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Abstract
In this paper, we report on the design of a 6 Degrees-Of-Freedom (6-DOF) motion tracking system for a MicroAerial-Vehicle (MAV) using stereo-vision. The pose measurement is performed by tracking the 3D positions of
a marker (three targets) attached to the MAV. This task involves determination of optimal sensor placement for
the stereo system and an orientation calculation algorithm. Experiments were conducted to validate the set-up
against defined accuracy requirements.
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1

Introduction

Pose estimation is of critical importance in
autonomous robotic Micro-Air-Vehicle (MAV)
research as it is the principal measurement used in
localization of collected data, machine control and
dynamic modeling. The approach in this paper
involves using two cameras located optimally in a
room to track the orientation and position of an indoor
micro-helicopter, such as Mosquito (Fig.1). The
purpose is to extract accurately its position and
orientation in response to control inputs. This flight
data will eventually lead to a dynamic model of the
platform, using system identification.

1.2

Background on pose trackers

In the literature, there have been several techniques
proposed for tracking the pose of moving objects. See
[1,2,3] for a more in-depth review of existing technologies.

Exotic solutions include: (i) ultrasonic systems
designed for short range distances; (ii) RF beacons
(inaccurate and battery-powered); and (iii) laser
scanner (very expensive and too bulky for Mosquito).
The more popular approaches are categorized in the
following sub-sections.
1.2.1 Inertial solution
Miniaturized inertial sensors have been used to
develop tracking systems. They provide relatively
high-bandwidth motion measurement with very low
noise. They measure directly the motion derivatives
and require integration over time, which will cause
the orientation and position to gradually drift. Even
with very light MEMS inertial sensors, drift-corrected
hybrid tracking technology remains unsuitable for the
payload of our MAV (≈5g).

Figure 1: Mosquito, our MAV research platform:
Rotor Ø = 30cm , Weight = 55g, and Payload ≈ 5g.

1.1

(i.e. free fall), and its angular velocity is 90deg.s-1.
Preliminary flight test data suggests also that a
minimum frame-rate of 15frames.s-1 would need to be
adopted if Mosquito was visually controlled.

Pose sensing requirements

The required accuracy of the motion capture system is
defined by Mosquito’s flight abilities. Unlike regular
micro-helicopter, Mosquito is passively stable in
hover and during forward flight, which restricts the
range of orientation. Roll and pitch angles are
typically within +/-20º. Yaw angle is free. With
regards to the position accuracy, we estimated 2% of
the vehicle size (i.e. 10mm along the 3 axes) to be
suitable for dynamics modeling. Finally, the video
frame-rate needed to track 3D movement depends on
the Mosquito’s velocity. Its maximum translatory
velocity is 1.5m.s-1 horizontally and 2.5m.s-1 vertically

1.2.2 Magnetic solution
After decades of evolution, magnetic tracking is a
very mature technology, and has been used in many
applications (e.g. mini rotorcraft stabilization [4]).
They have several advantages: 6-DOF tracking, small
sized sensor and no light-of-sight requirement
between source and sensor. However, the very short
range of magnetic field (typically less than 70cm), the
high sensitivity to metallic environment (despite
improved calibration [5,6]), and the existing wired
solution are very much an issue for micro flyer.
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1.2.3
Optical solution
Various optical systems have been designed. Three
approaches can be distinguished: (i) the outside-in,
where cameras look at targets on the frame of interest,
(ii) the inside-out, where the camera is on-board, and
(iii) the hybrid based on a pair of ground and onboard cameras. The hybrid, introduced recently [7],
requires six coloured markings (five are placed on the
moving object and one is located on the ground
camera) for accurate pose estimation. Development of
lightweight, onboard solution is under active research
and remains a significant challenge in micro aerial
vehicle. Outside-in represents the least invasive and
potentially the most precise solution, though most
commercial systems require a large, complex and
expensive set-up. For all these reasons, we considered
to build our own outside-in motion capture system
using stereo vision.

1.3

Contribution and paper outline

This paper examines the application of stereo vision
techniques to the 6-DOF motion tracking of
Mosquito. The proposed system consists of only two
cameras and a passive marker embedded on Mosquito
(i.e. three colored targets spaced equally a few
centimeters apart). The rest of the paper is organized
as follows. Section-2 defines the optimal sensor
placements. Section-3 reviews the triangulation
approach and describes the equations for the
derivation of the attitude angles. We then present in
Section-4 some experimental results that demonstrate
the performance of our MAV motion capture system.
The paper concludes with a discussion of future work.

2

Optimal sensor placement

The problem of optimal sensor placement for single
and multiple vision sensors network has been
investigated
[8,9,10,11].
Close-range
photogrammetry (or videogrammetry) – technique of
measuring 3D objects from pictures – has also studied
a number of issues relating to reconstruction
optimization by carefully positioning the vision
sensors [12,13,14]. We present here a pragmatic
approach to the problem of stereo vision sensor
design, based on the minimization of the triangulation
error.

2.1

application, FOV and focus restrict the study volume,
but not the possible camera positions. With regard to
visibility, the targets’ positions on the microhelicopter are chosen to minimize occlusion in the
cameras’ FOV. Mosquito’s body (made of thin carbon
tubes) is indeed expected to partially occlude the
targets. Setting the viewing angle (of both cameras)
incident to the most frequent plane drawn by the three
targets resolves the problem of inter-occlusion.
The determination of 3D positional accuracy
from a detected circle in stereo vision images has
been discussed in [12,15,16,17,18]. The geometrical
arrangement of the sensors is also very important for
minimizing the localization error [18]. This error can
be expressed as an uncertainty in detecting the
spherical target boundary from each camera. In 3D
space, this uncertainty is represented by the
intersection of two cones whose main axes intersect in
the correct 3D point position.

2.2

Triangulation error and position of
the cameras

According to [17], the uncertainty of reconstruction
increases as the angle between the rays of each
camera (i.e. convergence angle) becomes narrower.
Chiou et al. [16] derived the optimal camera geometry
of a trinocular vision system by analyzing a nonambiguity
probability
of
potential
feature
correspondences.
Error
analysis
of
stereo
measurements has also been conducted from the study
of stereoscopic system geometry and the
characteristics of the image [15]. We exploit here
similar approach to verify which convergence angle
leads to a minimum triangulation error.
Assuming two pinhole cameras (with respective
centre of projection A and B) and a 3D point P, the
maximum triangulation error can be equally treated in
the epipolar plane ABP as illustrated in Fig.2.

Focusing on the geometric aspect
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C.Cowan et al. [8] have identified the following criteria
for acceptable viewed points that affect sensor
placement: (i) resolution, (ii) focus, (iii) field-of-view
(FOV), (iv) visibility, and (v) view angle. The
optimum solution can be met by using small spherical
targets. Resolution and view angle summarize into the
accuracy of localizing a circular shape in the image.
An explicit set-up allows the derivation of an upper
bound to this accuracy (cf. error in 3D point position).
This aspect is addressed later in this section. In our
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Figure 2: Triangulation error: the region delimitated
by the points P1, P2, P3, and P4 illustrates the shape of
the uncertainty region. The position error of the
reconstructed points comes from the intersection of
error cones. The maximum error lies in the plane
(ABP).
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We define the triangulation error εp as the maximal
distance between the point P and the points Pn=1,2…4.
A generate-and-test method [11] is then used to
compute min(εp) as a function of the convergence
angle θ, the distance AB between the cameras, and
different error cones angles θA and θB. Fig.3 shows
some simulation results that we obtained for
AB =4500mm and θA=θB=π/1000 (angles are
expressed in radians, unless explicitly specified). The
error εp is minimum for every sensor placement that
features a convergence angle θ=π/2. This is
represented in Fig.3 as a half-circle centered between
A and B.

Table 1: Possible solutions to equation (1).
φA = 0

φB = 0

0 < φB < π/2

φB = π/2

No solution

No solution

ψA, ψB free

⎛

0<φA< π/2 No solution

−1
⎝ tan φ A tan φ B

ψ B = ψ A − acos⎜⎜

⎞
⎟⎟
⎠ ψB = ψA ± π/2º

only for φA + φB ∈ [π/2,π[

φA = π/2

ψA, ψB free

ψB = ψA ± π/2

ψB = ψA ± π/2

Let us call RA and RB the rotation matrices from the
world reference frame to the image planes. Thus we
can write
⎡1 0 0⎤
⎧TA = KR AT , with
K =⎢
⎥.
⎨
T
=
KR
T
⎣0 1 0 ⎦
B
⎩ B

Minimum
on this arc

For a small displacement ∆Tx, ∆Ty, or ∆Tz, of the
target along respectively the x, y or z directions, the
magnitude of the projected vector TA (and similarly
for TB) has the form

A
B

(
(
(

2
⎧T
= δ 1-(sin (φ A ) cos (ψ A ))
⎪ A ( ∆Tx )
⎪
2
⎨ TA ( ∆Ty ) = δ 1-(sin (φ A ) sin (ψ A ))
⎪
2
⎪ TA
= δ 1-(cos (ψ A ))
⎩ ( ∆Tz )

(ABP)
Plane

Figure 3: Estimation of the triangulation error.
Points P are sampled on a 5×5mm grid in the plane
(ABP); the angle θ varies within the range ]0,π[. A
minimum triangulation error of +/-8mm is reached
for θ0=π/2, independently of variations in AB ,θA,
and θB.

2.3

)

)
)

if ∆Tx
if ∆Ty

.

(3)

if ∆Tz

As we do not want to favor one particular direction
for the detection of the target displacement (isotropic
optimization), the best sensor placement corresponds
to the configuration {φA,φB,ψA,ψB}0 that maximizes
the function “|TA|(∆Tx)+ |TB|(∆Tx)+ |TA|(∆Ty)+ |TB|(∆Ty)+ |TA|(∆Tz)+

Motion detection maximization and
stereoscopic system orientation

|TB|(∆Tx)”.

We have demonstrated the optimal relative positions
of the cameras. Another critical parameter is the
global orientation of the stereovision system. In
particular, we want to determine the sensor placement
that maximizes the projections of the target translation
motion vector (T=[Tx, Ty, Tz]T) in both camera planes.
We assume that the two cameras are pointing
towards the center of a world reference frame
(O,x,y,z). Let ψ and φ be respectively the azimuth
angle and the polar angle representing the optical axis
orientation (represented by the unit vectors uA(φA,ψA)
and uB(φB,ψB)) of the cameras A and B. To estimate
the optimal system orientation, we compute the 2D
projections (TA and TB) of the translation vector T in
the image plane of the two cameras. The possible set
of azimuth and polar angles must verify the condition
implied by the singular angle of convergence, θ0=π/2.
This condition is satisfied for
sin(φA ) sin(φB ) cos(ψ A −ψ B ) + cos(φA ) cos(φB ) = 0 .

(2)

Simulations using equations (1), (2), and (3), show
that the optimal orientation of the stereoscopic system
occurs at {φA=φB=ψA=π/4;ψB=-3π/4}. Locations of the
sampled orientations and the optimal sensors
placement are illustrated in Fig.4.

(1)

In general, there is no guarantee that Eq.1 yields a
solution as detailed in Table-1.
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Figure 4: Estimation of the optimal stereo vision
system orientation. The dots indicate the location of
the sampled orientations. Simulations were performed
for φA and ψA ∈ [0,π/2]. The solid lines represent the
optical axes of the cameras in their optimal positions.
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3

⎧
⎛π ⎞
⎪ ψ = sign( y 2 − y1 ) × ⎜ ⎟ if x 2 = x1
⎝2⎠
⎪
⎪⎪
⎛ y 2 − y1 ⎞
⎟⎟ if x 2 > x1
⎨ ψ = atan⎜⎜
⎝ x 2 − x1 ⎠
⎪
⎪
⎛ y 2 − y1 ⎞
⎟⎟ else
⎪ ψ = −π + atan⎜⎜
⎪⎩
⎝ x 2 − x1 ⎠

Motion capture approach

The pose estimation can be defined as: finding the
orientation r=(φ,θ,ψ) (φ=roll, θ=pitch, and ψ=yaw)
and relative position P(x0,y0,z0) of the moving marker
(attached to our indoor micro-helicopter) with respect
the world reference frame, as well as translational and
angular velocities in “real-time”. Using color
detection and simple triangulation [19,20], the 3D
trajectory of the marker can be recovered accurately
with respect to the calibrated stereo-vision system
(located on the ground). Calibration of the cameras is
necessary to determine extrinsic parameters such as
the rotation and translation relationship between each
camera. Estimation of the full 6-DOF pose of
Mosquito requires the tracking of at least three targets
(i.e. colored polystyrene balls). Though the use of
several points for pose estimation is an established
technique in augmented reality (cf. cinema postproduction, where virtual objects must be added to
real-world footage), it has never been tested for
tracking online the 3D orientation of a MAV.

3.1

Orientation computation from 3D
points position

Let us consider a marker composed of three points
(1), (2), and (3), in the world reference frame, as
illustrated in Fig.5. Its orientation r=(φ,θ,ψ) can be
derived as follows.

z

φ

x

Orientation accuracy versus
triangulation error

The accuracy in the measurement of the marker’s
orientation is directly related to the triangulation error
in the estimation of the 3D points’ position. Assuming
a triangulation error ε ≈ +/-8mm and an inter-distance
of 160mm between the spherical targets of the marker,
we assessed the error on the attitude estimation using
similar generate-and-test approach adopted in
Section-2.2. Roll and pitch angles vary between +/20º and yaw angle within the full range (5º stepwise).
We observed a maximum orientation error of ~4.45°
for roll, ~5.60° for pitch, and ~5.30° for yaw. We also
noticed that these errors increase as the range of
roll/pitch angles increases.

4

Experiments

A stereo vision system has been prototyped to
validate the proposed design concept of MAV motion
capture system. Flight motion simulation was
conducted in our laboratory to measure its accuracy in
a real indoor environment (see Fig.6).

3
y

1
ψ

3.2

(6)

2’ θ

2

Figure 5: The orientation r=(φ,θ,ψ) of the rigid
marker. r is defined by the 3D position of the three
spherical targets in the world reference frame. φ and θ
∈ [-π/2,π/2],and ψ ∈ [0,2π].

Figure 6: Experimental setup
(two cameras and the marker).

Let the point (2′) be the orthogonal projection of the
point (3) on the line segment (12). Let R be the
rotation matrix from the body-fixed frame of the
marker to the world reference frame. Let (xj,yj,zj)
define the Cartesian coordinates of a point (j) in the
world reference frame. We can express the following
roll φ, pitch θ, and yaw ψ angles:
⎛ (z − z )
⎞
12'
⎟ for θ ≠ ± π
sin ϕ = ⎜ 3 2'
⎜ 2'3
2
2 ⎟
2
(x2' − x1 ) + ( y2' − y1 ) ⎠
⎝
⎞
⎛
− (z 2 − z1 )
⎟, θ ≠ ± π
tan θ = ⎜⎜
2
⎜ ( x − x ) 2 + ( y − y ) 2 ⎟⎟
2
1
2
1
⎠
⎝

(4)
(5)

4.1

Experimental setup

The marker is made of three colored polystyrene
spheres (Ø≈15mm) equally spaced by 160mm (Fig.1),
and weights 2g. Each sphere is painted with a
different bright color (yellow, green, or orange) to
facilitate the blob detection process. In addition, the
stereo vision system includes two high-quality digital
cameras to capture sharp (i.e. free of color artifacts)
color images: a Hitachi 3-CCD HVD30 camera (3CCD technology), and a HanVision HVDUO-10M
camera (FoveonX3 technology). The images are
synchronically recorded at a resolution of 640×480
pixels in an 8-bit RGB format at a rate of 15frames/s.
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Figure 7: Results of the 3DOF position and 3DOF orientation computation with
the stereoscopy-based pose estimation method.

Each camera was connected to a separate computer.
The ability to locate and track the marker in “realtime” is limited by the computers (Pentium 4, 1.6GHz
machines) and frame-grabbers (Matrox Meteor-II and
ActiveSilicon Phoenix-LVDS). The FOV of both
cameras is approximately 30°. The cameras are
positioned according to the optimal sensor placement
that we demonstrated in Section-2. A 4.5m baseline
between the two cameras enables a tracking volume
of 2×1×1.5m3. The calibration process was performed
using a 1.5×1.5m2 chessboard and the online Matlab
toolbox available from Caltech Institute [21].

11.60mm. The average error in measuring the 3DOF
orientation is about 0.39° for roll, 0.48° for pitch, and
0.40° for yaw. The reported standard deviation in the
orientation measurements is relatively high
(σroll=0.36°, σpitch=0.56°, σyaw =0.26°), despite the
large number of measures. A deeper analysis of the
whole collected database shows that inaccurate pose
estimates are mostly due to imprecision in our direct
colored blob detection technique, sensitive to partial
occlusion and shadow.

4.2

Exploring control methodologies and modeling the
dynamics of micro unmanned air vehicles require new
technologies for studying in-flight motion. The
stringent constraints placed on MAV (e.g. payload
capability of a few grams) make existing motion
tracking system impractical.
In this paper, we have reported the development of a
stereoscopic optical pose tracker for Mosquito, our
robotic micro flyer. The stereo system is based on two
intrinsically calibrated cameras and the tracking of
three lightweight, colored, spherical targets (attached
to Mosquito). The placement of the stereo vision
cameras was optimally determined through
simulation. Initial experiments on a tethered platform
have shown that the 3DOF position/orientation
measurements delivered by the proposed pose
estimation method are accurate enough to be used for
motion recovery of Mosquito. The typical absolute

Pose measurement accuracy

To assess the pose accuracy of our stereoscopy-based
pose tracker, we considered simple 3D flight
trajectories of Mosquito in the viewing field of the
cameras. The sequences of 3D motion signals were
manually recorded at randomly chosen locations. In
each sequence, the marker attached to Mosquito
undergoes six single motions: three translations of
50mm/frame along x, y, and z axes, followed by two
rotations of 5º/frame about x and y axes, and one
rotation of 10º/frame about z axis. Fig.7 shows, as
example, the results of pose measurement accuracy
we obtained in the centre of the motion capture arena.
The average absolute error in estimating the 3DOF
position is in the order of 4.57mm (or lower
depending on the motion direction). The standard
deviation in the position error measurements is
3.73mm. The maximum observed positional error was

5
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Concluding remarks and future
work
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pose error is about 4.6mm in position, and less than
0.5 degree in orientation.
In future work, we intend to improve the performance
of the pose tracker by adding robust Kalman filtering
method and a more accurate target (circle) detection
algorithm. We expect then to validate this approach
for Mosquito’s flight dynamics modeling.
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