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i B Abstract
On ground stereo vision system is used for autonomous hovering and landing of a quad-
; system based and GPS based autonomous hovering of a quad-rotor MAV shows that

rotor Micro Aerial Vehicle (MAV). This kind of system has an advantage to support
embedded vision system for autonomous hovering and landing, since an embedded
vision system occasionally gives inaccurate distance calculation due to either vibra-
tion problem or unknown geometry of the landing target. Color based object tracking
by using Continuously Adaptive Mean Shift (CAMSHIFT) algorithm was examined.
Nonlinear model of quad-rotor MAV and a PID controller were used for autonomous
hovering and landing. The result shows that the Camshift based object tracking algo-
rithm has good performance. Additionally, the comparison between the stereo vision

stereo vision system has better performance. The accuracy of the stereo vision sys-
tem is about 1 meter in the longitudinal and lateral direction when the quad-rotor flies
in 6 meters of altitude. In the same experimental condition, the GPS based system
accuracy is about 3 meters. Additionally, experiment on autonomous landing gives a
reliable result.

Key words : Quad-rotor MAV, Camshift Algorithm, Stereo Vision, Autonomous
Hovering, Autonomous Landing

1. Introduction

Research on Unmanned Aerial Vehicles, UAV becomes rapidly increasing since UAV has
many advantages not only in the field of military and reconnaissance, but also for applications
such as terrain and utilities inspection, disaster monitoring, environmental surveillance, search
and rescue, law enforcement and traffic surveillance, communication relay, media services and
remote sensing, planetary exploration, agriculture, indoor application and etc.(!,

Many researchers try to broaden the scope of their research not only on UAV but also
Micro Aerial Vehicles, MAV. According to the 1st US-Asian Demonstration and Assessment
of Micro Air and Unmanned Ground Vehicle Technology, MAV’08 in India, the MAV size is
about 30 cm. Such kind of system has some advantages compared to UAV, for example, it can
do tasks in a very narrow area such as inside tunnels, buildings, etc. And also, its noise due
to motor sounds or rotor rotation is very small. Therefore, for search and rescue task is really
appropriate, since the victims voice will not be interfered by MAV noise.

Research on UAV-MAYV ranges from system modeling and identification, controller de-

“Receved 1 0ct, 2009 (No. 09-0558) sign, sensor integration and hardware 1mp1e.menta't10n. In'the term of al'ltOHOIIlOllS ﬂlght, there
[DOI: 10.1299/jsdd.4.269] are several tasks that should be conducted, including, taking off, hovering and landing.

Copyright © 2010 by JSME Many research on UAV-MAV has been conducted by using vision. For example, works
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by Yu® and Saripalli®(1? were concerning about autonomous landing of a UAV by first
tracking a special landing target using vision and then Landing on it. Works done by Eric®
was successfully in doing autonomous hovering of a UAV over a black object, detecting a
special target and detecting opening windows in urban area. Works done by Oohira!” and
Altug™®® were using an outer camera for autonomous hovering and autonomous attitude
control of MAVs. They have conducted experiments in an indoor environment. Bao® and
Ettinger® tried to use horizon information for controlling UAV. However, work done by Bao
was not completed with real experiment.

As explained above, most research on vision based aerial vehicles are conducted by using
UAV as their platforms. Research on vision based autonomous MAYV, especially the rotorcraft
type is rarely done and mostly the research is conducted in an indoor environment and or
a fixed wing type of MAV. This is since MAYV, especially rotorcraft which is used in this
research, has complex dynamics, nonlinearities and high degree of coupling among control
inputs and state variables. MAV behavior is getting relatively unstable and will be more sen-
sitive to disturbance, such as wind gust. Therefore, a reliable and robust controller is needed
to be developed. Additionally, the payload of MAV is limited. This makes the selection of
sensors that will be used becomes a challenging problem. Light weight sensors are preferable.
However, light weight sensor means that the performance of the sensor itself is low, which
will make the control design becomes more difficult.

In this research, we investigate the possibility of on ground stereo vision system for au-
tonomous hovering and landing of an MAV for outdoor application. The goal of this research
is to support an embedded vision system that occasionally has vibration that makes the dis-
tance measurement to the ground becomes inaccurate, which makes the autonomous landing
process fail®. A precise autonomous landing by using on ground stereo vision system is
needed, for example, for autonomous recharging system of an MAV after conducting a certain
task or guidance of an MAV to land safely on a ground vehicle or other mother-ship vehicle.

This paper is organized as follows. Section 2 introduces the platform and stereo vision
system used in this research. Image processing algorithm for object tracking will be described
in Section 3. Section 4 explains about the controller for autonomous hovering and landing
of the MAV. Section 5 shows the experimental result and discussion. Conclusion and future
works will be expressed in Section 6.

2. MAY Platform and Stereo Vision System

2.1. MAV Platform

The platform used in this research is an off-the-shelf quad-rotor type MAV, X-3D-BL
platform from Ascending Technology. Fig.1(a) shows the original platform and Fig.1(b)
shows the platform that has been completed with MNAV100CA sensor from Crossbow and
Gumstix Connex micro-controller for Flight Control Computer (FCC). The specification of
the platform is shown in Table 1.

Table 1 Specification of the platform

Items Description

Height 200 mm

Diameter 530 mm (with blade)

Mass 400 g (original platform with battery)
600 g (modified platform with battery)

Max. Lift 80 g/f

Max. Payload plus 300 g of its original weight
Flying Time 23 min (original platform) and 12 min (modified platform)
Max. Speed 10 m/s

This platform was chosen because it is advantageous of light weight, good durability
when minor crashes happened, and its high performance in terms of payload and stability
required for vision based control.
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Gumstix Connex micro-controller with 18 g of weight is used for FCC. For autopilot
purpose, we used MNAV100CA sensor from Crossbow, a low cost sensor which contains
IMU, GPS and pressure sensor with weight about 35 g, excluding the GPS antenna. It includes
3-axis accelerometers, 3-axis angular rate sensors and 3-axis magnetometers, static pressure
(altitude) and dynamic pressure (airspeed) sensors and a GPS receiver module. The AVR mi-
cro controller (Atmega32) is mounted on the system in order to interface our autopilot with
the original X-3D-BL board, by generating PPM signal when receiving control inputs from
the FCC. The PPM interface allows for software interpretation of R/C signals (throttle, pitch-
ing/rolling/yawing torques, switch, communication status, GPS data) from MNAV100CA are
sent to the Gumstix FCC through the serial port RS-232. Gumstix FCC also receives data
(image processing output data) from the Image Processing Computer (IPC) placed on the
ground.

2.2. Stereo Vision System

Stereo vision system used in this research is a commercial-off-the-shelf (COTS) product,
Bumblebee from Point Grey Research. The specification of this Bumblebee is 1) 12 cm base-
line, 2) Resolution up to 1204x768, 3) 15 frame per second (fps) of maximum frame rate, 4)
50° horizontal field of view, 5) IEEE 1394 interface, 6) 375 g of weight and 7) dimension 160
mm x 50 mm x 40 mm. Bumblebee is placed to face upward on the ground and connected to
a laptop computer for image processing. This computer will send the 3D position data to
quad-rotor MAV through WiFi communication. The complete experimental setup is shown in

Fig.2.
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Fig. 1 Quad-rotor MAV

Fig. 2 Experimental Setup

3. Image Processing

3.1. Object Tracking Algorithm : CAMSHIFT

Camshift algorithm was, firstly, developed by Bradski'"). This algorithm is an applica-
tion of the mean-shift algorithm for tracking objects in video sequence. The standard mean
shift algorithm can only deal with static distributions (i.e., single images) because its search
window has a fixed size. Bradski used a dynamic search window that adapts its size after
every video frame, depending on the size of the target object.

The step of this algorithm is writen below!?.
(1) Set the region of interest (ROI) of the probability distribution image to the entire image.
(2) Select an initial location of the Mean Shift search window. The selected location is the tar-
get distribution to be tracked.
(3) Calculate a color probability distribution of the region centered at the Mean Shift search
window.
(4) Iterate Mean Shift algorithm to find the centroid of the probability image. Store the zero
moment (distribution area) and centroid location.
(5) For the following frame, center the search window at the mean location found in Step (4)
and set the window size to a function of the zero’” moment. Go to Step (3).

For further understanding of CAMSHIFT algorithm, reader can refer to G.R. Bradski,
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Fig.3 Result of Object Tracking Using CAMSHIFT Algorithm

”Computer Vision Face Tracking for Use in a Perceptual User Interface”, Intel Technology
Journal, 2, April-June, 1998.
The result of object tracking by using Camshift algorithm is shown in Fig.3.

3.2. 3D Position Calculation

Stereo camera has advantage of ability to measure the 3D position of an object from
camera accurately by applying a simple triangle method. The illustration of the 3D position
measurement by using a stereo camera is shown in Fig.4.

Object
XcYe,Zc f

180-a-p

Object
7 XcYe,Zc

Left Image Right Image

(b)

Fig. 4 (a) Configuration between object and image on X-Z plane
(b) Configuration between object and image on Y-Z plane

In Fig.4(a), for finding the values of X, and Z,, first we need to derive the relation of the
angles by applying Eq.(1).

- CL -1 CR
y = tan"} (=) 5 =tan (=)
f f
0 0 -1,C 0 0 -1,Cr
a=90°-y=90°—tan™ (—) B=90°-6=90°—tan" (—) (1)
f f
By applying sine theorem and using the information of @ and §3, r can be easily obtained

as shown in Eq.(2).

L

"= (80 —a—p) P @

Therefore, X, and Z. of the object from the camera can be expressed by using Eq.(3)

272
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below.
X. =r-cos(a) Z. = r-sin(a) 3)

In order to find the distance on the Y, direction, Fig.4(b) is used. The Y, distance is
calculated by using Eq.(4).

Rg
Y,=7 "% 4
7 )

The 3D position in the camera coordinates is then transformed to the quad-rotor coordi-
nates. The definition of the coordinate system is shown in Fig.2. The matrix transformation
from the camera coordinates to the quad-rotor body frame coordinates is expressed in Eq.(5).

X 1 0 O X,
Y l=l0 -1 0 Y, (5)
Z 0 0 -1]| 2z

where [X ¥ Z]7 and [X, Y, Z.]" are 3D position in the quad-rotor body frame coordinates and
3D position in camera coordinates, respectively.

We used Inertial Measurement Unit (IMU) in order to measure the roll, pitch and yaw
for attitude control. In the future, we intend to develop attitude control by using a stereo vision
camera within short distance, for example, several meters. The range of the distance itself is
depending on the size of MAV.

3.3. Kalman Filter

In this research, since we used an on ground stereo vision that gives only 3D position of
the quad-rotor, a Kalman filter is applied in order to give velocity estimation for controlling
the translational movement of the quad-rotor. Discrete-time Kalman filter equation is shown
in Eq.(6) below.

Xir1 = FiXp + Beug + Tka

7, = HpXy + vi (6)

where x; € R" is the state vector, u; € R™ is the control vector, wy is the process noise, vy is the
measurement noise and z; € R” is measured output, all at time k. The state transition matrix,
F, control distribution matrix, By, disturbance matrix, Y, and measurement matrix, Hy, are
real matrices for appropriate dimensions.

w; and v, are zero-mean Gaussian white-noise processes, where

0, k+#j
Rk, k=]

0, k+j
Ok, k=j

It is further assumed that w; and v; are uncorrelated for all &, or E (ka,f) =0. QO and Ry are
the covariance of process and measurement noise, respectively.

E(vkva.) = { and E(wkwjr) = { €

Because the initial condition of the state, Xo, is unknown, the estimation process must
begin with an initial guess, or prediction, of the state:

X(tp) = Xo (8)

After an initial time, the estimator will update the current estimation of the state, Xy,
and to obtain the prediction at the next time step, Xy, based on the measured and estimated
output at time k. The estimator works through the dual processes of prediction and update
(correction).

The current estimation is first updated (corrected), based on measured and predicted
quantities using the update equation :

At A— A
X[ = X, + Kilzy — Hix; O]
model prediction residual error
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where the (*) denotes an estimated quantity and the superscripts — and + denote the predicted
state before and after the update.

Once the estimation is updated with Eq.(9), the estimation is propagated forward in time
using the model for the system and the known input at time k:

)21;_1 = Fkﬁ;c— + Bruy (10)

This value is then used as the model prediction in the update equation at the next time
step, and the process repeats.

Next, we assume an estimation error which is defined as the estimated state minus the
true state, as shown in Eq.(11).

)N(k =ﬁk—Xk (11)

The estimation error covariance matrix is defined as the expectation of the squared sum
of the estimation errors

Py = E(XX[) (12)

By using Eq.(9) and Eq.(10), the estimation error covariance before and after update is
shown in Eq.(13).

P} = [I - KeH 1P
P, = FxP{F] + 00T} (13)

The time-varying gain, K, is derived using Eq.(14).
Ky = Py H [HP HY + Ri]™! (14)

We applied 3 Kalman filters for each X, Y and Z direction. For X direction, x; =
[ X X ]T , for Y direction, x; = [ y y ]T , and for Z direction, x; = [ zZ z ]T . The
measurement output z; is X, ¥ and Z of the quad-rotor obtained from the camera. The con-
trol vector uy is acceleration on X axis, a,, acceleration on Y axis, a,, and acceleration on
0.1

0 1 ].The

Z axis, a, come from the accelerometer. The state transition matrix, Fy is [

5x1073
0.1

1.25x107 225x 107

225x10%  5x1073

. . T
. The measurement matrix, Hj is [ 1 0 ] .

control distribution matrix, By is [

The covariance of process noise, QO is [ ] The covariance of mea-

surement noise, Ry is 3 x 1073.
4. Mathematical Model and Nonlinear Control

4.1. Quad-rotor Dynamics Modeling

4.1.1. Rigid Body Dynamics In this research, we applied a rigid body dynamics in order
to find the model of the quad-rotor MAV. The equation of motion for a rigid body of mass m
€ R and inertia matrix J € R¥ subject to external force F € R? and torque vector I'” € R? is
given by the following Newton-Euler equations, expressed in the body-fixed reference frame
B.

mV+QxmV=F
JO+QxJQ=1" (15)

where V = (u,y,w) and Q = (p,q,r)are respectively, the linear and angular velocities in the
body-fixed reference frame. The translational force F combines gravity, main thrust and other
body force components.
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e
right inertial frame

Fig. 5 Rigid Body Dynamics and Associated Frames

Using Euler angles parametrization and "ZY X" convention, the airframe orientation in
space is given by a rotation matrix R from B to the inertial reference frame I, where R € SO3
is expressed as follows:

R = Ry-Ry-Ry

cOcy s sOcy—codsy cosOcy+ so sy
cl sy s¢sO sy +chcy co sl sy —spcy
- 56 s¢ cO cp co

(16)

where n = (¢,0,¢) denotes the vector of three Euler angles and s., c. are abbreviations for sin(.)
and cos(.).

By considering this transformation between the body-fixed reference frame B and the
inertia reference frame I as seen in Fig.5. It is possible to separate the gravitational force from
other forces and write the translation dynamics in I as follows:

é=v
mir = RF" — mge/, (17)

where & = (x,y,z) and v = (x,y,z) are the quad-rotor position and velocity in I. g is the grav-
itational acceleration and F” is the resulting force vector in B (excluding the gravity force)
acting on the airframe.

In this research, we used Euler angle parametrization to express rotational dynamics in
an appropriate form for control design. The kinematic relation between Q and 7 is expressed
by using Eq.(18) written below.

n=omQ (18)
where the Euler matrix ®(r) is given by

1 sin(@)tan(0) cos(¢p)tan(6)
O =1| 0 cos(¢p) —sin(0) (19)
0 sin(@)sec(d) cos(@)sec(d)

It is important to note that the matrix @ has a singularity at 8 = +x/2, and its inverse matrix
¥(n) = ®~'() is given by
1 0 —sin(0)
Ym) =] 0 cos(¢p) cos(0)sin(¢p) (20)
0 —sin(¢) cos(B)cos(p)
By differentiating Eq.(18) with respect to time, and recalling the second equation of

Eq.(15), we write
i = OQ + OQ = PVH — OJ 'sk(VJQ + ©J'T? 1))
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The sk operation is defined here from R? to R¥? such that sk(x) is a skew-symmetric matrix
associated to the vector product sk(x)y := x X y for any vector y € R>.
By multiplying both sides of the last equation by M(n7) = ¥(;7)" J¥(1), we obtain

M@)ii + Cn, iy = P (22)

with M(n) is a well defined positive inertia matrix, provided that 8 # kr/2. The Coriolis term
C(n,n) is given by

Cp.1) = =¥ ()" T () + ¥ skC¥IT¥ () (23)
Thus, the quad-rotor nonlinear model, used for flight controller design, is

mé = RF? — mgeg

M@ii + CGn. iy =¥ T 24)

4.1.2. Aerodynamics Forces and Toques Quad-rotor MAV can be characterized by three
main control torques T = (74, Ty, T¢)T and one main control force F® = (0,0, u)”. The four
control inputs (u, 74, Ty, Ty) are obtained by independently controlling the rotation speed of
each motor. The collective lift u is the sum of the thrusts generated by the four propellers.

u =

M

fi (25)

Il
—_

The airframe torques generated by rotors are given by!¥

T4 =I(f2— fa) (26)
19 =U(f3 - f1) 27)
Ty =01 +03—0r— 04 (28)

I represents the distance from the rotors to the center of mass of the helicopter and Q; is the
fan torque due to air drag.

Propellers thrust and torque are generally assumed to be proportional to the square of the
rotor angular velocity w. In fact, the relations between the rotor speed w; and the generated
lift f; and torque Q; are very complex!>!9_ Therefore, the algebraic model for generating
the force and control torques can be written in the following form:

2

u p p p P wi

Ty | _ 0 -lo 0 I W% 29)
Ty -lpo 0 o O w%
Ty K —K K —K wﬁ

where (p,k) are positive constants characterizing the propeller aerodynamics. The expressions
in Eq.(29) are valid approximations that are used in cases of hovering and low-speed displace-
ments.

The dynamical model, considered for quad-rotor control design is given by the following
Eq.(30):

mé = uReg - mgeg
M@+ C(p, iy = Yap' 7 (30)

4.2. Controller Design

The controller used here is a hierarchical flight controller that exploits the structural
properties of the quad-rotor model given by Eq.(30).

The aircraft model is separated into two connected subsystems by decoupling the transla-
tional dynamics (outer-loop) and rotational dynamics (innerloop). The time-scale separation




F Al e

o om
PR T =

e

Vol.4, No.2, 2010

between the two subsystems is made by considering the following transformations (or change
of variables)!7:

1 . .
u= EMR(%’HCI’ Ya)es — ges
=¥t + ¥ ' Cop @31

where T is a new torque vector, u is an intermediary force vector and (¢4, 64, Y¥4) are desired
roll, pitch and yaw angles.

From Eq.(31) above, we can calculate the desired force vector magnitude and desired
attitude (6, and ¢, in case of ¥, is given by the user), (4,¢4,0,) = f‘l(,ux, Hy» 1z), that is

W= m BB+ 4+ e+ g

HxSInYq — pycosyq
m

¢a = sin”'( )
u
cosyry + ,Sin
0, = mn_1(.ux Wa + pysingg 32)
H:+ g

By defining the tracking errors ¥ = (¢ — &, v —vy)T e RCande = (p — 14 1 —10)" €
RS, replacing 17 by (4 + €) in Eq.(30) and considering Eq.(31), the system in Eq.(30) can be
written in the following form!”)

. - 1
X=A1X+Bi(u—&a)+ ZMH(W’ en)
—————

. —_—
fXuéa) A(u,?]d»eq)

e =Aze+ By(T—14) (33)

where H(ng,e,) = (0,0,0, Ay, hy, hZ)T is a nonlinear connection term. The matrices A, € R%*,
By € R%3, A, € R%® and B, € R®? are defined below.

(000 01 0 0] [0 0 0
0000T10 0 0 0
0000O0°1 0 0 0

YR o 00000 T 100 (34
000000 01 0
|0 0000 O] 10 0 1

The quad-rotor control problem is thus, formulated as the control of two linear subsys-
tems, which are coupled by a nonlinear term A(u, 774, €,). It can be controlled using partially
or fully passivation design®.

Here, we use partial passivation design to synthesize two stabilizing feedbacks u =
a(X, éd), T = B(e, 1j4) such that the tracking errors (X, ¢) are asymptotically stable for all initial
conditions. The idea is to consider A(u, n4, e;) as a disturbance on the X-subsystem which
must be driven to zero, and stabilize independently the X and e-subsystems.

Since the X-subsystem without the coupling A(.) and the e-subsystem in Eq.(33) are
linear, we can use simple linear controllers such as PD or PID. Therefore, we synthesize two
control laws

u=—KxX + &y, KxeR>6
7 = —Kee + ijg, KeeR¥® (35)

such that the matrices Ax = A; — B1Kx and A¢ = A, — B, K, are Hurwitz.
By substituting Eq.(35) into Eq.(33), the close loop system is given by Eq.(36) below.
X=AxX+ AR, )
e=Ace (36)
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It is important to note that the control x(X) is computed using the 3D position obtained
from stereo vision and velocity predicted by Kalman filter. Indeed, X = (£ —&,, v—v,)" where
=X, Y, 2)7" andv = (Vy, Vy, V)T

Kendoul'® showed the analysis of the close loop system stability.

In the real implementation, the control laws in Eq.(35) have been slightly modified to
include an integral term, thereby increasing the tracking accuracy.

e = —kp (X = Xg) = ki, [(X = Rode = kg, (Vx = Vx,)
py = ~kp, (7 = ) = i, [(F = Ry = kq,(Vy = V)
pe = —kp 2 = Za) — ki, [(2 =2t = ka. (V7 = V) 37

By using Eq.(37) above, total thrust (&) and the desired attitude(¢,, 6,) can be derived by
using Eq.(32).

Then by using this total thrust and desired attitude, the control law for inner loop can be
derived, as seen in Eq.(38).

7y = ~kp, (9 = ) — ki, [ (¢ = pa)dt — ka (= )
y = —kp, (0 — 00) — ki, f (0 — 0)dt — kg, (0 — 0

ey, U = ) = i, [ = wa)dt = kg, (F = ) (38)

Ty
Parameters used in the experiment are listed in Table.2.

Table 2 Controller gain used in experiment

Parameters | Value Parameter | Value
kp kp, 0.8 kp, . kp, 28.0
ki, ki, 0.02 ki, ki, 0.5
ka,.ka, 1.0 kq,, kq, 1

kp kp, 0.8 kp,, kp, 28.0
kp, 0.2 kp, 3.0
k;, 0.02 ki, 0.05
kq, 0.6 ka, 0.2

The overall diagram of the designed controller is shown in Fig.6.

Task
OUTER-LOOP INNER - LOOP
ll u
Ed —
c[T7 [Fosition Attitude UAV
E.Q Controller  [*_fNonlinear N g
S ® [ud) PID Transfor— | i 14, Controller |7 Nonlinear t| Nonlinear
29 (Outerloop) mation PID Transformation Model
=Sy p (Innerloop) J Dynamic
A
- Stereo
Camera
- IMU
g V) n n
ax
IMU raw data
ay
Kf?lltr:ran for attitude
az estimation | accelerometer
gyroscope
~ ~ | A magnetometers
X1y lz ,
CAMSHIFT | Images

Fig. 6  Structure of the inner-outer loop-based controller
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S. Experimental Result and Discussion

5.1. Autonomous Hovering along X,Y and Z axis

In order to evaluate the performance of CAMSHIFT object tracking and the performance
of the whole system including the distance measurement by using a stereo vision system
and the controller, we have performed real-time flight test for two scenarios. First was to
do autonomous hovering and the second one was autonomous landing. The experiment was
conducted outdoor on the same day for the two experiments. The weather condition was sunny
with wind speed about 3 - 4 m/s.

The procedure of the experiment was first to fly the quad-rotor manually. When it was
detected by stereo camera, user selected the quad-rotor and the CAMSHIFT algorithm started.
When the CAMSHIFT based object tracking started, the flight mode was changed from man-
ually to autonomous. The reference point for autonomous hovering is the same as the position
when we changed the flight mode from manually to autonomous. In this case, we expect that
the position reference in the X and Y directions will be 0, since the quad-rotor is in hovering
mode and the altitude reference will be the last value obtained from the stereo vision system.
In our autonomous hovering experiment, the altitude reference was recorded to be about 6 m.
For comparison purpose, the data from GPS and pressure sensor were also recorded.

3l === AUTO =mmmm Reference mmm= Stereo/INS ———GPS/INS
2
~ 1
E
=< 0
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Fig. 7 Quad-rotor Position During Autonomous Hovering

The results of the X, Y and Z positions are shown in Fig.7. As shown in Fig.7 (Top),
for longitudinal direction or X axis, the stereo with INS system has accuracy about 1 m when
quad-rotor flew about 6 m. On the other hand, GPS has accuracy about 3 - 4 m when quad-
rotor flew in the same height. For lateral direction, Y axis, stereo with INS system has accu-
racy about less than 2 m and the value does not have a big error compared to the reference
point. In case of GPS, the accuracy on Y direction is about 3 m.

Moreover, by eye investigation, it was seen that the movements of the quad-rotor along
X axis and Y axis were not changing much, which proved that the performance of stereo with
INS system is better than GPS.
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In case of Z position, as seen in Fig.7 (Bottom), pressure sensor is drifting. In case of
altitude from stereo with INS, the value is stable around 6 m, even though it has some oscil-
lation. The oscillation itself is about 1 m. Here, also we can conclude that the performance
of stereo vision system is better than pressure sensor. This is true since pressure sensor is
influenced easily by wind condition.

Fig.8 shows the velocities along X,Y and Z axis obtained from stereo with INS and
GPS. For both systems, the values of velocities are near to the reference point, 0 m/s. From
these results we can know that our designed Kalman filter which was used for estimating the
velocity by fusing the data of acceleration obtained from INS and positions data from stereo
camera has good performance. Velocity sensors on GPS for longitudinal and lateral directions
are known to have good performance. As seen in Fig.8 (Top) and (Middle), the velocities
obtained from Kalman filter and the velocities came from GPS have more or less the same
value.

However, in case of velocity on Z axis, since data obtained from pressure sensor is known
to be noisy due to wind as disturbance, when we compared velocity from stereo with INS
system with velocity from pressure sensor, we cannot conclude the performance of Kalman
filter for Z axis. However, since for Z position, stereo with INS system was used in the control
loop, and by eye investigation it was seen that the quad-rotor was very stable even though
there was wind for about 3 - 4 m/s, we can conclude that the performance of Kalman filter for
Z axis is also good.

Fig.9 shows the attitude of the quad-rotor during autonomous hovering. As we can see
here, the roll and pitch angles are less than 10° of movement. It shows that the attitude
controller worked well for autonomous hovering. In case of yaw angle, the movement is
significant due to sensor problem.
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Fig. 8 Quad-rotor Translational Velocities During Autonomous Hovering

5.2. Autonomous Landing

Autonomous landing is one of the tasks that should be achieved by autonomous UAV -
MAV® . Here, we investigated the possibility of autonomous landing for our quad-rotor MAV
with nonlinear model by on ground stereo vision system.
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Fig. 9 Quad-rotor Attitude During Autonomous Hovering

The procedure of the experiment was the same as the one used for autonomous hovering.
First, the quad-rotor was flown manually. When it was in the field of view of the stereo camera,
the quad-rotor was selected as the target and the object tracking process was conducted. Then,
the flight was changed from manually to autonomous. After for about 1 minute of autonomous
hovering, the quad-rotor was guided to land by applying an altitude reference, which was
determined as a function of time of its reference velocity. In our experiment, we applied a
constant velocity on the Z direction, 0.4 m/s. The equation for landing process is shown in
Eq.(39).

href = href - (Ar- Uh,e/) (39)

where £, is quad-rotor altitude in autonomous hovering mode, At is time difference between
previous and current data acquisition, and vy, is velocity reference for autonomous landing.

The experimental setup is shown Fig.2. Here, the stereo vision is placed on a tripod with
45 cm of height. Since the stereo vision can measure the shortest distance for about 25 cm,
we applied a strategy that, when quad-rotor is for about 30 cm of distance from stereo vision,
we turn off the quad-rotor power automatically, and it will land safely.

X, Y and Z positions of this experiment are shown in Fig.10. As seen in Fig.10(Top) and
(Middle), quad-rotor could hover with the accuracy about 0.5 - 1 m along X and Y axis, and
about 1 m for Z axis. In case of Z axis, stereo with INS system is compared with pressure
sensor. As seen in Fig. 10(Bottom), for Z position, stereo with INS system has better per-
formance compared to pressure sensor. Additionally, quad-rotor MAV could follow the given
trajectory accurately for landing purpose, while pressure sensor failed to do so.

The velocities in the X, Y and Z directions are shown in Fig.11. Even though there is
slightly difference between velocities from stereo with INS and GPS, but overall the responses
are more or less the same, which are 0.4 m/s accuracy for X direction and 0.3 m/s for Y
direction. In case of Z direction, the accuracy of the velocity is about 1 m/s.

Fig.12 shows the attitude of quad-rotor MAV during autonomous landing. As we can see
here, more or less there are no significant movements in the attitude. The movements of the
pitch, roll and yaw angle are about 3°, 3° and 10°, respectively.

These results are as expected since for autonomous landing, the quad-rotor MAV should
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have the same attitude in order to maintain the movement only along the Z axis.
6. Conclusion and Future Works

CAMSHIFT algorithm for object tracking was used for quad-rotor tracking. A stereo
vision system was used for obtaining accurate world positions of the quad-rotor. By using
position information from a stereo vision system, a PID controller for nonlinear model of a
quad-rotor, we obtained a reliable result in autonomous hovering and landing.

From the experimental result, it can be seen that the performance of stereo with INS
system is better than GPS system. It is obtained that stereo with INS system has accuracy
about less than 2 m in height of 6 m, better than GPS, which has accuracy of 5 m in the same
height.

These results suggest the possibility of a stereo vision system for precise guidance of an
MAV. In the future, such kind of system can be used for many applications, such as automatic
battery recharging system, cooperative control among aerial vehicles or among aerial vehicles
and ground vehicles.

As for future works, several tasks will be conducted, such as 1) Group control of MAVs
with single on ground stereo vision system, 2) Precise positioning using image processing, 3)
Autonomous guidance by means of moving on ground stereo vision system, 4) Autonomous
guidance and landing by means of moving on ground stereo vision system and 5) Autonomous
flight of quad-rotor MAV by an embedded stereo vision system, in order to broaden the range
of MAV applications.
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