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Abstract— This paper considers the vision-based estimation
and control with a panoramic camera via passivity approach.
First, a hyperbolic projection of a panoramic camera is pre-
sented. 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 vi-
sual 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. After
that, stability and L»-gain performance analysis for the closed-
loop system are discussed. Finally, simulation and experimental
results are shown in order to confirm the proposed method.

I. INTRODUCTION

Vision based control uses the computer vision data to
control the motion of a robot in an efficient manner. The
combination of mechanical control with visual information,
so-called visual feedback control or visual servoing, is impor-
tant 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 multi-
camera configuration by using the extended Kalman filter and
a multiarm robotic cell. Gans and Hutchinson [3] proposed a
hybrid switched-system control which utilizes image-based
and position-based visual feedback control. Hu et al. [4]
considered a homography-based robust visual servo control
for the uncertainty of the camera calibration. In our previous
works, we discussed the dynamic visual feedback control
for 3D target tracking based on passivity [5][6]. Although
these previous works give us the new vision-based robot
control theory systematically, most of the works use a simple
perspective projection by a pinhole camera.

On the other hand, omnidirectional cameras are useful
for recognizing unknown surroundings widely. Geyer and
Daniilidis [7] presented a unifying theory for all central
panoramic systems, i.e., an equivalence of catadioptric and
spherical projections. Mariottini et al. [8] reviewed the
several epipolar geometry estimation algorithms by using
a omnidirectional camera and give us Epipolar Geometry
Toolbox which is a simulation environment with MATLAB.
Fomena and Chaumette [9] considered improvements on
modeling features for visual servoing using a spherical pro-
jection. Although these novel methods need a desired image
a priori, these works focus on the theoretical contributions.
From the more practical point of view, Vidal et al. [10]
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Fig. 1. Omnidirectional vision-based formation of mobile robots.

used motion segmentation techniques to estimate the position
of each leader for the vision-based formation control of
mobile robots with central panoramic cameras. Although
the vision-based pose synchronization has been proposed in
our previous work [11], a perspective projection model of a
pinhole camera is used in order to estimate relative poses.

This paper deals with vision-based control by using a
panoramic camera for mobile robot systems as depicted
in Fig. 1. We propose the visual motion observer with a
panoramic camera in order to estimate the relative rigid body
motion (position and orientation). The main contribution of
this paper is to show that the estimation error system with a
panoramic camera has the passivity which allows us to prove
stability in the sense of Lyapunov. After that, stability and
Lo-gain performance analysis for the closed-loop system are
discussed. Finally, simulation and experimental results are
shown in order to confirm the proposed method.

II. PANORAMIC CAMERA PROJECTION

A. 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. 2. So, the pinhole camera catches reflected
images through the hyperbolic mirror. We first review the
panoramic camera model [8] in order to represent a image
feature in our framework. 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
3, and a object frame X, as in Fig. 2. Let p,,, € R® and
ef9me ¢ SO(3) be the position vector and the rotation matrix
from the mirror frame ,,, to the object frame >.,. Then, the
relative rigid body motion from %, to X, can be represented
bY Gmo = (Pmo,€m) € SE(3) '. Similarly, gum
(pwm;egewm)a Juwe = (praegewc) and gyo = (pwo,eﬁ(‘)wo)
denote the rigid body motions from the world frame X, to
the mirror frame 3,,,, from the world frame X, to the camera
frame Y. and from the world frame X,, to the object frame
>0, Tespectively.

I'The notation of the homogeneous transform is referred to [5].
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Fig. 2. Panoramic camera model (pinhole camera and hyperbolic mirror).

Here, p.,, 1s projected at s through the origin of the camera
frame 3., after being projected at p,,, through the origin of
the mirror frame 3, as shown in Fig. 2. Let a and b be the
hyperbolic mirror parameters which satisfy

(Zmn +1)* B Ty T Y _ 1 1)
2 B2 o

a

with eccentricity r = v/a? + b2. Eq. (1) means a constraint
with respect to p,,n. The transformation to obtain the pro-
jection s in the camera frame (see, Fig. 2) is given by

1 ~ Ps
s= A (659“"’ (e (puo — Pum)) +pcm) )
where « is a scalar and defined as s:=[ f, f, 1]7 €
R? where f, and f, are the coordinates of z-axis and y-
axis onto the image plane, respectively [8]. In this paper,
A is assumed as the ideal internal calibration matrix of the
pinhole camera and defined as A := diag{\, A\, 1} where A
is a focal length.

From Fig. 2, the relation between the camera frame .
and the mirror frame X,,, can be represented as
]T

Pem=1[0 0 2r ], &lm=1 (3)

and it is assumed that these parameters are known. Moreover,
Pmp can be represented as follows:

Pmh = OPmo 4

Because ap,,, has to satisfy the constraint (1), the following
relation holds

(Oézm/O + T)Q _ 0621/'%,1,0 + a2y%’1,0 =1 (5)
a? b2 -

Solving (5) for o, we obtain

2(_
(Pro) = -\ ZT2mo £ allpmol) ©6)

TR2.2 422 2,2
b Zmo a xmo a ymo

where o(p.) represents that « depends on p,,, explicitly?.

2 Although a(pmo) has two solutions, the suitable solution will be
selected by pmo [8].
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From Egs. (2) and (3) and 2., = 2r + 2z,,,1, the hyperbolic
projection of the panoramic camera can be represented as

1

s=A—————
2r + a(pm,o)zm,o

(a(pm,o)pm,o + pcm) (7

where we exploit 2, = a(Pmo)Zmo and the composition
rule, i.e., Do = €% (Do — Pum)-

B. Image Feature for Panoramic Camera

Let po; € R? and p,,; € R> be the position vectors of
the target object’s i-th feature points (z = 1,--- ,n, (n > 4))
relative to X, and X,,, respectively (see Fig. 2). Using a
transformation of the coordinates, we have

Pmi = gmoPoi (8)

where p,,; and p,; should be regarded, with a slight abuse
of notation, as [pl. 1]7 and [pl; 1]* via the well-known
homogeneous coordinate representation in robotics, respec-
tively (see, e.g., [12]).

The hyperbolic projection of the i-th feature point onto
the image plane gives us the image plane coordinate f; :=
[ fxi fyi ]T € R? as

fi=

)‘a(pm,i) Tmi
- 2r + oz(pmi)zmi |: :| (9)

Ymi

where «(p.,;) means that p,,, in Eq. (6) is replaced with
Pmi = [Tmi Ymi Zmi)® . It is straightforward to extend this
model to n image points by simply stacking the vectors of
the image plane coordinate, i.e.,

f(gmo) = [flT fg]T € R*™.

and p,, := [pL, -+ pL,]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 [13]. From Eq. (8), the
image feature f only depends on the relative rigid body
motion gp,.

(10)

III. BODY VELOCITY FOR PANORAMIC CAMERA

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



body motion from ¥, to ¥, can be represented by g, =
(Pmo, €59m°) as shown in Fig. 3.

The relative rigid body motion from 3,,, to X, can be led
by using the composition rule for rigid body transformations
([12], Chap. 2, pp. 37, eq. (2.24)) as follows:

_ -1
= JwmYwo-

g?’)’LO (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 [12]. We define the body
velocity of the mirror relative to the world frame X, as
Vb =L wl 1T, where vym and wy, represent the
velocity of the origin and the angular velocity from %, to
>m, respectively ([12] Chap. 2, eq. (2.55)).

Differentiating (11) with respect to time, the body velocity
of the relative rigid body motion g,,, can be written as
follows (See [5]):

Vrlr)lo - _Ad(g;;)vtgm + V'LSO' (12)
where V% is the body velocity of the target object relative to
Yw- Eq. (12) is a standard formula for the relation between
the body velocities of three coordinate frames ([12] Chap. 2,
pp. 59, Proposition 2.15). Because the camera velocity V.,
is adequate as a input rather than the mirror velocity V),
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
74

wm g;}rl,g.w7r1, = gv:ﬂln,g.wcgcm
= g;}rmgwcg;}clg.wcgcm Gem Vwcgcm (13)

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

wm
'wm = Ad ) 'wc (14)
Thus, Eq. (12) can be transformed into
Vo = —Ad(,-1)Ad 1) Vi + Vi, (15)

This is the body velocity of the relative rigid body motion
for the panoramic camera. While g, is known information
from Eq. (3), gmo and gu.o, i.e. V2 and V%, are unknown
information in the visual feedback system. 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 g., is
coincided with the desired one gg4.

Because g, is known a priori, g., can be obtained from
Jmo Dy the composition rule g., = gemgmo. Thus, we
consider the estimate of g,,, for the above control objective.

IV. VISION-BASED ESTIMATION

A. 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
JImeo from the image feature f. Using the body velocity of the
relative rigid body motion (15), we choose estimates g, =

(Pmos egé*m) and V%  of the relative rigid body motion and
velocity, respectively as

b _
Vino = —Ad g1y Ad o1 Vi + e (16)

The new input u, = [v1, wl ]7 is to be determined in order
to drive the estimated values g,,, and V,’,’w to their actual
values.

Similarly to (8) and (9), the estimated image feature

fi (i=1,---,n)is defined as
Pmi = GmoPoi a7
= eed Rl L
where pi = [Tmi Gmi Zmi) " [(Gmo) = [f -+ f2]"

€ R?™ means the n image points case.

In order to establish the estimation error system, we define
the estimation error between the estimated value g,,, and the
actual relative rigid body motion g,,, as

Jee = gr_négmo (19)

- ﬁmo) and eSfec =
e~ 80moetPmo We next define the error vector of the rotation
matrix e%%t as ep(effer) = sk(et%?)V where sk(etfe)
denotes £ (e$%er — e%%v). Using this notation, the vector
of the estimation error is given by e, = [pI, ek (e$0=)]7.

From the above, we derive a relation between the actual and
the estimated image feature. Suppose the attitude estimation

error .. is small enough that we can let e ~ J +

sk(ef%«<). Then we have the following relation between the
actual feature point p,,; and the estimated one p.,;

_ ) . p
— Pmi = efme [ I —po; ] |: eR(eeéegee)

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

8fi |
83;"”. Pmi=Dmi

Ofi

82;””- |10m1‘,=;5m1‘,

in pther words, pee = e~ t0mo (Pmo

Pmi :| . (20)

Ofi

8ymi |10m1‘, =DPmi

- ﬁmi) (21)

fi—fi=

(pmi

where the partial differentiations 0f;/0%ms, Ofi/Oym: and
Ofi/Ozm; are represented as Eqs. (22)—(24) at the bottom of
the next page, respectively.

_ 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; (25)
where J(Gmo) : SE(3) — R?"*6 is defined as
J(gmo) = [JlT(gmo) JQT(gmo) Jrjr:,(gmo)]T (26)
_ ofi dfi
Ji (gmo) T 83;"”. |;Dma‘,=;5m1‘, 8ymi |;0m,1‘,=;5m1‘,
ofi

x o [ T —pi |

(i=1,--,n)

We assume that the matrix J (g, ) is full column rank for all
Jmo € 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

82;””- |10m1‘,=;5m1‘,

27)



n > 4 is desirable for the full column rank of the image
Jacobian.

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

€e = JT (gmo)fe

where T denotes the pseudo-inverse. Therefore the estimation
error e, can be exploited in the 3D visual feedback control
law using image feature f obtained from the panoramic
camera.

Remark 1: If we select one and the imaginary unit as a
and b numerically, i.e., a = 1, b = 4, then the image Jacobian
for the panoramic camera (27) equals to the pinhole’s one

[5] as follows: % = L[l O]T, ddy{,, = 2 [0 1]T,

% = —% [Tmi /’ymi]T. Thus our previous work [5] can
be regardedmas a special case of this study, although the
pinhole camera has different applications from the panoramic

one in the practical view.

(28)

Zmi Zmi

B. Passivity of Estimation Error System

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

Vh = —Ad,1 e + V5, (29)
Then, we have the following lemma relating the input u, to
the vector form of the estimation error e..

Lemma 1: If V2, = 0, then the following inequality holds
for the estimation error system (29).

T
/ UJZ(_ee)dt > -8 (30)
0
where (. is a positive scalar.
Proof: Consider the positive definite function
1 -
Ve = S lIpeel® + ¢(e*) (31)

where ¢(effer) := Lir(I — €0t is the error function of
the rotation matrix [14]. Evaluating the time derivative of 1,

along the trajectories of (29) gives us

‘/6 — pzeegeee e—EQeepee + eﬁ(egeee)egeeewee

= ¢ Ad ooy Vee = tg (—ee). (32)
Integrating (32) from 0 to T yields
T T
/ ul (—e.)dr :/0 Vdr > -V (0) > —-8. (33)
0

where . is the positive scalar which only depends on the
initial state of ge.. |

Remark 2: Let us consider the vector form of the estima-
tion error —e. as its output. Then, Lemma 1 says that the
estimation error system (29) is passive from the input u. to
the output —e.. In fact, the body velocity of the relative rigid
body motion (15) has passivity, the estimation error system
preserves its passivity.

C. Visual Motion Observer

Based on the above passivity property of the estimation
error system, we consider the following control law.
ue = Keee (34)
where K. := diag{ke1, -, kes} is the positive gain matrix
of x, y and z axes of the translation and the rotation for the
estimation error.
Theorem 1: If Vb = 0, then the equilibrium point e, = 0
for the closed-loop system (29) and (34) is asymptotic stable.
Proof: Theorem 1 can be easily proved by Lemma 1,
hence the proof is omitted. [ ]
Fig. 4 shows a block diagram of the visual motion observer
with a panoramic camera. By the proposed visual motion
observer, the unmeasurable motion g., will be exploited as
the part of control law. Our proposed visual motion observer
is composed just as Luenberger observer for linear systems.
Remark 3: 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.

8fi _ 27”)\04x(pmi) LTmi + M [ 1 ] (22)
O 2r + a(pmi)zmi)? | Ymi | 2r + a(pmi)zmi | 0
8fi _ 2TAay(p7r1,i) Tmi + M [ 0 ] (23)
8ymi (2T + O‘(pmi)zm’i)Q L Ymi | 2r + a(p mi)Zmi 1
Ofi _ 2da(pmi) [ i | A (Pimi) [ T ] (24)
8Zmi (27“ I Oé(pmi) Zmi)Q | Ymi | (27“ + Oé(pmi)zmi)Q Ymi
where
o ( ) = 804(])7”/1.) _ _2a2b27”xmizmiHpmiH + abemi (TQZTQW' + GQHpmiHQ)
2\ Pmi L i (62 2 2.2 2,2 )QH H
Zmi A T A Ymi Pmi
X ( ) _ 806(pmi) _ —2a262rymizmHpmiH 4+ abemi (7“22’72”1- + GQHpm'LHQ)
y\Pmi 8ymi (bg 2 27,2 42,2 )QH H
Zmi a T, A Ymi Pmi
« (p ) = 80{(2)"”.) _ bQT(bQZ?ni + a2x72m' + a2y72r1,i)”pmiH + abQZmi (TQ (x?m' + y?m’) + bQHpmiHQ)
z\Pmi) — - 2
8Zm,i (bQZQ — a2x2 a‘2y72n’i) Hpm/iH

mi

mi
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V. VISUAL MOTION OBSERVER-BASED POSE CONTROL

A. Pose Control Error System

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. First, we define the pose
control error as follows:

Gee = 95 " Geos (35)

which represents the error between the relative rigid body
motion g., and the reference one g4. It should be remarked
that g., can be calculated by using the estimated relative
rigid body motion gy, the estimation error vector e, =
[pL, €L (et<<)] and the known mirror parameter g, equiv-
alently, although g., can’t be measured directly (see [6] for
more details). Using the notation er(e*?), the vector of the
pose control error is defined as e, := [pZ, ek (et0)]T.

The reference of the relative rigid body motion g4 is
assumed to be constant in this paper, i.e., g4 = 0 and
hence V2, = V2. Thus, the pose control error system can be
represented as

Vi =-Ad, (Ad(ggl)vgc) LVEL (36
This is dual to the estimation error system. Similar to the
estimation error system, the pose control error system also
preserves the passivity property.

B. Passivity of Visual Motion Error System

Combining the estimation error system (29) and the pose
control one (36), we construct the visual motion observer-
based pose control error system (we call the visual motion
error system) as follows:

=L g o 1]
e | = ut | lve 37
[Vee 0 —Adgy, I

where u := [(Ad 1, V;.)" ueT]T Let us define the error
! T Tt
&

vector of the visual motion error system as = := [e, e,
which consists of the pose control error vector e. and the
estimation error vector e.. 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 g.,
tends to the reference one gg when = — 0.

Next, we show an important relation between the input
and the output of the visual motion error system.

Lemma 2: If V2 = 0, then the visual motion error system
(37) satisfies

T
/ ul'(—z)dt > —B, YT >0 (38)
0

where (3 is a positive scalar.
Proof: Lemma 2 can be proved by using the positive
definite function V' = Z|lpecl|> + ¢(e%) + §lpec|® +

@(es%¢<), hence the proof is omitted. [ ]

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

C. Visual Motion Pose Control and Stability Analysis

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

(39)

K. 0
u—Kx,K._[ 0 Ke]

where K. := diag{kc1,- -, kce} is the positive gain matrix
of x, y and z axes of the translation and the rotation for the
pose control error.
Theorem 2: 1f V.2 = 0, then the equilibrium point x = 0
for the closed-loop system (37) and (39) is asymptotic stable.
Proof: Theorem 2 can be easily proved by Lemma 2,
hence the proof is omitted. [ ]
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
(39). Although the dead angle problem [9] is not considered
explicitly in this framework, our proposed method will
overcome this problem by dealing with a collision avoidance
as in [11].

D. Lo-Gain Performance Analysis

In this subsection, we utilize Lo-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 K. = k.I where k. is a positive scalar.

Theorem 3: Given a positive scalar 7, assume

72(2ke — 1)+ 2(ke — 1)
2 (2@ 1) 1)

¥ +1

22

(40)

(41)

where K¢ i, means the minimum value in K.. Then the
closed-loop system (37) and (39) has Ly-gain < 7.

Proof: The proof is omitted due to its similarity to the
proof of Theorem 3 in [5]. |
The estimation gain does not have to be restricted to a
scalar, although it cause slightly complicated gain conditions
compared with Egs. (40) and (41). for the reason that Schur
complement can not be used. In this framework,  can be
considered as an indicator of the tracking performance.

VI. 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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A. Simulation Results

In this subsection, we present simulation results for stabil-
ity and Lo-gain performance analysis in the case of a moving
target robot. The target robot has four feature points and
moves by ¢t = 4.8 [s]. The gains for the control law u (39)
were empirically selected as follows:

Gain A)~y =0.123, K. = 501, k. = 100

Gain B) v = 0.082, K. = 1001, k. = 300.

The simulation results are presented in Figs. 5 and 6 which
illustrate the estimation error e, and the pose control one e,
respectively. In these figures, we focus on the errors of the
translations of x and y and the rotation of z. In Figs. 5 and 6,
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. 5 and 6 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 + from Figs. 5 and 6. Thus the simulation
results show that Lo-gain is adequate for the performance
measure of the visual motion observer-based pose control.

B. Experimental Results

In this subsection, we describe experimental results with
respect to the proposed visual motion observer with a
panoramic camera for a static target object as shown in
Figs. 7 and 8. A panoramic camera consists of a MTV-
7310 camera and a hyperbolic mirror. The video signals
are acquired by a frame graver board PICOLO DILLI-
GENT (Euresys) and an image processing software HAL-
CON (MVTech Software GmbH).

The experiment was carried out with an appropriate initial
estimation error. The experimental results are presented in
Figs. 9 and 10. In Fig. 9, the dashed lines and the solid ones
mean the image features and the estimated ones with respect
to the x-axis, i.e., fy; and fp;(i = 1,--- 4), respectively.
The estimated image features coincide with the actual ones
after ¢ = 1 [s]. From Fig. 10 which illustrates the estimation
error of the translations of x and y and the rotation of z,

Fers Tr [pixel

T 0 1 2
time [s]

time [s]

time s

Fig. 10. Estimation error ee for the
static target object with ke = 5.

Fig. 9. Image features and esti-
mated ones w.r.t. the x-axis.

we can confirm that the estimation error e, tends to zero by
using the proposed visual motion observer.

VII. CONCLUSIONS

This paper considers the vision-based estimation and con-
trol with a panoramic camera based on the passivity. The
main contribution of this paper is to 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 esti-
mation error system and the pose control one preserves the
passivity. Our previous work [5] can be regarded as a special
case of this study.
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