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2 R. Ozawa and F. Chaumette

This paper proposes an IBVS for controlling the position
and the yaw rotation of a UAV to the desired ones. We
assumed that the UAV has �xed propellers and a �xed cam-
era directed downward to observe landmarks on the level
ground, and perspective image moments can be computed
from co-planar landmarks on the level ground.[16] The
proposed method is designed based on the transpose Jaco-
bian method.[17]. However, the transpose Jacobian method
cannot be directly applied to control the translations in
the horizontal plane due to the under-actuation of a UAV.
Therefore, we employ two special methods to control the
translations. One is to regard the translational forces, which
are generated by the incline of the UAV, as a result of the
visual servoing. However, these virtual translational forces
increase the image errors [11,18] and destabilize the UAV.
Therefore, we introduce an original method called virtual
spring approach that is based on the kinematic properties
of a UAV to keep the incline of the UAV within a bounded
region.

Some bene�ts of the proposed approach are given as
follows. First, the proposed controller is designed based on
the transpose Jacobian method that requires simple kine-
matics and the error sensing. The proposed controller only
needs the camera and propeller models and the mass of
the UAV as the parameters. Second, the proposed approach
only observes the image, the angular velocity and the unit
gravity vector. The unit gravity vector only requires the
acceleration and gyro sensors to predict. In contrast, the
standard IMU sensor system is used to sense the sens-
ing of the complete orientation. The IMU sensor system is
equipped with the magnetic �eld sensors in addition to these
sensors for sensing the rotation around the yaw axis.[19]
Therefore, the costs about the parameters and sensing in the
proposed method are much less than other computational
approaches.[10]

Third, the proposed approach can control the yaw rotation
of the UAV. This motion was assumed to be constant or
remained within a bounded region.[10,12,14]

Section2models a UAVwith �xed propellers and Section
3 brie�y explains the image moments and the interaction
matrices.[16] Section4discusses the feature of the feedback
and proposes the controller. Section5discusses the stability
problem of the UAV. Simulation results are �nally presented
to validate the effectiveness and robustness of the controller
in Section6.

2. Modelling of a UAV
First, we consider the kinematics of a UAV as shown in Fig-
ure1. Let x = (x, y, z) and = (θ1, θ2, θ3), be the position
and the orientation of the UAV in a static reference frame∑

w, where the notation(a, b, • • • , c) in lines expresses
a column vector. LetwRr be the rotational matrix from∑

w to
∑

r , referred to as roll, pitch, and yaw and given as
follows:

wRr =

⎡
⎣ cθ2cθ3 � cθ2sθ3 sθ2

cθ1sθ3 + sθ1sθ2cθ3 cθ1cθ3 � sθ1sθ2sθ3 � sθ1cθ2
sθ1sθ3 � cθ1sθ2cθ3 sθ1cθ3 + cθ1sθ2sθ3 cθ1cθ2

⎤
⎦ ,

(1)
where sθi = sinθi and cθi = cosθi . The velocity of

the UAV with respect to
∑

r can be described asr v =
r Rw(θ) �x, and the angular velocityr ω of the UAV is given
as

[ r ω]× = r Rw
w �Rr = � �r Rw

r Rw
T
, (2)

where [•]× is the skew-symmetric matrix that satis�es
[a]× b = a × b. The vector expression of the angular
velocity (2) is given as

r ω = G �θ

with G =

⎡
⎣1 0 sθ2

0 cθ1 � sθ1cθ2
0 sθ1 cθ1cθ2

⎤
⎦ . (3)

Thus, the linear and angular velocity of the UAV is given
as

r �z =
[ r v

r ω

]
= V �z, (4)

where
V =

[ r Rw 000
000 G

]
, (5)

and �z = ( �x, �θ).
Next, we consider the position of each propeller

zi (i = 1, 2, • • • , N) in
∑

w given as follows:

zi = x + wRr
r ti , (6)

where r ti is the position vector from the UAV center of
mass to the center of propeller in

∑
r . Then, the velocity

relationship between
∑

w and
∑

r is

r �zi =
[ r vi

r ωi

]
= Si

r �z , (7)

where r vi and r ωi are the translational and rotational
velocities of r ti in

∑
r , and

Si =
[

I3 �[ r ti ]×
000 I3

]
. (8)

The force/torquer fi generated at each propeller in
∑

r
is

r fi =
[ r ei

κi
r ei

]
fi , (9)

where r ei is the direction of the axis of the propeller,fi
is the magnitude of force generated at the propeller, andκi
is the torque ratio tofi . This is the generalized formulation
of the multiple �xed propeller force used in [3,8,20].

The Lagrangian of the UAV is given as follows:

L =
1
2

m� r v � 2 +
1
2

r ωT �I r ω + mgTx, (10)

wherem is the mass of the UAV,�I is the inertia moment, and
g = (0, 0, � gr ) is the gravitational vector. By minimizing
the variation
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Advanced Robotics 3

Figure 1. Coordinates of a UAV.

∫ t

0

{
�L �

N∑
i = 1

δ r zT
i

r fi

}
dt

=
∫ t

0

{
δL �

N∑
i = 1

δzTV TST
i

r fi

}
dt, (11)

and by adding damping terms, the dynamical equation of
the UAV is given as follows [21]:[

mI3 000
000 H

] [
¤x
¤θ

]
+

[
000

1
2

d
dt H

�θ + S �θ

]
�

[
mg
000

]
+

[
b1
b2

]

= V TATf , (12)

whereH = GT �IG, S is the skew-symmetric matrix
related to the Coriolis and centrifugal force,f =
( f1, f2, • • • , fN) is the force generated by the propellers,b1
andb2 are the translational and rotational friction compo-
nents, which are modeled as the �rst and the second powers
of the velocity, respectively.A is the transmission matrix
de�ned by

AT = [a1 a2 • • •aN ] , whereai =
[

I3
[ r ti ]× + κi I3

]
r ei .

(13)

It is important to understand the feature of the driving
force for designing a controller for the UAV. All the �xed
propellers usually direct upward (i.e.r ei = r �e, where
r �e = (0, 0, 1)). Therefore, the translational forceτ1 =∑N

i = 1 fi can be generated only in thez direction. The hori-
zontal translation can be controlled by inclining the UAV. In
contrast, if r ti andκi are selected appropriately, then any
torqueτ2 can be generated. Therefore, the four directions
except the horizontal translation can be controlled if the rank
of A is four, which is the minimal number of the propellers
of the UAV.

Therefore, Equation (12) can be rewritten as follows:[
mI3 000

000 H

] [
¤x
¤θ

]
+

[
000
1
2

d
dt H

�θ + S �θ

]
�

[
mg
000

]
+

[
b1
b2

]

= V Tu, (14)

whereu is the four-dimensional driving force vector and is
expressed as follows:

u =
[

B1
B2

]
τ =

[ r �e 0003× 3
0003× 1 I3

] [
τ1
τ2

]
. (15)

Note that the dynamical equation (14) is effective if� θ2� <

π/2 (rad) becauseG in Equation (3), which is included in
V , is singular at– π/2 (rad). The quaternion representation
[2] is useful to avoid this singularity. However, the UAV
lies in the vertical plane whenθ2 = – π/2 and cannot
be controlled anymore. Thus, in this paper, we treat the
behavior of the UAV only in the region where� θ2� < π/2.

3. Image moments and their interaction matrices
First, we consider the general framework of image errors,
and interaction matrices.[5] Let si ands�

i be thei th com-
ponent of the current and the desired image feature,�si =
si � s�

i be the image error, andc �z = ( cv , cω) be the
camera velocity in the camera coordinates

∑
c. Then,

� �si = Lsi
c �z = Lsi

cSr
r �z = Psi

r �z , (16)

where the interaction matrixLsi and the transformation
matrix cSr are given as follows:

Lsi =
[
Lsi 1 Lsi 2

]
, and cSr =

[ cRr � cRr [ r tc ]×
000 cRr

]
,

(17)
where cRr = diag.(1, � 1, � 1) and r tc is the position
vector of the camera from the origin of

∑
r w.r.t.

∑
r .

Therefore,

Pi 1 = Lsi 1
cRr , andPi 2 = � Lsi 1

cRr [ r tc ]× + Lsi 2
cRr .

Figure2 shows the relationship of the projection. We can
easily understand the Jacobian matrices and the velocities of
the image, camera, and the UAV expressed in the different
coordinate systems.

We now give the interaction matrices of perspective im-
age moments as derived in [16]. As will be described later,
the translational parts of these matrices are independent to

D
ow

nl
oa

de
d 

by
 [

In
ri

a 
R

oc
qu

en
co

ur
t]

 a
t 0

8:
14

 0
5 

A
pr

il 
20

13
 



4 R. Ozawa and F. Chaumette

Figure 2. Relationship of the velocities.�z and r �z are the UAV
velocities w.r.t.

∑
w and

∑
r , respectively.r �zi is the velocity of

the origin of the propellers w.r.t.
∑

r . c �z is the camera velocity
w.r.t.

∑
c. �si (i = h, v) is the velocity of the image error.

each other, and this property is useful to design our new
controller. Letn points form a landmark on the level ground.
Then, the moments are de�ned by:

mi j =
n∑

k= 1

xi
ky j

k , (18)

where (xi , yi ) is the position of thei th landmark in image
space. Let(xg, yg) be the center of gravity of the landmarks
in the image. The centered moments are de�ned by:

μi j =
n∑

k= 1

(xk � xg)
i (yk � yg)

j , (19)

wherexg = m10/n and yg = m01/n, m00 = n. Let a be
de�ned by

a = μ20 + μ02. (20)
As visual features to control the translation, we choose

xn, yn andan which are given by [16]

xn = anxg, yn = anyg, an = Z�
√

a�

a
, (21)

where the superscript� expresses the quantity when the
UAV is in the desired con�guration. Then, we de�ne a �rst
image error as follows:

�sh =
[

�xn
�yn

]
=

[
xn � x�

n
yn � y�

n

]
. (22)

The interaction matrix of the image error for the horizontal
motions is given as follows:

� �sh = Psh
r �z =

[
Psh1 Psh2

] r �z . (23)
When the points are coplanar and parallel to the image plane,
Pshi (i = 1, 2) can be described as follows [16]:

Psh1 = � Lsh1
cRr , andPsh2 = Psh1[ r tc ]×

+ Lsh2
cRr , (24)

with Lsh1 =
[

� 1 0 0
0 � 1 0

]

andLsh2 =
[

anε11 � an(1 + ε12) yn
an(1 + ε21) � anε22 � xn

]
, (25)

where⎧⎪⎨
⎪⎩

ε11 = n11 + xg(yg � ε31), ε12 = n20 + xg(xg � ε32),

ε21 = n02 + yg(yg � ε31), ε22 = n11 + yg(xg � ε32),

ni j = μi j /m00.

Due to the particular form ofLsh1 and cRr , we can note
that

Psh1 =
[

1 0 0
0 � 1 0

]
and

Psh2 =
[

anε11 1 + an(1 + ε12) � yn
1 + an(1 + ε21) anε22 xn

]
.

(26)

Next, we consider a second image error�sv,

�sv =
[

�an
�α

]
=

[
an � a�

n
α � α�

]
, (27)

whereα is the object orientation angle de�ned as

α =
1
2

tan� 1
(

2μ11

μ20 � μ02

)
. (28)

The interaction matrix of the image error�sv is given as
follows:

� �sv = Psv
r �z , =

[
Psv1 Psv2

] r �z . (29)

When the points are coplanar and parallel to the image plane,
Psvi is given as follows [16]:

Psv1 = � Lsv1
cRr , and

Psv2 = Psv1[ r tc ]× + Lsv2
cRr , (30)

with Lsv1 =
[

0 0 � 1
0 0 0

]

andLsv2 =
[

� anε31 anε32 0
αwx αwy � 1

]
, (31)

where

ε31 = yg + (ygμ02 + xgμ11 + μ21 + μ03)/a and
ε32 = xg + (xgμ20 + ygμ11 + μ12 + μ30)/a,

αwx = (β[μ12(μ20 � μ02) + μ11(μ03 � μ21)]

+ γ xg[μ02(μ20� μ02)� 2μ2
11]+ γ ygμ11[μ20� μ02])/d,

αwy = (β[μ21(μ02 � μ20) + μ11(μ30 � μ12)]

+ γ xgμ11[μ20+ μ02]+ γ [μ20(μ02� μ20)� 2μ2
11])/d,

d = (μ20 � μ02)
2 + 4μ2

11,

whereβ = 4 andγ = 2. Here again, we can note that the
forms ofPsv1 andPsv2 simplify to

Psv1 =
[

0 0 � 1
0 0 0

]
andPsv2 =

[
� anε31 � anε32 0
αwx � αwy 1

]
.

(32)

4. Controller design for a UAV
The control objective is to design the control inputu for
stabilizing the statep = (xn, yn, an, α, θ1, θ2) of the UAV
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Advanced Robotics 5

(a) (b)

Figure 3. Translational and rotational motions of the UAV in the vertical plane.(a) translational motion, (b) rotational motion.

(a) (b)

Figure 4. The effect of Rotation for translational motion in horizontal plane. (a)x direction, (b)y direction.

Figure 5. Effect of Image errors for translational motion in horizontal plane. Positive feedback of the image errors inclines the UAV and
generates the translational force in the horizontal direction. As a result, the image errors are eliminated by moving on the left.

Figure 6. Instability of the positive image feedback and the stabilization using the virtual spring. Positive visual feedback effect provides
translational force, but the UAV over-rotates and the system becomes unstable. A virtual spring approach prevents from turning the UAV
over, and is effective to eliminate the position errors.

to the desired pointp� = (x�
n, y�

n, a�
n, α� , 0, 0). The desired

visual featuresx�
n, y�

n, a�
n andα� can be chosen to reach any

particular con�guration of the UAV such that it is parallel

to the level ground. We divide the controllers into the four
parts as follows:

u = u0 + u1 + u2 + u3. (33)
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Figure 8. Simulation results in Case 2, con�gured as Figure7.

the range space ofB1. The range space ofP T
sv1

coincides
with that ofB1, because, from Equation (32),

P T
sv1

=

⎡
⎣0 0

0 0
0 1

⎤
⎦ (37)

and

spanB1 = span{ r �e} = span

⎧⎨
⎩

⎡
⎣0

0
1

⎤
⎦

⎫⎬
⎭ . (38)

Therefore,u1 can be applied to control the translational
and rotationalz motions.

4.2. Visual servoing in the horizontal plane

Likewise in the previous subsection, we consider the fol-
lowing virtual potentialV2.

V2 =
1
2
�sT

hKh�sh, (39)

whereKh is a positive diagonal matrix. Then, the control
input for the motions in the horizontal plane is as follows:

�
∂V2

∂ r z

T
= � P T

sh
Kh�sh =

⎡
⎣ � P T

sh1

� P T
sh2

⎤
⎦Kh�sh. (40)

However, in this case, the translational part of Equation
(40) is not in the range space ofr �e because

P T
sh1

=

⎡
⎣ � 1 0

0 1
0 0

⎤
⎦ �� span{ r �e} = span

⎧⎨
⎩

⎡
⎣0

0
1

⎤
⎦

⎫⎬
⎭ .

(41)
Therefore, we cannot realize this control input (40), and
need to compensate this term using other effects. As shown
in Figure4(a), when the UAV inclines around they axis and
generates the gravity compensation force, the vertical force
is canceled and the translational force in thex direction
is generated implicitly. Then, the UAV can move in thex
direction. (Fory translational force, see Figure4(b)). To
realize this pure horizontal force, the propeller force in the
z direction is given as follow:

utran
2 = �

mgr
r �eT r ysen

r �e , (42)

where r ysen is the unit vector of the gravity, which is
observed by the inertial sensors and is de�ned as follows:

r ysen = � r Rw
r �e =

⎡
⎣ � sθ2

sθ1cθ2
� cθ1cθ2

⎤
⎦ . (43)
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Figure 10. Simulation results in Case 4, con�gured as Figure7.

To control the translational and rotational motions in and
around thez axis in Figure3, we consider the case where
the UAV is parallel to the level ground above the target. We
will see in the simulation results that the controller is also
effective when it is not the case.

4.3. A virtual spring approach

We now consider the relationship between the image error
and the translational motion.As shown in Figure5, the UAV
would like to move to the left for eliminating the image error
(Phase 1). The UAV inclines to generate the positive force
in x direction, and the image error becomes larger (Phase
2). Then, the UAV moves till the image error is eliminated
(Phase 3). Thus, to generate the translational force in the
x direction, the image error must be fed back positively.
However, the positive visual feedback makes the system
unstable, and we must prevent the UAV from giving the
overthrow so that a virtual spring is added as shown in
Figure6 (b) right. To realize the virtual spring effect, we
consider the following arti�cial potential.

V3 =
1
2
� r ysen

T K� r ysen , (53)

where

� r ysen = r ysen � eg. (54)

Then, from Equation (50),

u3 = �
∂V3

∂ r z

T
=

[
0003× 1[ r ysen

]
× K� r ysen

]
. (55)

By substituting Equations (36), (52), and (55) into Equa-
tion (33), the control input for the rotational part can be
calculated as follows,

u =

⎡
⎢⎣

� P T
sv1Kv�sv � mgr

r �eT r ysen

r �e

� P T
sv2Kv�sv � HT

h ( r ysen)�sh
+[ r ysen]× K� r ysen � γ r ω

⎤
⎥⎦ . (56)

The damping term can be omitted when the UAV is enough
damped by the natural dampingbi (i = 1, 2). Note that the
controller (56) uses only the sensing of the landmarks, the
gravity direction r ysen and the angular velocityr ω. In
addition, the required parameters are only the mass of the
UAV and the camera internal parameters used in Equation
(56), and the propellers� information used in Equation (13).
Therefore, the implementation of this controller is easy.

The interaction matrices (23) and (29) are obtained un-
der the assumption that the visual feature points lie in the
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Figure 11. Simulation results in Case 5, con�gured as Figure7.

plane parallel to the image plane. The robustness of these
approximations will be con�rmed in the simulations.

5. Stability analysis
In this section, we prove the stability of the system (12) at
the equilibrium point(p, �z) = (p� ,000) using the controller
(56). Using Equations (14) and (56), the closed loop of the
system becomes

m ¤x = � b1 + wRr {hg � P T
sv1

Kv�sv}H ¤θ +
1
2

�H �θ

= � S �θ � b2 � GT
{
HT

h �sh + P T
sv2

Kv�sv

+ [ r ysen]× K� r ysen + γ r ω
}
. (57)

To prove the stability of the system, we choose the following
as the candidate of the Lyapunov function,

V =
1
2

{
m� �x� 2 + �θTH �θ

}
+

3∑
i = 1

Vi , (58)

whereVi (i = 1, 2, 3) is de�ned in Eqs. (35), (39) and (53).
This function is obviously positive de�nite. Then, the time

derivative ofV is given as follows:

�V = m �xT ¤x + �θT
(

H ¤θ +
1
2

�H �θ
)

+ r �vT P T
sv1Kv�sv

+ r ωT P T
sv2Kv�sv + r ωT HT

h �sh

� r ωT [ r ysen]× K� r ysen

= � vTb1 � ωTb2 � γ � r ω � 2 � 0, (59)

whereγ is positive scalar. The closed-loop dynamics (57)
was used in the derivation. The time derivative is semi-
negative de�nite and the system is stable. From the LaSalle�s
invariant theorem [22], the state of the system that remains
in a neighborhood of the desired point asymptotically
approaches the set de�ned by

wRr
{
hg � P T

sv1
Kv�sv

}
= 0, (60)

GT
{
HT

h �sh + P T
sv2

Kv�sv + [ r ysen]× K� r ysen
}

= 0.

(61)

wRr is non-singular, therefore, the vector in the parenthe-
sis of Equation (60) must be zeros. From (43) and (44),
the vector in the parenthesis of Equation (60) is given as
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Figure 13. Simulation results in Case 7, con�gured as Figure7.

xn, yn, andα converge to zero becauseT is non-singular.
Thus, we proved that the equilibrium point of the UAV is
asymptotic stable.

6. Simulation
In this section, six selected simulations are presented to
validate the effectiveness of the proposed controller using
the conditions given in Table1, and these gains were tuned
through some preliminary simulations. The UAV has four
propellers and its transmission matrixA is given as follows:

A =

⎡
⎢⎢⎣

0 0 1 0 � 
 κ

0 0 1 
 0 � κ

0 0 1 0 
 κ

0 0 1 � 
 0 � κ

⎤
⎥⎥⎦ , (65)

where
 is the length of the moment arm, andκ is a ratio
between the translational force to the rotational torque. The
following parameters are used for the simulations:m =
0.90 (kg),
= 0.30 (m),�I = (1.20, 1.20, 2.00)× 10� 3(kgm2),
and κ = 0.0158 (m). The damping terms are modeled
as the quadratic form of the velocities arising from the
aerodynamics [20] and de�ned as follows:

b1 = d1Q( sv) sv ,b2 = d2Q( sv) sv , (66)

whereQ(a) is a diagonal matrix and thei th diagonal ele-
ment is absolute value of thei th element ofa. The damping
coef�cients d1 andd2 are modeled as constant, based on
experimental results in [23], and given in Table2. The visual
data is updated every 33 ms except Case 4, whiler ysen and
�θ are measured and the control input is updated every 1 ms.

We use four feature points, which are distributed around the
origin of the base frame. As shown in Table2, in Cases 1 to
4, the initial con�guration is assigned so that the UAV goes
from the vicinity to the above of the base frame. In Case 5,
the initial con�guration is assigned so that the UAV goes
away from the above of the base frame. The differences in
each con�guration are shown in the image sampling time,
the feedback gainγ . In Case 6, a Gaussian noise with mean
zero and standard deviation 2 pixels, which correspond to
about 7.5 (mm) in the horizontal plane, 0.5 (m) above on the
target, is added to the image. Other conditions are the same
in Case 1. In Case 7, the UAV goes to the target on the same
horizontal plane to validate the pure translational motions
attained by the virtual spring approach. Other conditions
are the same in Case 6.

Figures7� 11 show the translation and orientation errors
of each case as well as the image features error and the image
points trajectory. In Case 1, a good damping is used as shown
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in Table2, and the errors converge to zero around 15 s. In
Case 2, less damping in the translational directions is used
as shown in Table2. Then, the system is under-damped and
the convergence is retarded compared to Case 1. In Case
3, the damping feedback in the rotational directions is not
used. Then, residual errors remain and the motion becomes
vibrationally as in a limit cycle. This is due to the sampling
time of the visual data. This motion is improved using 10-
ms image sampling time as shown in Case 4, where the
less damping in the translational directions and no damping
feedback in the rotational directions are used, as well as
using larger rotational damping as shown in Case 2.

In Case 5, the convergence is a little bit slower than in
Case 1 because of the difference of the desired con�gura-
tion. We can get the better performance when the landmarks
are just below the UAV at a desired con�guration. Indeed,
the interaction matrix plays role of the moment arm of
the image error, and the desired con�guration in Case 5
becomes more sensitive to the image error than in Cases 1
to 4.

In Case 6, image errors appeared due to the introduction
of the image noise. These errors induced some vibrations
in the position and orientation of the UAV. However, the
controller attenuated the vibrations and the magnitudes are
smaller than those in the image. The proposed scheme is
thus robust with respect to image noise.

In Case 7, the UAV approached to the target as the expo-
nential maps and the image errors are almost straight lines.

7. Conclusion
This paper proposed an IBVS for controlling the position
and the orientation of a UAV with a �xed camera, which
points the downward direction. The transpose Jacobian con-
trol from image moments is used to control the transla-
tional and the rotational motions in the vertical axis. On
the other hand, the lateral motion cannot be generated with
this method due to the under-actuation of UAVs. Positive
feedback structure of the image errors to the lateral motion
was revealed, and a virtual spring was introduced to stabilize
the pose of the UAV. Simulations showed that this method
is effective to control the pose of a UAV, even if the low
sampling rate of the visual data and the image errors may
cause some residual errors. We also showed that it is better
to put the landmarks right below the desired pose of the
UAV.

Future works will be devoted to realize experiments on
a real platform. The current controller depends on the per-
spective image moment, and the controller is also undergo-
ing to be generalized to algorithms, which can use any other
image features, and camera con�guration.

Acknowledgements
We would like to thank Professor Tarek Hamel from I3S-CNRS,
Nice-SophiaAntipolis, for his valuable comments and Dr. Nicolas

Guenard from CEA/LIST for his valuable information of the pa-
rameters used in the simulation.

Notes on contributors
Ryuta Ozawa received his B.S. degree in
precision engineering and M.S. and Ph.D.
degrees in mechanical engineering from Meiji
University, Kanagawa, Japan, in 1996, 1998,
and 2001, respectively. From 1999 to 2002, he
was a research assistant with Meiji University.
In 2002, he was a research fellow with the
Japan Society for the Promotion of Science.
He is currently an associate professor with

Ritsumeikan University, Kusatsu, Japan. His current research
interests include tendon-driven mechanisms, elastic joint robots,
visual servoing, and control of robotic hands and bipeds.

François Chaumette was graduated from
École Nationale SupØrieure de MØcanique,
Nantes, France, in 1987. He received his Ph.D.
degree in computer science from the University
of Rennes, France, in 1990. Since 1990, he has
been with Inria in Rennes where he is now
�Directeur de Recherches� and head of the
Lagadic group (http://www.irisa.fr/lagadic).
His research interests include robotics and

computer vision, especially visual servoing and active perception.
Chaumette received the AFCET/CNRS Prize for the best French
thesis in automatic control in 1991. He also received with Ezio
Malis the 2002 King-Sun Fu Memorial Best IEEE Transactions
on Robotics and Automation Paper Award. He has been associate
editor of the IEEE Transactions on Robotics from 2001 to 2005
and is now in the Editorial Board of the International Journal of
Robotics Research.

References
[1] DeGarmo MT. Issues concerning integration of unmanned

aerial vehicles in civil airspace. Technical report, MITRE,
Center for Advanced Aviation System Development,
McLean, Virginia, 2004.

[2] Tayebi A, McGilvray S. Attitude stabilization of a VTOL
quadrotor aircraft. IEEE Trans. Control Syst. Technol.
2006;14:562�571.

[3] Hamel T, Mahony R, Lozano R, Ostrowski J. Dynamic
modelling and con�guration stabilization for an X4-�yer.
Barcelona: In IFAC World Congress; 2002.

[4] Thrun S, Burgard WD, Fox D. Probabilistic robotics.
Cambridge: MIT press; 2006.

[5] Chaumette F, Hutchinson S. Visual servo control part I: basic
approaches. IEEE Robot. Automat. Mag. 2006;18:82�90.

[6] Altug E, Ostrowski JP, Mahony R. Control of a quadrotor
helicopter using visual feedback. In: Proceedings of IEEE
International Conference on Robotics andAutomation; 2002
May; Washington, DC. p. 72�77.

[7] Watanabe K, Yoshihata Y, Iwatani Y, Hashimoto K. Image-
based visual PID control of a micro helicopter using a
stationary camera. Adv. Robot. 2008;22:381�393.

[8] Michael N, Mellinger D, Linsdsey Q, Kumar V. The GRASP
multiple micro-UAV test bed. IEEE Robot. Autom. Mag.
2010;17:56�65.

[9] Azrad S, Kendoul F, Nonami K. Visual servoing of quadrotor
micro-air vehicle using color-based tracking algorithm. J.
Syst. Des. Dyn. 2010;4:255�268.

D
ow

nl
oa

de
d 

by
 [

In
ri

a 
R

oc
qu

en
co

ur
t]

 a
t 0

8:
14

 0
5 

A
pr

il 
20

13
 



14 R. Ozawa and F. Chaumette

[10] Hamel T, Mahony R. Visual servoing of an under-actuated
dynamic rigid-body system: an image-based approach. IEEE
Trans. Robot. Autom. 2002;18:187�198.

[11] Hamel T, Mahony R. Image based visual servo control for a
class of aerial robotic systems. Automatica. 2007;43:1975�
1983.

[12] Guenard N, Hamel T, Mahony R. A practical visual servo
control for an unmanned aerial vehicle. IEEE Trans. Robot.
2008;24:331�340.

[13] Mahony R, Corke P, Hamel T. Dynamic image-based visual
servo control usig centroid and optic �ow features. ASME
J. Dyn. Syst. Meas. Contr, 2008;130:011005.1�011005.12.

[14] Bras FL, Mahony R, Hamel T, Binetti P. Dynamic
image-based visual servo control for an aerial robot:
theory and experiments. Int. J. Optomechatronics. 2008;2:
296�325.

[15] Bourquardez O, Mahony R, Guenard N, Chaumette F, Hamel
T, Eck L. Image-based visual servo control of the translation
kinematics of a quadrotor aerial vehicle. IEEE Trans. Robot.
2009;25.

[16] Tahri O, Chaumette F. Point-based and region-based image
moments for visual servoing of planar objects. IEEE Trans.
Robot. 2005;21:1116�1127.

[17] Takegaki M,Arimoto S.Anew feedback method for dynamic
control of manipulators. ASME J. Dyn. Syst. Meas. Contr.
1981;102:119�125.

[18] Ozawa R, Chaumette F. Dynamic visual servoing with image
moments for a quadrotor using a virtual spring approach. In:
Proceedings - IEEE International Conference on Robotics
andAutomation; 2011 May; Shanghai, China. p. 5670�5676.

[19] Yun X, Bachmann ER, McGhee RB.Asimpli�ed quaternion-
based algorithm for orientation estimation from earthgravity
and magnetic �eld measurements. IEEE. Trans. Instrum.
Meas. 2008;57:638�650.

[20] Mahony R, Kumar J, Corke P. Multirotor aerial vehicles.
IEEE Robot. Autom. Mag. 2012;19:20�32.

[21] Goldstein H, Poole CP, Safko JL. Classical mechanics. 3rd
ed. Pearson Education; 2001.

[22] Arimoto S. Control theory of non-linear mechanical systems:
a passivity-based and circuit-theoretic approach. Oxford
Science Publications. Oxford University Press;1996.

[23] Derafa L, Madani T, Benallegue A. Dynamic mod-
eling and experimental identi�cation of four rotors
helicopter parameters. In: Proceedings of the IEEE Inter-
national Conference on Industrial Technology; 2006 Dec.
p. 1834�1839.

D
ow

nl
oa

de
d 

by
 [

In
ri

a 
R

oc
qu

en
co

ur
t]

 a
t 0

8:
14

 0
5 

A
pr

il 
20

13
 




