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A strategy is presented for an unmanned aerial vehicle (UAV) to follow a moving target in an area the probabilistic
threat exposure map of which is assumed to be known based on a priori data. A probabilistic threat exposure map
is defined to be the risk of exposure to multiple sources of threat as a function of position. The strategy generates
speed and heading angle commands within the dynamic constraints of the UAV. There are three main objectives in
order of priority: 1) All of the restricted areas are avoided. 2) The UAV stays within the proximity of the target by
a prespecified distance. 3) The total threat exposure level is minimized. During the pursuit, the heading and speed
of the target and their time variations are not directly measured but are estimated from the measurements of the
target positions. If, for any reason, the sensor can no longer measure the current position of the target, the strategy
starts using the predicted target states based on the past measurements to guide the UAV toward the proximity of
the target until the UAV detects the target again.

I. Introduction

I N this paper, a target following strategy is introduced for an un-
manned aerial vehicle (UAV) flying through an area of multiple

sources of threat that are modeled as a probabilistic threat exposure
map (PTEM). The PTEM is a map that indicates the threat level of
an area due to different types of static threat sources using probabil-
ity density functions. Recently, there has been an increasing interest
in probabilistic approaches in mission planning for the UAVs. This
is because the probabilistic approaches are inherently very suitable
to handle the uncertainty in the information, such as the locations of
the threats. There are several papers in the literature using various
probabilistic approaches to deal with the path-planning problem of
the UAV applications based on the probabilistic map of the area of
operation.1,2 In Refs. 1 and 2, various path-planning strategies are
proposed to minimize the level of threat exposure while flying to a
stationary target through an area of multiple threats. This risk of ex-
posure to a source of threat is a function of position, defined to be the
probability of becoming disabled by the source of threat at a given
position. The probability is assumed to have a Gaussian distribution
over the area of operation. The probabilistic threat exposure map is
constructed from the probability distribution functions of all of the
sources of threat in the area. In Ref. 3, a graph-based probabilis-
tic approach is developed to use the probabilistic map of the area.
Unlike the Voronoi graph-based approaches, the nodes and links of
the graph are based directly on the probabilistic map. The region of
operation is divided into cells whose occupancy value is determined
based on the sensor readings. By the application of the conditional
probability of occupancy using Bayes rule and the Bellman–Ford
algorithm, the shortest path is found.

Because the path-planning strategies rely on probabilistic maps,
the construction and online update of the maps are very crucial.
In Ref. 4, a probabilistic map of an area with multiple distinguish-
able moving obstacles is built by using Bayesian estimation, and
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the Chapman–Kolmogorov equation is used to predict the future
movement of obstacles. In Ref. 5, a probabilistic map of an adver-
sarial environment consisting of radars and surface-to-air missiles is
constructed. The radar probabilistic map is defined in terms of joint
conditional distribution and computed from the data acquired by a
noisy sensor. Bayesian rules are used to find the posterior probabilis-
tic map using measurements. In this paper, all radars are assumed
to be stationary, and the total number of radars is assumed to be
known.

Heretofore, all of the path-planning strategies developed are for a
UAV to go to a stationary target position. However, there are some
applications in which UAVS are required to follow a moving tar-
get. Target following might be in a friendly environment6 where
threat exposure is not a concern. In Ref. 6, a path-planning strategy
is developed to track a ground vehicle able to change its heading
and vary its speed. The UAV is assumed to track the ground vehi-
cle with an offset vector. When the target following is in a hostile
environment, mostly in battle scenarios, reducing threat exposure
is as big a concern as tracking the moving target. In this paper, a
rule-based intelligent strategy is developed for a UAV to follow a
dynamic target while minimizing the level of threat exposure and
avoiding restricted areas. The minimization of threat exposure is
based on the PTEM, which consists of Gaussian and uniform prob-
ability distributions representing various types of threat sources and
restricted areas. The UAV is considered to be equipped with a sensor
of a limited range that can provide the position of the target for the
intelligent strategy. The measurement is modeled to be corrupted
by a Gaussian white noise of a mean and variance, but the strategy
does not know the nature of the noise. By the use of the measured
position of the target, the strategy generates a commanded heading
and speed for the UAV so that it can always stay in a proximity
circle of a specified radius, which is centered at the target position
and moves with the target. In the computation of the commanded
signals, the strategy takes into account the dynamic constraints of
the UAV such as turning rate and minimum and maximum speeds.
As long as the target is within the sensor range, the target position
is measured and, based on the measurements, the heading and the
speed of the target is estimated. Although the measurement is avail-
able, an estimation model for the motion of the target is developed
and used to predict the position of the target in the next computation
time. When, for some reason, the target is no longer inside the sensor
range, the strategy uses the estimation model of the target dynamics
to predict the current position, heading, and speed of the target to
steer the UAV to reattain the target. If the UAV cannot detect the
target in a prescribed time interval, it is assumed to fail to follow
the target, and it goes back to its initial position while avoiding the
threats.
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The remainder of the paper is organized as follows. The PTEM
based on the Gaussian and uniform probability distributions is ex-
plained in Sec. II. In Sec. III, we present the intelligent target-
following strategy. The model to estimate the target heading and
speed from the target position measurements is explained in Sec. IV.
Implementation of the target-following strategy in a simulation en-
vironment and the results are presented in Sec. V. Finally, the paper
is completed with some concluding remarks.

II. PTEM
The PTEM is defined to be the risk of exposure to sources of

threat as a function of position. All of the threat sources (exposure
to enemy, obstacles, and no-fly zones or restricted areas) are char-
acterized in the same probabilistic framework, that is, the sources of
threat are given by their probability distribution functions (PDFs)
and the parameters needed in PDFs. For example, if a threat is
characterized by a Gaussian PDF, there are two parameters needed
to specify fully the threat; the mean value specifies the concentra-
tion point (location) of the threat source and the variance specifies
how the threat can have an area (or volume for a three-dimensional
case) of effectiveness. Gaussian distribution is used to model enemy
radars or missiles, whereas uniform distribution is for obstacles or
restricted areas in the area of operation. The probability of becoming
disabled by a Gaussian threat is characterized by the multidimen-
sional Gaussian law
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The PDF of the uniformly distributed threat is

fxy =
{

1/[(b − a)(d − c)], a ≤ x ≤ b, c ≤ y ≤ d

0, (x < a or x > b),
(y < c or y > d) (2)

An example of a PTEM that is used in this paper is shown in
Fig. 1. Once the map is constructed, the target-following strategy
need not distinguish between the types of threat and needs to use
only the probabilistic map for decision making. This is because
the map already contains the information about how dangerous the
threat sources are to the UAV.

III. Target-Following Strategy
Following a target in an area with multiple threats requires a

tradeoff between two possibly conflicting objectives: 1) maintaining
the proximity of the target and 2) minimizing the level of threat
exposure. The first objective is quantified by the proximity circle, a
circle centered at the target position and moving with the target as
it moves in the area of operation (Fig. 2). The intelligent following

Fig. 1 Probabilistic map of operation area.

Fig. 2 Proximity and sensor circles.

strategy is to keep the UAV within this circle as long as it is possible.
Namely,

|rUAV − rt | ≤ rp (3)

where rp is the radius of the proximity circle and rUAV and rt are
the position vectors of the UAV and target, respectively. The radius
of the proximity circle rp is a design parameter of the strategy and
quantifies how closely the UAV should follow the target.

In this paper, it is assumed that the position of the target is provided
for the strategy by an onboard sensor that can only measure the
position of the target relative to the UAV. It is also assumed that
the target position can always be measured as long as the target is
within the sensor range, that is,

|rUAV − rt | ≤ rs (4)

where rs is the sensor range or the radius of the sensor circle as
shown in Fig. 2. In other words, the target position is measured
during the time when the target is within a circle that is centered
at the UAV and moves with it and whose radius rs is equal to the
range of the sensor. However, note that, depending on the type of the
sensor, this assumption may not be valid in practice where the sensor
has a limited view angle and/or the measurement is obstructed by
obstacles such as buildings or terrain.

The radius of the proximity circle rp determines the level of
tradeoff between following the target closely and minimizing the
threat exposure level. The bigger the proximity circle, the larger the
area where the strategy can search for a trajectory with the lowest
probability of becoming disabled. However, as the proximity circle
gets bigger, the UAV will follow the target from farther distances.
Furthermore, the risk of the target getting outside the sensor range
will be greater. Regardless of the size of the proximity circle, the
strategy may steer the UAV so far away from the target that the target
is no longer in the sensor range. This may happen when the strategy
needs to avoid a high threat region or a restricted area. These areas,
denoted by Ar , where the UAV should never enter, are quantified by
a lower limit frestricted in the probabilistic map as

Ar = {(x, y) : fXY (x, y) ≥ frestricted} (5)

Another situation that puts the target outside the sensor range oc-
curs when the target suddenly changes its speed or heading. When
the target is no longer within the sensor range, the position as well
as the heading and speed of the target are estimated by the esti-
mation model developed from the measurement obtained while the
target is moving within the sensor circle. The estimation will be
utilized to steer the UAV to the target close enough to resume the
position measurement. Because the strategy steers the UAV based
on the position it will be at the next computation time and not on the
current position of the target, when the target is in the sensor range,
the estimation model is utilized to compute the current speed and
heading of the target to predict the position of the target at the next
computation time.

The strategy has three main objectives, which are, in order of
priority, as follows:

1) Keep/take the UAV out of Ar .
2) Keep/put the UAV within the proximity circle.
3) Minimize the threat exposure level.
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Fig. 3 Heading constraint cone and heading difference cone.

Fig. 4 Searching to avoid restricted high threat region.

To achieve these objectives, the strategy will generate com-
manded heading ψcmd and speed Vcmd for the UAV. When it does
so, it should take into account the dynamic constraints of the UAV,
which, in this paper, are as follows:

1) The first constraint is the heading change constraint. The UAV
cannot change its heading instantaneously. The rate of heading
change is limited due to the dynamics. This is modeled in this pa-
per as a maximum heading constraint ψmax, which is the maximum
heading angle change the UAV can make in each simulation step.
Here, ψmax is assumed to be constant regardless of the speed of the
UAV, but note that in practice it must be function of speed as well as
other states of the UAV. Based on ψmax, a heading constraint cone
is defined that moves with the UAV (Fig. 3). It is bounded by ψR

and ψL , where they are defined to be the maximum turning angle
to the right and left, respectively. Note that counterclockwise is the
positive direction for all of the angles.

2) The second constraints are the minimum and maximum speed
constraints. The UAV has flyable minimum Vmin and maximum Vmax

speeds. Vmin is chosen to be 10% greater than the stall speed of the
UAV. In this paper, the speed constraints are also constant, but in
practice they are also functions of the UAV states.

The strategy should not generate any heading or speed command
that would violate these constraints. To achieve the objectives with-
out violating the constraints, the strategy uses several rules for the
heading and speed difference between the target and the UAV. The
strategy evaluates a number of points equally distributed over an arc
of a circle bounded by ψR and ψL to generate heading and speed
command in each simulation step. These points are used to evaluate
the PTEM to find its minimum value within the constraints of the
UAV. The radius of the arc is determined by the current UAV speed
and the simulation time step. As the UAV speeds up, the search dis-
tance ahead is increased. As the UAV speed decreases, the search
is done in a closer distance. The points in this arc are called possi-
ble flying points. Moreover, this arc stretches over the permissible
heading range. To find out if the UAV is at risk of getting into Ar , in-
stead of searching only next possible flying points the strategy uses
a second search arc in which the candidate search points are also
distributed with equal intervals, as shown in Fig. 4, which shows
how the immediate risk of getting into a restricted area is quanti-
fied: 1) If some of the search points on the second arc are outside
the restricted area, it is possible to avoid it using one of the search
points on the first arc. 2) If all of the points on the second arc are in
the restricted area, there is high risk if the sharpest turn is not taken.
3) There is no immediate risk if any of the search points on the
first arc are chosen. Search points from the candidates are chosen

depending on the dynamic constraints of the UAV and the strategy
parameters by means of the intersection areas between cones and
circles. In each computation time, the strategy evaluates the PTEM
at all of the search points, if there are any, to determine the heading
with the lowest probability of becoming disabled. If only some of
the points are in the restricted region, the UAV is at low risk of
getting into Ar . If all of the points in the second arc are in the re-
stricted region, the UAV is defined to be at high risk of getting into
Ar . If none of the points are in the restricted region, then there is no
immediate risk of the UAV getting into Ar .

In addition to dynamic constraints, two other mechanisms are
also used to keep the UAV in the proximity of the target: 1) keeping
the heading difference small and 2) keeping the speed difference
small. The first mechanism is quantified by the heading difference
constraint ψHDC, and the second mechanism is quantified by the
speed difference constraint.

A. Heading Difference Constraint (HDC)
To keep the heading difference between the UAV and the target

small, it should be bounded, which is defined by the HDC angle
ψHDC. This is necessary because the turning radius of a vehicle in-
creases as long as the speed of the vehicle increases. If the heading
difference is not bounded, the strategy may change the UAV heading
drastically to minimize the threat exposure when the UAV is within
the proximity circle. This, in turn, may increase the risk of the tar-
get getting outside the proximity circle and eventually outside the
sensor range. To restrict the motion of the UAV in and around the
direction where the proximity circle is heading, ψHDC is introduced.
Because the correspondence between the vehicle heading and the
target heading may be very restrictive in a slow pursuit case, espe-
cially if the target stops, a linear relationship is developed between
ψHDC and the estimated target speed Vest. There should be a constant
HDC ψ∗

HDC as long as the Vest is greater than a prespecified thresh-
old speed Vthres, and starting from Vthres, the ψHDC should go to π as
Vest goes to zero. Basically, this means that there is no more HDC
between the UAV and the target if the Vest is zero:

ψHDC =
{

ψ∗
HDC, Vest ≥ Vthres[(
ψ∗

HDC − π
)
/Vthres

]
, Vest + π, Vest < Vthres (6)

Similar to the heading constraint cone, a heading difference (HD)
cone is defined around the target heading moving with the target
(Fig. 3),

|ψUAV − ψtarget| < ψHDC (7)

The strategy should keep or put the heading of the UAV in the HD
cone by commanding the heading angle of the UAV so that the HD
between the UAV and the target will be bounded as specified. How-
ever, as stated earlier, the UAV cannot change its heading more than
ψmax in a given computation interval. In other words, the heading
constraint cone defines the admissible range of heading angles by
the UAV, and the HD cone specifies the desired range of heading
angles for the UAV.

If there is no overlap between these two cones, as shown in Fig. 5,
the closest heading to the target heading, which is obviously the
farthest right or left heading of the UAV, will be chosen. As a special
case, if there is a 180-deg HD, both the farthest right and left headings
will obtain the heading of the UAV at the same proximity to the target
heading. Thus, the heading that will provide the least probability of
the UAV becoming disabled will be chosen.

The searchable heading range (SHR), as shown in Fig. 6, is de-
fined to be the overlap cone between the heading constraint and HD

Fig. 5 No overlap between UAV
heading and heading difference
constraint.
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Fig. 6 Overlap between UAV head-
ing and HDC.

Fig. 7 Searchable points in target proximity range.

Fig. 8 Steering UAV into proximity circle.

cones. The intersection area between the SHR cone and the prox-
imity circle determines the search points for minimizing the threat
exposure (Fig. 7). If this intersection area is empty, it means that the
UAV will be outside the proximity circle if the commanded heading
is chosen from the SHR cone. To avoid this, the proximity cone (as
shown in Fig. 8) is defined to be the set of all of the headings that
would take the UAV into the proximity circle from its current posi-
tion. Because putting the UAV into the proximity circle has a higher
priority than minimizing the threat exposure, when the UAV is out-
side the proximity circle, only the intersection between the proximity
cone and heading constraint (HC) cone is investigated. Because the
proximity circle is moving with the target, this will also protect the
UAV from geting into a limit cycle, which is very objectionable.

B. Speed Difference Constraint
To be able to follow the target, the speed difference between

the UAV speed VUAV and the speed of the target Vt should also be
bounded, which is defined by

|VUAV − Vt | < VDC (8)

In this paper, speed difference constraint VDC is defined to be zero,
which means that the strategy wants the UAV’s speed to be equal
to the speed of the target as long as the speed of the target is within
the UAV’s speed constraints. Otherwise, the UAV speed is selected
to be Vmin or Vmax.

To achieve the objectives under the given constraints, the strategy
uses some rules on the heading and speed difference between the
target and the UAV. These rules will vary depending on whether
1) the UAV is at risk of getting into Ar , 2) there is an overlap
between HC and HD cones, 3) the UAV is in the proximity circle, and
4) there is an overlap between HC and proximity cones. Depending
on the answers (yes/no) to the preceding conditions, there are seven
different cases, as shown in Fig. 9.

Fig. 9 Decision tree.

In case 1, the UAV is at high risk of getting into Ar . To steer
the UAV out of the high risk region as soon as possible, the pos-
sible sharpest turn should be taken. To achieve this, the maximum
right/left heading is selected without considering ψHDC, and the
commanded speed is selected to be Vmin to increase the turning rate
of the UAV and to prevent any further incursion:

ψcmd =
{

ψR, fXY (X L , YL) ≥ fXY (X R, YR)

ψL , fXY (X L , YL) < fXY (X R, YR) (9)

Vcmd = Vmin (10)

where (X L , YL ) and (X R, YR) are the positions corresponding to the
left and right headings, respectively.

In case 2, the UAV is at low risk of getting into Ar . To steer
the UAV away from the low risk region, the points that are in the
restricted region in the second arc of the circle are marked. Corre-
sponding points are eliminated in the first arc of the circle, and then at
the remaining points the PTEM is evaluated. If some of these points
are in the proximity circle, then the heading with the corresponding
search point that will give the lowest probability of becoming dis-
abled ψmin−probability is chosen and the commanded speed is chosen
to be equal to the Vest provided as long as it is within the UAV speed
constraints,

ψcmd = ψmin−probability (11)

Vcmd =

⎧⎨⎩
Vmin, Vest ≤ Vmin

Vest, Vmin < Vest < Vmax

Vmax, Vest ≥ Vmax (12)

where Vest is the estimated speed of the target.
In case 3, none of the points are in the proximity circle. Thus, to

get the UAV closer to the predicted target position, the correspond-
ing heading ψclosest that will steer the UAV closest to the predicted
target position is chosen. In other words, ψclosest is the correspond-
ing heading of the search point on the first circle of arc with the
smallest distance to the predicted position of the target. Moreover,
the commanded speed is chosen to be equal to the Vest provided that
it is within the UAV speed constraints,

ψcmd = ψclosest (13)

Vcmd =

⎧⎨⎩
Vmin, Vest ≤ Vmin

Vest, Vmin < Vest < Vmax

Vmax, Vmax ≤ Vest (14)

In case 4, there is no risk of getting into Ar and there is an overlap
between the HC and HD cones, so that the points in the searchable
heading range are evaluated. Among the search points in the prox-
imity circle, the corresponding heading that will give the lowest
probability of becoming disabled ψmin−probability is chosen. Vest is
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also the commanded speed in this case provided that it is within the
UAV speed constraints,

ψcmd = ψmin−probability (15)

Vcmd =

⎧⎨⎩
Vmin, Vest ≤ Vmin

Vest, Vmin < Vest < Vmax

Vmax, Vmax ≤ Vest (16)

In case 5, none of the points in the SHR are in the proximity
circle. However, because there is an overlap between SHR and the
proximity cone, the UAV heads toward the proximity circle. Thus,
to get closer to the target, the heading ψclosest within the HC cone that
will move the UAV closest to the predicted target position is chosen.
In this case, ψclosest is within the proximity cone. Along the ψclosest

direction, the strategy evaluates the PTEM at five more points at
every V xδt interval. If the PTEM is less than frestricted at all of these
points, then the strategy will command the speed to increase to put
the UAV in the proximity circle as soon as possible. The required
velocity Vreq that will take the UAV into the proximity circle in the
next computation is computed. Then, Vcmd is computed considering
Vref and the speed constraints of the UAV:

ψcmd = ψclosest (17)

Vcmd =

⎧⎨⎩
Vmin, Vreq ≤ Vmin

Vreq, Vmin < Vreq < Vmax

Vmax, Vmax ≤ Vreq (18)

If, at any one of the points, the PTEM is greater than frestricted, then
there is a risk of the UAV getting into Ar . To prevent the UAV from
approaching Ar , the strategy commands the sharpest turn while the
UAV prevents its current speed.

In case 6, there is no overlap between the SHR and the proximity
cone. Thus, the UAV heads away from the proximity circle. To turn
the UAV toward the proximity circle, the UAV is commanded to
turn to ψclosest (which happens to be the sharpest turn in this case)
and to match the target speed,

ψcmd = ψclosest (19)

Vcmd =

⎧⎨⎩
Vmin, Vest ≤ Vmin

Vest, Vmin < Vest < Vmax

Vmax, Vmax ≤ Vest (20)

In case 7, there is no risk of getting into Ar . Additionally, there is
not an overlap between the HC cone and the HD cone. Thus, to make
the HD between the UAV and the target smaller, the corresponding
maximum right/left heading is selected and the commanded speed
is selected to be equal to the Vest, provided that it is within the UAV
speed constraints,

ψcmd =
{

ψR, fXY (X L , YL) ≥ fXY (X R, YR)

ψL , fXY (X L , YL) < fXY (X R, YR) (21)

Vcmd =

⎧⎨⎩
Vmin, Vest ≤ Vmin

Vest, Vmin < Vest < Vmax

Vmax, Vmax ≤ Vest (22)

IV. Estimation Strategy
As mentioned before, to make a better decision in following the

target, the UAV needs to predict the next position of the target at
the current time. Because the UAV is following the target in a threat
exposure map, the UAV can also lose the target while avoiding the
threats. When that happens, the strategy uses the predicted positions
of the target until the UAV catches the target again. In the estimation
of the dynamics of the target, the fact that the measurement is noisy

should be taken into account and the effect of the noise in the esti-
mation should be minimized. The position of the target is measured
in x and y coordinates:

x̃ = x + ν (23)

ỹ = y + ν (24)

where ν is the zero mean white noise.
Even if the heading and the speed of the target are not measured,

the estimation models developed in this paper are for the heading
and the speed. The position of the target is computed based on the
estimated heading and speed. Because in the estimation algorithm,
the measured heading and speed are needed, they are computed from
the measured position

ψ̃ = tan−1[(ỹ2 − ỹ1)/(x̃2 − x̃1)] (25)

Ṽ =
√

(ỹ2 − ỹ1)2 + (x̃2 − x̃1)2
/

�t (26)

where ψ̃ and Ṽ are considered to be measured values.
Initially, our estimation strategy assumes a batch mode of process-

ing where we use all preceding samples to produce our estimates.
More samples means a better estimate. However, the problem with
the batch processing is that as more data arrive, calculations will
have to be repeated with a larger amount of data, which will result
in a computational and memory burden. To resolve this issue, the
batch processing is used only until a certain amount of measurement
data are obtained. Once a prespecified number of measurements are
obtained, then a sequential mode of estimation is initiated. For the
sequential estimation, only the preceding estimation and the current
measurement are needed.

A second-order estimator is used to estimate the heading and the
velocity of the target:

ψ̃ = H X + νψ (27)

Ṽ = HY + νV (28)

where

X =

⎡⎣a

b

c

⎤⎦ , Y =

⎡⎣d

e

f

⎤⎦ , H = [
1 t t2

]
(29)

Note that because heading and speed measurements are calculated
using nonlinear equations, νV and νψ are not zero mean white noise.
However, in this paper, they are treated as zero mean white noises. To
start a linear least-squares estimation, at least three measurements
are needed. The equations for the estimation7 are a batch estimation,

X̂ = (H T H)−1 H T ψ̃ (30)

Ŷ = (H T H)−1 H T Ṽ (31)

where X̂ and Ŷ contain the estimated coefficients for the second-
order estimator and H is the basis function, and a sequential esti-
mation,

X̂k + 1 = X̂k + Kk + 1

(
Ỹk + 1 − Hk + 1 X̂k

)
(32)

Kk + 1 = Pk H T
k + 1

(
Hk + 1 Pk H T

k + 1 + W −1
k + 1

)−1
(33)

Pk + 1 = (I − Kk + 1 Hk + 1)Pk (34)

where K is the Kalman gain matrix that is used to modify the pre-
ceding best correction X̂k by an additional observation to account
for the information in the (k + 1)th measurement subset. P is the
covariance update matrix. We start the sequential estimation pro-
cess by an a priori estimate X̂1 and covariance estimate P1 that are
obtained at the end of the batch processing.
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By the use of the batch and sequential processes, heading and
velocity estimates of the target are computed by

ψ̂ = H X̂ = â + b̂t + ĉt2 (35)

V̂ = HŶ = d̂ + êt + f̂ t2 (36)

From the estimated heading and velocity, the predicted position
of the target is calculated by

xpredicted = xpreceding + V̂ cos ψ̂�t (37)

ypredicted = xpreceding + V̂ sin ψ̂�t (38)

where the preceding positions xpreceding, and ypreceding are from the
preceding measured position when measurement was available. If
there is no measured position from the preceding computation time,
then the preceding estimated position is used.

Fig. 10 UAV trajectory generated by strategy to follow target.

Fig. 11 Actual, measured, and estimated target heading and speed and commanded UAV heading and speed.

V. Implementation of Strategy and Simulation Results
For the implementation of the strategy, five cases are selected

in which 17 sources of threat and three no-fly zones are scattered
over a 120 × 120 km area of operation. These cases are selected
to show the full capabilities of the algorithm. They cover most of
the possible scenarios such as when 1) the UAV starts the pursuit
while behind the target, 2) the UAV starts the pursuit while ahead
of the target, 3) the target continuously accelerates, 4) the target
continuously decelerates and then maintains constant speed that is
less than the minimum speed of the UAV, 5) the target stops in a re-
stricted region, and 6) the target stops outside the restricted regions.
The probabilistic map of the area is defined and constructed as ex-
plained in Sec. II. In all of the simulations, the UAV is considered to
have a minimum speed of 180 km/h, a maximum speed of 650 km/h,
and a maximum heading angle of 30 deg. The simulation time step
is 3 s for all simulations. Strategy design parameters frestricted and
ψ∗

HDC are selected to be 0.0028 and 45 deg, respectively. In the tra-
jectories shown later, the UAV trajectory is shown with a solid line,
the actual target trajectory is shown with a dash–dot line, and the
estimated target trajectory is shown with a dashed line.

Figures 10 and 11 show the first case, in which the target is mov-
ing on a third-order trajectory with a linearly increasing speed. The
target’s initial position, heading, and velocity are (17, −35) km,
97.4 deg, and 392.4 km/h, respectively. The UAV’s initial position,
heading, and velocity are (11, −38) km, 30 deg, and 288 km/h, re-
spectively. The UAV is assumed to have a 9-km sensor range, and
the proximity range is chosen to be 7.5 km. Note from Fig. 10 that
the strategy has generated a feasible trajectory for the UAV that fol-
lows the target while minimizing the threat exposure and avoiding
no-fly zones. Note from Fig. 10 that initially the UAV is ahead of
the target. Because the target is behind, the UAV turns around to
head toward the target. During the pursuit, the UAV loses the target
at 180 s because the target has entered a restricted region. While the
UAV flies around the restricted area, the distance to the target gets
longer than the sensor range, which prevents the UAV from taking
the measurement of the position of the target. Because there is no
measurement, the UAV uses the predicted trajectory generated by
the estimator to continue the pursuit. Eventually, when the target
leaves the restricted region, the UAV is able to fly closer and re-
sume the measurement at 240 s. In the case simulated, because the
time interval with no measurement is short and the UAV has ob-
tained enough measurement earlier, the deviation of the predicted
trajectory from the actual one is small. Thanks to the satisfactory
performance of the estimator, the UAV regains the measurement of
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the target. Figure 11 shows that during the time when the target is
lost and no measurement is taken from 180 to 240 s, the measured
signals do not have any noise in them and are exactly the same
as the estimated ones. This is because there is, in fact, no measure-
ment, and the last estimated signals are used instead. Note also from
Fig. 11 that the commanded UAV speed is always within the con-
straints and that the UAV matches its speed with the estimated speed
of the target as long as the UAV is inside the proximity circle and
there are no restricted areas. Nevertheless, because case 5 occurred
several times, the UAV speed is commanded to its maximum speed

Fig. 12 Insufficient UAV trajectory generated by strategy to follow
target: —–, UAV path; –·–, target path; – – –, estimated target path;
· · · ·, target proximity range; and , UAV sensor range.

Fig. 13 Actual, measured, and estimated target heading and speed and commanded UAV heading and speed.

regardless of the estimated target speed. In the simulation, all of
the angles are restricted to the range of 0–360 deg. Thus, the com-
manded heading angle seems to have a jump from 10 to 340 deg
at about 15 s. However, this is not a jump but the continuation of
the commanded heading change in the clockwise direction while the
UAV is turning around toward the target. The sensor noise for the
position measurements is Gaussian white noise with a zero mean
and standard deviation of 100 m. Because the measured heading
and speed are, in fact, computed from the measured positions by
using nonlinear equations, their means and standard deviations are
different, as can be seen in Fig. 11. Yet, they are assumed to be zero
mean white noise in the estimation process.

The second case, in which the target’s initial position, heading,
and velocity are (28, −35) km, 97.4 deg, and 392.4 km/h, respec-
tively, is shown in Figs. 12 and 13. The UAV’s initial position,
heading, and velocity are (22, −41) km, 30 deg, and 288 km/h,
respectively. The UAV is assumed to have a 9-km sensor range,
and the proximity range is chosen to be 7.5 km. Note from Fig. 12
that the UAV cannot pursue the target. This is because the target
passes through a bigger threat region. During the time that the UAV
avoids the threat region, the predicted target trajectory significantly
diverges from the actual trajectory. Because the UAV follows the
predicted trajectory as seen from Fig. 13, it cannot detect the target
again. This case shows the limitation of the estimation algorithm.
If the target moves unpredictably, letting the target go and stay out
of the sensor range for a long time may cause the UAV to lose the
target permanently. Nevertheless, as shown in the first case, the in-
corporation of the estimation algorithm into the following strategy
certainly gives the UAV an opportunity to regain the target. This
increases the success of the pursuit while avoiding restricted areas
and minimizing the threat exposure level.

Figures 14 and 15 show the third case, in which the target’s initial
position, heading, and velocity are (−15, −35) km, 34.4 deg, and
356.4 km/h, respectively. The UAV’s initial position, heading, and
velocity are (−11, −30) km, 30 deg, and 288 km/h, respectively.
The UAV is assumed to have a 7.5-km sensor range, and the prox-
imity range is chosen to be 5 km. Note from Fig. 14 that because the
UAV is initially ahead of the target, the UAV turns around to head
toward the target. Furthermore, in this case, the target reduces its
speed to 108 km/h in 345 s and maintains that speed in the rest of
the pursuit as seen from Fig. 15. Note that the speed of the target is
much less than the minimum speed of the UAV during the most of
the pursuit. Thus, the UAV reduces its speed to the minimum speed
and loiters within the proximity circle when there is no restricted
area while minimizing the threat exposure level as shown in Fig. 14.
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Nevertheless, the UAV speed is commanded to its maximum value
several times to catch the proximity circle. In all of the time during
the pursuit, the commanded speed is within the constraints. Further-
more, there seems to be a jump in the commanded heading angle due
to the specified range of angles when the UAV flies with a heading
angle close to 0 or 360 deg. Also, there seems to be an amplification
in the noise when the target is moving with a heading close to zero.
Again, this is due to the conversion of the angles outside the range
into their corresponding values in the range, for example 355 deg
is the same as −5 deg. This case is presented mainly to show that
when the target moves slower than the UAV’s minimum speed, the
strategy generates a commanded heading to keep the UAV within
the proximity circle while minimizing the threat exposure.

Fig. 14 UAV trajectory generated by strategy to follow slowing target:
—–, UAV path; –·–, target path; – – –, estimated target path; · · · · · ·,
target proximity range; and , UAV sensor range.

Fig. 15 Actual, measured, and estimated target heading and speed and commanded UAV heading and speed.

The fourth case, in which the target’s initial position, heading,
and velocity are (−1, −32) km, 57.29 deg, and 356.4 km/h, re-
spectively, is shown in Figs. 16 and 17. The UAV’s initial position,
heading, and velocity are (5, −30) km, 30 deg, and 288 km/h, re-
spectively. The UAV is assumed to have a 7.5-km sensor range, and
the proximity range is chosen to be 5 km. In this case, the target
continuously reduces its speed to 0 km/h and stops at 660 s in the
middle of a restricted region during the rest of the pursuit as seen
from Figs. 16 and 17. In this case, the UAV flies along the boundary
of the restricted area when the distance to the target is greater than
the radius of the proximity circle. Whenever possible, when the dis-
tance from the boundary of the region is smaller than the radius of
the proximity circle, as Fig. 17 shows, the UAV tries to minimize
the threat exposure while circling around the restricted region. Note
from Fig. 17 that the UAV reduces its speed to the minimum speed
and maintains it during the rest of the pursuit. However, note that
the UAV speed is commanded to its maximum value several times to
catch the proximity circle before the target completely stops. Note
that, as the target speed get closer to zero, there is an increase in

Fig. 16 UAV trajectory generated by strategy to follow slowing and
stopping target.
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Fig. 17 Actual, measured, and estimated target heading and speed and commanded UAV heading and speed.

Fig. 18 UAV trajectory generated by strategy to follow slowing and
stopping target.

the noise for heading measurements because the target is heading at
approximately 90 deg. This basically means that the position change
in the x direction is very small, which results in the amplification of
the noise. Thus according to Eq. (25), the noise is amplified. Nev-
ertheless, note that when the target stops or moves with a very low
speed, the strategy does not take target heading into consideration
to command the UAV heading.

Figures 18 and 19 show the fifth case, in which the target’s initial
position, heading, and velocity are (−5, −20) km, 57.29 deg, and
356.4 km/h, respectively. The UAV’s initial position, heading, and
velocity are (−3, −17) km, 30 deg, and 288 km/h, respectively. The
UAV is assumed to have a 7.5-km sensor range, and the proximity
range is chosen to be 5 km. In this case, the target constantly re-
duces its speed, and at 660 s it stops in a region where there are no
restricted areas during the rest of the pursuit as seen from Figs. 18
and 19. In this case, the UAV loiters inside the proximity circle while
minimizing the threat exposure. The UAV speed is commanded to
its minimum value and maintains it during the pursuit as seen from

Table 1 Effects of proximity range to total
UAV trajectory length and threat exposure

UAV

rprox, km L traj, km Probability

0.5 91.177 0.0755
3.0 86.964 0.0459
5.0 85.702 0.0340
7.5 84.987 0.0307
8.0 84.721 0.0291

Fig. 19. Because of the same reasons discussed earlier, there is an
increase in the noise for heading measurements.

In all cases, it is shown that threats and no-fly zones are avoided
perfectly, yet the UAV may violate these regions for a very short
time while trying to avoid them. This does not mean that the UAV
has failed because frestricted is a parameter of the strategy, and it
is specified with a safety margin that will protect the UAV from
violating the real restricted areas. The reason behind flying very
close to restricted areas is that the UAV is trying to be in the
proximity circle all of the time, which means that it is trying to
compromise between safer and closer trajectories to the target.
Thus, as the proximity circle gets bigger, the total probability of
the UAV becoming disabled will decrease, which means that the
UAV will have a chance to follow a much safer trajectory. How-
ever, if the proximity radius is greater than the sensor range, then
the UAV will very likely lose the target. The effects of the param-
eters of the strategy on the total length and total probability of the
UAV are given in tabular forms in the remainder of this section,
which are obtained from the first case where the target is continu-
ously accelerating. In this case, the total length of the target trajec-
tory is 75.216 km and the total probability of becoming disabled
is 0.1273.

Table 1 shows that as the proximity range increases, the total
probability of the UAV becoming disabled decreases, and the total
length of the UAV decreases accordingly. Increasing the proximity
range will give the strategy more flexibility to minimize the map
while it is inside the proximity circle. Furthermore, as long as the
UAV stays in the proximity circle, it will make fewer maneuvers
to get closer to the target, which means that a safer and a shorter
trajectory will be followed. As the ratio of the sensor to proximity
ranges approaches 1, following the target may become harder. Once
rproximity becomes greater than the rsensor, the target will be more likely
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Fig. 19 Actual, measured, and estimated target heading and speed and commanded UAV heading and speed.

Table 2 Effects of heading difference
constraint ψ∗

HDC to total UAV trajectory
length and threat exposure

UAV

ψ∗
HDC

, rad L traj, km Probability

π/4 84.987 0.0307
π/6 81.906 0.0326
π/12 81.906 0.0688
π/18 81.906 0.0689
π/36 81.906 0.0694

to be outside the sensor range. In this case, if the estimator is not
good enough to follow the target trajectory, the UAV cannot catch
the target again and, thus, the amount of measurements about the
target movement might not be adequate to develop a good estimation
model. Note that in all of the cases, the probability of the UAV
becoming disabled is much less than that if it would follow exactly
the trajectory of the target.

Note from Table 2 that if the HDC constant ψ∗
HDC is decreased,

the probability of the UAV becoming disabled will increase because
there will be fewer points in the searchable area, and the UAV will
not be allowed to turn its heading to the points that will minimize its
threat exposure more. However, this parameter does not affect the
total length significantly. Note that, if the ψ∗

HDC is specified larger
than π/4, the UAV would lose the target permanently. Thus, even
if the threat exposure level is reduced as ψ∗

HDC is increased, the HD
should be restricted, especially during high-speed pursuits.

Table 3 shows the effect of frestricted on the probability of be-
coming disabled and the total length of the trajectory. As frestricted

is increased, the probability of the UAV becoming disabled will in-
crease because it will have permission to enter higher threat regions.
However, note that when frestricted is greater than 0.01, any further
increase in frestricted does not affect the UAV motion, and, thus, the
probability and the length stay the same. This can be explained by
the fact that, even if there is no restricted area, the strategy still
minimizes the threat exposure map as long as it stays in the prox-
imity range of the target. Note that even this maximum probability
of the UAV becoming disabled is much less than the probability of
becoming disabled if the target’s trajectory was followed exactly.
Note also that this maximum probability can be further decreased
by varying the other parameters of the strategy, such as increasing
the proximity range.

Table 3 Effects of frestricted to total UAV
trajectory length and threat exposure

UAV

frestrict L traj, km Probability

0.0028 84.987 0.0303
0.0050 83.834 0.0454
0.0075 83.538 0.0529
0.0100 83.217 0.0535
0.0200 83.217 0.0535
0.1000 83.217 0.0535
0.5000 83.217 0.0535
1.0000 83.217 0.0535

VI. Conclusions
A new target following strategy is developed for UAVs pursuing

a moving target while flying in an area of multiple threat sources.
The strategy generates heading and speed commands within the dy-
namic constraints of the UAV to follow the target while avoiding
restricted regions and minimizing threat exposure. During the pur-
suit, the position of the target is measured only when the target is
within the sensor range. The speed and heading of the target are
estimated based on the noisy measurement data by a second-order
linear least-square estimator with a batch and sequential mode of
processing.

The strategy is implemented in a MATLAB®-based environment
and simulated for several cases to show the effectiveness of the
strategy. The simulation results have shown that the dynamic tar-
get pursuit can be succesfully achieved in almost all possible pur-
suit scenarios. However, when the target stays beyond the sensor
range for a long time, the UAV may lose the target permanently
due to the limitation of the estimation algorithm. Nevertheless, as
shown in most of the cases, the incorporation of the estimation al-
gorithm into the pursuit strategy certainly gives the UAV an op-
portunity to regain the target. This increases the success of the
pursuit and survivability by enabling the UAV to get away from
the target to avoid restricted areas and to minimize threat exposure
level.

Furthermore, the performance of the pursuit strategy can be im-
proved via variation of the strategy parameters such as maximum
allowable threat exposure level, specified proximity distance to the
target, and the allowable heading angle difference between the target
and the UAV. The variation of the parameters can be used to quantify
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the tradeoff between following the target closer and following the
target with a lower threat exposure level.
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