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Abstract: In this paper, we focus on an aerial surveillance system composed of multiple agents, such as sentinels and
searchers. In the surveillance system, single sentinel detects a position of an incoming target, and multiple searchers
approach and identify the target. In order for the searchers to identify moving targets as many as possible, it is required
to optimize the approach behavior in consideration of the future positions. For these challenges, we use a directional
statistics and value iteration method. Through simulation experiments, we show that the surveillance system is able to
estimate the future positions of a target. We further show that the searchers based on the optimized approach behavior
identify the most moving targets. Finally, we discuss the effectiveness of the surveillance system for the moving targets.
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1. INTRODUCTION

In this paper, we focus on an aerial surveillance system
composed of multiple agents, such as unmanned aerial
vehicles, UAVs. Compared to ground vehicles, the aerial
agents are capable of monitoring broader area. Basilico
et al. have presented an aerial surveillance system com-
posed of two types of UAVs [1]. Fig. 1 illustrates the
surveillance system.
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Fig. 1 Aerial surveillance system composed of sentinel
and searchers

As the UAVs, single sentinel and multiple searchers
are used. The sentinel operates at a place higher than the
searchers. A monitoring area of the sentinel is drawn by
a red circle. If an unidentified event occurs in the area,
the sentinel detects the position. However, the sentinel
is not capable of identifying the event precisely. On the
other hand, the searcher is able to identify the event in the
sensing range drawn by a blue circle. Therefore, these
heterogeneous multi-agents played different roles in the
surveillance system.

Basilico et al. have succeeded in identifying events
by dispatching the searchers to the events detected by the
sentinel. However, fixed events, e.g., wildfires, have been
assumed. On the other hand, we assume moving targets,
such as animals, in this paper.

† Satoshi HOSHINO is the presenter of this paper.

In our surveillance system, one sentinel and multiple
searchers are used as illustrated in Fig. 1. The sentinel
hovers in the same place, and the searchers move to ap-
proach targets. In order for the searchers to identify mov-
ing targets as many as possible, it is required to solve the
following challenges:
1. estimate the future positions of a target and
2. approach the target efficiently.

For the first challenge, we use a directional statistics.
The target motion monitored by the sentinel is quantified
on the basis of von Mises circular distribution in Section
2. The von Mises distribution expresses the moving di-
rection of a target. In Section 3, we estimate the future
positions of the target with the use of the von Mises dis-
tribution. For this purpose, a moving probability of the
target is calculated on the basis of Bayes’ theorem. For
the second challenge, we optimize the approach behav-
ior of searchers toward the target in Section 4. For this
purpose, we use a value iteration method and present two
reward functions focusing on the moving probability.

Through simulation experiments, we show that the
surveillance system is able to estimate the future posi-
tions of a target. We further show that the searchers
based on the optimized approach behavior identify the
most moving targets. Finally in Section 6, we discuss the
effectiveness of the surveillance system for the moving
targets.

2. MOVING DIRECTION OF TARGET

For a moving target, Best et al. have proposed a tra-
jectory prediction method in an indoor environment [2].
Since the moving direction of a target is restricted by
the environmental layout, they succeeded in predicting
the future trajectory by assuming destinations. On the
other hand, the aerial environment does not have a lay-
out. Hence, the moving direction is not restricted. As a
result, it is impossible to predict the moving direction.

For this problem, we use a directional statistics. The
target motion monitored by the sentinel is quantitatively



expressed on the basis of the von Mises distribution. The
von Mises distribution has a circular shape. Thus the
probability density is defined along the circle of a mon-
itoring area. Fig. 2 shows a top view of the monitoring
area. In the surveillance system, the monitoring area is
divided into cells.

Fig. 2 Top view of circular monitoring area of sentinel
divided into cells

The circle indicates the monitoring area of a sentinel.
The sentinel detects the position of an incoming target.
The target moves toward a destination. The blue cells
corresponding to the edge of the monitoring area are can-
didates for the destinations. From these candidate cells,
the target selects a destination. The destination cell is un-
known to the system, i.e., sentinel and searchers.

The von Mises distribution is based on the target mo-
tion. The target motion is monitored by the sentinel.
Hence, the moving direction of the target is expressed by
the probability density function of the von Mises distri-
bution as follows:

f(μ, θ) =
exp{β cos(θ − μ)}

2πI0(β)
, (1)

where β is a statistical direction. This parameter repre-
sents a measure of concentration on the moving direc-
tion. I0 represents the modified Bessel function of order
0. μ and θ are angle parameters defined in the 2D space,
(x, y), as illustrated in Fig. 3.

Target
¹

x

y

µ

Destination 

Monitoring area

Fig. 3 Angle parameters μ and θ

The circle denotes the monitoring area. The target
moves in the direction parallel to the axis of y. For this
moving direction, μ, the probability density of the von
Mises distribution, given a destination to each of the can-
didate cells depending on θ, is derived as shown in Fig.
4.

f(¹, µ)
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Fig. 4 Example of von Mises distribution (β = 5, μ = 0)

The target is moving in the direction of μ = 0 indi-
cated by the arrowed line. For each of the candidate cells,
the probability density is drawn by a red bar. The shape of
the von Mises distribution becomes sharp and the proba-
bility densities of the candidate cells in the moving direc-
tion are increased as β increases. On the other hand, the
shape of the distribution becomes smooth as β decreases.

β in Eq. (1) is derivable from a statistical direction of
the moving target [3]. As well as our previous work, we
derive β by using the Newton-Raphson method. For this
purpose, we define the statistical direction as follows:

I1(β)

I0(β)
=

1

N

N∑
n=1

cos(μn − μa), (2)

where I1(·) represents the modified Bessel function of
order 1. μn is a moving direction of the target in n-th
monitoring step as illustrated in Fig. 5. The sentinel con-
tinues to monitor the moving direction, μn, of the target
in each time step.
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Fig. 5 Monitored moving direction of target

From the N directional data, μa in Eq. (2) is calcu-

lated as μa = tan−1
∑N

n=1 sin(μn)∑N
n=1 cos(μn)

. While μn indicates

the moving direction at that position, μa indicates the
moving direction based on the entire data N . Therefore,
β is increased as a target moves in a linear manner. In
this case, the target is expected to continue moving in the
same direction. On the other hand, β is decreased as a
target moves in different directions. In this case, since
the probability densities of all the candidate cells become
uniform, the target is expected to move in any direction.

3. FUTURE POSITIONS OF TARGET

Each time a target is monitored, the probability density
of the von Mises distribution, f , is calculated from Eq.



(1). The probability densities in the candidate cells (see
blue ones in Fig. 2) are used for estimating the future
positions of the target. For an unknown destination of the
target, we assume a destination cell, θη . At time t, the
current position of the target is represented by xt. The
moving probability of the target from xt to Xt+1 at time
t+ 1 is formulated as follows:

P (Xt+1|xt, θη) = K−1 exp[−α{δ(xt, Xt+1, θη)

−δ(xt, θη)}]× f(μ, θ), (3)

where the normalizing constant, K, is defined as K =∑
xt+1∈χ+ Pr(Xt+1|xt, θη). δ(·) represents a distance

composed of the parameters. Thus δ(xt, Xt+1, θη) =
δ(xt, Xt+1) + δ(Xt+1, θη), where δ(A,B) represents an
Euclidean distance between A and B. χ+ is a set of xt+1,
which is a reachable position from the current position,
xt, in one step.

Eq. (3) is based on a probabilistic dynamics model
[2]. As can be seen in the last factor, the probability den-
sity function is additionally used in this model. As a re-
sult, the moving probability of the target is calculated in
consideration of the moving direction even in the aerial
environment. In each cell, the moving probability of the
target at time t is formulated as follows:

P (Xt+1|x1:t) =∑
θη∈Θ[P (Xt+1|xt, θη)× P (θη|x1:t)], (4)

where x1 represents a position when the target was firstly
monitored by the sentinel. Θ represents a set of the candi-
date cells for a destination. P (Xt+1|xt, θη) is derived di-
rectly from Eq. (3). P (θη|x1:t) is calculated using Bayes’
theorem given the monitored positions, x1, x2, · · · , xt

:= x1:t, up to time t as follows:

P (θη|x1:t) ∝ P (xt|xt−1, θη)× P (θη|x1:t−1), (5)

where P (xt|xt−1, θη) is the likelihood of monitoring and
derived directly from Eq. (3). P (θη|x1:t−1) is recursively
updated as the previous posterior.

Given a destination cell, θη ∈ Θ, the moving prob-
ability of a target from xt to Xt+1 is calculated within
the χ+ from Eq. (3) and Eq. (4). This calculation pro-
cess is repeated for all the candidate cells, Θ. In each cell
within χ+, the moving probability is calculated depend-
ing on the number of candidate cells. After the calcula-
tion for all the candidate cells, the moving probability in
each cell is averaged. For the averaged moving probabil-
ities, a cell with the maximum probability is estimated as
the next position of the target, x̂t+1. Fig. 6 illustrates the
calculation process.

In Fig. 6(a), the target is shown by a black dot. The
current position is xt. The set of cells surrounded by
the thick line is χ+. Each of the cells, Xt+1, is reach-
able from the current position, xt in one step. For these
cells, the moving probabilities are calculated as shown in
Fig. 6(b). Highly colored cells have higher probabilities.
As an example, the cell with a red dot has the maximum
probability. Thus the cell is an estimated next position of
the target, x̂t+1.
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Fig. 6 Calculation of moving probability

On the basis of the estimated position, x̂t+1, the next
position, x̂t+2, is further estimated. Hence, by repeat-
ing the calculation described above, the future positions,
x̂t+1, x̂t+2, · · · , of the target are gradually estimated. Fi-
nally, the target reaches a candidate cell. Therefore, a
series of the positions, x̂ = {x̂t+1, x̂t+2, · · · }, is the esti-
mated future positions of the target at time t. Fig. 7 illus-
trates the estimated future positions based on the moving
probability.

Estimated destination

Targetx
t
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Fig. 7 Estimated future positions of target x̂

At time t, the target position is xt. For the current po-
sition, the calculation is repeated until the target reaches
a candidate cell. A gray cell has the maximum probabil-
ity in each calculation. Therefore, the series of the cells
is the estimated future positions, x̂. Moreover, when the
estimated future position reaches a candidate cell, the cell
is the estimated destination.

The estimation result described above is for the target
in xt. After the target moved to xt+1 in the next time step
t + 1, the position is monitored and the probability den-
sity function of the von Mises distribution is calculated
as described in Section 2. Based on the moving direc-
tion, the estimation process described in this section is
sequentially executed. This enables the surveillance sys-
tem to estimate the correct future positions even if the
target changes the moving direction.

4. APPROACH BEHAVIOR OF
SEARCHERS

In terms of surveillance, searchers are required to take
into account not only a monitoring spot, but also a series
of actions toward the spot. This is the optimal approach
behavior of searchers. We have proposed an optimal pa-
trolling strategy for mobile robots [4]. This strategy was



based on a value iteration method [5]. In this paper, there-
fore, we use the value iteration method for the optimal
approach behavior.

A value iteration method has been used for calculating
an optimal action at every state in a space divided into
finite number of discrete states. The output of this method
was a so-called state-action map that converts each state
to an action [6]. As illustrated in Fig. 2, the space of the
environment is already divided into the cells. Therefore,
we also focus on this state-action map.

In the value iteration method, the state is defined as a
cell occupied by a searcher, and the action is defined as
a moving direction of the searcher in the cell. The opti-
mal action indicating the moving direction in each cell is
given to the searchers as the policy. For calculating the
policy, the following value function is used:

V (si) =
∑
sj∈S

P (sj |si, ai,j)

×{R(sj |si, ai,j) + γV (sj)}, (6)

where si and sj represent cells i and j occupied by a
searcher. ai,j represents an action to move j from i.
P (sj |si, ai,j) is a state transition probability, 0 or 1, from
si to sj given action ai,j . R(sj |si, ai,j) is a reward func-
tion and γ is a discount factor.

By repeating the recursive calculation of the value
function, finally, the state value is optimized on the basis
of Bellman update [7]. For the optimal value function,
V ∗ = maxai,j∈Ai

V , an optimal action in each state is
obtained with the use of the greedy algorithm. The opti-
mal action in state s is represented by π∗(s). This policy
π∗ is used by the searchers as the state-action map. Con-
sequently, the searchers are enabled to move toward a cell
with the maximum value of V ∗ according to the moving
direction, i.e., π∗. A series of the actions is the optimal
approach behavior of searchers toward the target.

In the surveillance system, the searcher in a cell is al-
lowed to move to the adjacent cells. Hence, the finite
action set is defined as A ={front, front right, right, back
right, back, back left, left, front left}. Fig. 8 illustrates an
example of V ∗ and π∗.
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6.8 7.0 7.1 6.6 6.5 6.7 7.0 7.4

6.6 6.8 6.6 6.5 6.7 7.0 7.4 7.4

6.6

(a)Optimized value function V ∗ (b)Optimal policy π∗

Fig. 8 Optimal approach behavior

In Fig. 8(a), at the black cell in which V ∗(s) = 6.6,
the greedy algorithm simply selects a cell with the highest
state value from the eight adjacent gray cells in addition
to the current cell. In Fig. 8(b), π∗(s) indicates the mov-
ing direction by an arrow. A double circle represents a
monitoring spot, which is the end of the approach. Thus
the optimal approach behavior of a searcher at the black
cell is composed of the following actions: “left,” “front

left,” and “front,” as depicted by the gray cells. π∗(s) en-
ables searchers to optimally approach the target not only
in the black cell, but also in other cells.

As can be seen in Eq. (6), the optimal approach be-
havior depends on the reward function. In this paper, we
present the following reward function:

R(sj |si, ai,j) = ω1P (i)

+ω2

(
1− Dpmax

(i)

M

)
+ ω3

(
1− Dd(i)

M

)
, (7)

where P (i) = p(i)
pmax

. p(i) represents a moving probabil-
ity of cell i, and pmax represents the maximum moving
probability defined as pmax = maxi p(i). Dpmax

(i) and
Dd(i) are normalized distances by M . M is a diameter of
the monitoring area. Dpmax

(i) represents a distance be-
tween a cell with the maximum moving probability and
i, and Dd(i) represents a distance between an estimated
destination cell and i. ω1, ω2, and ω3 are weights.

The reward function in Eq. (7) enables the searcher
to proactively approach the target in consideration of the
moving probability and destination. In this paper, we
further take into account an encounter area between the
searcher and target. The encounter area is defined by two
circular areas of the searcher and target. A radius of each
circle is calculated from the velocity and time. Thus the
overlapped area of the two circles is the encounter area.
Fig. 9 illustrates the encounter areas.
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Fig. 9 Encounter areas between three searchers and target

The black dot indicates the moving target. The other
three, red, green, and blue dots indicate the searchers.
As an example, it is assumed that the target moves with
twice the velocity of the searchers. Between the target
and each of the three searchers, cells corresponding to
the encounter areas are painted in the same colors. In this
paper, we present the following reward function:

R(sj |si, ai,j) = α(i)

(
ω1P (i)

+ω2

(
1− Dpmax

(i)

M

)
+ ω3

(
1− Dd(i)

M

))
, (8)

where α(i) = 1 if cell i is in the encounter area; other-
wise, α(i) = 0.

The reward function in Eq. (8) enables the searchers to
approach the target in consideration of the encounter area
in addition to the moving probability and destination. In
other words, even if a cell has a higher moving probability



or is estimated as a destination, the cells in another area
are all ignored.

5. SIMULATION EXPERIMENT

5.1. Estimation Accuracy
5.1.1. Simulation Settings

In this experiment, an incoming target moves toward a
destination cell. For this moving target, the future posi-
tions are estimated in each simulation step. For the esti-
mation, α used in Eq. (3) is given as α = 0.5. In order
to discuss the estimation accuracy, we focus on a gap be-
tween the estimated destination and true destination. Fig.
10 shows two moving paths of the target.

Path 1

Path 2

Target

x

x

Fig. 10 Straight path (Path 1) and curved path (Path 2)

The target depicted by a black dot is coming into the
monitoring area. The radius of the monitoring area is 300
[m]. The target has two destinations marked by “x” and
moves along the straight and curved paths. For compar-
ison, the destination is estimated from the most resent
monitored positions, xt and xt−1. A linear path that
passes through xt and xt−1 is applied, and the point of
intersection between the linear path and the edge of the
monitoring area is the estimated destination of the target.

5.1.2. Estimation Results
For the moving target in Fig. 10, two destinations are

estimated with the use of the proposed method and com-
parison method based on a linear path. Fig. 11 shows the
moving probability of the target.

(a)Path 1 (b)Path 2

Fig. 11 Moving probability of target at time t

At time t, the future positions of the target were cal-
culated. The brightness of color in each cell indicates the
moving probability. In these results, the moving prob-
abilities of the cells along Path 1 and Path 2 were rela-
tively higher. Although right after the target came into

the monitoring area, we can see that the moving direc-
tion was predicted successfully. As the estimation result,
Table 1 shows the averaged estimation gap in each step.

Table 1 Estimation gap [m]

Estimation method
Path Linear Proposed

1 12.9 12.9
2 235.9 32.6

As for Path 1, the estimation gap was 12.9 [m]. Since
the size of a cell was 20 [m] × 20 [m], both the meth-
ods successfully estimated the correct destination. As
for Path 2, the proposed method estimated the destina-
tion with the sevenfold greater accuracy than the com-
parison method. This is because that the target continu-
ously changed the moving direction rightward. For this
target, since the moving direction was correctly predicted
as shown in Fig. 11(b), the proposed method succeeded
in estimating the destination.

5.2. Surveillance System
5.2.1. Simulation Settings

Fig. 12 illustrates the surveillance environment. The
pink circle indicates the monitoring area with a radius of
300 [m].
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Sensing range

200 [m]

Waypoint

DestinationTarget
Searcher Searcher

Path Path

Fig. 12 Surveillance environment

The red dots denote the initial positions of the three
searchers. The moving velocity of the searchers is 300
[m/min]. Each searcher is allowed to identify the target
in the sensing range depicted by a red circle with a radius
of 50 [m]. In total, 1000 trials are conducted. In each
trial, one target comes into the monitoring area. At the
same time, a waypoint and destination cells are given to
the target in a random manner. The waypoint is given
within a dashed circle. The destination is given from the
candidate cells. The target moves toward the waypoint
and destination at a velocity of 600 [m/min].

In order for the searchers to approach the target,
three comparison strategies are applied. The first strat-
egy allows the searchers to approach the current posi-
tion of the target. The second and third strategies are
based on the probabilistic approach. The future posi-
tions of the target at time t are already estimated as
x̂ = {x̂t+1, x̂t+2, · · · , x̂N}, where x̂N corresponds to



the estimated destination. As for the moving probability,
a cell of x̂t+1 has the maximum probability, pmax. Hence,
the second strategy allows the searchers to approach the
estimated destination, x̂N , and the third strategy allows
the searchers to approach a cell with pmax, x̂t+1. In or-
der for the searchers to optimally approach the target, two
more strategies are applied. In the fourth and fifth strate-
gies, Eq. (7) and Eq. (8) are used as the reward func-
tion. The weights are given as ω1 = 0.5, ω2 = 0.2, and
ω3 = 0.3.

5.2.2. Surveillance Results
In order to evaluate the probabilistic approach of by

the searchers, the results of the first, second, and third
strategies are compared. Table 2 shows the number of
identified targets for 1000 targets.

Table 2 Number of identified targets

1st: Current position 2nd: x̂N 3rd: x̂t+1 with pmax

684 703 724

Compared to the first strategy, the searchers based on
the second and third strategies identified more targets.
This result indicates the effectiveness of estimating the
future positions of the target. The third strategy resulted
in the best performance from the three strategies. Thus
the result of this strategy is compared to the fourth and
fifth strategies as shown in Table 3.

Table 3 Increased number of identified targets based on
optimal approach behavior

3rd: x̂t+1 with pmax 4th: Eq. (7) 5th: Eq. (8)
724 754 846

Compared to the third strategy, the searchers based on
the fourth and fifth strategies identified more targets. This
result indicates the effectiveness of optimizing a series
of the actions of the searchers. It is noticeable that, al-
though both the fourth and fifth strategies were optimal,
the number of identified targets based on the fifth strat-
egy was increased by approximately 100, compared to
the fourth strategy. This result indicates the effectiveness
of taking the encounter area into account. In other words,
the searchers successfully identified the most targets by
ignoring the cells outside the encounter areas.

In order to observe the optimal approach behavior of
the searchers, their trajectories are compared. Fig. 13
shows a result in a trial. The trajectories of the searchers
are depicted by red, green, and blue lines. The target and
the trajectory are depicted by the arrow and black line.

In Fig. 13(a), the trajectory of the moving target
reached the destination. This result indicates that the
searchers failed to identify the target. In Fig. 13(b), on
the other hand, the target was identified by a searcher.
These results were caused by the different behavior of the
searcher denoted by the red line. The red searcher in Fig.
13(a) first moved in the anterior direction of the target.
After that, the searcher changed the direction depending
on the target. However, since the target moved with twice
the velocity of the searcher, the searcher was left behind

Target

(a)4th: Eq. (7)

Identify

(b)5th: Eq. (8)

Fig. 13 Comparison of optimal approach behavior

by the target. In contrast, the red searcher in Fig. 13(b)
moved almost in the same direction as the target; accord-
ingly, this behavior successfully enabled the searcher to
approach and identify the target.

6. CONCLUSIONS

In this paper, we presented an aerial surveillance sys-
tem composed of single sentinel and multiple searchers.
In order for the searchers to identify moving targets, the
future positions were estimated and the approach behav-
ior was optimized. In the simulation experiments, the
system succeeded in estimating the future positions of a
target regardless of the straight and curved moving paths.
Furthermore, the searchers based on the optimal approach
behavior successfully identified targets as many as pos-
sible. Especially, the surveillance performance was in-
creased more than 10 [%] in consideration of the en-
counter areas between the searchers and target. From
these results, finally, the effectiveness of the surveillance
system for the moving targets was shown.
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