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Abstract

Autonomous path planning of Micro Air Vehicles(MAVs) in an ur-
ban environment is a challenging task because urban environments
are dynamic and have variety of obstacles, and the locations of these
obstacles may not be available a priori. In this paper we develop a
reactive guidance strategy for collision avoidance using bearing-only
measurements. The guidance strategy can be used to avoid collision
from circular obstacles and to follow straight and curved walls at safe
distance. The guidance law moves a obstacle in the sensor field-of-
view to a desired constant bearing angle, which causes the MAV to
maintain a constant distance from the obstacle. We use sliding mode
control theory to derive the guidance law, which is fast, computation-
ally inexpensive, and guarantees collision avoidance.

1 Introduction

Recently, the use micro air vehicles (MAVs) in several civil and military
applications have increased significantly. Smaller MAVs have different appli-
cations that require them to operate in urban terrains. Urban environments
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consist of trees, poles, buildings, walls, tunnels, canyons, etc. Since the ur-
ban environments are dynamic in nature, locations of some objects may not
be known a priori, it is necessary to develop local path planning algorithms,
which are fast enough to avoid pop up obstacles and guarantee obstacle
avoidance.

In this paper, we consider two types of object for collision avoidance
including cylindrical obstacles and walls. Almost all the obstacles in an
urban terrain can be modelled as cylindrical obstacles or walls. Our focus
is to develop reactive guidance strategies for collision avoidance, which uses
bearing-only measurements. There exists a suite of different sensors, which
can provide bearing measurements. One of such sensors is camera, which
fits in with size and weight requirements of a small MAV, and has high
information to weight ratio.

Obstacle avoidance and path planning algorithms have been extensively
studied in literature, especially for ground robots. For example, Probabil-
ity Road Map (PRM) methods generate random points in the configuration
space and connect the points to create a navigation map of the environ-
ment [1, 2, 3]. Another probabilistic planning technique is the Rapidly-
Expanding Random Tree (RRT) [4, 5], which is often used in conjunction
with fixed-wing air vehicles. RRTs generate random points in the config-
uration space and connect them to a tree of other points such that the
non-holonomic constraints of the vehicle are satisfied. Points unable to con-
nect to the tree are removed. While these methods and their many variants
(e.g. [6,7,8,9,1, 10, 11]) have shown considerable success, they often require
significant computation time to generate paths around obstacles. There-
fore, in environments where pop-up threats are common, a reactive planner
with fixed computational cost may be more appropriate. Reactive obstacle
avoidance methods have been developed in previous work using dynamic re-
planning [12], potential fields [13], simulated annealing [14], and predefined
maneuvers [15].

Potential fields is a common reactive obstacle avoidance technique[l5,
16, 13], but unfortunately it, and many of its variants, only guarantee a
high probability of avoiding obstacles. Since collisions in flight can be catas-
trophic, aircraft require guaranteed obstacle avoidance. In previous work,
we develop a reactive method that generates a path to one side of an ob-
stacle field, which is used in conjunction with waypoint paths [17]. While
the method in [17] produced paths around obstacles, it was susceptible to
oscillations in the presence of multiple obstacles. In order guarantee collision



avoidance, we need a deterministic guidance strategy that reacts to obstacles
within the sensor field-of-view and requires limited computational resources.
A deterministic collision avoidance guidance strategy for stationery cylindri-
cal objects is proposed in [18]. However, the guidance strategy in [18] requires
both range from obstacle and bearing to obstacle to compute the control law.
In this paper, we extend the work done in [18] by re-deriving the guidance
strategy using sliding mode control such that it does not require range from
the obstacle, and uses only bearing to obstacle to avoid obstacles. Further-
more, we also extend the guidance strategy to avoid collision from straight
and curved walls.

The basic concept of collision avoidance guidance strategy is to move the
obstacle in the sensor plane and maintain the obstacle at a desired constant
bearing angle. By keeping the obstacle at a desired bearing angle in the sensor
plane causes the MAV to converge at a constant distance from the obstacle
and guarantees collision avoidance. The reactive guidance strategy is fast,
computationally inexpensive, and guarantee collision avoidance, which keeps
the obstacle in the field-of-view and minimizes the chances of collision.

The paper is organized as follows. In Section 2 we formulate detail the
relative equations of motion and formulate the collision avoidance problem.
In Section 3 we derive bearing-only guidance laws for collision avoidance from
cylindrical obstacle and following a wall. We provide simulation results in
Section 4 and provide our conclusions in Section 5.

2 Model and Problem Formulation

In this paper, we consider a fixed wing MAV with a strapdown camera
mounted parallel to the z-axis of the body frame and is equipped with an on-
board autopilot with inner loop control of roll, pitch, airspeed, and altitude.
A forward looking camera allows objects to be viewed in the short reachable
region of the MAV. Equation of motion of a MAV flying at constant altitude
can be written as

T V cosp
y | = Vsiny (1)
) Z tan ¢

where [z,y]" is the position vector, ¢ is the heading, V is the airspeed, ¢ is
the commanded roll angle, g is the gravity constant, and we have assumed



Camera field of view
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Figure 1: A conceptual view of the MAV approaching an obstacle. The
guidance law moves the obstacle to the edge of the camera field-of- view to
avoid collision.

zero ambient wind.

Almost all the obstacles in urban environments can be modelled either
as a cylindrical obstacle (e.g, trees, poles, small buildings, etc.) or a wall
(large, buildings, tunnels, subways, canyons, etc). In next two subsections
we discuss relative motions of equation for cylindrical obstacles and walls,
which will be used to derive the guidance strategies.

2.1 Relative equation of motion between cylindrical
obstacle and the M AV

The geometry of the cylindrical obstacle avoidance problem is shown in Fig-
ure 1 where p is the range from the MAV to the center of the obstacle and 7
is the bearing to the center of the obstacle. The relative equations of motion
for the system are

p=—Vcos, (2)

ﬁ:%sinn—%tangﬁ (3)

We will assume that the obstacle is a cylinder of radius R, and pose the
guidance problem with respect to the range and bearing to the edge of the



cylinder as shown in Figure 1 and from Figure 1 we have that
R = psin(n —1) (4)
p = pcos(n —1). (5)

Differentiating (4) and (5) with respect to time and using Equations (2)
and (3) we get the modified relative equations of motion

. v
il —%tangb%—gsinﬁ, (6)

. (7)
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2.2 Relative equation of motion between wall and the
MAV

The geometry between the MAV and a wall is shown in Figure 2. This
geometry is similar to geometry for stationery obstacle, however in this case,
the obstacle is moving on the wall. We consider a virtual cylindrical obstacle
of radius R. This obstacle moves on the wall with velocity

Vi =V cos(¢ — ) (8)

where 1) —1),, is the relative orientation of wall with respect to MAV heading,
V., is the projection of MAV velocity on the wall. The relative orientation
of the wall ¥ — 1, is directly computed from the image plane using the the
image segmentation followed by orientation computation of the segment. By
keeping the virtual obstacle at desired bearing angle, the portion of the wall
always stays in the image plane and MAV can fly along the wall and maintain
a safe distance from the wall. The minimum distance between wall and MAV
is given as

To avoid collision from the wall the MAV should maintain R,,;, > 0 for all
time. From Figure 2 the equations of relative motion between MAV and the
obstacle moving on wall can be written as

p=Vicos( — thy —n) ~ V cosn) (10
o - OO SV . )



Camera field of view

Figure 2: A conceptual view of the MAV approaching a wall. The guidance
law keeps the wall at the edge of the camera field of view to avoid collision.

Differentiating (4) and (5) with respect to time and using Equations (10)
and (11) we get the modified relative equations of motion

VSiI’lT] _ Vw Sln(lpr_ w + T]) + 2 tan ¢7 (12>
p P v

. R R
p= EV sinf) + Vi, cos(¢y, — ¢ + 1) — ;Vw sin(¢, — 1 + 1) — Veosn. (13)
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3 Bearing-only guidance strategies

Our approach is to push the edge of the obstacle to a specified angle n, in
the image plane. By keeping obstacle at a desired bearing angle the MAV
maintains safe distance from the obstacle. Also, keeping the obstacle in the
field-of-view is important because if the obstacle is pushed out of the field
of view of the camera, then it can no longer be tracked by the guidance
algorithm and a collision may occur. Following two subsections detail the
collision avoidance guidance strategies for a cylindrical obstacle and a wall.

3.1 Guidance strategy for Cylindrical obstacle

In this subsection we derive the control law for cylindrical obstacle. If 7 is
the field of view of the camera, then we desire that |n| < 7. Let |4 < 7 be
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the desired position of the edge of the obstacle in the image plane. We use
Lyapunov‘s stability theory to move the obstacle at a desired bearing angle
in the image plane.

3.1.1 Control law for cylindrical obstacle using range and bearing
measurement

For comparison purpose, we re-derive the control law [18] for cylindrical
obstacle.
Consider the Lyapunov function candidate

L .
W= 500~ 1)
Differentiating with respect to time gives
; . g |
W = - —=1t + = .
im0 (~L1ano ¥ sn)
Therefore, selecting the guidance law as
vz Vk,.
¢ = tan™' (—A sinf) + — (1) — nd)) , (14)
gp g
gives .
W1 = _k(ﬁ - nd)Qa

which implies that 7(t) — 7. The control law (14) is a function of both
range and bearing measurement.

3.1.2 Control law for cylindrical obstacle using bearing-only mea-
surement

To make control law in (14) independent of range from the obstacle we use
sliding mode control to derive the control law. Suppose we can design a
control law that constraints the motion of the system to the manifold s =
N — nNg = 0, where 7 = 1;. The motion on this manifold is independent
of @ The objective is to bring the states to this manifold. Consider

Lyapunov function candidate V' = %SQ. Differentiate V' to obtain

' V sin f

V:s( S;)nn—%tan¢) (15)
V| sin 7| g

< Js|l——= — 5=t 16

<Jsf= o= s tan (16)



where Py, > 0 is the lower bound on p. Choosing

(bztan_l% {(W;ﬂ+ﬂo) sat(ﬁ_ﬁd)} (17)

where [y > 0 yields
V < —Bolf) = flal <0, V |7} — | > € (18)

Therefore, when |f) — 74| > €, |s(t)| is strictly decreasing, until it reaches the
set {|s| < €} in finite time and remains inside thereafter and | — 74| < €.

By holding the edge of a cylindrical object at angle 7; in the camera
field of view the MAV will orbit the object, on a circular trajectory of radius
R\/1 + tan?n, [18], as shown in Figure 3. If the MAV is following a waypoint
path and an obstacle appears in the image, the collision avoidance strategy
is then to push the edge of the obstacle to an angle of 7, in the image plane
using guidance strategy (14), until the MAV moves past the obstacle and can
resume tracking its original path.

P

Figure 3: By keeping the object at angle 7, in the camera field of view, the
MAV converges to an orbit of radius R+/1 + tan?n, [18].

3.2 Guidance strategy for following a wall

If 77 is the field of view of the camera, then we desire that |n| < 7. Let |n4] < 7
be the desired position of the edge of the virtual obstacle on the wall in the
image plane.



3.2.1 Control law for following a wall using range and bearing
measurement

To derive the control law for wall following, we choose a Layapunov candidate
function as

1,
W= 5(77 - 77d>2
and differentiate to obtain

: . Vsinng  Vysin(y — ¥, + 17
W = (1) = na)( ﬁn—l— (¢ﬁ¢ m—l—%tanqﬁ)

Therefore, picking the guidance law

|/ | ) ~ VK,
¢ = tan ' (———sinf + —VV,sin(vy — ¥ +9) — — (5 — 1n4)) (19)
Py PY 9

gives
W = —k(i) = na)’
which implies that 7, () — ng.
3.2.2 Control law for following a wall using bearing-only measure-
ment

To make control law in (19) independent of range from the obstacle we use
sliding mode control to derive the control law. We choose the sliding manifold
s = 1 — 1 and consider Lyapunov function candidate V = %32. Differentiate
V' to obtain

V:S(Vsmn—VwSI?(iﬁ_wwﬂL??) —gtanqzﬁ) (20)
p V
< |S|V\smn|+\Vw|J sin(1) — 1y, + 1) —sitanqS (21)
Choosing
(b _ tanfl K { (|VSIH77| + |Vw|J Sln@/’ _ ww + 77)| + BO) Sat(n B nd)}
g Pmin €
(22)



yields
V < —Boliy — al <0, V[ — 4| > e (23)

Therefore, when |7 — 74| > €, |s(t)] is strictly decreasing, until it reaches the
set {|s| < €} in finite time and remains inside thereafter and | — 74| < €.

Remark 3.1 It should be noted that if we replace V,, = 0 in controller for
wall in (19) and (22) we get controller equation for a stationary obstacle in
(14) and (18) respectively. Therefore, only one controller in (22) can be used
for collision avoidance from both cylindrical obstacles and walls.

Guidance law in (19) enables the MAV to maintain the virtual obstacle at a
constant bearing angle in the image plane. This indirectly helps the MAV to
maintain safe distance from wall while following the wall.

4 Simulation Results

In this section we include simulation results to validate the collision avoidance
algorithm. Some of the simulation parameters are; V = 15m/sk = 0.5,
Bo = 05, and ﬁmm =1.

—40 -20 o 20 40 80 80 100 10 20 30 40 50 80 70 80 80
X(m) times)

(a) MAV trajectory around a cylin- (b) Range and bearing plots
drical obstacle of radius 20m

Figure 4: Cylindrical obstacle avoidance

We start with a stationary cylindrical obstacle of radius R = 20m. Fig-
ure 4(a) shows the trajectory of MAV around the obstacle using normal
controller and sliding mode controller respectively. For both controllers, the
MAV converges to a circular trajectory around obstacle of radius R+/1 + tan®n,.
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Figure 5: The results of a simulation are shown. The dashed line shows the
path of the MAV in tracking the waypoint path and avoiding obstacles. The
MAYV successfully avoids the obstacles.

In Figure 4(b) it can be seen that the states using sliding mode control are
almost equivalent to the states using normal controller. Figure 5 shows the
flight path of the MAV with multiple cylindrical obstacles in the initial flight
path. It can be seen that MAV avoids all the obstacles successfully using the
sliding mode controller.

Trajectories of MAV, close to a straight wall with orientation 1, = 60°,
using both normal and sliding mode controllers are shown in Figure 6(a). For
both controllers the MAV converges on same trajectory parallel to the wall.
Figure 6(b) shows that the ¢ — ), 7 — 74, and R, — Ry > Rsind,.
The guidance strategy can also follow and avoid collision from a curved wall.
Figure 7(a) shows the trajectory of a MAV along a sinusoidal wall. It can be
seen that the MAV also moves along a sinusoidal trajectory while maintains
safe distance from the wall. The Figure 7(b) shows the plots of ¥, 7, p, and
R,.in, which are generated using both normal and sliding mode controller. It
can be seen that R,,;, > Rsin(1,;), hence, collision is avoided successfully.

5 Summary and Conclusions

In this paper, we develop vision based collision avoidance algorithms to avoid
collision from different types of popup obstacles. The algorithm moves a ob-
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Figure 6: Straight wall following
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Figure 7: Sinusoidal wall following

stacle in the image plane to a desired constant bearing angle. By keeping the
obstacle at a constant bearing angle causes the MAV to maintain a constant
distance from the obstacle. Since a camera only provides bearing measure-
ment to obstacles, we modify the algorithm using sliding mode control such
that that depth measurement is not required for the computation of the
control input. The collision avoidance algorithms are fast, computationally
inexpensive, and guarantee collision avoidance.
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