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SUMMARY

In this paper, a vision-based scheme for the autonomous hovering of a miniature quad-rotor is
developed. Cameras are used to estimate the position and the translational velocity of the vehicle.
The dynamic model of the miniature quad-rotor is developed using the Newton—Euler approach.
A nonlinear controller based on a separated saturation control strategy for a miniature quad-rotor
is presented. To validate the theoretical results, an embedded control system for the miniature
quad-rotor has been developed. Thus, the analytic results are supported by experimental tests.
Experimental results have validated the proposed control strategy.

KEYWORDS: Vision-based position estimation; Optical flow; Quad-rotor UAV; Nonlinear control;
Embedded control system.

1. Introduction

The study and development of unmanned aerial vehicles (UAVs) have matured over recent years due to
the fact that they can be used in a wide variety of applications, ranging from environmental monitoring
in civil applications to surveillance and homeland security in military applications. Hovering platforms
have the operational flexibility of being able to hover as well as to take off and land vertically. Currently,
many researchers from various disciplines are working to improve the performance of autonomous
hovering rotorcrafts.

We are interested in the stabilization of a miniature quad-rotor using a vision-based control
approach. The idea is to estimate the position of the miniature quad-rotor with respect to a visual
target placed on a wall using a camera. A second camera pointing downward is used to estimate
the translational velocity of the miniature quad-rotor. A nonlinear controller based on separated
saturations using vision-based position and velocity estimation is proposed in this paper. When
working with vision-based control, also known as visual servoing, useful information can be extracted
from a vision sensor to control the motion of a mobile robot with respect to the environment. In this
paper, we propose a control scheme capable of working at a sampling rate compatible with respect
to the desired bandwidth of the closed-loop system, we have a visual system with slow sampling rate
and the inertial measurements unit (IMU), which operates at a fast sampling rate. The main problem
in natural landmark navigation is to detect and match characteristic features from sensory inputs.
The selection of features is important since it will determine the complexity in features description,
detection and matching. Researchers have used different kinds of patterns to be recognized by
systems based on computer vision.!~® The use of a target for autonomous landing has been applied in
refs. [4-6].
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Fig. 1. (Colour online) Miniature quad-rotor with the embedded control system.

In ref. [4], a vision-based fixed-wing UAV landing system is proposed using a known marker. It
has been shown that it is possible to obtain a precise altitude estimation using an on-board camera
and a structured target.

A 3D vision system for estimating the height of a UAV is proposed in ref. [S]. This system is
insensitive to the attitude for landing and the 3D vision system cannot measure distances smaller than
30 cm, producing a tracking error of 20 cm when landing. In ref. [6], a vision system consisting of
a micro radio frequency transmitter and a miniature vision receiving antenna has been adapted to be
used for acquiring real-time images without a vision control system.

A detailed summary of progress and several open problems in the vision-based estimation for
UAVs may be found in refs. [7-9]. A different approach that uses video sequences to estimate the
motion of UAV flight has been described in ref. [10]. Some tracking strategies using different targets
are presented in refs. [11] and [12]. Caballero et al. [13] have shown that it is possible to determine
the pose of UAVs using online mosaicking over the same area. In ref. [14], a two-camera method has
been introduced for estimating the full six-degrees-of-freedom pose of the helicopter, one of these
cameras is located on-board the helicopter, and the other camera is located on the ground.

Several approaches to nonlinear control of a miniature quad-rotor can be found in the literature.

In this approach, the dynamical model is decoupled into lateral and longitudinal dynamics. This
consideration is valid in stationary flights and small bounded angular displacements. The proposed
control law is based on separated saturations in order to guarantee the state boundedness. Positive
functions are used in the stability analysis. It has been shown in ref. [31] that this control algorithm
converges faster than nested saturation control.

The present paper presents a vision-based control approach for the autonomous hovering of a
quad-rotor shown in Fig. 1. The nonlinear controller is based on the separated saturations approach,
which takes into account the a priori bound on the input amplitude. This approach uses a single
camera to compute the 3D position of the vehicle with respect to a reference object placed on the
wall. A second camera pointing downward has been mounted on the miniature quad-rotor to estimate
the translational velocity of the vehicle using a Lucas—Kanade optical flow (OF) algorithm. Due to
the limited computing capability on the UAV, on-board camera image processing was not an option.
Therefore, the image processing computation has been carried out on the ground station. The approach
used in this paper uses a webcam attached at the top of the UAV airframe pointing forward. The UAV
position estimation algorithm uses a red color square in the image plane as input and computes the
position of the UAV. The distance to the target on the wall is obtained with an accuracy of £2 cm. A
real-time platform was developed and the miniature quad-rotor was able to hover autonomously.

This paper is organized as follows. Section 2 presents the dynamical model of the proposed
architecture. In Section 3, the nonlinear control design is presented. The computer vision algorithm
for position measurement and the velocity estimation using OF are described in Section 4. The
embedded platform used to validate theoretical results is described in Section 5. Experimental results
are presented in Section 6. Section 7 finally presents conclusions and future work.

15-18
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2. Dynamic Model of the Quad-Rotor
The UAV dynamical model can be represented as follows (see ref. [19]):

® = H(®)wy,,. (1)

&b, = (177 My -2, 000l ]. 2

The vehicle’s center of mass, CM, is assumed to be at the body frame origin, F;. The angular
velocity in terms of the body system is given by wll; e = [P Q R]" and its cross-product matrix is

denoted by QZ /o~ The angular velocity in the local inertial system has components d=[pby]".
The rotation matrix from F, to F}, is denoted by C;/,,.
The rotation matrix from the inertial frame to the body frame is as follows:

cocyr —copsy +spchcyr  spsyr + copsOcy
Con=| cOsdp  copcyr +sPpsOsyr  —spct + cpsOsiyr
—s6 spco coch

The set of attitude equations can be obtained using (1) and (2). The transformation of the
components of the angular velocity generated by a sequence of Euler rotations from the body to
the local reference system is written as follows:

1 tfs¢p t0co
H®)=|0 c¢ —s¢ |, (3)
0 s¢/ctd cp/co

where s, ¢ and ¢ are used to denote the sin, cos and tan trigonometric functions, respectively. Then
using (3), the kinematic equation (1) can be rewritten as

¢ =P +tanf (Qsinh + Rcos ),
6 = Qcos¢ — Rsing,

Y = (Qsing + Rcos¢)/cosb.

The term J? in (2) represents the inertia matrix and is defined by

Since the miniature quad-rotor prototype is symmetrical in the xz and xy planes, the products of
inertia Jy,, J,; and J,, vanish. Then, J? can be written by

—
S
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oo~
oX~No
~So o
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Fig. 2. (Colour online) The quad-rotor aircraft with the inertial and body frames.

The aerodynamics and thrust moments can be denoted by MZ’T =[¢ m n]" and are shown in
Fig. 2. Using the matrix of inertia and the moment vector, (2) yields

. (h=J)OR ¢
P = — 2 : )
Jx + Jx
. J.—J)RP m
oo U= JORP m
Jy Jy
o =0 n
J: J;
By differentiating (1) with respect to time, we get
® =H(®)w}, + H(P) ), “)
Introducing (2) into (4),
é=H@@) o), +H@ I [M),; -}, I e},]. )
Let us propose the following control inputs:
M, 2@ )6, + H@) ! [t — H(®)e)),], ©6)
where T = [Ty Tp Ty 17. Then, (4) can be rewritten as
¢ =7y, (7
0 =1y, ®)
v =1y ®)

Newton’s second law is used to obtain the equations of translational motion in the inertial frame
of reference as

o T .,
Pey = Cn/bg +g", (10)

where the position of the C M in the NED (north—east—down) coordinate system with respect to the
inertial frame origin, F,, is given by p}-,, = [x y z]”. The aerodynamic and thrust force vector in
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the body system is represented by 7 = [ Xa.7 Ya.r Za.r]". The aerodynamic and thrust forces in
the body frame of reference are given by

4
T=% fiZar, an
i=1

where f; = k;w/?, where k; is a constant related to each propeller and o} is rotational velocity of each
propeller. Thus, (10) can be rewritten as

mi = —7T sin6, (12)
my = T cos 8 sin @, (13)
m7 =T cosf cos ¢ — mg, (14)

where m is the mass of the vehicle and g is the gravitational force.

3. Nonlinear Control Design
In this section, a nonlinear controller based on separated saturations? is presented to stabilize the
quad-rotor in hover flight. The vertical control and heading can be linearized by using

—kiz — ka(z — 2%) + mg
cos ¢ cos 6

Ty 2~k — ka(¥ — ¥, (16)

[I>

T : 5)

where ki, ko, k3 and k4 are positive constants; z¢ and wd are the desired altitude and heading,
respectively. Note that from (9) and (16), and assuming that ¥¢ = 0, it follows that v — 0. Using
the above equations, the lateral dynamic model is represented by

y =mgtan g, 17)
b = %4, (18)

which represents four integrators in cascade. The technique based on separated saturations is used to
stabilize the four integrators in cascade. The lateral controller is given by

Tp=—0g(9) = 00D +¢) =04 +20+3) —0g(¢+3¢+2y + ), 19)

where o, represents a saturation function. This control law guarantees that ¢, ¢,y and y converge
to zero. See the next subsection.
Using (15), the longitudinal dynamic model is represented by the following set of equations:

. —mgtanf
= (20)
cos @

0 =1t,. 21)
It is worth mentioning that using control law (19) implies that ¢ — 0, which in turns implies that
cos¢p — 1. Then, assuming that tan6 =~ 6, the above system has again four integrators in cascade
and the corresponding longitudinal controller is given as

Tg=—04(0)— 040 +0)— 040420+ %) — 040+ 30+ 2% + x). (22)

The proposed control law guarantees that 6,0, % and x converge to zero.
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3.1. Stability control

The control strategy used in the previous section to control the longitudinal and lateral dynamics
of the aircraft is based on separated saturations. In this subsection, the stability proof is presented.
Equations (17), (18), (20) and (21) reduce to the following system of four integrators in cascade:

wP(t) = u(r). (23)

We will define the following change of variables:

2 =w", 24
=71+ W, (25)
3 =2+ W+ w, (26)
24 =23+ 0+ 2w+ w, (27)
and the following control law:
u=—04(21) —0p(22) = 0(23) — 0a(z4), (28)

where o, is a saturation function defined as

U] s>
ou(8) =1+ —n<s=<n.
-n s<-n

We will show that the control law (28) will globally asymptotically stabilize the system (23) around
the origin.

3.2. State boundedness
We will first prove that the state of the system is bounded. Let us consider the following positive

function V; = 122, where z; = w® (see (24)). Thus, z; = w™® = u(t) and so (see (28))

Vi =z1(—04(21) — 0p(22) — 0(23) — 04(24)) . (29)

Note that if |z;| > a anda > b + ¢ + d, then V; < 0. Thus, there exists a finite time 7} such that for
t > T then |z;| < a. For t > T, the control law (28) becomes

u=—21—0p(22) — 0:(z3) — 04(z24).
Since z, = z1 + W (see (25)), it follows that
H=w® 4z = —0,(22) — 0(23) — 0a(z4).
Define the positive function V, = %z% then
Vo = —22(04(22) + 0(23) + 0a(z4)) - (30)

Note that if [z2| > band b > ¢ 4+ d , then V> < 0. We conclude that there exists a finite time 7> such
that for t > T, then |z,| < b. For t > T, the control law becomes

u=—z1—2—0.(z3) — 04(z4).
Given that z3 = z, + W + w (see (26)), we then have

3 =2+ 20 =—0.(23) — 04(z4).
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Let us consider the positive function V3 = %Z%, then

V3 = —23(0(23) + 04(z4)) . 31

Similarly, if |z3] > ¢ and ¢ > d, then V5 < 0. Thus, there exists a finite time 75 such that for ¢ > 75
we have |z3] < c¢. Fort > T3, the control law becomes

u=-—z1—22— 23 — 04(24).
Since z4 = z3 + W + 2w + w (see (27)), we have fort > T,

24 =234+ w® + 20 4+ w
=ZZ+nt+wt+w
=273+ 23

= —04(z4).

Define the positive function V; = %zﬁ. Thus,

Vi = —z4(04(z4)), (32)

it follows that after a finite time 74 we have |z4| < d.

3.3. Convergence analysis

We will now prove that all the state w will converge to zero. Indeed, from (32) we conclude that
z4 — 0. Similarly, from (31) it follows that z3 — 0. From (30), we conclude that z; — 0 and finally
from (29) it follows that z; — 0.

4. Vision-Based Position Estimation

Computer vision plays an important role in a wide variety of applications such as text finding, color
image segmentation,?! and robotics.?>?* In this section, we propose a computer vision algorithm
to obtain the position of the miniature quad-rotor with respect to a visual target which in our case
is a 28 x 28 cm red square. The algorithm proposed works in a 3D Euclidean space, in which
measurements of lengths and angles do make sense.”* We use a color extractor such that the detection
of the target from the image is robust to noise and changes in luminance conditions. Using color
segmentation, we avoid the problems caused by motion blur® in the image. Specially, we search
the corner of our target and the image blur does not affect our estimation. Then, an edge detector
algorithm is used to find the edges of the target in the image plane which is described next.

4.1. Edge detection algorithm

The Canny edge detection algorithm?® produces thin fragments of image contours that can be
controlled by a single smoothing parameter known as o. The image is first smoothed with a Gaussian
filter of spread o and then the gradient magnitude and direction are computed at each pixel of the
smoothed image. Gradient direction is used to thin the edges by suppressing any pixel response that
is not higher than the two neighboring pixels on either side of it along the direction of the gradient;
this is called non-maximum suppression. Once the gradient magnitudes are thinned, high magnitude
contours are tracked. In the final aggregation phase, continuous contour segments are sequentially
followed. Contour following is initiated only on edge pixels where the gradient magnitude meets
a high threshold; however, once started, a contour may be followed through pixels whose gradient
magnitude meets a lower threshold, usually about half of the higher starting threshold. After the
edges are known, image regions can be detected from the segmented image. An image region is
detected when edge segments or boundary segments close on themselves, forming a convex region.
In particular, a rectangular object results in four straight line segments connected such that they form
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Fig. 3. Cross-product parallelogram.

a convex region. So far, we have settled the basis for image regions detection. We next describe the
polygons obtained after color and edge detection algorithms and some useful polygon properties.

4.2. Polygons properties

We define a polygon as a region of a plane bounded by a finite collection of line segments
forming a simple closed curve, let vy, vy, v, ..., v,—1 be n points in the plane. Let ey = vyvy, e =
ViV2, ..., € = ViViyl, ..., €y—1 = Vy—_1Vg be n segments connecting the points. Then these segments
bound a convex polygon iff:

1. The intersection of each pair of adjacent segments in the cyclic ordering is the single point shared
between them: ¢; () e;+1 = vy, foralli =0,...,n— 1.
2. Nonadjacent segments do not intersect: ¢; [ |e; = @, forall j # i + 1.

The points v; are called the vertices of the polygon, and the segments ¢; are called its edges. Note
that a polygon of n vertices has n edges.

The area of a polygon with vertices vy, vy, ..., v,— labeled counterclockwise can be calculated
as Ap = A(vo, v1, v2) + A(vo, V2, v3) + - -+ + A(Vo, Vn—2, Vn—1).

From linear algebra, we know that the magnitude of the cross product of two vectors is the
area of the parallelogram they determine. If A and B are vectors with coordinates (A, A, A;) and
(Byx, By, B;) in the x, y, and z directions, respectively, then |A x B| is the area of the parallelogram
with sides A and B, as shown in Fig. 3.

For 3D vectors, A, = B, = 0, the cross product reduces to (AgB; — A1 By) and the area of a
triangle Ay is given by

1
Ar = 5(ABy — A,B,). (33)

Note that A = b — a and B = ¢ — a, where (a, b, ¢) are three arbitrary vertices, then (33) can be
rewritten as

2A7r = a.by, — a,by +aycy —axcy +bycy —ciby
(by — ax)(cy - ay) - (b) - ay)(cx — ay). (34)

This is an expression for the area of the triangle as a function of the coordinates of its vertices.
The area of a convex quadrilateral Q = (a, b, ¢, d) may be written in two ways, depending on the
two different triangulations as shown in Fig. 4:

Ap =A(a,b,c)+ Ala,c,d) = A(d,a,b)+ A, b, ). (35)

Writing out the expressions for the areas using Eq. (35) for the two terms of the first triangulation,
we get

2A9 = ayby —ayby + aycy — axcy + bycy, — by
+aycy — aycy + aydy — ayd, + cxdy — dycy. (36)
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a b a b
Fig. 4. The two triangulation of a convex quadrilateral.

4.3. Square detection algorithm

Once we have obtained four edge segments in the image plane, which intersect in four points, it is
required to verify that the segments form a square. To verify this, the angle in each corner of the
intersection of two edges is computed. By applying the triangulation of polygons, it is always possible
to obtain two similar triangles from a square. Then, given the triangle A with edges A, B and C, the
angle ¢ between the two edges B and C can be obtained by the following formula:

|BI> +1CI> — 1A

) 37)
2-1B|-|C] (

@ = arccos

where |A[, |B| and |C| denote the lengths of the edges A, B and C, respectively. Applying this
formula at each vertex of the square, we obtain the four angles in the polygon. If these edges are
perpendicular, we then verify the conditions for a convex region to be a square and its area can be
obtained using formula (36). Once we have located the target on the image plane, we are interested in
computing the distance to it and the translational velocity with respect to the target. The estimation of
the distance to the target needs full knowledge of the camera parameters. The translational velocity
is computed using an OF approach. The camera model and the OF estimation are described in the
following sections.

4.4. Camera model

The classical geometric model of a camera is based on the pure perspective projection concepts.
Camera calibration is composed basically in the computation of the extrinsic and intrinsic
parameters.>?

In the pinhole camera model, a projection point p; = (x;, y;)7 in the camera image is related with a
3D pointP = (X, Yy, Zw)T relative to the world reference frame with coordinates P, = (X, Y, Z)
in the camera frame.

The perspective transformation matrix, which relates 3D world coordinates and 2D image
coordinates (see Fig. 5), is given by

Xi )Y(.W
Ayl =M ZW :
w
1
1
where A is an arbitrary positive scalar and M = K(R t) is the standard projective matrix,

also defined up to scale, with 11 free coefficients, 5 intrinsic parameters (f, fy, cx,cy, 1) and 6
extrinsic parameters (the three angles defining the rotational matrix R and the three coordinates of
the translational vector t), which matches the number of independent coefficients of M.

The matrix M can be written explicitly as a function of the intrinsic and extrinsic parameters of
the camera:

fRT—f cotnRY+c R fute—f, cotnt,+cxt
— Iy l
M= MRZT_H'}'RST ﬁty‘l‘cytz ) (38)

T
R; t

where R, R], RY denote the three rows of the R matrix and 7, 7, and 7, are the coordinates of the
vector t in the frame attached to the camera. Here, the angle n models the non-orthogonality between
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Target in the
image plane

Target

- -
oy .
—f ]
P=(x,Y) P=(X.Y.2)

Fig. 5. (Colour online) Camera model of the quad-rotor.

the rows and columns in the image. The parameters (fy, f,) are horizontal and vertical scale factors
expressed in pixels/unit length.

4.5. Optical flow measurement
We use the OF from image sequences to estimate the translational velocity of the quad-rotor. The
estimate of the horizontal velocity will be used in the closed-loop feedback control to perform
autonomous hover flights. In ref. [27], the rotational components of OF are compensated and ref. [28]
uses an OF technique of phase correlation on images captured with a down-facing camera which is
fitted with an omnidirectional lens and the images are transformed into the log-polar domain before the
main computational step. There exist many different methods for computing the OF, such as intensity-
based differential methods,?” frequency-based filtering and correlation-based methods. In this paper,
we have used the Lucas—Kanade pyramidal method, which is an intensity-based differential method.*
This method has been chosen for its temporal persistence. To circumvent the problem of large and non-
coherent motions, we can first track over larger spatial scales using an image pyramid and then refine
the initial motion velocity assumptions by working our way down the levels of the image pyramid
until we arrive at the raw image pixels. Furthermore, due to spatial coherence, the neighboring points
in a scene on the floor belong to the same surface. They also have similar motion and project into
nearby points on the image plane. A clear advantage of this method is that each residual OF vector
d’ can be kept very small while computing a large overall pixel displacement vector d. Assuming
that each elementary OF computation step can handle pixel motions up to dp.x, then the overall pixel
motion that the pyramidal implementation can handle becomes dpx—fina = QL — 1 dax-
Consider two discrete functions I, I, € R™ " representing two gray-scale images at different
time instants, and let G, be the gray-scale value of a particular pixel p = (x;, y;)”. Then, the gray
values for p; which appear in two consecutive images are defined respectively as

G, = NLix1,y1) Gp, = h(xz, y2),

where x; and y; are the row and column pixel coordinates, respectively. Given a specific image
point p; € I, the aim of the approach is to find another image point p, € I; such that G, ~ G ,.
Moreover, the relationship between matched pixels p; and p; is given by

pp=pi+r=[x1+r y1+Fy]T,

where r = [, ry]T

function:

defines the image displacement or OF and minimizes the following residual

XpFwy Ypy Hwy

ery="Y_ > (i(p))— hipi+n),

Xp=Xpy —Wx Yp=Yp, —Wy

where w, and w, are two integers that define the size of the integration window. The Lucas—Kanade
OF algorithm has an adaptive integration window, which means that it is able to handle large pixel
motions and this representation acts as a low-pass filter.

Let us assume that the camera is moving with translational velocity v and angular velocity @ while
viewing an object at distance d and offset B from the direction of travel as depicted in Fig. 6. The OF
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Fig. 6. (Colour online) Quad-rotor vision system using two cameras.

can be expressed as

0F=§sinﬁ—a). (39)

The maximal OF is obviously generated when the plane that contains the features is perpendicular to
the translational motion direction (8 = 90°). The velocity can be estimated by (39) as follows:

(OF + w)
V= —"—d.
sin 8

Note that singularities in the above equation appear when = 0°. Nevertheless, in our case the pitch
and roll angles are very close to zero, which implies that § = 90° £ 3° as a maximal interval when the
quad-rotor is appropriately stabilized at hover. The measurement of the angular velocity w is obtained
by using the gyro information on each axis. An altitude stabilization algorithm in the closed loop
is used to keep the distance d constant and equal to some desired value. Since the IMU’s sampling
period is smaller (~10 ms) than the OF sampling period (~60 ms), a zero-order holder on the OF
has been used in order to synchronize the estimation of the translational velocity. Note that no data
fusion between the IMU and the visual system has been implemented.

4.6. Image rectification

The square target has four points named P;, P>, P; and Py. The vector from the origin of the world
coordinate system to the point P; is labeled P;. The Euclidean distance between P; and P; is denoted
by s;;. The vector (P; — P;) is denoted by P;; for i, j =1, ...,4,i # j. The areas A(P;, P;, P;) of
the triangles in this square can be computed as

Ay = A(Py, Pi, Py) = |Py x Pyl /2
= A(Py, P3, Py) = [Py x Poy| /2,
Ay = A(Py, Py, P3) = |P1y x P3| /2
= A(Py, P, P3) = |P;p x Pi3[ /2.

We call ﬁif the vector from the center of projection C to the point p; in the image plane and the
vector joining C to P; is denoted P/ . The unit vector collinear to I_’l.f = (xi, yi, f) is

o/ | = G vio 1Y /B,

W = (Uix, Uiy, Uir)' = I_’zf/ ‘
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where

Fi=\[x +y} + f*.

Using the image coordinates of the points p;, we can find the area of the triangle in the image plane
using

By = x2(ys — y1) + y2(x1 — Xxa) + y1xsa — X134,
By = x2(y3 — y1) + y2(x1 — x3) + y1x3 — X135,
The B; values are twice the area of the triangle formed by three of the four image points

corresponding to the subscripts of the coordinates. If the optical axis of the vision system is normal
to the target plane, the target and its image are similar, i.e.

Fp _ 13 __ ra __ I3 4 LAY — S
S12 513 S14 523 $24 534 f=Zw>
B _ B
Ay TAy?

Z$=175=75= 75 = Zy.

The parameter r;; denotes the distance between p; and p;. We have assumed that the vision system is
always normal to the target plane, i.e. we have neglected projective and affine distortions from camera
images. In our approach, the projective distortion was first removed and then the affine distortions
were removed, as explained in the next section.

4.7. Removing projective distortion

It is possible to recover the affine properties from images by using the transformation matrix Hy,
which maps the vanishing line back into a line at infinity 1°°. We take two pairs of images lines
1D 1@ ' m® m®, which correspond to the lines connecting the points p;, p, parallel to p3, ps, and
p1, p3 parallel to p,, p4. In a perspective distorted image, these two sets of parallel lines will intersect
at points p" and p®. The line formed by connecting p'" and p® is the vanishing line 1 = (I, I, 13)7,
in homogeneous coordinates:

ph =10 % 1@,
p@ = m® x m®,
1=p® x p@.

Therefore, by applying transformation Hj,
the vanishing line will be mapped into the line at infinity 1°° = (0, 0, 1)7. This can be verified as

and Hle = (0,0, 1)7; applying H, to camera images, we obtain the affinely rectified image X, =
H X..

4.8. Removing affine distortion
If we obtained the affinely rectified image X,, we should find the affine transformation matrix:

At
H2=<0 1)’
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such that X, = H,X;, where X is the scene image in the real world. In the target, we have a pair
of real orthogonal lines, I Lm and I', m’ are the transformed lines under affine transformation H,. By
orthogonality, we know that

(/13 b/ BY(m1/m3, ma/m3)" =0
then

Lim; + lbm, = lTC’gom =0,

where CZ_ is the dual degenerate conic. Since C},' = H,C HY, we have

'C:m=1"HH,'C, H,"Hm =1"C",m' = 0.

Therefore,
1"Cim’ = 1"H,C; HIm
At I 0 AT 0
—yvT /
(5 V(6 o) (¥ P)m
AAT 0
—_yT ’
=1 < 0 0) m'.
We have
("1, 1')AAT (m' |, m')" = 0. (40)
In order to obtain A, let S = AA”, where
S S
S— (sii ;2> , (1)

since S is a symmetric matrix considering the scale problem. Introducing (41) into (40) we get
/ ’ ’ / ’ / S11 _ ’ 1
(llm1,llm2+lzm1)(sl2)——lzmz- (42)

From (42), it is clear that in order to solve the matrix S, with two unknown parameters, two pairs
of orthogonal lines are required 1V Lm® and 1?1 m®.

Since the symmetric matrix S can be written as S = UDU?, where U™! = U7, we can get A =
U+/DU’. Now, we know H, and the restored image is X = H; 'X,. In fig. 7 we show the result
image after remove projective and affine distortions.

4.9. Solving the 3D localization problem

In order to estimate the miniature quad-rotor position and velocity, we propose to use two cameras
orthogonally mounted on the miniature quad-rotor structure. The miniature quad-rotor position is
obtained as follows. First, a color segmentation is carried out on the original RGB image taken
by the frontal camera which is observing the red square target, then we rectify the image using
the methods described above. Next, the Canny algorithm is applied for edge detection to obtain the
boundaries of the regions of interest. The boundaries are formed by a finite collection of n line
segments ey = VgV, €] = V1V, ..., € = ViVit],...,€n—] = Uy—]Vg, connected by n image points
Vg, U1, V2, ..., Uy_1, Where v; = (x;, y;). Using these points, we can obtain four vertices and four
edges. The next step is to verify the angle on each corner of the quadrilateral, using (37). If this
quadrilateral is a square, it is necessary to compute the square area using (33). Once the area of
the square is known, and the intrinsic parameters values of the camera (38) are also known, we
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Fig. 7. (Colour online) Frontal camera distortion removal in (a) original image, (b) image after color filter,
(c) image removing projective distortion and (d) image removing affine distortion.

use similar triangle properties to obtain the distance Zy between the camera and the target. Using
(%pwmwmmﬁ=ﬂMMﬁ=ﬁwm&=%mﬁ@:@%ﬂmmﬂmmmﬁwr

sinn
target are called P;, P,, P3 and Py in the clockwise sense. These points have corresponding points
1= (xi, yi), p2 = (Xiq1, ¥i), P3 = (Xi41, Yi+1) and py = (x;, yi41) in image coordinates. Assuming
knowledge of A, the height of the square target, and the focal length f, we can obtain

fh

l=—.
i = yi+1)Sy

(43)

Other information can also be obtained, such as the central point of the square, which is equal to
the point at which the two diagonals of the square intersect, called (x.;, y;) in the image plane. Using
perspective projection properties in the frontal pinhole camera model, we obtain

x = X (44)
- f
and
yciz
Y ===, 45
7 (45)

The miniature quad-rotor translational velocity is estimated by using a Lucas—Kanade OF algorithm
on the camera that is pointing downward. The proposed position algorithm estimates the 3D position
of the miniature quad-rotor pf,,, =[x y z T=1(x2zY].

5. Embedded Architecture

The miniature quad-rotor is powered by four brushless motors with fixed pitch propellers. Altitude
is controlled by the collective thrust of the motors. The pitch motion is achieved through the angular
velocity difference between motors M; and M, as shown in Fig. 2. The vehicle roll position is
controlled by the angular velocity difference between motors M3 and M,. The total weight of the
vehicle is about 380 g, with a flight endurance of 15 min approximately.
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Fig. 8. (Colour online) Block diagram of the quad-rotor controller.

Theoretical results obtained were incorporated into an autopilot control system using an
architecture based on a 29-MHz Rabbit microcontroller with 512-Kb flash and 512-Kb RAM.
These microcontrollers are capable of handling floating point operations and multitasking processing
virtually due to the enhancement compiler Dynamic C.3* We have built an IMU using accelerometers,
gyros and a compass to obtain the roll, pitch and yaw angles and angular rates.

The IMU information and visual information are sent to the microcontroller, which also reads
reference control inputs from an operator through a serial wireless modem. The microcontroller
subsequently combines this information to compute the control input and sends the control corrections
to the motors through an I2C serial port. Hence, the brushless motor speed controller or booster
is handled by the I12C port of the microcontroller. Figure 8 shows a block diagram of the basic
architecture.

6. Experimental Results

As observed above, the control strategy for this vehicle is a state feedback control law where the
angular position variables and its derivatives are obtained from the IMU. The position and velocity
of the vehicle are estimated using a vision-based algorithm explained in the previous sections. Our
algorithm was tested in a PC with an Intel Core Duo 2.10-GHz processor. We use the library OpenCYV,
with a frequency of 15 frames per second approximately. The closed-loop system includes a low-pass
filter of the translational velocity, and a saturation function to limit the translational velocity. We
have modified the contrast of the image to obtain an improved estimation of characteristic points. In
these experiments, the reference value for y? = Z¢ in frontal camera coordinates was set to 130 cm,
which is the desired horizontal distance between the target and the miniature quad-rotor vehicle. The
lateral reference was set to x? = X9 = 120 cm, which is the desired displacement of the miniature
quad-rotor over the roll axis. The desired altitude was set to z¢ = Y¢ = 130 cm. To adjust the control
parameters, several flight tests were carried out until good performance of the vehicle was obtained.
Figures 9-11 show the performance of the longitudinal and lateral subsystems using the nonlinear
controller with separated saturations. Several perturbations have been induced to test the robustness
of our system to mild perturbations such as light winds and uncertainties due to the camera and the
environment. The experimental validation of the proposed method can be seen in refs. [34] and [35].
In Figs. 9—-11, where the red line represents the desired positions of the quad-rotor, we show the
result of our position algorithm in 60 s of hover flight. Figure 9 shows different disruptions caused
manually over the x-axis of the quad-rotor. Figure 10 presents different disruptions caused manually
over the y-axis of the quad-rotor. Figure 11 shows the quad-rotor manually perturbed in altitude. The
velocities in the x- and y-axes of the miniature quad-rotor were estimated using OF and are shown in
Figs. 12 and 13. Figure 12 shows the estimation velocity over the x-axis of the quad-rotor. Figure 13
shows velocity estimation over the y-axis of the miniature quad-rotor. The pitch and roll angles are
shown in Figs. 14 and 15. This experiment shows that the nonlinear control law can recover from
large orientation perturbations.

https://doi.org/10.1017/50263574713000611 Published online by Cambridge University Press


https://doi.org/10.1017/S0263574713000611

58

>
[

Vision-based autonomous hovering for a miniature

>
o
T

()
ol
T

130+

n
(&2
T

quad-rotor X-position (cm)
R
(9] o
T

oy
o
T

o
o
T

o
o

A a/k LA
R TR

Perturbations =

o

10

20

1
30 40 50 60
time (s)

Fig. 9. (Colour online) X position of the quad-rotor. The quad-rotor is manually perturbed over its x-axis.
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Fig. 10. (Colour online) Y position of the quad-rotor. The quad-rotor is manually perturbed over its y-axis.
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Fig. 11. (Colour online) The Z position of the quad-rotor. Quad-rotor altitude performance in the presence of

manual perturbations.

7. Conclusion and Future Work

A nonlinear dynamical model of the miniature quad-rotor has been presented using the Newton—Euler
formulation. A nonlinear control scheme based on separated saturation functions was proposed for
stabilizing a miniature quad-rotor. Position was obtained using a frontal camera looking at a target
placed on a wall. The miniature quad-rotor velocity was estimated using a camera pointing downward
running an OF algorithm. Experimental tests showed that the miniature quad-rotor performed well
at hover flight using the proposed vision-based control system. Future work in this area includes
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Fig. 12. (Colour online) X velocity of the miniature quad-rotor. The velocity estimations over the x-axis are

shown with some perturbations during quad-rotor hover (cm/s).
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Fig. 13. (Colour online) Y velocity of the miniature quad-rotor. The velocity estimations over y-axes are showed

with some perturbations during quad-rotor hover (cm/s).
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Fig. 14. (Colour online) Lateral control T4 in the presence of manual perturbations.

tracking a wall for inspection purposes using the vision system as well as tracking a moving visual
target. This work highlights the potential of the computer vision-based control strategies for mini
UAVs.
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Fig. 15. (Colour online) Longitudinal control 7y in the presence of manual perturbations.
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