derived for the control development. By utilizing the
Lyapunov methodology, an adaptive controller is developed
for the visual regulation task, and the unknown distance scale
factor is actively compensated by an update law. Theoretical
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analysis is provided to prove that the proposed control
scheme is almost globally asymptotically stable, which is a
strong result in the field of 6 DOF visual servoing. Moreover,
the performance of the developed approach is validated by
simulation and experimental results.

There are distinct differences between this paper and the
existing trifocal tensor based works (Becerra and Sagii€s,
2013; Sabatta and Siegwart, 2013; Lopez-Nicoléds et al.,
2010; Chen et al., 2017; Shademan and Jédgersand, 2010).
First, this paper considers the 6 DOF eye-in-hand visual
regulation, while Becerra and Sagiiés (2013); Sabatta and
Siegwart (2013); Lopez-Nicolas et al. (2010); Chen et al.
(2017) focus on the 3 DOF vision-based control of ground
mobile robots. Second, instead of constructing the visual
system with simplified 1-D trifocal tensor as Becerra and
Sagiiés (2013); Sabatta and Siegwart (2013), the 2-D trifocal
tensor is utilized in this paper to describe the visual model,
which is more suitable for the 6 DOF visual servoing. Third,
in our work, the tensor features are chosen based on the
geometric relationship to facilitate the control development
and stability analysis, while in Lopez-Nicolas et al. (2010),
the tensor elements are selected experimentally, and in Chen
et al. (2017), explicit pose information are decomposed
from the trifocal tensor to accomplish the tracking task.
Furthermore, as aforementioned, in Shademan and Jigersand
(2010), all the trifocal tensor elements are exploited in the
controller design, leading to a cumbersome error system,
and no analytical expression of the interaction matrix is
provided. Fourth, instead of designing the control law similar
to the typical proportional controller as Shademan and
Jiagersand (2010), an adaptive regulation control law is
designed in this paper, and the theoretical analysis of the
system stability and convergence domain is presented. A
preliminary version of this paper was presented in Zhang
et al. (2018). Compared to Zhang et al. (2018), a generation
strategy for the reference view is introduced to ensure that the
trifocal tensor can be estimated stably, and more rigorous and
detailed Lyapunov-based analysis is presented to show the
almost global asymptotic convergence of the system errors
instead of local stability result given in Zhang et al. (2018).
Additionally, to evaluate the proposed approach thoroughly,
different simulation and experiments are conducted. The
results indicate that the constructed visual features show
better decoupling characteristics compared to other visual
features defined from trifocal tensor. It can also be seen that
the robustness of the proposed approach is satisfactory with
respect to image noise and calibration errors.

The remainder of this paper is organized as follows.
Section 2 presents some preliminaries to facilitate the
development of this work. In Section 3, the generation
algorithm of the reference view is introduced. Then, Section
4 constructs the visual features with tensor variables.
The adaptive visual controller and the stability analysis
are developed in Section 5. Moreover, simulation and
experimental results are provided in Section 6, and
conclusions are given in Section 7.
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2 Preliminaries
2.1

As shown in Figure 1, this paper focuses on the 6
DOF eye-in-hand configuration. Specifically, F;, F¢, Fua,
and F* denote the initial, current, desired, and reference
coordinate frames of the camera, respectively. Note that the
reference coordinate frame ™ is introduced to facilitate
the construction of the trifocal tensor model, which will be
further discussed in the next section. Given the desired image
captured in Fy, the objective is to develop a trifocal tensor
based controller to ensure that the current camera frame F,.
asymptotically converges from F; to Fg, i.e.,

Problem statement and notations

Fe—Fg as t— oo.

o
..

Figure 1. Trifocal tensor vision model.

To improve the readability of this paper, some notations
are introduced. Throughout the paper, let Opxpn, Inxn €
R™ ™ be the n-by-n zero and identity matrix, respectively.
Let0,, I,, € R™ be the n-by-1 vector with all zeros and ones,
respectively. The subscript n might be dropped if it is clear
from the context. [-],, € R3*3 is the skew symmetric matrix
associated to a 3-by-1 vector, and [-], ;, is the j-th column
of [-],.. Given a vector ¢ € R", ¢(j) € R denotes the j-th
element of c. Given a matrix C € R™**", C’(j) € R" is the j-
th column of C and C( kj) € Ris the element on the k-th row,
j-th column of C.. A trifocal tensor variable £ € R3*3*3 can
be seen as a collection of three matrices &1, £(2), 3y €
R3*3. Denote &(;) € R**? as the j-th matrix of £. Then,
Eun € R3 is the I-th column of &y and E(jpyy € R is the
element on the k-th row, [-th column of E(j). Furthermore,
a trifocal tensor variable, or matrix, or vector accompanied
with a bracket (¢) implies that its value varies with time.

2.2 Trifocal tensor geometry

The relationships between the camera frames are illustrated
in Figure 1. More precisely, “R.(t) € SO® and °t,(t) € R?
are the rotation and translation between . and /™ expressed
in F.. Likewise, R, € SO® and ¢, € R3? are the constant
rotation and translation between F, and F* expressed in F.
Let 7 (t) € R3*3%3 be the trifocal tensor among the current,
reference, and desired views. Then 7 (¢) can be related to
the pose information as follows (Lopez-Nicolas et al., 2010;
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Hartley and Zisserman, 2003):
T(j) = R "l — R, @

From (1), it is clear that the trifocal tensor encapsulates
the geometric correlation across three views, and hence it
is applicable for visual servoing. To estimate the trifocal
tensor, point correspondences among three views are often
used (Hartley and Zisserman, 2003). Consider a static feature
point O in the scene, its corresponding image coordinates in
the views F, F4, and F* are denoted as p.(t), pa, p* € R?,
respectively. After extracting these image coordinates from
different views, the normalized Cartesian coordinates m..(t),
mg, m* € R3 can be calculated by

me=K 'pe,  ma=K'ps,, m*=K'p* (2
where K € R3*3 is the intrinsic camera calibration matrix.
By using the point sets (m.(t), mq, m*), the trifocal tensor
T (t) can be estimated up to a scale based on the following
relationship (Hartley and Zisserman, 2003):

3
mel, | D mi;Ti) | [mal, = Osxs. 3)
j=1

It can be seen from (1) that the camera pose can be
extracted from the trifocal tensor with SVD (Hartley and
Zisserman, 2003), and then this explicit pose information
can be utilized easily for the controller design. Nevertheless,
the SVD-based pose extraction is complex and sensitive
to image noise. Hence, this work focuses on using tensor
elements to construct the visual features. Inspired by
Shademan and Jdgersand (2010), an intuitive idea is to
define the feature information with all the elements of
T (t). In the following, the visual servoing with all tensor
elements is introduced and its corresponding disadvantages
are discussed.

2.3 Visual servoing with all tensor elements

Denote s(t) € R?7 as the visual features constructed with all
the elements of 7 (¢) as follows:

T
s 2 7_(/{1) 732) 7?{3) ) 7(Jgn 7@2) 7_(?;3)} G
To facilitate the control development, the time derivative of
s(t) should be derived. More precisely, based on the motion
dynamics model, the following expression can be obtained
(Chaumette and Hutchinson, 2006):
‘R, = — [w], “R., i =—v+[°t], w,
N ) )

X

d .-
R* = O3><3a

where v(t), w(t) € R3 are the linear and angular velocities of
the camera, respectively. Using (1), (5), and [t..(t)], w(t) =
— [w(t)], “t«(t), the time derivative of 7 () can be
determined, as follows:

; ¢h  dyT _ ¢ dpT
T = Ryt — Ry

(6)
=v dR*T(j) = [wly Ty
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indicating that

Tity = [dR*(zj)stg [T(ﬂ)]x] H : )

W

le

Taking the time derivative of (4) and utilizing (7), it can be
derived that

. v

- M ®)

with L(t) € R*7%6 being the interaction matrix constructed
by
L= [L1T1 L1T2 L1T3 Lg1 L§2

AN

©)
Note that L(t) depends on the constant rotation “R,, thus
an estimation or an approximation of R, will be needed in

the control scheme. Based on (8), the control inputs can be
designed via a typical way, as follows:

m = —kLT (s — sq) (10)

where k € R is the control gain, LT (t) € RO*27 is an
approximation of the pseudo-inverse of L(t), and s; € R*7
is the corresponding desired value of s(t).

The aforementioned approach based on all tensor elements
has several disadvantages.

o The computation of trifocal tensor might suffer from the
degeneration problem during the control procedure. Consider
the vision model presented in Figure 1, if the reference
frame F* coincides with the frame F; or F., then the
calculation of trifocal tensor will be degenerated by using (3)
(see Appendix A). Existing works (Shademan and Jagersand,
2010; Zhang et al., 2018) usually use the current, desired, and
initial views to define the trifocal tensor. However, under this
configuration, the aforementioned degeneration case occurs
easily, typically at the beginning of the servo where the
current view is coincident with the initial one, and hence
it is numerically troublesome to estimate the trifocal tensor
(Becerra et al., 2014). To ensure that the trifocal tensor can
be calculated consistently and stably, a generation strategy
for the reference view F* is introduced in the next section.

e From (1), it can be found that the time-varying pose
signals “R.(t) and “t.(t) are coupled into the expression of
T (t). Therefore, if the tensor elements are directly chosen
as the visual features, the derived interaction matrix does
not present satisfactory decoupling characteristics as shown
in (7). It should also be pointed out that 7 (¢) can only be
estimated up to a scale, i.e.,

Th=AT (11)
where T, (t) € R3*3%3 is the obtained scaled trifocal tensor
and A € R is an unknown scale parameter. Since A is
different each time the tensor variable is estimated, to
make the trifocal tensor-based approach applicable, finding a
suitable way to normalize T (t) is necessary (Lopez-Nicolds
et al., 2010). Motivated by the above issues, in Section 4, an
auxiliary tensor variable is introduced to redefine the trifocal
tensor-based visual features with satisfactory decoupling
properties, and a normalization method is introduced to
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ensure that the tensor variables are scaled by a common
factor during the control procedure.

e The controller designed in (10) relies on all the tensor
elements and can be regarded as classical image-based
control scheme. Actually, this kind of controller can only
achieve local asymptotic stability, and the resulting system
may be attracted to a local minimum. Due to the complex
structure of the interaction matrix L(¢), it is quite difficult
to determine the configurations with respect to the local
minimum and the size of the attraction domain (Chaumette
and Hutchinson, 2006). Based on the tensor features selected
in Section 4, an adaptive controller is designed in Section
5. Both the local minimum and the convergence domain are
analyzed clearly.

3 Reference view generation

To ensure consistent computation of trifocal tensor, a
generation strategy of the reference view JF™ is developed
in this section. The core ideas are to proactively design
the trifocal tensor among the initial, desired, and reference
views based on the reconstructed camera pose between
the initial and desired frames, and then to determine the
normalized Cartesian coordinate m* involved in (3) with
classical transfer techniques (Hartley, 1997; Lépez-Nicolds
et al., 2009; Becerra et al., 2014).

The generation strategy of the reference view F* is
concluded in Algorithm 1. Specifically, let m; € R® be
the normalized Cartesian coordinate of the feature point O
expressed in F;. Define 7; € R3*3%3 ag the trifocal tensor
with respect to the desired frame, initial frame, and the
third frame being equal to the desired frame. Then the point
correspondences (m;, mg) extracted from the initial and
desired views can be used to estimate 7; up to a scale via
the following relationship:

3
[mal . Zmi(jﬂ;(j) [ma] . = 03x3. (12)
j=1

Although two of the three frames used to define 7; are
coincident, (12) can be exploited to estimate the trifocal
tensor 7; without degeneration (see Appendix A). Denote
IR, € SO® and %; € R® as the constant rotation and
translation between JF; and JF; expressed in JF,. The trifocal
tensor 7; can be related to the aforementioned pose signals
as follows:

Tii) = “Rigiy 't — "Ry ). (13)
After estimating the trifocal tensor 7;, the essential matrix
between the initial and desired views can be derived, and then
classical algorithms can be used to decompose the rotation
dR,» and the scaled translation dfi from the obtained essential
matrix (Hartley and Zisserman, 2003; Ma et al., 2003). Now,
let ‘R, € SO® and “f, € R3 be the constant rotation and
scaled translation between J,; and F* expressed in F. Since
J* is a virtual frame, dR* and df* can be set up proactively to
describe the relationship between F; and F*. Note that the
actively constructed “f, can be regarded as the translation
scaled by the same parameter as 4%, and thus according
to the geometric correlation, the rotation ‘R, € SO* and
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the scaled translation Zf* € R? between F; and F* can be
calculated by

R, =RT9R,,  it, =“RT (df* . dt)—) .14
Furthermore, by using the measurable relative pose
information, the trifocal tensor 7* € R3*3%3 among the
initial, desired, and reference views can be computed, as
follows:

_ i dyT iy dpT

Using 7, the relationship of the point correspondences m;,
myg, and m* is described by

3
il | DominTG) | malx = Osxa. (16)
j=1

It is clear from (16) that given m;, mq, and T*, the least-
squares solution to m* can be calculated, which is the well
known transfer issue (Hartley, 1997; Hartley and Zisserman,
2003). After obtaining m*, the trifocal tensor 7 (¢) can be
determined from (3).

Algorithm 1 Reference view generation

Input:
Initial frame, F;, m;;
Desired frame, F4, mg;
Output:
Reference frame, F*, m

* .
i

—

Use (m;, mg) to estimate 7; from the relationship given
in (12);

Decompose dRi and dfi from the estimated 7;;

Set up °R,, and dtf*';

Compute ‘R, and ‘Z, with (14);

Compute 7* with (15);

Compute m* with (16).

AN

Since the initial and desired views are recorded before
starting the control task, dRZ—, dt_i, and m* can be obtained
off-line from Algorithm 1. It will be shown in Section 6
that our controller is robust to coarse approximation of
R; and dt_i. Besides, owing to the proactive design of the
pose signals dR* and dt;, the reference view F* can be
constructed suitably to guarantee the consistent computation
of the trifocal tensor 7 (¢) among the current, desired, and
reference views. For example, if dfi # 0, then by selecting
R, = R, and df, = —dt_i, the reference frame F* will be
in front or back of the frames F; and F,; as illustrated in
Figure 2. Under this circumstance, it can efficiently avoid the
degeneration case that F* coincides with 4 or F. during
the control procedure, and thus the trifocal tensor 7 (¢) can
be estimated consistently.

4 Feature construction

After estimating the trifocal tensor 7 (¢), visual features need
to be designed to facilitate the control development. This
section focuses on defining the feature information with
constructed tensor variables.
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Figure 2. Geometric relationship among the initial, desired,
d_ d_
and reference views by selecting dR* = dRi and t. = — t;.

4.1 Auxiliary tensor variable

The expression of trifocal tensor 7 (¢) given in (1) involves
both the time-varying rotation °R.(f) and translation
t.(t). Thus, to define the visual features with decoupling
characteristics, it is necessary to find a suitable way to
separate R, (t) or “t,(t) from 7 (¢). Based on (1) and

the fact that "R, |R.(;)| =0, this task is achieved by
X

introducing an auxiliary tensor variable Q(t) € R3%3%3 45
follows:

Q) =Tu) {dR*u)]

The auxiliary tensor variable Q(t) is designed with the aid of
the constant rotation R,. Practically, R, is closely related
to the trifocal tensor 7 (¢) and its time derivative as shown
in (1) and (7), and thus for all tensor element-based visual
servoing, it would be inevitable to introduce dR* into the
feature and controller design. From (17), it can be found
that for %¢, # 03, Q(;)(t) will degenerate if and only if %t,
and dR*(J—) are collinear. Since dR*(l), dR*(Q), and dR*(g) are
linearly independent, Q1)(t), Q(2)(t), and Qs)(t) will not
suffer from degeneracy simultaneously. Furthermore, R,
and “f, can be selected proactively via Algorithm 1, and
thus the degeneracy of Q;(t) can be avoided effectively.
The corresponding estimated value of Q(t) is denoted as
O (t) € R3*3%3. Once T\(t) is obtained, Q,(t) can be
computed by

= Ry "t! ["Rucr)]

X

a7

X

26 =T {dRm’)} (18)

%
From (11), (17), and (18), it can be concluded that Q) (t)
equals to Q(t) scaled by the unknown factor A, i.e.,

A\ =AQ. (19)

4.2 Tensor normalization

Since A is different each time the tensor variables are
estimated, a normalization method has to be developed to
guarantee that the tensor variables are scaled by a common
factor during the control procedure (Lopez-Nicolds et al.,
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2010). To facilitate the tensor normalization, a property of
O, (t) is presented now. According to (17) and (19), the
following expression can be obtained:

d
[ R*(j)} x (1)

Using (20) and the facts that “R] ) (t)°R.;)(t) =1,

d,T [d _ _dpT [d :
i |:R*(j):| o R, [, ] « (1) 1t can be concluded

2
T _ 2 (dpT [d
QG g = A ( Ry [t] Xa))
Based on (21), it can be determined that

Quiy = ARut (20)

that
2n

3 3
2
T 2 d d d d
>l Quin = MY ("R s~ Rt o2 )
j=1 j=1

=\ (dt3<2> + dt3<3>>

d d

where E Ri(zj) Z R*(?u) 1

2?21 d’R*(Qj) R*(3J) =0 are used. It can also be deduced
that

(22)
and

3

Z Q2 Qg2 = N’ (dtiu) + dt*(s))

5 (23)
T 2 (d2 d,2
Z Q3 i) = A ( teay + t*(z)) :
=1

According to (22) and (23), the following property can be
obtained:

3 3 3
SOSTST QR = 22 (UT) = 2X%a. (24)

j=1k=11=1

where d* £ /7%, € R is the constant distance between
JFq and F*. Since the translation between F, and F* can be
proactively set up in Algorithm 1, it always can be ensured
that d* # 0. Owing to the relationship shown in (24), the
normalized tensor variables 7 (t), Q(t) € R3*3%3 can be
calculated by

T — )
2 3 3 3
VDD > > el
20! .
3 3 3
NEDS D >0 > el

Using (11), (19), (24), and (25), T7(t) and Q(t) can
. - T = Q) (t
be rewritten as ;) (t) = (fi%() and Q;(t) = %71().
Moreover,faccordingﬁ to (1) and (17), the normalized tensor
variables T (t) and Q(t) can be formulated in terms of pose

information and distance scale factor as follows:

(25)
Qi =

(26)
A c d,T |d
0 =§R*<a> t {R ( )}Xv
which indicates that
T 1 d c d c
Tity = g( tey Ry = "Rei) t*)
(27)

1 c d
= Ry 't { R*(j)}

Qun = 0
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After taking the time derivative of (27) and using (5), the
following expression can be obtained:

K 1 c.- d c-
Tan = (dt*m Rej) = "Raqg) t*)

d
R*l' -
= %“ + [Tl w

Qi) = d* Fu ™t ["Ray)|
= [Qun] @

This paper aims at utilizing the elements selected from the
tensor variables to define the visual feedback. To achieve this
objective, it is necessary to introduce the desired normalized
tensor variables Ty, Qg € R3*3*3 corresponding to 7 (t)
and Q(t) respectively. It is obvious that these two desired
normalized tensor variables are defined in terms of the
desired pose, reference pose, and current pose being equal
to the desired pose. Hence, 74 and Qg4 can be computed
from the desired and reference images before the control
task starts. Besides, according to the definition of desired
normalized tensor variables, 7; and Qg can be expressed
with the desired pose information and distance scale factor,
as follows:

(28)

x (1)

T 1 d d d d

Ty = 5= ( te Ba(g) = Roy) t*) "

Q L idR . dtT dR . ( )
Al = ge ) T #(7) <)

4.3 System errors construction

From (28), it is clear that the time derivative of 7 (t) is
associated with the linear velocity v(t) while the variation of
Q(t) is only related to the angular velocity w(t). Therefore,
a good choice is to define the translation and rotation
errors with 7 () and Q(t), respectively. By considering the
intrinsic relationship between the pose information and the
tensor variables shown in (27) and (29), 3 elements of 7 (t)
and 6 elements of Q(t) are chosen to construct the system
errors e7(t) € R3 and eg(t) € RY, respectively. Ideally, it
would be preferred to design the rotation errors with only
3 elements of Q(t), but according to the definition of Q(t),
any 3 elements of Q(t) cannot be isomorphic to the rotation
errors between the current and desired camera frames. More
precisely, it can be obtained from (27) and (29) that

ty [dR*u)}

750 then Q(ﬂ)()
Rij(t) = R*(J). Note that provided only 3 elements of

S ~ 1 d c d
Qi = QaGn = 5= (R*m - R*u)) :

x(1)

It 4T {dR*(J } Qq(ji) indicates

°R.(t) and 4R, are same, it cannot be concluded that these
two rotation matrices are identical. Due to this fact, any 3
elements of Q(t) are not isomorphic to the rotation errors,
and 6 elements of Q(t) are utilized in this paper to describe
eg(t).

The selection criterion of the system errors is detailed
in Algorithm 2. Specifically, if “R.q1) # 0, then T(1;)(t)
can be used to define the translation errors e7 (). For the
rotation errors, if Q(Tu )( )Q(11,)(t) # Q&Q)(t)g(mz)(t)

and Of,, (£)Q(11,) (1) Q) (1) Qgata) () # 0. then eq(t)
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Algorithm 2 System errors construction errors, i.e.,
Input: S B B
Tensor variables, T, Q, T4, Qu; ~ - T — Taa)
Output: er £ Ty — Tary = |Taz21) — Taai2)
System errors, e, €g; T1s1) — Tas
1: foreachl € {1,2,3} do Qi) — Qa(i11)
2: if dR*(ll) 75_0 then_ B ~ 9(121) — Qd(121) (31)
3: eT Ty — Ta(urys Break; o 2 {Q(u) - Qd(ll)} _ | Qas1) — Laas)
4 endif 27 Qw1 — Qae) Qa11) — Qa(211)
5: end fOI‘ Q(ng) — Qd(221)
6: for each l; € {1,2,3} do Q231) — Qa(231)
7: for each [ € {1 2,3} do
8 if Q) (1) Q0t) 7 Q(2lz)Q(212 and According to (26), (29), and (31), e7(t) and eg(t) can be
% Q(u )Q 1) 9(212)9 21,) 7 0 then rewritten as
10: eg [3(111) - gd(u )} Break; s . . ]
2ly) — Ld(21 c c
" end if ( 2) ( 2) 67- = % ( t*(l) (R*(l) — R*(l)) — R*(ll) ( t* - t*))
12: end for d,T [d } <c _d )
13: end for 1|t R (1) Ry = "Rau)

can be constructed with Q(y;,)(t) and Q(a,)(t). Based on
(27), Q11 (t) and Qyy, (t) can be related to the pose signals
as follows:

) 1 (30
e = 7 ("R ) R
d X (l2)
implying that
2
901,y = idtT [dR*u)]
= = A g x(1)
2
Qi Qats) = Ly [dR*(g)] .
(2[2) 2 d* * ><(l2)
Thus,  OF, (10 (8) £ Oy, (1) Qi (t)  and

Q1) (1) Quy) (1), Q(T ) (1)Qean,y (t) # 0 indicate  that
UT'Ry 1)) <) # HE[* *(2} () and TR, )]s

dt*T[dR*(Q)]X(l2 #0. As discussed in  Section
3, the pose signals iR, and %, are selected
proactively. Therefore, there always exist variables

that satisfy Qf), \(£)Qqu,) () # Qlay,) (1) Qear,)(t) and
Q(ul)( ) Q1) (1) Q{zlz)( )Q(ai)(t) #0 by suitably
choosing IR, and %,.

To clearly explain why Algorithm 2 is applicable
for the error definition, let us assume, for instance,

that dR_*(n) 70, Q) Qun(t ) # Q1) (1) Qeany (1),
and Qal)(t)Q(l )(t) Q(21)( )Q(Ql)(t) 75 0 (.e.,

dtT[dR* } 4T 0). Then, 711 (1),
. O] 0y 1)7'5 ). Then, T(11)(t)

Q(11)(t), and Q(21)(t) are utilized to construct the system

o,
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€o = m c
dr a4l [dR*w)} . (R*(2) - dR*<2>>

(32)
From (32), it can be concluded that if ey (t), eg(t) — 0,

then  “t,(t) — Y. and  [‘R.q)(t) “R.2)(t)] —
["R.1) “Ru»] provided that “R.a1) #0,
dyT [d d,T [d

t; { R*(l)} (1) #0, and t; [ R*(g)} () #0

Since the third column of a rotation matrix can be
represented by the cross-product of the other two,
[(R*(l)(t) CR*(Q)(t)] — [dR*(l) dR*(Q)] indicates that
“‘Ru3)(t) = “Ru(z), i.e., “Ru(t) — “R.. Once “t,(t) — I,
and “R,(t) — R, the control objective described in Section
2.1 is accomplished.

Note that although there might exist different tensor
variables which fulfill the conditions presented in Algorithm
2, their latent meaning that facilitates the error definitions
is actually the same. Let us take Q(ul)(t) as an example.
It can be found from (30) that for different Q1;,)(t), the
only distinction in their expression is the constant parameters
44T {dR*(l)} W’ while the time-varying parameter related

X (b1

to the rotation information, i.e., fR*(l)(t), is identical.
Actually, “R,(1)(t) is the key that Q(1;,)(#) can be used to
quantify the rotation errors. Since all Q1;,)(t) contain the
same effective information, choosing different Q(y;,)(t) for
error construction will not lead to difference in the control
development. This also applies to 7(1;y(t) and Qa,)(t).
Thus, the results obtained from (31) in the following are
same to the ones based on other error definitions.

5 Control development

5.1 Adaptive control scheme

To design the controller, the derivation of system errors needs
to be developed. From (28) and (31), the open-loop error
system can be deduced, as follows:

dR*(ll) v
d*

ér =

+[Tay),w.  éo=Low  (33)
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with Lg(t) € R6*3 given by

0 Qa3 Quan
_ Q31 0 —Qu11)
Lo [9(11)] «| — [7Qa2y Ly 0
Qe , 0 —Q@31 Qa1
Q(a31) 0 —Q211)
Q21 Q11 0
(34)

Motivated by the open-loop error system presented in (33),
the velocity inputs v(t) and w(t) are designed as follows:

1
d}{*(ll)

v =

(—k167’ —d* [7:(11)} x w) (35)

w= —kgLJéeQ

where ki, ko € R are positive constant gains, Lg(t) £

(Lg(t)LQ(t))il LE(t) e R¥*C is the pseudo-inverse of
Lo(t), and d*(t) € R is the estimate of the unknown
distance scale factor d*. A property will be given in the
following to show that (Lg(lf)LQ(t))f1 is symmetric and
positive definite, and thus the calculation of LJQ“(t) is always
feasible. Moreover, to compensate for the unknown distance
information, the update law for d*(t) is given by
d* = kser [Tay] @ (36)
with k3 € R being a positive constant gain.
After substituting (35) into (33), the closed-loop error
system can be obtained, as follows:
. 1 e -
ér = —ker + — [Tan] @
éQ = —kzLQLJéeQ

(37)

where d*(t) £ d* — d*(t) € R is the estimation error of d*.
The control inputs in (35) and the adaptation mechanism
in (36) are developed via an iterative analysis procedure.
The main idea is to appropriately design v(t), w(t) along
with the update law for d*(t) to shape the closed-loop
error system into the desired form presented in (37). This
desired form is deduced through Lyapunov-based methods
and will be used to facilitate the following stability analysis.
Similar techniques can be found in Dixon et al. (2001); Chen
et al. (2005). Moreover, the adaptation mechanism in (36)
is utilized to actively compensate for the unknown distance
information and to make the system errors converge to zero,
instead of guaranteeing ci*(t) converges to d*. Actually,
conventional adaptive control methods do not ensure or
require convergence of the parameter estimates to their
corresponding true values (Slotine and Li, 1991).

5.2 Stability analysis

In this section, a property about the interaction matrix Lo (t)
is presented firstly, and then the stability is conducted based
on this property and Lyapunov based techniques.

Property 1. The matrix (L5 (t)Lo(t)) “lis symmetric and

positive definite.

Proof. See Appendix B. (]
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Theorem 1. Consider the system (33) under the adaptive
control inputs designed in (35) and the update law for the
unknown distance designed in (36). Then,

1) The equilibria of the closed-loop system (37) are given

F 0 T
0 [ZQ = 0y, Qo : {Zj =-2(Quay |,
| Qa(21) |
0y [ 05 ]
Qs : [Zg =-2 Q((i)(ll) ; Qa {ZQ = -2 Q03
3 L d(21)_
(38)

2) The equilibria Qa, Q3, and Q4 are unstable, and the
desired configuration Q1 is almost globally asymptotically
stable.

Proof. A non-negative function V' (¢) € R is introduced to
prove Theorem 1, which is defined as

LCZ*?

1
V& —deler + —eheq + o (39)

2

N |

After taking the time derivative of (39) and exploiting (36)
and (37), it can be obtained that

. L
_ T g% T - 7k
V =erd ér +egég —d = (40)

= 7]{16%1—67’ - kgegLQLzeQ.

Furthermore, using L{(t) = (Lg(t)LQ(t))_ng(t) and
Property 1, it can be concluded that

V= —keker —kped (L5Lo) en <0 (41)
where e/Q(t) £ LL(t)eo(t) € R®. Based on (39) and (41),
it can be concluded that er(t), eo(t), d* € Loo and
er(t), e/Q(t) € Lo. Then, using (31) and the facts that
721(11), Qd(ll)’ and Qd(Zl) are bounded, 7-(11)(75)’ Q(n)(t)’
Q21)(t) € Lo can be obtained. With the aforementioned
bounded variables, it can be determined from (33), (34),
and (35) that v(t), w(t), Lo(t), ér(t), éo(t) € Loo.
Since Lg(t), éo(t) € Lo, é/Q(t) € Lo can be deduced.
Moreover, as et (%), eIQ(t) € Ly and ér(t), éIQ(t) € Lo,
Barbalat’s lemma (Khalil, 2002) can be exploited to infer that
limy_y o e7(t), eIQ(t) =0.

It can be found from Property 1 that the rank
of L%(t) is three, and there exists a null space
ker (LE(t)) such that Vu € ker (LG (t)), L5u = 0. There-
fore, lim; e/Q(t) = limy,00 L5 (t)eq(t) =0 does not
implies that lim;_, o eg(t) = 0, i.e., the closed-loop system
(37) may contain multiple equilibria. It is clear that the
desired configuration 2; is one of the equilibria. In the
following, it is proved that €25, 23, and §24 are also equilibria
with respect to (37).

Since L§(t) € R®*C has rank three, the dimension
of its null space is three. Based on (34) and the
facts that [Qun)(1)], Quan)(t) = [Qeany ()], Qeany (1) =
03, and [Q11)(t)] . Q) =— [Qany (t)] . Qun(t), a
basis of the null space ker (L5(f)) can be obtained, as
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follows:

Q(n)] { 03 } [Q(m)}
- , =S| 4
“ [ 03 Qpn|’ s Qu (“42)
If eg(t) € ker (LE5(t)). then it can be concluded that

€g = U1 + YUz + Y3u3 (43)

where 1, 72, 73 € R are constants that cannot be zero
simultaneously. According to (31) and (42), (43) can be
rewritten as

{Qd(ll)} _ [(’Yl -1) Q(n) +W3@(21)
Qa(21) (72 = 1) Q21) +13Q011)
Furthermore, by using (26) (29), and the facts that
BT (1) Rua) (1) = ‘BT "Rz = 0, BT, (6)Ru sy ()=
dRZ(j)dR*( 5y = 1, the following properties can be derived:

(44)

Q§(11)Qd(21) =0, Qg(n)Qd(u) =az, Qz;(gl)gd(zl) = a2

(45)
and
Qal)Q(m) =0, Qal)Q(ll) =ay, Q@DQ(QM = ag
(46)
where a1, as € R are positive constants defined as
1 2
A d,T
& (a1 [ R, }
“ (d* @) x(l))
1 ) 47)
A d,T
2 dyl [ R, } .
a2 <d* (2) x(l))

Note that the selection criterion described in Section
4.3 ensures that Q ) (£) Q) (t) # Q ( )Q 21)( ), and
hence a; # as. Subst1tut1ng (44) into (45) and using (46) to
collect similar terms, it can be determined that

(71 — 1) y3a1 + (v2 — 1) y3a2 = 0,

(m — 1) a1 +12az = ay, (48)

(72 — 1) az +~2a1 = as.

According to the last two equations of (48), the terms related
to v are eliminated, and it can be obtained that

272) a3 = 0.

If ~3 # 0, then based on a; # as, it can be concluded that
v, and 7o satisfying the first equation of (48) and (49) do
not exist. If y3 = 0, then it can be obtained from (48) that
(71— 1)2 ay =a; and (y2 — 1)2 as = as. Based on these
two equations, it can be concluded that (v1,2,7y3) can be
selected as (2,2,0), (2,0,0), or (0,2,0). Therefore, there
exist another three equilibria for the closed-loop system
(37). Specifically, based on (44), the corresponding values
of Q(H)(t) and Q(gl)(t) for the equilibria Q9, Q3, and Q4
are given respectively by

(v —2m)al - (75— (49)

Qunl| _ _ [Qdm)]

1Q21) ] Qa2 |’

[Qun] _ {—_Qdul)] 50
191 ] Qaeeny |’ (50)
Qun] _ { Qa(in) ]

191 ] —Qaen]
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According to lim; o er(t) =0, (31), and (50), the
equilibria €5, Q3, and 4 given in (38) can be obtained.

Now, the proof of the second claim of Theorem 1 is
presented. Firstly, we show that 5 is unstable. Let Vo, (t) €
R be a non-negative function defined as

— T —
al ( |:Qd(11):|) ( [Qd(ll)])
2_(eg+2]% - .
2“2 Qa(21) e Qa(21)
(5D
Va, (t) = 0 if and only if eg () reaches the equilibrium 5.

Taking the time derivative of (51) and using (31), (37), and
Property 1, it can be determined that

_ T _
Ve, = ko (LT [Qd(ll)]> (LTLQ)—l (LT |:Qd(11):|) >0
2 Q| Qua) e 1Quen]) =

(52)
Based on (51) and (52), Lyapunov’s first instability theorem
(Khalil, 2002) can be used to conclude that the origin such
that Vi, (t) = 0 is unstable, i.e., {23 is unstable.

Secondly, let us show that 23 and €4 are unstable. Since
the non-negative functions, which are similar to (51), cannot
be found for €23 and €24, Lyapunov’s first instability theorem
is no longer applicable. To facilitate the following analysis,
Chetaev’s theorem (Khalil, 2002) is utilized. The Chetaev
function Vgs (t) € R with respect to {23 is defined as

Va

¥

Vo, £ (Q(n) + Qd(n)) (Qany + Qaan))

(Q(21) - Qd(Zl))T (Q(zl) - Qd(zl)) .

2
1 (53)
2

Define the set B, £ {z € RS | ||lz|| <r} with z(t) £
B B B B T
[(Qany(®) + Quan)” (o (8) — Qugany)” |

and r being an arbitrarily small positive constant.
If Quy(t) =-CQaury and Q1)(t) = Qq21), e,
eg(t) is equal to the value at Qg, then z(t) = 0g and
VQ3( ) =0. Let us also define a subset of B, such that
U £ {z € RS |V, > 0}. Based on (53), it can be found
that if Q(21)(t) — Quea1y) = 03, Vo, (t) >0 at points
arbitrarily close to the origin x(¢) = 0g. Provided that
Va,(t) =0 at z(t) =06 and Vi, (t) >0 for some x(t)
arbitrarily close to the origin, the set U can be always
constructed (Khalil, 2002). By utilizing (31), (37), and
Property 1, the time derivative of Vg, (t) can be derived as
follows:

Qun]\" 1 Q1)
; T 11 T -1 ;T 11
Yon = (LQ [Qdm)]) (Fale) (LQ [Qd@l)D ="
(54)
It can be concluded from (54) that Vo, (t) > Vq,(0). Since
Vo, (t) is bounded on U and Vo, (t) > 0 everywhere in U,
x(t) must leave U after picking the initial condition z(0) €
U. Moreover, since Vo, (t) > Vo, (0), z(t) must leave U
through the sphere ||z(¢)|| = r and not through the edges
Vo, (t) =0, e.g., Q3. According to the above arguments,
Chetaev’s theorem can be exploited to obtain that {23 is
unstable. Finally, consider the following Chetaev function
Va, (t) € R:

s 1= A o o
Vo, =— 3 (Quy) — Qd(ll))T (Qay — Qaan)
(55)

1 _ _ _
+5 (Qen + Queny)” (Qean) + Qugany)
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whose time derivative is given by

— T —
Vo, =k» (Lg BWUD (L5Lo)~" (LE [3‘1(“)]) > 0.
5

d(21) d(21)

Based on (55) and (56), similar analysis techniques can be
utilized to conclude that €24 is also unstable.

Finally, since 9, 3, and €, are unstable, it can be
obtained that (2; is almost globally attractive (Chaturvedi
etal., 2011; Tayebi et al., 2013). O

More discussion about these four equilibria is given now.

If  eg(0) € ®={eo €RSefeo < 4min{ar,az}},
then the system errors converge to (2; asymptotically
without restricting by other equilibria. To prove this claim,
let us define Vo(t) £ e§(t)eg(t). According to (38) and
(45), it can be obtained that the corresponding values of
VQ(t) at 9, Q3, and Qg are 4(&1 +CL2), 4a1, and 4as,
respectively. Therefore, the equilibrium in the set ® is
nothing else but {2;. Furthermore, the time derivative of
Vo (t) along (37) is given by

Vo = —2ksed (L5Lo) ' en <0 (57)

where e/Q(t) is defined after (41). (57) implies that V¢ >
0, Vo(t) < Vg(0). Based on Vg(t) < V(0), it can be
concluded thatif eg(0) € @, then Vt > 0, eg(t) € P, i.e., P
is a positively invariant set. Since €25 is the only equilibrium
in the positively invariant set ®, the system errors converge
to ©; provided eg(0) € ®.

Moreover, it is interesting to note that from (26), (29), and
(50), the corresponding value of °R, (t) for the equilibria 5,
3, and €24 can be derived respectively as follows:

Re=[~"Ruy —"Ruy Rup),
R. = [~"Riy Ruy —"Rum],
Re=[Ruy —"Ruy —Buz]-

(58)

From a geometric point of view, (58) indicates that the
rotation of the current camera frame JF,. at 5, 3, and
Q4 differs from the desired frame F; by 180° of rotation
about the axes dR*(g), dR*(Q), and dR*(l), respectively. For
instance, if dR* is chosen as the identity matrix, then 2o,
Q3, and €4 correspond to F. differing from F,; by 180° of
rotation about the z-axis (i.e., optical axis), y-axis, and x-
axis, respectively. Furthermore, in the case that dR* = dRi,
if the rotation between the initial and desired camera frames,
i.e., F; and Fy, is equal to 180° along the z-axis, or y-axis,
or x-axis, then the system will be subject to the unstable
equilibrium €25, or 3, or €, at the beginning. Note that
under most circumstances, a 180° rotation along the y-axis
or z-axis will make the target object out of the camera field
of view, and thus Q3 and €24 usually do not belong to the
system workspace.

6 Simulation and experimental results

Simulation and experiment studies are performed with the
aid of the open-source ViSP library (Marchand et al., 2005)
to illustrate the performance of the proposed approach. All
the experiments are conducted by making use of a grayscale

Prepared using sagej.cls

camera attached to the end-effector of a 6 DOF robot.
The camera provides images with a frame rate of 30 fps
and a resolution of 640 x 480 px. Besides, the adjustable
parameters R, and 7, in Algorithm 1 are designed
as R, = R; and “f, = —0.5";. Tan (), Quy(t), and
Q(21)(t) are used to define the system errors.

6.1 Comparison validation

Comparison results are provided to evaluate the effectiveness
of the proposed approach. Existing four methods are selected
to facilitate the comparison, and brief introduction of these
four methods is listed as follows:

e Method 1 (Silveira and Malis, 2012): Instead of using
trifocal tensor elements, this method combines one feature
point with homography elements to define visual features
and control inputs.

o Method 2: All elements of the normalized trifocal tensor
T (t) are used to define the visual features, and then the
control inputs are generated with the strategy described in
Section 2.3. Note that the visual feedback is defined with
7T (t), which ensures the interaction matrix L(¢) depends on
the unknown constant distance d*. Since d* is invariable,
an approximation of d*, i.e., d* = 0.4, has been selected to
compute the pseudo-inverse of L(t) involved in (10).

e Method 3: SVD-based techniques are exploited to
obtain explicit pose information (i.e., rotation and scaled
translation) from the trifocal tensor, and then the controller
is developed with the obtained pose signals. Since the
decomposed translation is scaled by an unknown constant,
an approximation is also chosen to facilitate the control input
calculation.

o Method 4 (Malis and Chaumette, 2000): The
homography-based 2.5 D method combines one feature point
with rotation information to construct visual features and
control inputs.

Table 1. Errors between the initial frame F; and the desired
frame F, for a dot scene.

Translation Errors (m) Rotation Errors (°)

Case

to ty t. T Ty Ty
Pure Translation ~ -0.30  0.11 0.39 0 0 0
Large Rotation -0.08  0.04 0.37 0 0 -120

General Motion -0.57 0.53 0.30 31 24 27

In this set of experiments, the regulation of nine feature
points are considered. These tracked points are non-coplanar
black dots with white background. Thanks to the high
contrast between the black features and white surface, the
detection and tracking of the nine dots can be obtained easily
through the blob tracker provided by ViSP. In fact, this
experimental setting is aimed at reproducing the identical
initial condition to conduct the comparison experiment.
Regulating a set of points belonging to less structured objects
will be studied in Section 6.3 to further show the viability of
developed approach in more realistic scene. In the following,
three cases with different initial and desired camera poses are
utilized to test the methods.

o Pure Translation Case: The first experiment considers
a pure translation along the three axes. The errors between
the initial frame JF; and the desired frame F are reported in
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Figure 3. Cartesian space motion trajectories during the pure . 01 — 01
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Figure 4. Experimental comparisons of the image trajectory
for: (a) method 1, (b) method 2, (c) method 3, (d) method 4, (e)
and proposed approach in the pure translation case. The circles
and asterisks represent the initial and desired position of feature
points, respectively.

Table 1. Meanwhile, the corresponding experimental results
are shown in Figures 3, 4, and 5. From the results, it
can be found that the motion and image trajectories of
Method 2, Method 3, Method 4, and proposed approach
are linear without redundant rotation component. In fact,
for the pure translation case, the linear image trajectories
can avoid losing the feature points effectively. However, as
presented in Figure 5(a), Method 1 introduces superfluous
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(e

Figure 5. Experimental comparisons of the control inputs for:
(a) method 1, (b) method 2, (c) method 3, (d) method 4, (e) and
proposed approach in the pure translation case.

rotation movement, which results in curved motion and
image trajectories. Figure 5(e) shows that the control inputs
of the proposed approach contain larger variations than
other methods at the beginning. The proposed controller
is constructed directly with some of the tensor elements.
Since the camera will jitter when starting up the robot,
the estimation stability of these tensor elements will be
affected and that leads to the input jitter at the beginning.
Nevertheless, the regulation error can be reduced by the
proposed approach during the motion procedure, and the
convergence can be achieved in both Cartesian and image
space.

e Large Rotation Case: For visual servoing, one of the
most challenging configurations is the large rotation error
around the z-axis. To further evaluate the proposed approach,
a 120° z-axis rotation is considered here. The experimental
results are depicted in Figures 6, 7, and 8. From Figure 7(e),
it can be seen that the image trajectories of the feature
points corresponding to the proposed approach follow a
spiral motion, which is exactly as expected due to the rotation
motion around the z-th axis. Although all image trajectories
are curved, no feature point moves too near to the image
boarders. Note that only the rotation error along the z-axis



12

The International Journal of Robotics Research XX(X)

= = ‘methodl
0.4 —-=-method2
......... mahOdS
+ method4
0.2 proposed
E o
N
-0.2
-0.4 4
0.5
0
; 0 o1 02
Y (m) 05 .02 1

X (m)

Figure 6. Cartesian space motion trajectories during the large
rotation case.

(c) ()

(e)

Figure 7. Experimental comparisons of the image trajectory
for: (a) method 1, (b) method 2, (c) method 3, (d) method 4, (e)
and proposed approach in the large rotation case.

needs to be adjusted, but as presented in Figures 8(a) and
8(b) redundant rotation motion with respect to the other two
axes exists in Method 1 and Method 2. As aforementioned,
Method 1 and Method 2 define the visual features with
homography elements and all the trifocal tensor elements,
respectively. Since these features do not describe the pose
information in a decoupling way, extra rotation along the x-
and y-axes are introduced.
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Figure 9. Cartesian space motion trajectories during the
general motion case.

e General Motion Case: From Table 1, it is clear that both
large translation and rotation errors along the three axes exist
in this case. As illustrated in Figures 9 and 10, the Cartesian
and image trajectories of Method 2, Method 3, Method 4, and
proposed approach are well-behaved, while the trajectories
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corresponding to Method 1 contains overshooting. It is clear
that for Method 1, some feature points move near to the
image borders, which have the risk of leaving the camera
view.

Although Method 1, Method 2, and the proposed approach
all use elements extracted from homography or trifocal
tensor to develop the control strategy, the performance
of these three methods are quite different. Based on the
above comparison results, it can be concluded that the
visual features defined by the proposed approach show
satisfactory decoupling characteristics. This is because the
tensor elements used for the error system are selected by
considering the geometric connotation, which guarantees
that e (t) and eg(t) correspond to the translation and
rotation errors, respectively. Owing to the decoupled system
errors, the motion trajectory of the proposed approach is
more efficient than the ones of Method 1 and Method
2 in aforementioned cases. Actually, the system errors
constructed in Method 1 and Method 2 are coupled
strongly, leading to the superfluous movement in specific
configurations such as pure rotation and large translation
cases.

6.2 Robustness analysis

6.2.1 Robustness to image noise. The proposed
approach does not depend on SVD-based pose extraction
during the control procedure, which can avoid complex
on-line computation. In this subsection, the proposed
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(e)

Figure 11. Experimental comparisons of the control inputs for:
(a) method 1, (b) method 2, (c) method 3, (d) method 4, (e) and
proposed approach in the general motion case.

approach is compared with SVD-based methods to evaluate
the algorithm robustness in the presence of image noise.
Since Method 3 and Method 4 rely on SVD, they are chosen
to facilitate the comparison.

The implementation details are introduced now. A
simulated free-floating camera controlled in 6 DOF is used
for the regulation task. This camera is driven by these
three methods, respectively, from a same initial pose to
a desired pose. During the motion procedure, nine non-
coplanar feature points are used to calculate the homography
for Method 4 and the trifocal tensor for Method 3 and
proposed approach. Gaussian noise with a standard deviation
of 1 pixel and a mean of O pixel is added to the image
coordinates of feature points. To compare the three methods
rationally, all of them are executed by the same number of
iterations, and the control gains are adjusted to ensure that
the initial input amplitude of these three methods is similar.
By tuning the iteration number and the gain parameters, it is
also guaranteed that each method achieves stability (i.e., the
system errors all converge to zero closely and remain in that
situation for some time) before the end of iterations. Each
method is tested by running 50 simulations, and the average
results of the translation, rotation, and feature errors, i.e., e,
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Figure 12. Results with initial system errors close to the equilirium 2 and dti # 03: (a) Camera motion in Cartesian space. (b)

Image trajectory of the feature points. (c) Control inputs.

er, er € R, are calculated to facilitate the evaluation. e, e,
and e are defined as

er = [ty —ta
A
er = |ry —rdll
1 9
er = 3 |
=1

where t;, tq € R? are the final and desired camera
translational vectors, ¢, 14 € R? are the final and desired
camera rotational vectors. ¢y, tq, 7f, and rq are all expressed
in the inertial coordinate frame. Additionally, my;, mg; €
R3 are the normalized Cartesian coordinates of the i-th
feature point expressed in the final and desired camera
frames, respectively.

Table 2. Comparison of different methods in the presence of
image noise: er, er, and ey represent the final translation,
rotation, and feature errors, respectively.

er €R er
Method 3 0.0246  0.0647  0.0623
Method 4 0.0654  0.0573  0.0190
proposed approach ~ 0.0255  0.0488  0.0333

The corresponding results are presented in Table 2. It can
be seen that our approach and Method 3 present similar
performance with respect to the final translation error, while
for the rotation and feature errors, the proposed approach
achieves better results than Method 3. Furthermore, by
comparing the proposed approach with Method 4, it can
be found that Method 4 achieves better convergence of the
feature error, and the proposed approach shows smaller final
translation and rotation errors. Method 4 directly uses one
feature point as part of the system errors, and that is probably
the reason why it presents nice performance with respect to
feature error e;.

The trifocal tensor 7 (¢) is estimated by using the point
sets (me(t), mg, m*). As described in Section 3, the virtual
normalized Cartesian coordinate m* is calculated with the
point correspondences m; and mg. Since m; and mg are
extracted from the initial and desired images, the image
noise has an indirect impact on m*. To demonstrate the
influence, simulation is conducted by using the “real”
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points. Precisely, the simulated camera is moved to the
corresponding reference pose to capture the “real” points,
and then the “real” points replace the virtual ones to
facilitate the tensor computation. The average translation,
rotation, and feature errors of 50 simulation runs are
[0.0252,0.0379,0.0227]. Compared to the results shown in
Table 2, it can be found that as expected, using the “real”
points can achieve better control performance. This indicates
that the virtual points are polluted by the image noise and
are less precise than the “real” ones. Nonetheless, from a
practical point of view, generating a virtual reference view
to facilitate the tensor computation is much more convenient
than truly capturing a third view.

6.2.2 Control performance near to unstable equilibria.
As stated in Theorem 1, there exist three unstable equilibria
of the closed-loop system (37). Since dR* and df* are
selected as R, = %R; and a. 70.5‘1@-, it can be
concluded from (58) that if the initial rotation errors are
chosen as [0°,0°,180°], or [0°,180°,0°], or [180°,0°,0°],
then the initial system states are subject to the equilibrium
Qq, or Qg, or Q4. To verify the effectiveness of proposed
approach near to the unstable equilibria, an experiment with
initial rotation errors [0°,0°,178°] is conducted. Based on
the results given in Figure 12, it can be found that due to
the influence of (29, the convergence rate at the beginning
is quite slow, but as the camera pose moves away from (2o,
the system errors get close to zero successfully. The obtained
results essentially correspond to the theoretical analysis.
There exist translation errors between the initial and
desired camera frames in the experiment shown in
Figure 12. It is interesting to further evaluate the
developed controller by selecting the initial pose errors
as [0m,0m,0m,0°,0° 178°], which is very near to the
Chaumette Conundrum (Corke and Hutchinson, 2001). Note
that when the desired camera pose corresponds to a pure
rotation (i.e., %t; = 03), the trifocal tensor 7; presented in
(13) is equal to zero, and thus R; cannot be decomposed
from 7;. Under this circumstance, homography techniques
are utilized to calculate dRi, and the rotation and translation
between F; and F* are selected as iR, = dRi and %, =
[0.4m, —0.3m, —O.Gm]T to facilitate the tensor calculation.
In addition, we find that Method 2 is also subject to
the unstable equilibria of the proposed approach. Hence
both Method 2 and the proposed approach are tested to
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Figure 13. Simulation results with initial system errors close to the equilirium Q25 and dt,- = 03: (a) Camera motion in Cartesian
space. (b) Image trajectory of the feature points for method 2. (c) Control inputs for method 2. (d) Image trajectory of the feature
points for proposed approach. (e) Control inputs for proposed approach.

better evaluate the control performance. The corresponding
simulation results are shown in Figure 13. It can be seen that
Method 2 produces both redundant translation and rotation
motion, causing the feature points to leave the image.
Although the proposed approach also introduces unnecessary
translation motion, it can reduce the rotation errors along the
z-axis effectively and drive the camera to the desired pose
gradually. In fact, the performance of the proposed approach
under this extreme case is not good enough, and this needs
to be further studied.

By initializing the rotation errors close to [0°,180°,0°]
or [180°,0°,0°], the target object will be out of the camera
view, and thus the cases about the equilibria 23 and €24 are
not further discussed.

6.2.3 Robustness to coarse dRi and dt_i. In Algorithm
1, the pose signals dRi and dfi need to be calculated to
construct the reference frame JF*. In order to test the
robustness of the controller with respect to these two pose
signals, supplementary errors are added to R; (5° on each
axis) and “Z; (5% on each axis). It is clear that coarse
dRi and dfi can reduce the estimation accuracy of tensor
variables. Moreover, since dR* is selected as dRi in the
experiment, the supplementary bias is also injected into ‘R,
The coarse tensor variables and R, will directly affect the
control performance as described by (35). The experimental
results are presented in Figure 14. Due to the introduction of
pose errors, the camera motion path and the image trajectory
of the feature points are different from the ones without
supplementary errors. However, the camera still converges to
the desired pose closely with the final positioning error being
[0.003m, —0.002m, 0.016m, —0.011°, —0.016°, 0.001°],
which demonstrates the correct realization of the task.
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6.2.4 Robustness to coarse intrinsic camera parameters.
The algorithm robustness with respect to coarse intrinsic
camera calibration matrix K is also considered. In this case,
the image center is roughly used for the principal point, and
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Figure 15. Results with supplementary errors added to intrisic
camera calibration matrix K: (a) Camera motion in Cartesian
space for Method 4. (b) Camera motion in Cartesian space for
the proposed approach.

a supplementary error is added to the pixel and focal lengths
(10%). It is obvious that the calibration accuracy of matrix
K has a direct impact on the estimation of dRi, dt_i, tensor
variables, etc. Therefore, the added error can trigger chain
reactions that reduce the computation precision of related
variables. To better illustrate the algorithm performance,
Method 4, i.e, the 2.5 D visual servoing, and the proposed
approach are tested under the same conditions. According
to the results given in Figure 15, it can be found that for
both methods, there exist differences between the camera
trajectories resulting from the coarse and well calibrated K.
Nonetheless, the deviation between the trajectories shown
in Figure 15(b) is much smaller than the one presented
in Figure 15(a), indicating that the proposed approach can
achieve acceptable regulation result with coarse calibration
matrix K.

6.3 Results of general scene

The last set of experiments are meant to illustrate the
potential of our approach in addressing visual servoing under
more realistic conditions compared to the use of blob features
as done so far. To this end, we consider regulation of feature
points lying on much less structured target objects.

In the first case, the observed scene consists of three drink
boxes as shown in Figure 16(b). The contours of these boxes
are tracked in real time with the aid of the moving-edges
tracker available in ViSP, and then the intersection points of
carton edges are extracted to calculate the trifocal tensor. The
corresponding results are illustrated in Figure 16. Compared
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to the experiments based on blob features, it can be found that
the control inputs presented in Figure 16(e) are not as smooth
as the previous ones. That is because the scenario considered
in this case contains more complex textured information,
which influences the stability of feature extraction. From
Figure 16(d), it can be seen that the system errors are
close to zero after 15 s, implying satisfactory results can be
achieved. The second case uses a soccer ball as the target
object, which is presented in Figure 17(b). Extraction and
tracking of the feature points are achieved by exploiting the
Kanade-Lucas-Tomasi algorithm implemented in OpenCV.
Figure 17 shows that both the Cartesian and image space
errors converge, while the system errors and control inputs
jitter near the end. Considering the less structured scenario,
the jitter issue is caused by the accumulation errors of feature
tracking. Actually, no all the detected feature points can
be tracked consistently during the camera motion. As the
tracking errors accumulate, the stability of trifocal tensor
estimation reduces, leading to the jitter phenomenon near the
end.

7 Conclusion

A 6 DOF visual servoing approach based on trifocal tensor
was proposed in this paper. Considering the geometric
connotation of trifocal tensor model, partial tensor elements
were selected to define the visual features. Moreover,
an adaptive controller was designed to accomplish the
regulation task. The system stability was analyzed via
the Lyapunov-based method. Existing controllers that
use trifocal tensor (or homography) elements as feature
information can only achieve local stability. However,
the developed approach can ensure a larger convergence
region theoretically, and the unstable equilibria of the
error system were clearly derived. Several simulation and
experimental scenarios were studied to qualitatively evaluate
the performance of the proposed approach. Owing to the
constructed visual feedback satisfied decoupling properties,
it can be found from the first set of experiments that the
motion trajectories of the developed approach were more
efficient than the ones based on coupled visual features. The
results also illustrated that the proposed approach was robust
to image noise, coarse approximation of pose signals, and
coarse intrinsic camera calibration matrix.

Nevertheless, the trifocal tensor based 6 DOF visual
servoing still deserves further developments in some
aspects. The trifocal tensor is calculated by using point
correspondences in this paper, and thus the conventional
feature detection and tracking are required during the control
process. Obviously, the computation accuracy of trifocal
tensor is sensitive to the feature detection and tracking errors.
To enhance computation robustness, a possible way would be
to estimate the trifocal tensor with dense information, such as
image intensities (Benhimane and Malis, 2007; Silveira and
Malis, 2012).

Although an adaptive update law is designed to
compensate for the unknown distance, the estimated value is
not convergent to the actual one. Note that if the unknown
distance can be obtained accurately, then the structure of
the observed scene can be recovered. To make the vision-
based robotic system versatile, it would be interesting to
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Figure 17. Regulation of feature points extracted from a soccer ball: (a) Initial image. (b) Image trajectory of the feature points. (c)

Camera motion in Cartesian space. (d) System error convergence.

simultaneously accomplish the distance estimation during
the visual servoing. The active optimization strategy (Spica
et al., 2017) or concurrent learning technique (Parikh et al.,
2018) could be coupled into the proposed control scheme in
this regard.
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Appendix A. Potential degeneration of
trifocal tensor

In this paper, the trifocal tensor is used to encapsulate the
geometric relationship across three views and is estimated
via point correspondences based on the conventional model
presented in (3). However, from Figure 1, if two of the
three frames F., F4, and F* are same, there may exist
degeneration for the tensor estimation. More precisely, in the
case that F* and F, are coincident, it can be found from
Figure 1 that R, = Iy, 9, = 03, and m* = mg. Then,
(1) can be rewritten as

To) = —“tediya)s (59)

indicating that the trifocal tensor 7 (¢) only contains the
translation information €¢.(t). Based on (59), (3) can be
simplified as

[mey, (=“tem™™) [ma],, = 03x3. (60)

Since m*T [mg],, = mY [ma], = O1x3, “t.(t) cannot be
estimated from (60), i.e., 7 (¢) cannot be estimated correctly
from the model (3). Without loss of generality, the case that
JF* and F, are coincident can be analyzed by the same way.
Note that if F. coincides with Fy, the model (3) is
convenient for estimating the trifocal tensor. Specifically,
under this circumstance, ‘R, = dR*, °t, = %,, and m,. =
myq. The trifocal tensor given in (1) can be reformulated as

Ty = Ryt = "RY ) = )], (6D
where x; € R? is given by
d d
o [ te) = Reai)tue)
;= dR*uj)df*(s) - dR*(3j)dt*(1) (62)
d d
Ru(2g)"te1) = "Ru1j)“ta2)
Using (61), (3) can be rewritten as
3
[me] mej) [zl | [ma], = 03x3.  (63)
j=1

Based on m. =myg, (63) can be transformed into the
following linear expression:

Z1
* T * T * T —
{m(l)mdmd Mgy Mamy m(g)mdmd} To| = 03.

T3
B
(64)
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It can be found from (64) that B € R3*? has rank one, i.e.,
each pair of point correspondences provides one linearly
independent equation to estimate x;, z2, and x3. Precisely,
the linear independent equation extracted from (64) is given
by

Tl
migmd miymd miymd] a2 =0 69

T3

Provided enough pairs of point correspondences (at least 8),
a homogeneous set of equations as (65) can be obtained, and
then the trifocal tensor can be computed effectively up to a
scale. Thus, the model (3) is applicable to tensor estimation
in the case that F, coincides with F.

Appendix B. Proof of Property 1
Proof. According to (26) and (34), Lo(t) can be rewritten

as
dyT [d . ] ‘R,
B [Ra]

Lo = a T [dR*(2)]

. (66)
o LB

Then, it can be derived that

1 Yep 1T e
LoLo=—5 ((dtf [dR*<1>]X(1)) (R ] [Rer]

2
T
+ (dt*T Reo)| Xu)) [Re)]  [Ruc2)] x)

(67)
For any y € R3, it is clear that

y LoLay
1 ? T
=3 ((dtf R X(l)) y" [ Rl [Ren] v

+ (dtf |:dR*(2)}

2
T e T
) v [Re] [CR*<2>]XZ~/>
(68)
As stated in Section 4.3, T {dR*(l)} (1)750 and
X

% (1)

Y[R ) 7 0- Additionally, we have
X

C T C
y' [Re]y [Rey] 9 20
(69)
y" [R,

C T C
[‘Ru)]y [Re)] v >0

For  y#0s, y [Ruy®)]} [Ruy®)],y=0 if
and only if y and °R,()(t) are collinear. Similarly,
Y7 [*Rua) (t)]z [‘R.(2)(t)] , y =0 is satisfied, for some
y # 03, if and only if y and “R,(9)(t)) are collinear. Since
“R.(1)(t) and “R,(2)(t) are linearly independent, they cannot
be both collinear to the same y. Based on (68), (69), and
the above analysis, it can be concluded that for y # 03,
y'LE(t)Lo(t)y > 0, ie., LE(t)Lo(t) is symmetric and
positive definite. Therefore, the corresponding inverse
matrix (Lg(t)LQ(t))fl is also symmetric and positive
definite (Horn and Johnson, 2012). O
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