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Optical Flow-Based Controller for Reactive and Relative Na&igation
dedicated to a Four Rotor Rotorcraft

Eduardo Rondon, Isabelle Fantoni-Coichot, Anand SandBaitlaume Sanahuja

Abstract— Autonomous navigation of an unmanned aerial and more important role in the development of robotics. In
vehicle (UAV) can be achieved with a reactive system which the literature, optical flow is widely used for the design of
allows the robot to overcome all the unexpected changes insit navigation algorithms [3], obstacle avoidance [4] and tobo

environment. In this article, we propose a new approach to o .
avoid frontal obstacles using known properties of the optial stabilization [5]. Furthermore, because translationaioap

flow and by taking advantage of the capability of stationary flow is inversely proportional to the distance between the
flight of the rotorcraft. A state machine is proposed as a image plane and the surrounding objets, it can be used as
solution to equip the UAV with all reactions necessary for imloor g notion of relative positioning. Herisset al. [6] have on
navigation. We show how smooth transitions can be achieved/b ;5 gypject developed an optical flow based landing control

decreasing the speed of the vehicle proportional to the diahce
to an obstacle and by brief instants of hovering flight. Each Serreset al. [7] demonstrated an approach that allows an

stage of our algorithm has been tested in a mobile robot. autonomous vehicle to move at the center of a corridor.
In [8] the author established a relation between the OF
|. INTRODUCTION (%e') and the actual rotation%ﬁ. After a calibration,

In recent years, there has been a growing interest on tHée cancelation of the rotational components is obtained by

development of unmanned aerial vehicles. The capability %ubstractmg the gyroscopic value from the OF measurement,

fly indoor as well as outdoor makes this kind of autonomou hey utse this f_US'(?? systeirr]nl mth['g] to avoid the obstacltest
systems very suitable for delicate applications such trafff’f SSENtS ON @ MICTOTlyer path.in [is paper, we proposea sta

monitoring, search and rescue missions and surveillangéaChIne approach for the relative and reactive navigation o

operations. Many efforts have been done in the developme?\tmtorcraft'

of these autonomous aerial vehicles, and at present real- N
P Two orthogonal cameras have been used in this study to

time embedded stabilization has been already proved [11) ruct th tical flow-based troll Wh .
[2]. However, for a complete implementation of UAVsS onConstruct In€ optical ow-based COntrofiers. en moving
n the forward direction, the lateral velocity is stabilizat

real life applications, the robot must be capable to real .
ero and the forward speed is set to a constant value. In

against unexpected changes of its environment, and to na§t ) T S
9 P g tgle opposite case, when moving in the lateral direction, the

ate through unknown environments. Moreover if one wan L .
g 9 \?_teral velocity is set to a constant value, while the fodvar

to guide unmanned vehicles one must also have a se _ . o

contained navigation system, which means that one mu ?Ioc'th’ Is stabilized at Z€r0. In both cassfs, an anti-siif

i a vyt ke uac ofposiion,and speed cominuaus 151 2 55 Prerive rser. s e e

The Global Positioning System is widely used to assure th i . .

self-position task, but GPS signals are not available in aﬂroportmnally_to this measure. Once the obst_acle IS too
lose the vehicle stops and another controller is activated

locations. Indeed, this system can not be used for indoé\r/ d e h th t i bet at b
flights and the well known canyon problem can occur in ¢ describe how Smooth transitions between states can be

urban environment where the signal is continuously blocke%Chlevecj W'th_ our approach. A hew avoiding COﬂtI’O”eI’.IS
. . - proposed which uses the moving average of the optical
by high-rise buildings. . .
- , flow to automatically stop the vehicle once the obstacle
Image-based navigation arises as a complementary system

for the GPS. The main advantage of image-based n(,j“/iga,[igsnovertaken. This controller can be used for both, lateral

is that it provides detailed information about the enviremm avmdz_;mce_and altitude av0|da_nce. Alter a _s.hort time of
! . S : hovering flight, the state machine starts again the forward

of the moving object. Due to this interaction between the . . :
o ) . ; motion. The overall system includes speed control, anti-

sensor with its surrounding, appropriate techniques may be

developed permitting the autonomous vehicle to find thecoII|S|on system, and lateral and altitude obstacle avuida

way even within unknown environment. Moreover, optical his system is ready to be coupled with urban canyon and

flow which is the estimation of the motion field created bywaII following tasks.

a moving camera with respect to a rigid scene, plays a more . . . .
9 P 9 play The remainder of this paper is organized as follows. In

This work was supported by the French Research FoundatioAdm- Sectlon 2, V\{G describe th? method use_d for an apPrOp”ate
nautics and Space implementation of the optical flow. Section 3 specifies the

E. Rondon, I. Fantoni-Coichot, A. Sanchez and G. Sanahuigynamical model of the helicopter. In section 4 the proposed
are with the Universitt de Technologie de Compiegne - CNRS

UMR 6599 Heudiasyc, BP 20529, 60205 Compiégne Cedex, Eran@ontrc_'l law is discussed. In Section 5, W_e Show some
Eduar do. Rondon@ds. utc. fr experimental results. We conclude our work in Section 6.



[1. VISUAL SYSTEM in the scene and robot self rotations give a biased motion

The robot is equipped with two orthogonal cameras, botfeld. To compensate the rotational components of the dptica
cameras having a wide field of view optics. These camerd@w and to filter the measures, a novel fusion approach
are placed orthogonally, the frontal camecarfy) and the between the Inertial Measurement Unit (IMU) and the optical
downward cameracamy) (see Figures 1 and 2). The goal isflow is implemented. This approach is based on Kalman
to control the speed of the engine witmy and to detect and Filter theory. Our fusion method takes into advantage known

avoid obstacles witltamy. The system is described below: Properties of the optical flow like the approach proposed by
Romeroet al[11], but it differs by the fact that our Kalman

Filter approach is an optimal solution for incrementally re
ducing the uncertainty of the desired translational véiesi
Z.E:X_ since we incorporate representations of the uncertainty of
o '.——|_,_| the Optical Flow model and of the inertial measurements.
e Muratet et al. [12] use a fusion method which needs the
computation of the vectoRor (rotational component) in
| i each point having an estimated optical flow. This means
] the computation ofN matrix products, wher&l is the total
number of points. Our approach, on the contrary, only needs
to compute on each step the discrete Kalman Filter equations

v Zd

Fig. 1. Visual perspective of the cameras In the following, the algorithm will be detailed focamny.
Considering the rotorcraft as a rigid body moving in a 3D
« rotorcraft coordinate frame: space, the six motion parameters can be related to the image
To simplify the notation, the poinD (intersection be- centered coordinate frame.
tween the two optical axi¥X; and Zy) is used as the OEd
center of the rotorcraft coordinate frame. The pitch, roll [ OFX‘i’ ] =T+ R3¢ 1)
and yaw axes are noted}, Y; andZ; respectively. i
« cam image plane: with the translational part
The optical axis of the camerg is collinear with the Vi
roll axis of the UAV. The corresponding image plane Td _ 11 -1 0 x VX @)
(Ys,Z¢) is parallel with the plane formed bgY;,Z;). OF=7z| 0 —f vy Vy
The coordinates of the optical flow, computed in this z
image plane, are note@r, andOF; . and the rotational part
« cany image plane: - X2 W
The optical axisZq is collinear with the yaw axis of the Rdo _ Bl -(F+3) i W, 3)
helicopter. The image plane of the camédy,Yy) is F (f +y_fi2) _g —X; W,

parallel with the plane form byX;,—Y;). The coordi-
nates of the optical flow, computed in this image plane/,vhereOFjid is the optical flow component in the coordingte
are notedOF and OFy. of the pointp;(xi,Y;), Vk anda are the translation velocities

From the optical flow obtained byamy, an information of and rotation rates, respectively, of the body in the coagin

the forward and lateral speed of the engine can be extractédand f is the focal distance. When computing the optical
This information is used to control the displacement of théow, all the pointsp; are known. Furthermore, they all share
vehicle in the pitch and roll axis. Once the vehicle travels ghe same movement, we can express the mean of the optical
a constant speed, the optical flow obtainecchyr gives an flow as follows

information of the closeness to the objects in the scene, and O|_:Xd :\78& + K>)<(\78FZ + KR oy — Kby + Ky,

it is used t(.) deS|gr-1 the detection and avoidance subsystem. OF¢ :Vng T KNVoR Y+ K}’/’za& Ky — Kl (4)
A. Computing Optical Flow ith

In this study, the Lucas-Kanade pyramidal algorithm [10]/\/It v
has been implemented to make the calculations efficient \7ng =—f=2 (5)
and to allow large movements of the robot. Foany, _ \%
a rich texture detector is used in order to calculate the Vng:—f?y (6)
velocity vector in the travel movement. However foany, . V.
a predefined mesh of points is used and the optical flow VC‘)’FZ = fz @)

is repeatedly computed on this mesh in order to detect _ _

an obstacle. It is well known that computing the opticawhere OF¢ and OF are the means of the sensed optical
flow in the robot environment still presents many issuedlow in the image coordinate systendgFX, Vng are the
Occlusion, bad illumination and bad texture images carelative velocities of the aircraft in the camera coordinat
lead to noisy optical flow estimates. Also, moving objec:tsystem.vcg’,:Z is the inverse of the time-to-contact, known



as the relative depth, aridj' are the constant scale factors|OF? — (cRX+t)||2 in a least square approach. The solution

depending on intrinsic parameters of the camera. Thesé this problem is based on a singular value decomposition

parameters can be computed separately and allow us to knofthe covariance matrix of the data (for details see [13]).

the contribution of the rotorcraft rotations to the optittalv. ] ] ) )

A discrete time Kalman filter is designed to compensate tHe- Obstacle Detection and Avoidance using optical flow

rotational motion field. 1) Time-To-Contact:In order to allow our algorithm to
Vor | 0 Vor U detect an obstacle, we use the estimated velocities to dempu

[ W ] = [ 0 | } [ W ] [ ] (8)  the time-to-contact. In thé¥s,Z;) image plane and using the

_ K k-1 K cameracarng, these velocities can be written as

HereVof is the vector composed of the mean translational

U2

; ; f_\of Vii
components of the optical flow, an is the vector com- OF; :VOFy +YiVor, (16)
posed of angular velocities ang represents the noise. OFaf :\7(;5_‘_2{,\75'&
v 7d 7d  d 7d 1T
Vor = [VoR, +KiVoR,, Vor, + KJVor,] (9  wherex andy; are the coordinates of points where optical
= [\70&7\70Fy]T (10) flow is computed. These points are constant in the image

_ mesh used to compute the motion field. By taking into
The measured outputs are the optical flow me@r$, and  account that the focus of expansion is the point where dptica
the measured angular velocymy . The outputs are related flow converges we have
to the state in (8) as — —
0= Vopy + yfoeVOI&

oFd 1 [1 KX 1T Vor Vi h (17)
[\MMU ]k_ [ 0 | } [ w vl @ 0=V, + 210V,
where the noises in (8) and (11) are: Then, by using (16) and (17), in each poimt,y;), there is

e U=[U1,0,]" is assumed to be a white noise with zero orf —v! Vi — Viod)
mean and known constant covariance ma®ix yif _OfFX 1 Jfoe
o v=|[vi,v]" is assumed to be a white noise with zero OF, =Vor, (Z — Zfoe)

mean and known constant covariance maRix By taking the mean of the optical flow on all the points

« vandv are assumed to be u.ncorrelat(.ad NOISES. which are the outputs of the Kalman Filter, we can compute
To compute the optical flow noise covariance matrix Wehe inverse of the time-to-contact as follows

take advantage of the properties of the model. Because the

(18)

robot is modeled as a rigid body, the standard deviation N2 V2
between the spatial mean of the optical flow (égr,) and n :\70,_-X _Vor TOR (19)
the optical flow in each point (egpFX?) is bounded. Any Kn

point having an optical flow too distant of the mean will

be _ignored. At the_end, the relial_oility of the optic flow is HereK,, is a constant specific iany, that depends on the
defined as a function of the desired constant bown®),( parameter) andKZ computed previously in the Kalman
the total number of points having an estimaig)(and the  Fiiter and on the focus of expansion.
wrong measurements). The functionn (t) depends on time and allows to define
f(a%ng,Ng) O an alarm signa&, as follows
' (12)
0 Rimu

After the filter step, the three translational velocitiesca St 3T/N(T) > €obs (20)

be estimated up to a scale factor, by means of a simplified 2) Optical flow divergence (for avoidancef weighted
egomotion algorithm [13]. From the Kalman Filter we haV&noving average function is used to keep a track of a
d X X X ~ reference optical flow. This allows the system acting on
10F = (K — Koy + Kywr)| < U‘OYOFX (13) camy to measure the variation of the optical flow when the
|OFg — (Kg,lzf*& — K}y — K{w,) || < Vor, (14)  rotorcraft moves laterally or upwards.
Taking into accountn measurements for the calculation
of the moving average on thk measurements from the

R=

The Ny — ng points satisfying (13) and (14) can be written

as . - beginning, the functions oy and z axes are is defined as
-y ] e
Yi ! ORy m X (VOFy)k,m+1+...—|—(VOR/)k o1
Here Vor, forms a virtual scaling factorc, the identity WMAbe B m 1)
mat_rix forms a virtual rotation matri, and_VopX andVor, M (\7f ) - (\7f )
a virtual translation vectot. We can estimate the three WMAbFZ _ OR kM1 --- OF,/k (22)

translational components of the optical flow by minimizing m



Since the functions\7(;Fy (1), WMA« (1), Vor, (t) and IV. CONTROL STRATEGY

WMAbF ) depend on time, we Can deflne the following Because we aim to control the vehicle in speed and

alarm S|gnals altitude, only equations (29), (30), (31) and (32) of the
dynamical model are used. We take advantage of the fact that

_ d /— at a constant pitch angle, the vehicle moves in the forward

SL:f Wt>0- (VOR/_WMAbef) <0 (23)  direction at a constant speed. Similarly at a constant roll
angle the vehicle is displaced at a constant velocity in the

—f
S2: |f3T\ vt < (T —Te) - % (VOFy _WMAbef> >0 lateral direction.
: 4 (ot
V> (T +Te) — (VoR, —WMAbef) <0 A. Low-Level Control
d (24) The low-level control corresponds to the attitude control
S3:if vt>0— ot ( —WMAbFZf) <0 (25) and the altitude control in order to stabilize the rotortraf
1) Attitude Control: Given equations (30), (31) and (32)
_ <(T-Te) — dt Vo,:Z WM%F we can identify three independent systems composed of two
S4:if3T\ > (T+Te) — Vi WM <0 integrators in cascade. In order to assure the stabilizatio
€ OF %Fz (26) such system we propose the following control strategy [14]
whereS1, S2 S3 and S4 are the alarm signals that indicate fp = —0p (Kf (9_ eref)) — 0g, (KZQQ) (33)
the lateral avoidance of an obstacle, the impossible latera 3
avoidance, the altitude avoidance and the impossibleidéit Tp = —0g ( (QO (Pref)) ( 2 (P) (34)
id , tively. ~
avoidance, respectively £, = —oy (Kiﬂw) oy, (Kéﬂl,U) (35)

Il. DYNAMICAL MODEL where g, is a saturation function defined as

The rotorcraft,with embedded cameras, that we use in our
laboratory is shown on Figure Z.=[x y z]T € R® denotes a s-a
the position of the vehicle’s center of gravity, relativethe Oa(S) = S —asssa (36)
inertial frame, andn = [ 6 Y]" € R3 are the three Euler —a sS<-4

angles (roll, pitch and yaw), which represent the orientati  2) Altitude Control: Once the attitude system is stabilized
of the vehicle. The model of the full rotorcraft dynamics isequation (29) becomes

obtained from Euler-Lagrange equations u
z=——g (37)
m
Then, the control inputi is used to stabilize the altitude as
follows
u=m(-Kz—K;(z—Zer) +0) (38)
which gives
7= —Kz—K; (z— Zer) (39)

B. Optical-flow-based Control

1) Downward systemlet us recall the vehicle’s speed
sensed with respect tamy noted(VOFX,VOFy) We use these
two optical flows to design a speed controller which regslate
the roll and pitch reference angles. The control stratedly wi
be described only for the pitch angle, but we notice that the
same control is implemented in the roll axis. Gi\kﬁg]& the
Fig. 2. Four rotor helicopter with cameras output of the computing stage alv;ﬂ'ref the desired optical
flow reference, we define

Brer = K5 (Vs — Vs ref) +k,/ Vg, Vs ref) dt

mX = —usin@ (27) (40)
my = ucos@sing (28)  wherebyr is the reference angle used in equation (33)&nd
mZ = ucosfcosp—mg (29) is the sampling time. By choosing the optical flow references
md = Ty (30) Values as variables, we can define three flying modes for the
- ~ rotorcraft:
my = Ty (31) .
o 32 « Frontal displacement
mp = Ty (32) The vehicle moves in the pitch direction at a constant

whereu, Ty, Ty, Ty are the force and torque inputs (see [1]).  speed and at a constant aItituN@Fyref is set to zero.



« Lateral displacement The Altitude displacements then activated with the active
The vehicle moves in the roll direction at a constanavoidance controller. Similarly as before, the controlelt
speed and at a constant altitudlgﬁref is set to zero. automatically stop the rotorcraft, and check the activaalig

« Hover. _ If S is active, then the obstacle has been crossed. However
HerengXref andv(gj ref are both set to zero to keep if the signalS, is given then a dead end is recognized and the
the rotorcraft stable in a constant position. helicopter stays irHover flying mode until the base station

2) Frontal system: The roforcraft's speed sensed withallows the stopping sequence.
respect tocamy is noted (Vo,_-y VO,:Z) Also the time-to-
contact with frontal obstacles is measured as in equation

(19). The inverse of the time-to-contact is used to stop the (*@cz
vehicle when it is too close to obstacles, while the computed
optical flow is used by the avoiding control strategy. We can
then identify two subsystems: the detecting and the avgidin 54
subsystem. First we detail the detecting subsystem for the "F@‘;:%z‘ Shace
quad-rotor flying inFrontal displacemenmode. Givenn
the inverse of the time-to-contact, we define the following st So
proportional control

Lateral
where Bprey is an angle of prevention, which is subtracted s2

to the angle of referenc@.¢ computed in equation (40).
The galnkpre\, is choosen in a way thal,.+ becomes zero
when n is high enough to represent a imminent danger.

Once the vehicle stops, an alert sigr&l (as in (20)) is
created to authorize the beginning of the avoiding sequence
(avoiding controller). Next we describe the proposed aintr
strategy for avoiding obstacle by lateral displacementa In V. EXPERIMENTAL APPLICATION
same way the controller is also implemented in teis to
allow altitude avoidance. Having the lateral optical flg]
computed withcamy, andWMA__ ! as defined in equation

(21) we propose the following control strategy

Fig. 3. Overall state machine system

The real-time implementation of such a strategy on our
four rotor rotorcraft is quite difficult since the use of two
cameras needs appropriate calculations on either on board
microprocessors which require high memory (and which is

Voref = _kgVHVCf)Fy ~WMA« | (42) @ difficult task) or on a gr_ound station. In the second case,
y images have to be transmitted from embedded cameras to the
whereVaref is a deceleration value applied to the referencground computer and videos transmissions suffer from delay
optical flowVor ref on the lateral speed controller. Depend-and information losses. In order to validate our algoritim,
ing on which alarm signal is active (see section 11-B.2), théiave decided to test each stage independently and firstly in

rotorcraft knows if the obstacle has been crossed. a mobile robot platform. Two orthogonal cameras have been
) mounted into a remote control car (see Figure 4). One of
C. State machine approach the camera is pointing forward when the other is pointing

The overall system can be seen as a state machine &swards the left side of the car. This configuration copies
sociated with alarm signals and controllers depending aexactly the system described for the four rotor helicopter
the environment analysis. The system always startddver in the sense that the left side camera behaves like the
flying mode. When the user allows the displacement mode alownward camera in the helicopter. Our goal is to validate
the base station, the rotorcraft beginsrantal displacement the different optical-flow-based controllers. The first teas
with the active obstacle detecting controller. T&esignal been conducted to control the forward velocity of the robot
occurs when an obstacle is in front of the vehicle. It i¢o a constant set point without the anti-collision systetme T
important to note that when th®, signal is activated, the second test was carried with the detecting controller. Tisé fi
inverse of the time-to-contagf is big enough to stop the experiment starts at rest (no initial velocity) and showst th
vehicle. When this signal is activated the vehicle passesith the only optical flow measurement the controller can
through thel ateral displacemeritying mode with the active accelerate the robot until the velocity set point is reached
avoiding controller. The helicopter will stop automatlgal When this velocity has been reached, it has to remain the
due to the avoiding controller, and it will check which alarmmost constant possible. Since the cameras have not been cal-
signal is active. If the signd is given, then the obstacle hasibrated (there is no need to calibrate them in this experfjnen
been crossed and thigontal displacemeritying mode can and since we really don’t know the depth of the scene, the
restart again. In the opposite case, if the sigBais given, control is done in the image coordinate system. As shown
then it is impossible to cross the obstacle on the lateral axiin Figure 5, the controller achieves, as expected, the abntr



given by the optical flow can only be wisely used if the
speed of travel is constant. In order to maintain the speed of
travel equal to a constant set point, a first controller was
built and tested on a mobile robot. The speed controller
has been completed with a detection and avoidance system
) which uses a signal alarm approach in order to commute
- S g a ¢ between different flying modes. The proposed method used
the capability of hovering flight to force a continuity bewve
each control law. We are currently implementing the first
step controller on a four rotor helicopter and as future work

of the robot velocity. Only small changes in the optical flowve intend to complete the system with wall following and
are noticed, but they do not represent great discontisuiti€entering behavior as principal states, taking advantdge o
that could damage the control strategy. The anti-collisiofe constant forward motion.
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Fig. 4. Camera setup in the car
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In this work we present a reactive navigation system for
an unmanned rotorcraft using only the optical flow of two
orthogonal cameras, and the measurements of an inertial
measurement unit. We show that most of the information



