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Abstract

This paper focuses on the surveillance problem on
the area with different priorities using Unmanned
Aerial Vehicle. This work develops a path planning
algorithm for UAV surveillance in order to maximize
the coverage. The UAV is modeled as a hybrid sys-
tem in order to simplify the aircraft dynamics such
that it fits into the aspect of path planning. The
different parts of the area could have different pri-
orities. The priority indicates that the UAV should
pay more attention in those places than other region.
The concept of entropy is employed to handle such
issue.. Entropy assigned on each part is correspon-
dent to higher priority on the cell. The definition of
coverage is introduced as a summation of entropy.
The objective of the planner is to maximize the cov-
erage with the shortest time while the constraints on
UAV, such as velocity and turning radius, are sat-
isfied. The area is covered more than 97% in most
cases.

Keywords: Path planning, Surveillance, UAVs.

1 Introduction

One of the most important applications of Un-
manned Aerial Vehicles (UAVs) is in area surveil-
lance or border patrol [3]. There are many advan-
tages over traditional method such as lower cost,
more agility, and real-time information. The aerial
photographs provide more accuracy due to current
camera technology. There have been many works on
target tracking/identification or search using UAVs
(121, [9), [8)).

The use UAV is more common and frequent be-
cause it is more affordable, more reliable, and more
importantly it can reduce a number of casualties
in dangerous environment. Therefore, the UAV
path planning has became more important issue that

must be taken into account. The paths have ef-
fect on the performance such as fuel consumption,
amount of area coverage, and traveling time. In or-
der to maximize the benefits of UAVs especially in
a developing country like Thailand, the path has to
be carefully and systematically planned. The UAV
path planning has gains many interests in aerospace
community in the past decade ( [4], [7], [11]).

One of the widely used search/surveillance pat-
terns is lawn-mower [5], [10]). It is arguably the
best approach available. It is chosen because of its
continuous curve and better performance in smaller
area. However, it provides very little flexibility in
term of the shape of area and different priority
on some certain area. Moreover, the capability of
UAVs, such as minimum turning radius and velocity,
creates constraints that affect the performance sig-
nificantly. These constraints distinguish UAV path
planning from others (i.e., robots).

This work intends to investigate effects of the
lawn-mower parameters on surveillance perfor-
mance. A more formal description of the area in-
cluding different priorities of the area is considered.
The modified configuration based on the knowledge
of parametric study of typical lawn-mower pattern
is developed. The area is mapped using the entropy
concept. The concept allows the modeling of differ-
ent priority by increasing entropy in the more im-
portant area. The revisits are the key to entropy
reduction of such area. The coverage is formally de-
fined as summation of all entropy. The performance
of the developed approach is evaluated by amount of
coverage. The objective is to plan paths to reduce
as much entropy as possible in the minimum time.
The dynamics of UAV must be taken into account
to insure the feasibility of path.

The paper is organized as follows: first the aircraft
dynamics is formulated as a hybrid system. Then
the area and camera footprint descriptions are given.
The number of visiting on each path is determined
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based on initial entropy of the area. Finally, the
path is generated and simulation results are shown.

2 Hybrid Modeling

Hybrid Modeling is one of the most powerful mod-
eling tools available today. A complex highly non-
linear system such as aircraft dynamics can be sim-
plified so that it is easier to work on. The aircraft
dynamics is decomposed based on its basic move-
ments such as turning, going straight. In this paper,
a two dimensional plane (x,y) is considered. There
are three discrete states of the aircraft: 1) going
straight, 2) turning left, 3) turning right. It is noted
that a more complex state such as turning left slowly
can be easily included. The model is simplified here
to better evaluate the path performance.
There are two types of states as follows,

1. Discrete State, xp:
xp €10,1,2] (1)

It indicates going straight, turning left, and
turning right respectively.

2. Continuous states,x: Here, position of the air-
craft can be described using four variables
(z,y,V,v), where (z,y) indicates location, V'
is total velocity, and 1 indicates heading.

x = {z,y,V, ¢} (2)

The aircraft dynamics can then be represented as,

(3)
(4)
()
(6)

where a(t) and w(t) are the linear acceleration and
angular velocity in yawing direction respectively.
They are considered as input of the system. The
input is different for each discrete state. The angu-
lar velocity ,w(t), is zero where xp = 0

=0 ifzp=0
w(t)=9 <0 ifzp=1
>0 ifep =2

A simple hybrid model is illustrated in Figure 1.
TO complete the model, the condition in discrete
state transition must be provided. These conditions
will be given by the path planner as discussed later.
The hybrid model can be easily simulated using Mat-
lab Stateflow.

A

Straight
w(t)=0
xp(1)=0

Left
0(1)<0
xp()=1

N T

Figure 1: A Simple Hybrid Model of Aircraft Dy-
namics

3 Area Description

A rectangular shape area is considered here. There
are different priorities on different section of the
area. This is very useful in an event to re-
source/disaster surveillance. The user can integrate
the knowledge into the path planner to improve per-
formance. For example, in disaster evaluation the
village area is more important than forest. One con-
straint is that every part in the area must be ex-
plored. No discontinuity is allowed because it results
in non-convex problem that is much more difficult to
solve. A more general description of the area should
be included in further work.

3.1 Entropy representation

In order to mathematically represent the different
priorities on different parts, the concept of entropy
is employed. Entropy in this paper indicates the un-
certainties of the area. Therefore, higher entropy
can be assigned to the area with more priorities as
shown in Figure 2. In the figure, the area is gridded
into cells. Entropy is assigned to each cell based on
its priority. The entropy shows here is also normal-
ized (the minimum entropy is one).

Another constraint imposed in this paper is that
the same entropy must be presented for an entire
strip or column. This is essential for lawn-mower
pattern that is considered here. A relaxation of this
constraint must be done through another search pat-
tern.

Consider an area with size of N rows and M
columnsThe coverage, COV, can then be defined by
using the summation of overall entropy.

N M
NS M N
coV =1-— 2i 2y NBy ZEJO ’ (7)

where F; ; is the entropy in cell (¢, 7). The 7 index
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Figure 2: Area Representation using Entropy

indicates the coordinate in y axis while the j index
indicates the coordinate in x axis. The variable Ej is
the summation of initial entropy. Therefore, in the
beginning where Ziv Z;V E;; = Ey the coverage is
Z€ro.

3.2 Camera Footprint

The most common tool in surveillance is camera.
The footprint of a camera is rectangular. It is as-
sumed that the area under footprint is explored. The
more thorough survey can be accomplished by re-
visiting such that the new and previous footprints
overlap. Because the normalized entropy is utilized
here, one visit from the camera results in one unit
entropy reduction. Figure 3 shows one unit entropy
reduction on cell (2,5) and (3,5).
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Figure 3: Effect of Camera Footprint on the Area
Entropy

However, because of aircraft dynamics, the foot-
print of the camera also depends on the heading un-
less there is a separate camera control. This creates
an additional issue as the aircraft turns. An exam-
ple of the footprint as the aircraft heading is 45° is
shown in Figure 4. The footprint with size of (2x1)
is employed through out the paper for the sake of

Figure 4: Effect of Camera Footprint on the Area
Entropy while UAV is turning

Another interesting sensor in surveillance is Li-
dar [6]. Lidar has one major advantage over cam-
era: it is less sensitive to the weather than camera
is. The footprint of Lidar is also rectangle shape.
Therefore, the same approach can be employed for
both camera and Lidar.

4 Lawn-Mower Search Pattern

Lawn-mower pattern is one of the most widely used
search pattern because of its simplicity and guaran-
tee of continuity and smoothness of the path.

y

TN N )

—

Figure 5: Lawn-mower Pattern

It can be seen in Figure 5 that the pattern con-
sists of two major movements: 1)Straight Line and
2)Semicircle. The semicircle section can be sim-
ulated using the turning left/right state in hybrid
model as discuss previously. The dependency of the
footprint on the aircraft heading as mentioned has a
significant effect of coverage of the lawn-mower pat-
tern. In fact, many search patterns suffer from this
dependency.

Figure 6 show path and coverage of a typical lawn-
mower pattern for a 10x9 rectangular area. It is
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Figure 6: Lawn-Mower Path and Its Final Entropy
for Initial Entropy of “1” Every Cells

assumed that entropy is one in every cell. It can be
seen that the corner or border of the area are often
missed. The coverage defined by Equation 7 in this
case is 0.9485. The coverage would also be reduced
if the turning radius is larger.

One of the simplest ways to avoid this is to delay
the Semicircle movement of the path such that the
aircraft can cover more area before turning. In the
other words, the straight path is extended. There-
fore, the traveling time and fuel consumption is also
increased. This problem can be solved or alleviated
by determining the optimal speed along the path.
In the early stage of investigation where the area is
gridded into cells as shown, the UAV is assumed to
move from one cell to another. Therefore, the path is
connecting of short straight line. In order to achieve
the more realistic path, the cell size can be smaller.
However, a bigger cell size is utilized in this paper
to explore the different aspects of the lawn-mower
pattern.

5 Path Planning

Assume that the footprint is 2 X 1 as mentioned, if
entropy of all cells is one, it is apparent that the most
effective path is the ones with pitch (path spacing)
equal to two as shown in Figure 5. The path here
refers to the possible path that is the vertical grid

line. The assumption on footprint size can be gen-
eralized by constructing a cell with the same height
as the footprint and half a width of footprint.

Because each “lane” could have different priori-
ties, the pitch must be adjusted corresponding to
the entropy. Consider a case in Figure 2 where the
lane 2 has entropy of two, the entropy in this lane
could be reduced by either moving along path z =1
or x = 3 line. In this simple case, it is quite obvi-
ous that the UAV should travel along path z = 1
and z = 2 lines in order to reduce entropy of lane
2 to zero. In this section, a simple set of rules to
determine the number of revisits is developed. Fur-
thermore, the decision on how to revisit the path
must also be considered carefully.

5.1 Number of Revisits

It can be seen that the number of revisits on each line
depends on entropy of the surrounding lanes. Fig-
ure 7 illustrates the parameters that are employed
in this subsection.

Lane

—— path

Lane

V4 A B

Figure 7: Description of parameters to determine a
number of revisits

The number of revisits of path A, N,s(4), de-
pends on entropy on the left, right lane and the
second right lane (Ep, Fr1 and FEgrs). Consider
the path from left to right, it can be assumed that
left entropy, Fr, depends solely on N,s(A). This as-
sumption can be done with updated left entropy by
reducing it by N,s(Z) that is determined in the pre-
vious step. Therefore, the UAV must travel along
path A at least Ej, because entropy of the left lane
can only be reduced through path A. The upper
bound of N,s(A) is defined by the maximum be-
tween Er and ER;.

E;, < Nys(A) <max(Ep, Eg1) (8)

If E;, > Egi, it is obvious that N,s(A) = Fr.
Otherwise, the possibility of N,s(B) must also be
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considered through Egri ge. If Ero
Eri — Nys(A) < Nys(B) <max(Eri, Er2)  (9)

Combined with the upper bound of N,4(A) in Equa-
tion 8, the bound of N,4(B) becomes,

ERr1 — Nys(A) < Nys(B) < max(Ery1 — Er, Ere) (10)

Therefore, the other two cases must be considered.
If ER2 2 ERl —EL, then NUS(A) = max(EL, 2ER1 —
ER5). Otherwise, N,s(A) = Er.

The number of revisiting can then be described
as,

s

Fr otherwise
(11)

The algorithm is concluded in Table 1

Table 1: The Number of Revisiting Algorithm

1: Construct path along the shorter side of the
area. Let the path spacing be half of footprint
width.

2: Let the most left path (not including border)
be path A. The other parameters are defined
as shown in Figure 7.

3: Let the revisiting number of path A, N,s(A)
be as described in Equation 11.

4: Update the right lane entropy, EFr = Er —
Nys (A)

5. Let path B be path A. The other parameters
are defined as shown in Figure 7

6: Repeat step 3 until path A is right border of
the area.

For an example given in Figure 2, the algorithm
results in one visit on path = = [1,2,4,6,8]. For a
sake of simplicity, path = = ¢ is denoted as p; here.
The result is consistent to what is expected. The
variable, N,s then becomes,

Nys={11010101}

The vector N, indicates the visiting number for

path 1 to 8. Another variable named “Npy “ is in-
troduced as the total number of visiting.
Npatn
Npy = Z Nos(pi) (12)

i=1

where Npqtp is the total number of paths. Therefore,
Nry equals to 5 here. This example is employed
through out the paper.

maX(EL, 2ER1—ER2) if ER2 ZERl_EL ZO

5.2 Path Generation

With the assigned revisiting number, the path must
be constructed such that it agrees with actual air-
craft dynamics. With turning radius constraint,
UAV cannot travel up and down the same path ef-
fectively. There must be a minimum space between
the paths such that the vehicle can turn and switch
path.

It is reasonable to assume that the turning radius
is greater of equal to the width of the footprint that
is equivalent to two cells. This statement implies
that UAV can travel from one path to another path
that is at least two cells apart. Consider the previ-
ous example on Figure 2, visiting number on path
x =[1,2,4,6,8]is one. The UAV cannot travel from
path x = 1 to x = 2 because of turning constraint.
In this subsection, an algorithm is developed to de-
termine the optimal path order within UAV perfor-
mance. The UAV path is then generated based on
the specific order.

The path order must be planned with two factors
in mind 1)turning radius and 2)minimum traveling
time. They can be taken into account through a
Npatn % 1 vector, Cyypn. The element i in Cypp
indicates the level of difficulty in switching to be-
tween two paths with ¢ — 1 cell spacing. The value
of Cyyrn utilized in this example is as follow,

Courn={H H 12345 6}

where H >> 1 is a very large number. The given
set of values implies that it is impossible to switch
within the same path or to the adjacent path, hence
Crurn(1) = Cryrn (2) — 0o. Tt also indicates that the
larger the spacing, the higher the level of difficulty
is.

The path order can be considered through per-
mutations of all possible orders. For a total vis-
iting number as defined in Equation 12, there are
(N7y — 1)! possible permutations. The subtraction
of one is for the starting position constraint. Al-
though the number grows rapidly, there are many
permutations that can be pruned out using very low
computation effort.

Consider the " permutation, p; =
{pi1 pia pis---}, the cost of the permutation
is,

Nry—1

C(pi) = Z Crurn (S(pij. pigj-1))) (13)
j=2

where p;; is the jtPorder path of permutation p; and
S(Pm, pn) is the spacing between path mt"and n*".
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The optimal permutation is then defined as,
Popt = argmin C(p;) (14)
Vpi

For the previous example, the optimal permu-
tation with path 1 as starting location is p =
{p1 ps p2 ps ps}. The path is then constructed
based on the optimal permutation as shown in Fig-
ure 8. The UAV travels from path 1 to 3, then back
to path 2 to satisfy the turning radius constraint.
From path 2, the UAV travels to path 6 and 8 re-
spectively. The coverage as defined in Equation 7 is
0.9725.
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Figure 8: Path and Final Entropy for Initial Entropy
as shown in Figure 2

The smoothness of the path can be guaranteed us-
ing smaller grid size or by a path smoother [1]. The
formulation presented here has enough flexibility for
different turning radius, level of turning difficulty,
and starting constraint. A user can tune parame-
ters, such as Cyyrrn, path spacing, so that the result
satisfies the requirement.

Figure 9 shows an example where initial entropy
of the left area is twice larger than the right area.
The approach results in two visits on path 1 and
3. Therefore, the variable N,s = {2 0 2 0 1 0 1}
and Nty = 6. The optimal permutation is pop: =
{1 3135 7}. The figure shows two repetitions
on path 1 and 3. The coverage is 0.9713.

6 2+ 4 A
4
y 4 ¥
2
2
0 \_1_/\_»_/ X
0 2 4 6 8

Figure 9: Initial Entropy and Path with Coverage of
0.9713

6 Conclusion

The UAV surveillance problem on the area with dif-
ferent priorities is presented. The aircraft is de-
scribed as a hybrid system, while the area is modeled
by utilizing entropy concept. The area is represented
by cells with assigned entropy. The high entropy in-
dicates higher priority on the cell. The objective of
the planner is to reduce as much entropy as possi-
ble with the shortest time while the constraints on
UAV, such as velocity and turning radius, are satis-
fied. The definition of coverage is introduced as sum-
mation of entropy. It is employed as performance
indication. The planner is decomposed two parts:
determination of revisiting number and path gener-
ation. The first component determines the number
of revisits that is required on each path. Then, the
second part determines the optimal order of paths
that satisfy the UAV constraint. Together the path
is constructed. Simulations show more than 97%
coverage.
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