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Abstract This paper considers the vision-based estimation and pose control with a
panoramic camera via passivity approach. First, a hyperbolic projection of a panoramic
camera is presented. Next, using standard body-attached coordinate frames (the world
frame, mirror frame, camera frame and object frame), we represent the body velocity
of the relative rigid body motion (position and orientation). After that, we propose a
visual motion observer to estimate the relative rigid body motion from the measured
camera data. We show that the estimation error system with a panoramic camera has
the passivity which allows us to prove stability in the sense of Lyapunov. The visual
motion error system which consists of the estimation error system and the pose control
error system preserves the passivity. After that, stability and Lo-gain performance
analysis for the closed-loop system are discussed via Lyapunov method and dissipative
systems theory, respectively. Finally, simulation and experimental results are shown in
order to confirm the proposed method.

Keywords Visual Feedback Control - Panoramic Camera - Passivity - Lyapunov
Stability

1 Introduction

Vision gives us rich information in order to respond to surrounding motions. Mechan-
ical systems also need many information in an efficient manner autonomously. The
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Fig. 1 Omnidirectional vision-based formation of mobile robots.

combination of mechanical control with visual information, so-called visual feedback
control or visual servoing, is important when we consider a mechanical system working
under dynamical environments [1]. Recently, Lippiello et al. [2] presented a position-
based visual servoing for a hybrid eye-in-hand/eye-to-hand multicamera configuration
by using the extended Kalman filter and a multiarm robotic cell. Gans and Hutchinson
[3] proposed hybrid switched-system control which utilizes image-based and position-
based visual feedback control. Hu et al. [4] considered homography-based robust visual
servo control for the uncertainty of the camera calibration. In our previous works, we
discussed dynamic visual feedback control for 3D target tracking based on passivity
[5]-[7]. Although these previous works give us the new vision-based robot control the-
ory systematically, most of the works use a simple perspective projection by a pinhole
camera. Thus, it was implicitly supposed that the target object exists on the direction
of the optical center of the camera.

On the other hand, omnidirectional cameras are useful for recognizing unknown
surroundings widely. Geyer and Daniilidis [8] presented a unifying theory for all cen-
tral panoramic systems, i.e., an equivalence of catadioptric and spherical projections.
Hadj-Abdelkader et al. [9] proposed a catadioptric image-based control strategy for
nonholonomic robot in order to follow a 3D line. Mariottini et al. [10] reviewed the
several epipolar geometry estimation algorithms by using an omnidirectional camera
and gave us Epipolar Geometry Toolbox which is a simulation environment with MAT-
LAB. Fomena and Chaumette [11] considered improvements on modeling features for
visual servoing using a spherical projection. However, the relative pose between the
robot and the target object can not be obtained except at the desired pose, while the
pose of a robot with a panoramic camera coincides with a desired one in these methods.
For the vision-based formation control of mobile robots with central panoramic cam-
eras, Das et al. [12] discussed cooperative control of a group of nonholonomic mobile
robots by using an extended Kalman filter-based estimation algorithm. Vidal et al. [13]
used motion segmentation techniques to estimate the position of each leader. However,
stability analysis have not been discussed for both pose control and pose estimation
in these works which dealt with the pose control by using a panoramic camera, while
practical methods have been proposed for the set point control problem. Although the
vision-based pose synchronization has been proposed in our previous work [14], a per-
spective projection model of a pinhole camera is used in order to the estimate relative
pose.
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Fig. 2 Coordinate frames for mobile robots.

This paper deals with visual motion observer by using a panoramic camera for pose
control of mobile robot systems as depicted in Fig. 1. The advantage of our proposed
method is that the relative pose between the leader and the follower robot can be
obtained by using a single panoramic camera in the around direction. Moreover, a
desired pose between the leader and the follower robot can be given directly, while our
proposed method does not need a desired image a priori. The estimation error system
with a panoramic camera has the passivity which allows us to prove stability in the
sense of Lyapunov. The visual motion error system which consists of the estimation
error system and the pose control error system preserves the passivity. After that,
stability and La-gain performance analysis for the closed-loop system are discussed.
In the proposed control law, we can design both the estimation and the control gain
independently in the same framework. Finally, simulation and experimental results are
shown in order to confirm the proposed method.

2 Panoramic Camera

In our previous works [5]-[7], it was implicitly supposed that the target object existed
on the direction of the optical center of the camera. It was reported that there existed
a case of missing a target object in the position-based visual servoing [15]. In order
to catch the leader robot in the whole space where the controlled follower robot will
move, we use a panoramic camera instead of a simple pinhole camera. Hereafter, the
leader and the follower robot are regarded as a target object and a controlled robot
which has a panoramic camera, respectively, as shown in Fig. 2

Visual feedback systems by using a panoramic camera use four coordinate frames
which consist of a world frame X, a mirror frame X),, a camera frame Y., and an

object frame Y, as in Fig. 2. Let pmo € R> and e%%me € SO(3) be the position vector
and the rotation matrix from the mirror frame X, to the object frame X,. Then, the

relative rigid body motion (position and orientation) from Xy, to X, can be represented

by gmo = (pmo,€m°) € SE(3) 1. Similarly, gum = (pwm, €%™), gue = (pwe, e$%°)

and guwo = (pwo,e*?#°) denote the rigid body motions from the world frame Xy to

1 The notation of the homogeneous transform is denoted in Appendix A
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Fig. 3 Panoramic camera model (pinhole camera and hyperbolic mirror).

the mirror frame Yy, from the world frame Y, to the camera frame Y. and from the
world frame X', to the object frame X, respectively.

2.1 Hyperbolic Projection of Panoramic Camera

In this paper, we consider a panoramic camera which consists of a pinhole camera and
a hyperbolic mirror as shown in Fig. 3. So, the pinhole camera catches reflected images
through the hyperbolic mirror. We first review the panoramic camera model [10] in
order to represent an image feature in our framework.

Here, pwo is projected at s through the origin of the camera frame Y., after being
projected at p,,n through the origin of the mirror frame X, as shown in Fig. 3. Let a
and b be the hyperbolic mirror parameters which satisfy

(th + T)2 _ x?nh +y$nh -1 (1)
a? b2 o

with eccentricity 7 = v/a? + b? [10]. Eq. (1) means a constraint with respect to pp,p.
From the well-known perspective projection, the projection s in the camera frame (see,
Fig. 3) is given by

1
s = —Apep, (2)
Zch
where s = [fo fy 117 € R®, fu and f, are the coordinates of z-axis and y-axis

onto the image plane, respectively. In this paper, A is assumed as the ideal internal
calibration matrix of the pinhole camera and defined as A := diag{\, A, 1} where X is
a focal length.



From Fig. 3, the relation between the camera frame X'¢ and the mirror frame X,
can be represented as

Pem = | 0 eiecm =1I3 (3)
and it is assumed that these parameters are known. Moreover, p,, can be represented
as follows:

Pmh = @Pmo (0 < < 1) (4)
Because apmo has to satisfy the constraint (1), the following relation holds

(Otho + 7")2 0t217$no + a2y?no -1 (5)
2 - b2 -

[0

Solving Eq. (5) for a, we obtain

b (rzmo + allpmol|)
@ = 6
(me) a217%n0 + a2ygno - b2zgno ( )

where a(pmo) represents that o depends on pmo explicitly.
From Egs. (2)(3) and z.;, = zem+2mh = 2r+a(pmo)2mo, the hyperbolic projection
of the panoramic camera can be represented as
1

S = Am (Oé(pmo)pmo + pcm) (7)

where we exploit the composition rule [16], i.e., p.p = tfem Pmh + Pem-

2.2 Image Feature for Panoramic Camera

In order to know the relative rigid body motion gm, from the visual information, we
consider the feature points on the rigid target object 2. From the hyperbolic projection
of the panoramic camera, we consider the obtainable visual information.

Let poi € R3 and Pmi € R3 be the position vectors of the target object’s i-th
feature points (1 = 1,--- ,n, (n > 4)) relative to Xy and X'y, respectively (see Fig. 4).
Using a transformation of the coordinates, we have

Pmi = gmoPoi (8)

where p,,; and py; should be regarded, with a slight abuse of notation, as [p%z 1]T
and [pL; 1]7 via the well-known homogeneous coordinate representation in robotics,
respectively (see, e.g., [16]).

The hyperbolic projection of the i-th feature point onto the image plane gives us

the image plane coordinate f; := [ fu; fyi T e R? as
A (pmi) |:13mz:|
_ \Pme) 9
fi 2r + a(pmi)zmi | Ymi ©

2 The feature points on the rigid object are suitable for the estimation of the position and
the orientation in 3D workspace.
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Fig. 5 Block diagram of panoramic camera projection.

where a(pm,i) means that pmo in Eq. (6) is replaced with pmi = [Zmi Ymi zmi}T. It is
straightforward to extend this model to n image points by simply stacking the vectors
of the image plane coordinate, i.e.,

Flgmo) == -+ fa]" e R*" (10)
and ppy, = [p%l p%n}T € R3™. We assume that multiple feature points on a
known object are given. Although the problem of extracting the feature points from
the target object is interesting in its own right, we will not focus on this problem and
merely assume that the image feature are obtained by well-known techniques. From
Eq. (8) and Fig. 5 which shows the block diagram of the panoramic camera projection,
the image feature f only depends on the relative rigid body motion gmo.

2.3 Body Velocity for Panoramic Camera

The relative rigid body motion gmo is discussed in this section, because the image
feature f only depends on gmo. We recall that visual feedback systems by using a
panoramic camera use four coordinate frames and the relative rigid body motion from

Ym to Xy can be represented by gmo = (Pmo, 659"“’) as shown in Fig. 2.
The relative rigid body motion from X, to X, can be led by using the composition
rule for rigid body transformations as follows:

-1
gmo = JumYGwo- (11)

The relative rigid body motion involves the velocity of each rigid body. To this aid,
let us consider the velocity of a rigid body as described in [16]. We define the body
velocity of the mirror relative to the world frame X, as Vi = [uﬂm wgm]T, where
Vwm and wwm represent the velocity of the origin and the angular velocity from X,

to Xm, respectively.
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Fig. 6 Block diagram of panoramic camera which consists of relative rigid body motion and
panoramic camera projection.

Differentiating Eq. (11) with respect to time, the body velocity of the relative rigid
body motion gmo can be written as follows (See [6]):

Vrlr)m = _Ad(g )Vzgm + Vzgo (12)

-1
where V£O is the body velocity of the target object relative to Xy,. Because the camera
velocity Vé’,c is adequate as an input rather than the mirror velocity V£m in this
framework, we lead the body velocity of the relative rigid body motion with the camera
velocity.

The body velocity of the mirror frame relative to X, will be denoted as

b -1 . -1 . —1 —1. —1v7b
Vwm = Jum9Guwm = JumGwcGem = GumGwcGwe JweGem = gcmecgcm. (13)

From the property concerning the adjoint transformation, V2, can be transformed
into

Vi = Ad 1) Vide- (14)
Thus, Eq. (12) can be transformed into
b b b
Vimo = _Ad(g;Z},)Ad(gc_wlz)Vwc + Vwo- (15)

This is the body velocity of the relative rigid body motion for the panoramic camera.
While gem is known information from Eq. (3), gmo and gwo, i.e., VL, and V3, are
unknown information in the visual feedback system. Fig. 6 shows the block diagram
of the panoramic camera which consists of the relative rigid body motion and the
panoramic camera projection. Then, the control objective is described as follows.

Control Objective: The controlled mobile robot follows the target robot, i.e., the
relative rigid body motion gco is coincided with the desired one gg4.

Because gem is known a priori, gco can be obtained from gmo by the composi-
tion rule geo = gemgmo. Thus, we consider the estimate of gmo for the above control
objective.

3 Visual Motion Observer

In this section, we propose a visual motion observer by using a single panoramic camera
in order to estimate the relative rigid body motion from the mirror frame to the object
frame.



3.1 Image Jacobian for Panoramic Camera

Since the measurable information is only the image feature f from the panoramic
camera, we consider a visual motion observer in order to estimate the relative rigid
body motion gmo from the image feature f. Using the body velocity of the relative rigid

body motion (15), we choose estimates gmo = (ﬁmo,eéém(’) and V2, of the relative
rigid body motion and velocity, respectively as

Vino = —Ad ;-1 ) Ad 1) Vil + te. (16)

o)

The new input ue = [ufe wge}T is to be determined in order to drive the estimated
values gmo and V%, to their actual ones.

Similarly to Eqgs. (8) and (9), the estimated image feature f; (i = 1,---,n) is
defined as

DPmi = gmoPoi (17)

_ |® 18

fi 2r + (Pmi) Zmi | Umi (18)

where Py = [Tmi Tmi Emi]T. F(Gmo) = [fir f;ﬂT € R?" means the n image

points case.
In order to establish the estimation error system, we define the estimation error
between the estimated value gmo and the actual relative rigid body motion gmoe as

1
Jee = GmoZgmo (19)

in other words, pee = e 50me (pmo — Pmo) and et0ce — ¢=E0motmo Note that Pmo =
Pmo and e&0mo — ¢&0mo if and only if gee = I4, i.e., pee = 0 and e80ee = I3. We next
define the error vector of the rotation matrix e$%*® as

eR(eée”‘b) = sk(eée”‘b)v (20)

where sk(e%?) denotes %(659‘“’ — e~ %) Using this notation, the vector of the esti-
mation error is given by

e = [T, Beler)] (21)

From the above, we derive a relation between the actual and the estimated image
feature. Suppose the attitude estimation error fce is small enough that we can let

e89ec ~ T 4+ sk(ef%¢<). Then we have the following relation between the actual feature
point p,,; and the estimated one pyy,;

_ . Dee
Pmi — Pmi = eEGma [I _poi] |:€R(€€g€ee):| . (22)

Using a first-order Taylor expansion approximation, the relation between the actual
image feature and the estimated one can be expressed as

= Ofi | Ofi | Ofi

fi—fi= Oy 'Pmi=Pmi Quup; 'Pmi=Pmi Oz

|sz‘:]5mz‘ :| (pmi _ﬁmz) (23)



where the partial differentiations 9f; /0T mi, 0f;/Oymi and Of; /Ozm; are represented
as follows.

Ofi _ _ 2rdaw(pmi) [T | 4 A (Prmi) {1- (24)
O%mi (21 + a(Pmi)zmi)? [Ymi|  2r + a(pmi)zmi | 0]
of; _ 2rAay (Pmi) [ i | n A (Pmi) {0_ (25)
Oymi  2r+ a(pmi)zmi)? [ Ymi] = 2r + &(DPmi)zms [ 1]
of; _ 2r\az (pmz) -l’mi- )\a2(pmi) -xmi
S ) 2 T ) 2 . (26)
8Zmz (27" + a(pmz)zmz) L Ymi | (27" + a(pmz)zmz) L Ymi
where
ove(prmi) = 0a(Pmi) =202 T 2 |[pmil| — abPwmi (1222, + a®|lpmail|?)
i) = OTm;i (a?2?, +ay2,. — b222 )2|| il
mi Ymi mi Pmi
oy (pmi) = 9a(pmi)  —20%0*1Ymi zmi|lpmi || — ab®ymi (r?22,; + a®||pmi||?)
P (222 + a2 — 6222 )2 ||pmui|
mi Ymi mi Pmi
s (pons) = Oc(pmi) b z2mi (1 (x5 + yii) + 0 Ipmil1?)
z\Pmi) — - 2
Ozmi (0202, + a?y2,; — 6222,) " [Ipmill

2 2.2 2. 2 2,2
b T(b Zmi 0 T +a ymz)”me”

S .
(a%?m' + CLQy?m' - b2z?m-) 1D |

Let us define the image feature error as fe := f(gmo) — f(gmo). Hence, the relation
between the actual image feature and the estimated one can be given by

fe = J(gmo)ee, (27)

where J(gmo) : SE(3) — R?*% is defined as

J(Gmo) = [J1 (Gmo) J3 (Gmo) +++ Jn (Gmo)]" (28)
(s . | Ofi 0fi
Ji(gmo) := O |sz‘:]5mz‘ OYmi |sz‘i]5mz‘
Ofi T .
O0zmi |sz‘:]5mz‘ X 65 [I _pOi]

(i=1,---,n) (29)

We assume that the matrix J(gmo) is full column rank for all gmo € SE(3). Then,
the relative rigid body motion can be uniquely defined by the image feature vector.
Because this may not hold in some cases when n = 3, it is known that n > 4 is desirable
for the full column rank of the image Jacobian [17].

The above discussion shows that we can derive the vector of the estimation error
ee from image feature f and the estimated value of the relative rigid body motion gmo,

€e = JT(gmo)fe (30)

where 1 denotes the pseudo-inverse. Fig. 7 shows the relation between the image feature
error fe and the estimation error e.. Therefore the estimation error e can be exploited
in the visual feedback control law using image feature f obtained from the panoramic
camera.
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Remark 1 If we select one and the imaginary unit as a and b numerically, i.e., a = 1,
b = 1, then the image Jacobian for the panoramic camera (29) equals to the pinhole’s
one [6] as follows: grf;” = Z>‘ 1 O}T, % = zi\”' [0 l}T, irf;” = —;ﬁ% [Trni ymi}T
Thus our previous work [6] can be regarded as a special case of this gt?udy, although
the pinhole camera has different applications from the panoramic one in the practical

mi

point of view.

3.2 Passivity of Estimation Error System

In the same way as Eq. (12), the estimation error system can be represented by

Vebe = _Ad(g )U(’ + ‘/120- (31)

-1
Then, we have the following lemma relating the input ue to the vector form of the
estimation error ee.

Lemma 1 If V,ZO = 0, then the following inequality holds for the estimation error
system (31).

T
[l (et > e (32)
0
where Be is a positive scalar.

Proof Consider the positive definite function
1 0
Ve = 5 lIpeel® + () (33)

where ¢(ef0e) = %tr([ — ¢*%at) is the error function of the rotation matrix [18].
Evaluating the time derivative of V. along the trajectories of Eq. (31) gives us

: T E0cc —EOcc T E0ccy Ebece
Ve = ploetfece™¢ “pee—|—elr;¢(e5 “)e5 " Wee
T b T T .
= €¢ Ad((,fepp)‘/(’(’ = —€¢ Ue — PeeWuePee

= uz(—ee). (34)
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Integrating Eq. (34) from 0 to T yields

T T
/ L (—ee)dr = / Vdr > —V(0) > —Be (35)
0 0
where (e is the positive scalar which only depends on the initial state of gee.

Remark 2 Let us consider the vector form of the estimation error —ee as its output.
Then, Lemma 1 says that the estimation error system (31) is passive from the input
ue to the output —ee. In fact, the body velocity of the relative rigid body motion (15)
has passivity, the estimation error system preserves its passivity.

3.3 Stability Analysis of Visual Motion Observer

Based on the above passivity property of the estimation error system, we consider the
following control law.

where K¢ := diag{ke1, -, keo} is the positive gain matrix of z, y and z axes of the
translation and the rotation for the estimation error.

Theorem 1 If V£O = 0, then the equilibrium point ee = 0 for the closed-loop system
(31) and (36) is asymptotic stable.

Proof In the proof of Lemma 1, we have already shown that the time derivative of V¢
along the trajectory of the system (31) is formulated as Eq. (34). Using the control
input (36), Eq. (34) can be transformed into

Ve = —egK(zee- (37)
This completes the proof.

It should be noted that if the vector of the estimation error is equal to zero, then
the estimated relative rigid body motion gmo equals the actual one gmo. Fig. 8 shows a
block diagram of the visual motion observer with a panoramic camera. By the proposed
visual motion observer, the unmeasurable motion gco will be exploited as the part of the
control law. The relative pose between the robot and the target object can be obtained
by using a single panoramic camera in the around direction. This is the advantage of
our proposed method. Our proposed visual motion observer is composed just as the
Luenberger observer for linear systems.

Remark 8 The estimation error vector is configured by available information (i.e.,the
measurement and the estimate) though it is defined by unavailable one. This is one of
the main contributions of this paper.

4 Visual Motion Observer-based Pose Control

Let us consider the dual of the estimation error system, which we call the pose control
error system, in order to achieve the control objective in this section.
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4.1 Pose Control Error System

In previous work [6], we defined the pose control error as gec = ggl Jco, which represents
the error between the estimated value geo and the reference of the relative rigid body
motion g4. However, the estimation input u. has affected directly the camera control
error system, because the pose control error was defined using the estimated value geo.
This has deteriorated the performance of the estimation in the visual feedback control.
In this paper, we define the pose control error as follows:

Jec = 9519607 (38)

which represents the error between the relative rigid body motion gco and the reference
one gg4. By using the above pose control error (38), we can construct the pose control
error system in order to overcome the deterioration of the estimation.

Next, we have to derive the pose control error gec without non-measurable value
geo in order to use it in a control law. Using the composition rule, the pose control
error gec can be transformed as

_ -1 _ -1 _ -1 - -1 _ -1 —
gec = 9q YGco = dg Gemdmo = Jg YGemdmodmo9mo = gq YGemGmoJee- (39)

In Eq. (39), g4, gem and gmo are available information. While the estimation error
vector ee can be obtained as Eq. (30), the estimation error matrix gee, which is defined
using non-measurable value gmo as Eq. (19), cannot be utilized directly.

Focusing on the definition of the estimation error vector e, i.e., ec = [ple eﬂ(ew“ N7,
the position estimation error pee can be given directly from ee. As for to the rotation

estimation error 659“, if we assume that the region of the attitude estimation error is
restricted to —5 < fece < 7, then fce can be gained by

-1 €0, .
Sin e e
” Izg )”6 (659“). (40)
||€R(€ w)”

Thus it is possible to obtain the pose control error gec from the available information
by Eq. (39), since gee can be derived from e through £6ce Here, it should be noted that
the assumption —% < fee < 5 will not be a new constraint, since we have already set

Eoee =
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the assumption that the attitude estimation error fce is small enough in Section 3.1.

Using the notation eg(e%?), the vector of the pose control error is defined as
T T..,E6 T
ec = [pec eR(eg w)] . (41)

Note that ec = 0 iff pec = 0 and €% = I3.

The reference of the relative rigid body motion g4 is assumed to be constant in this
paper, i.e., g = 0 and hence Vebc = Vcbo. Thus, the pose control error system can be
represented as

Vée = =Ad( o) (Ad (-1 Vi) + Vil (42)

This is dual to the estimation error system (31). Similar to the estimation error system,
the pose control error system also preserves the passivity property.

4.2 Passivity of Visual Motion Error System
Combining the estimation error system (31) and the pose control one (42), we construct

the visual motion observer-based pose control error system (we call the visual motion
error system) as follows:

Ve | _
Ve

where u := [(Ad(g_l)Vé’,c)T u(T]T Let us define the error vector of the visual motion
error system as ¢

(gech) 0

I
0" ady ) u+{I}V£O (43)
Gee

T = [ez eg}T (44)

which consists of the pose control error vector e. and the estimation error vector ee. It
should be noted that if the vectors of the pose control error and the estimation one are
equal to zero, then the actual relative rigid body motion gco tends to the reference one
gq when z — 0. It is noted that the visual motion error system (43) has block diagonal
matrix with respect the input u, while the pose control error system was affected by
the estimation input ue in our previous work [6]. Next, we show an important relation
between the input and the output of the visual motion error system.

Lemma 2 If V£O = 0, then the visual motion error system (43) satisfies
T
/ ul(—z)dt > —B, VT >0 (45)
0
where B is a positive scalar.
Proof Consider the following positive definite function
1 2 00y, 1 0.
V = Sllpeel® + (%) + Fllpee® + (). (46)

The positive definiteness of the function V results from the property of the error
function ¢. Differentiating Eq. (46) with respect to time and using the skew-symmetry



14

_ |94
gmo
e Jeet ggc-:-ni"'g -Flg € — - 174
e >ctog ce mo, co, ec gtoe—c>0-> K, _>O_>Ad(gd) wey
Pose
Computation

Pose Controller for Panoramic Camera

Fig. 9 Block diagram of pose controller for panoramic camera.

J_gd lvu?o
f - N N gmo - ~ Vb N f
7 Visual Motion o Pose o uc, | Panoramic
|ﬂ> Observer “»{ Controller T Camera
Visual Motion Observer based Pose Controller

Fig. 10 Block diagram of closed-loop system.

of the matrices pec and pee, i.e., pZCpecwwc = —pgc@wcpec — 0 and pgeﬁeewue _
_pge@uepee = 0 yields

V=T {‘Adg—pec) —Ad(o_p : w=—zTu=uT(-z). (47)

Integrating Eq. (47) from 0 to T, we obtain
T
/ T (—2)dt = V(T) = V(0) > —V(0) = — (48)
0

where (3 is the positive scalar which only depends on the initial states of gec =

(Pec, €5%e¢) and gee = (pee, €2%°).

Remark 4 Let us take u as the input and —x as its output. Thus, Lemma 2 implies
that the visual motion error system (43) is passive from the input u to the output —z.

4.3 Stability Analysis of Visual Motion Observer-based Pose Control

Based on the above passivity property of the visual motion error system, we consider
the following control law.

Ke 0O
u= Kz, K:= |: 0 Ke:| (49)
where K. := diag{kc1, - ,kes} is the positive gain matrix of z, y and z axes of the

translation and the rotation for the pose control error.

Theorem 2 [f Vb, =0, then the equilibrium point © = 0 for the closed-loop system
(43) and (49) is asymptotic stable.

Proof In the proof of Lemma 2, we have already shown that the time derivative of V'
along the trajectory of the system (43) is formulated as Eq. (47). Using the control
input (49), Eq. (47) can be transformed into

V=-—2"Kz. (50)

This completes the proof.
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Theorem 2 shows Lyapunov stability for the closed-loop system. If the camera
velocity is decided directly, the control objective is achieved by using the proposed
control law (49). Because a panoramic camera gives us a wide field of view, it is adequate
to mobile robots. As for the visual motion error system with a panoramic camera, we
have proposed the stabilizing control law based on the passivity. This is one of the main
contributions of this research. Moreover, both the estimation and the control gain can
be designed independently in the same framework. Although the dead angle problem
[11] is not considered explicitly in this framework, our proposed method will overcome
this problem by dealing with a collision avoidance as in [14]. Fig. 9 shows the pose
controller for the panoramic camera. It should be noted that the desired image is not
needed in the proposed controller which only entails the given desired relative rigid
body motion g4 as shown in Fig. 9. Fig. 10 shows the block diagram of the closed-loop
system which consists of the panoramic camera and the visual motion observer-based
pose controller.

4.4 Lo-Gain Performance Analysis

In this subsection, we utilize La-gain performance analysis to evaluate the tracking
performance of the control scheme in the presence of a moving target robot. The
motion of the target robot is regarded as an external disturbance.

In order to derive a simple and practical gain condition, we redefine Ke = kel
where ke is a positive scalar.

Theorem 3 Given a positive scalar vy, assume

V2 (2ke — 1) 4 2(ke — 1)

i 1
Femin > = C 3Gk = 1) = 1 (51)
2
7+ 1
ke > 52 (52)

where k¢ min means the minimum value in Kc. Then the closed-loop system (43) and
(49) has La-gain < ~.

Proof Differentiating the positive definite function V' defined in Eq. (33) along the
trajectory of the closed-loop system yields
2 2
. b2 1, 9 b2, 1, 2
V= Vil - llell® = S IViioll® + 5l

—xTu 42T [AdT

oy Ad( o,y Vo (53)

(e€0ecc)

By completing the squares, we have

1 2
v+ sl = vkl

2 2
9l b 1 T T
= —7 Vwo - ? [Ad(egegc) Ad(eggpp)]lf
1 T T 2 7 1, .2
g [ A o o7 B
1 T 1
< sglWal —Tu+ o)’ (54)
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where

1 Ad (o —coce)

W 7

= | AdT

(e€0cc—E0ce)

Substituting the control input (49) into Eq. (54), we obtain
o1 2
V+ 5lall® = Vil < —a" Pz <0 (55)

holds if P:= K — #W — %I is positive semi-definite. Integrating Eq. (55) from 0 to
T and noticing V(T') > 0, we have

T T
/ le)2dt < +? / IVEo|2dt +2V/(0), ¥T > 0. (56)
0 0
From the Schur complement,

1 1 1
Ke - WI -3l —WAd(eéegc—éegg)

1 T ) )
—oAd ey (Re— P2 —3)1

P= (57)

can be modified as the conditions (51)(52) in Theorem 3 by using Ad”

(e€Pec—E0ce)

Ad(eéegc —€0ce) — I

The estimation gain does not have to be restricted to a scalar, although it causes
slightly complicated gain conditions compared with Egs. (51) and (52) for the reason
that Schur complement can not be used. In this framework, v can be considered as an
indicator of the tracking performance.

Remark 5 Our previous work has extended the eye-in-hand system with a pinhole
camera to an eye-to-hand one which estimates both a robot hand and a target object
[5]. In a similar way, this approach can be extended to estimate and control the poses of
multi-robots by considering the fixed panoramic camera as surveillance systems which
has it on the ceiling.

Remark 6 For the Lo-gain performance analysis of the visual motion observer without
the pose control, the following condition is only needed.

2
7+ 1
e (58)

ke,min

where ke yin means the minimum value in Ke.

5 Simulation and Experimental Results

Both the proposed estimation and control methods are confirmed by the simulation,
while the experiment is carried out by using the proposed visual motion observer only.
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5.1 Simulation Results

In this subsection, we present simulation results for stability and Lo-gain performance
analysis in the case of a moving target robot. The target robot has four feature points
and moves by ¢ = 4.8 [s]. The gains for the control law u (49) were empirically selected
as follows:

Gain A) v =0.123, K. =501, ke = 100
Gain B) v =10.082, K. = 1001, ke = 300.

The simulation results are presented in Figs. 11 and 12 which illustrate the esti-
mation error ee and the pose control one e, respectively. In these figures, we focus on
the errors of the translations of z and y and the rotation of z. In Figs. 11 and 12, the
dashed line and the solid line are the errors in the case of v = 0.123 and v = 0.082,
respectively.

In the case of the static target robot, i.e., after ¢t = 4.8 [s], all errors in Figs. 11
and 12 tend to zero. Therefore, asymptotic stability can be confirmed through the
simulation. In the presence of the moving target robot as disturbances by ¢t = 4.8 [s],
the tracking performance is improved for the smaller values of v from Figs. 11 and 12.
Thus the simulation results show that Lo-gain is adequate for the performance measure
of the visual motion observer-based pose control.

5.2 Experimental Results

In this subsection, we describe experimental results with respect to the proposed visual
motion observer with a panoramic camera as shown in Fig. 13. A panoramic camera
consists of a MTV-7310 camera and a hyperbolic mirror. In order to evaluate the
estimation error exactly, the target object moves on the rail whose radius is 0.27 [m)]
as Fig. 13 with about 8.0 [s] per round instead of a target mobile robot. Fig. 14 is a
captured image from the panoramic camera. The image feature points are acquired by
OpenCV which is a library of programming functions for real time computer vision.
The experiment with respect to the stability analysis is carried out with an appro-
priate initial estimation error and the static target object. The experimental results
are presented in Figs. 15 and 16. In Fig. 15, the dashed lines and the solid ones mean
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Fig. 13 Panoramic camera and a target ob- Fig. 14 Captured image from the panoramic

ject. camera.
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Fig. 15 Image features and estimated ones  Fig. 16 Estimation error e. for the static
w.r.t. the y-axis. target object with ke = 10.

the image features and the estimated ones with respect to the y-axis, i.e., fy; and
fyz(z =1,---,4), respectively. The estimated image features coincide with the actual
ones. From Fig. 16 which illustrates the estimation error of the translations of x and
y and the rotation of z, we can confirm that the estimation error e. tends to zero by
using the proposed visual motion observer.

The experiments with respect to the Lo-gain performance analysis are carried out
with the moving target object. We selected ke = 1 and ke = 10 as the estimation
gain for v = 1.001 and v = 0.230, respectively. Fig. 17 shows the estimation error
ee. The error in the case of ke = 1 and ke = 10 are shown in the left side and the
right one of this figure. The estimation error is reduced for the smaller values of v in
Fig. 17. Fig. 18 depicts the estimated trajectory with ke = 10 and the course of the
moving target object. The cross sign means the estimated value at both ¢ = 0 [s] and
t = 8 [s]. Because the average and the sample standard deviation of the norm of the

estimated position from the origin y/P2,00 + Doy are 0.269 [m] and 2.87 x 1073 [m],
we can confirm that the estimated trajectory coincides with the ideal trajectory of the
moving target object perfectly. It is the advantage of this research that the relative
pose can be obtained by using only single panoramic camera in the around direction.

The demonstration movie of the proposed visual motion observer can be seen on the
Web site [19].
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trajectory: Solid).

6 Conclusions

This paper proposes the visual motion observer and pose controller with a panoramic
camera based on the passivity. The advantage of this research is that the relative
pose between the leader and the follower robot can be obtained by using a single
panoramic camera in our proposed method in the around direction. Especially, our
proposed method does not need a desired image a priori. The estimation error system
with a panoramic camera has the passivity which allows us to prove stability in the sense
of Lyapunov. The visual motion error system which consists of the estimation error
system and the pose control one preserves the passivity. As for the visual motion error
system with a panoramic camera, we have proposed the stabilizing control law based
on the passivity. This is one of the main contributions of this research. In the stabilizing
control law, both the estimation and the control gain can be designed independently
in the same framework. Our previous work [6] can be regarded as a special case of this
study. Simulation results are presented to verify stability and La-gain performance in
the visual motion observer-based pose control. Because the experiment is carried out
by using the proposed visual motion observer only, we will realize pose control by using
a mobile robot with the omnidirectional camera in the future work.

Acknowledgements We would like to thank Mr. Masahiro Matsuzawa in Kanazawa Institute
of Technology for his effort to build experimental systems.

A Notation of Homogeneous Transform

In this paper, pap = [Tab Yab 2zap]T € R3 represents the position vector of origin of frame %,

from the origin of frame ¥,. We use the notation eé%ab € R3%3 to represent the change of
the principle axes of a frame X relative to a frame Xy. 43 € ’R3A specifies the direction of
rotation and 0,5, € R is the angle of rotation. For simplicity we use £6,; to denote &,,0,,. The
notation ‘A’ (wedge) is the skew-symmetric operator such that {A@ = ¢ x 613 for the vector
cross-product x and any vector § € R3. The notation ‘v’ (vee) denotes the inverse operator to
‘A, e, s0(3) — R3. Recall that a skew-symmetric matrix corresponds to an axis of rotation
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(via the mapping a — a). We use the 4 x 4 matrix

£0ap
— | €7 Pab 59
Jab |: 0 1 :| ( )

as the homogeneous representation of g,p = (Pas, eégab) € SE(3) describing the configuration
of a frame X, relative to a frame X,. The adjoint transformation associated with g, is denoted
by

(60)
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