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Abstract. This work examines the Cooperative Hunters problem, where a swarm
of unmanned air vehicles (UAVs) is used for searching after one or more “evading
targets”, which are moving in a predefined area while trying to avoid a detection
by the swarm. By arranging themselves into efficient geometric flight configurations, the UAVs optimize their integrated sensing capabilities, enabling the search
of a maximal territory.
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Introduction

In the world of living creatures, “simple minded” animals such as ants or birds cooperate to achieve common goals with surprising performance. It seems that these animals
are “programmed” to interact locally in such a way that the desired global behavior is
likely to emerge even if some individuals of the colony die or fail to carry out their task
for some other reasons. It is suggested to consider a similar approach to coordinate a
group of robots without a central supervisor, by using only local interactions between
the robots. When this decentralized approach is used, much of the communication overhead (characteristic to centralized systems) is saved, the hardware of the robots can be
fairly simple, and better modularity is achieved. A properly designed system should
achieve reliability through redundancy. In addition, the scalability that is obtained by
using a decentralized design often results is a robotics system whose performance can
successfully compete with a centralized approach. Furthermore, the analysis of such
systems are usually much easier.
In recent years significant research efforts have been invested in design and simulation of multi-agent robotics and intelligent swarms systems — see e.g. [2–4] or [5–7]
for biology inspired designs (behavior based control models, flocking and dispersing
models and predator-prey approaches, respectively), [20–23] for economics applications and [24, 35] for physics inspired approaches).
Tasks that have been of particular interest to researchers in recent years include synergetic mission planning [8], fault tolerance [9], swarm control [10], human design of
mission plans [11], role assignment [12], multi-robot path planning [13], traffic control
?
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[14], formation generation [15], formation keeping [16], exploration and mapping [17],
cleaning [18] and dynamic cleaning [19] and target tracking [26].
Unfortunately, the mathematical geometrical theory of such multi-agents systems is
far from being satisfactory, as pointed out in [25] and many other papers.
One of the most interesting challenges for a robotics swarm system is the design
and analysis of a multi-robotics system for searching areas (either known or unknown)
[27–31, 34] or see [37] for a survey of search and evasion strategies. Interesting works
to mention in this scope are those of [32, 33], where a swarm of ant-like robots is used
for repeatedly covering an unknown area, using a real time search method called node
counting. By using this method, the robots are shown to be able to efficiently perform
such a coverage mission, and analytic bound for the coverage time are discussed.
While in most works the targets of the search mission were assumed to be idle, recent works considered dynamic targets, meaning — targets which after being detected
by the searching robots, respond by performing various evasive maneuvers intended to
prevent their interception. In this context it is interesting to mention the roots of this
field, dating back to World War II [39, 40]. The first planar search problem considered
is the patrol of a corridor between parallel borders separated by width W . This problem was solved by in [38] in order to determine optimal patrol strategies for aircraft
searching for ships in a channel.
A similar problem was presented in [1], where a system consists of a swarm of
UAVs (unmanned air vehicles) was designed to search for one or more such “smart targets” (representing for example enemy units, or alternatively a lost friendly unit which
should be a found and rescued). In this problem (presented in Section 2, the objective of
the UAVs is to find the targets in the shortest time possible. While the swarm comprises
relatively simple UAVs, lacking prior knowledge of the initial positions of the targets,
the targets are equipped with strong sensors, capable of telling the locations of the UAVs
from very long distances. The search strategy suggested in [1] defines flying patterns
which the UAVs follow, designed for scanning the (rectangular) area in such a way that
the targets cannot re-enter sub-areas which were already scanned by the swarm, without
being detected (a summary of this solution is presented in Section 3).
This work suggests an improved geometric approach for designing and analyzing
such a “cooperative hunters” robotics system. This approach is presented in Section 4,
demonstrating a design of a system, which uses improved “flying patterns” for achieving an efficient hunt. The efficiency of the new geometric flying configuration is analyzed, and compared both to techniques discussed in previous works and to the optimal
solution for the problem.

2

The Cooperative Hunters Problem

As described above, the Cooperative Hunters problem discusses a swarm of UAVs utilized for searching and intercepting a set of evading targets. Following are more details
concerning this model, as presented in [1]. Note that in the model described below several “real life” properties (such as sensors’ errors or search regions which have curved
topographies) were intentionally omitted, in order to provide a clear view of the geometric analysis system.
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The Targets

The targets are able to move at a (known) maximum speed of Vtarget . Aside from knowing the targets’ maximal speed, the UAVs possess no additional information regarding
each target’s actual speed or course. Each target is free to adjust its course and speed
and is, in fact, assumed to be capable of intelligent evasion. Each target may spot the
searcher UAVs from a distance (far beyond the searchers’ detection range) and subsequently maneuver in an attempt to evade detection. This work focuses on the detection
task only, leaving the actual tracking and handling of the targets once discovered out of
the scope of this paper.
2.2 UAVs and Sensors
To carry out the search, a group of identically configured UAVs is given, each flies at
a constant velocity of VU AV . We assume that each aircraft can detect targets (using its
sensors of range D) according to a definite range law of detection — specifically, the
aircraft will always detect a target that is placed within a radial distance of D
2 from
it, and will never detect targets which are located beyond this range3 . The UAVs are
equipped with Global Positioning System (GPS) receivers so that they can accurately
ascertain the coordinates of their location at any time. Additionally, each UAV is aware
of the geographic boundaries of the search region.
2.3 The Search Region
The search region is assumed to be known in advance, that is — the targets are known to
be confined to a specific finite planar region. This assumption originated from the fact
that a vehicle convoy might, for example, be surrounded by mountains, water and other
features that restrict its location to a large (but limited) area. Similarly, a small boat
patrolling crowded shipping lanes might have a fuel supply that restricts how far from
the coastline it might proceed, or alternatively — a small yacht lost as a lake which
should be found and rescued can be assumed to stay in the water. Simply put, each
target’s location is confined at all times to a rectangular region of width X, length Y and
area A = X · Y . Without limitation of generality, the label X is assigned to the shorter
side of the region (i.e. X ≤ Y ) and note that X is usually considerably larger than
the sensor’s detection diameter D. Apart from being confined within the rectangular
boundaries of the search region, no other information concerning the targets’ locations
is available (as such, we assume a target’s location is uniformly distributed over this
region).
2.4 The Goal
The objective of this work, as declared in [1], is to develop an efficient search methodology for employing a UAV swarm in order to efficiently locate intelligent and evading
3

As in reality, the sensors have finite detection time, the value of D used in the model can be
slightly smaller than the actual sensors’ range, in order to generate positive overlap between a
pair of UAVs moving in parallel (see more details in Section 4.)
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targets within the search region. The search algorithm should attempt to maximize the
probability of targets’ detection and minimize the expected search time while minimizing the number of UAVs required. The algorithm should adapt in the face of UAV failures by reconfiguring the UAVs to optimally continue the mission with the surviving
assets. The execution of the algorithm (including any adaptations necessitated by the
loss of UAVs) should be accomplished with a minimum amount of control information
to be passed between UAVs.
In the spirit of designing a system which uses as simple agents as possible, we
aspire that the agents will have as little communication capabilities as possible. With
respect to the taxonomy of multi-agents discussed in [36], we would be interested in
using agents of the types COM-NONE or if necessary of type COM-NEAR with respect
to their communication distances, and of types BAND-MOTION, BAND-LOW or even
BAND-NONE (if possible) with respect to their communication bandwidth.

3 Previous Results
A search algorithm for the UAVs was presented in [1], designed to both limit the amount
of information that must be exchanged between UAVs and to use simple algorithms to
modify the search in the event of a UAV loss. This solution used a small group of predefined swarm flying patterns. The flying pattern guarantee a successful completion of
the mission, while their limited number allows an efficient and automatic reconfiguration of the UAVs array, in the case of a UAV malfunction. The initial number of UAVs
in the pattern is decided (by ground commanders) prior to launch, and each UAV is
given the pattern, its position in the pattern, and the dictionary of allowable alternative
patterns.
To achieve high searching efficiency, the UAVs form and maintain a configuration
of a straight line, as can be seen in Figure 1. The lines formation then moves and scans
a portion of the rectangle (of size S) by moving south. Upon reaching the boundaries of
the search region, the formation travels a constant distance eastwards, and scans another
portion of the search region, by going north. Note that both scanned areas overlap each
other to prevent targets from re-entering a scanned area. The overlap region between
both scanned areas is of size B. This process continues repeatedly, until the eastern
boundaries of the search area are met, at which time all targets are guaranteed to be
detected. A visual demonstration of the above is presented in Figure 2.
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Fig. 1. A line formation of the UAVs, demonstrating a static detection area of N · D.

The following result appears in [1] and demonstrates a lower bound over the number
of UAVs required to ensure a successful completion of the search mission :
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Fig. 2. An illustration of the algorithm proposed by Wincent et al. [1].

Lemma 1. Assuming we have N identically configured UAVs, moving at velocity VU AV ,
arranged in a line formation, such that their effective sweep width is N · D, searching
for targets which are capable of moving at velocity Vtarget . Then, the minimal number
of UAVs required to ensure a forward-moving search with a detection probability equals
to one is given by :
½¹
º
» ¼¾
2X · Vtarget
Y
Nmin = min
+ 1,
VU AV · D
D

4 Improved Geometrical Flying Patterns
Let N, D, M, Y and X denote the number of UAVs, their sensors’ detection diameter,
the line formation’s scan width (note that M = N · D), the length of the rectangular
region and the width of the rectangular region, respectively. We now show an algorithm
that can guarantee a successful detection of the targets with half the number of UAVs
required for the algorithm of [1].
4.1

Description of the Algorithm

Similarly to the algorithm of [1] we use a repeated scanning formation (north — south
and vice versa), sweeping by a line formation of UAVs (as illustrated in Figure 3).
Before each sweeping pass, the UAVs are located at either the northern or southern
boundary of the search region, as a line formation. In Figure. 3 two sweeping passes are
demonstrated. Without loss of generality let us assume that the first pass starts at time
t = 0. Before the first and after the second pass the planes are at the northern boundary
of the search region (a light-gray rectangle shows the addition to the “clean” area after
the two passes).
The line formation first moves from the segment BC to AD. For the sake of simplicity, we assume the region west to the segment BF (appeared as dark gray in Figure 3)
to already be clean at time t = 0.
The points A and D towards which the UAVs formation heads are selected in such
|
a way so that V|AB|
= V|AF
(thus preventing the targets from re-entering the already
target
U AV
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Fig. 3. An illustration of the improved searching algorithm.

cleaned region west of the line AB). Let us assume that VU AV > Vtarget and denote
|
T = V|AB|
= V|AF
.
target
U AV
Lemma 2. When the formation reaches AD, the southern side of the rectangle at time
t = T , the region to the west of line DJ is clean.
Proof. We partition the region to the west of line DJ to two parts and prove the lemma
for each of them separately :
1. No target can move to the west of line AB. Suppose a target crosses the line at
some point Z ∈ [AB]. We assume that the target moved directly westwards, in
order to reach a maximal distance from the UAVs (any other can be treated as a
westwards movement with a smaller Vtarget ). Then, by the choice of A, if at time
t = 0 the target was in Q ∈ [BF ], where Q is such that ZQ is parallel to axis X
and the UAV at B, both the UAV and the target would reach Z simultaneously and
the target will not cross AB undetected.
2. A target cannot move into ABJD. Indeed if it waits at line CD until the UAVs
formation passes, and then heads westwards, by the choice of point A the target
will reach line JD at the same time as the formation reaches the southern side of
the area, and hence, will be detected.
When the formation reaches the segment AD, it shifts eastwards to occupy segment
EG, in such a way that the area to the west of EK is guaranteed to be clean. Hence E
is chosen such that V|AE|
= V|ED|
. This completes the description of one pass of the
target
U AV
algorithm (as from EG the formation moves northwards to HI, then eastwards, etc’).
4.2

Analysis of the Algorithm

In this section we shall analyze the behavior of the algorithm for different values of
U AV
VU AV , Vtarget and X. First, we find the minimal ratio VVtarget
, given X, for which a
successful completion of the mission is guaranteed.
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X
U AV
Lemma 3. If VVtarget
≥ M
then the UAVs formation is able to move eastwards while
maintaining the area west to it clean.

Proof. In order for the UAVs formation to be able to move eastwards while maintaining
a clean area behind, each additional algorithm’s pass must result in increasing the clean
area to the west of the UAVs formation by some region of length a > 0. This can be
maintained as long as the time it takes the formation to move from AD to EG is smaller
than the time it takes a potential target to move from DJ to KE.
|F D|−a
|BA|
|+a
Hence, it must hold that |AF
VU AV > Vtarget , when A is chosen such that VU AV =
|F A|
Vtarget

(namely — the selected flying angle of the UAVs formation). That is, for the
maximal possible propagation a we have:
(
X 2 + (Vtarget T )2 = (VU AV T )2
(1)
Vtarget T +a
M −Vtarget T −a
=
VU AV
Vtarget
which can also be written in the following way :
(
2
T2
= V2 X
−V 2
U AV

target

2
a(Vtarget + VU AV ) = M VU AV − Vtarget VU AV T − Vtarget
T

(2)

As we are interested in assuring that a > 0, and as both VU AV > 0 and Vtarget > 0,
we know that also a(Vtarget + VU AV ) > 0, and as a result, using equations set 2 we
know that
2
M VU AV − Vtarget VU AV T − Vtarget
T >0
meaning that :
M VU AV > (Vtarget + VU AV )Vtarget T
As both sides are positive, rewriting equations set 2 we get :
(
2
T2
= V2 X
−V 2
U AV

target

2
M 2 VU2AV > (VU AV + Vtarget )2 Vtarget
T2

(3)

Assigning the value of T 2 into the second part of equations set 3 we get :
2
M 2 VU2AV > (VU AV + Vtarget )2 Vtarget

VU2AV

X2
2
− Vtarget

which we shall rewrite as :
VU AV − Vtarget VU2AV
X2
· 2
> 2
VU AV + Vtarget Vtarget
M
Then, by denoting r =

VU AV
Vtarget

(4)

Equation 4 can be written as :
X2
r2 (r − 1)
> 2
r+1
M

(5)
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and, finally,
X2
X2
r
−
>0
M2
M2
A non-tight bound on r to satisfy Equation 6 is :
r3 − r2 −

r>

X
+1
M

(6)

(7)

Thus, given a sensor’s detection diameter D, using the velocities ratio result of
Equation 7, the minimal number of UAVs required to guarantee a successful completion
of the mission can be obtained :
½¹
º
» ¼¾
X · Vtarget
Y
Nmin = min
+ 1,
(8)
VU AV · D
D
This can now be compared to the result of [1], presented in Lemma 1, as follows :
Theorem 1. Let NminV incent and NminHunter denote the minimal number of UAVs
required to guarantee a successful completion of the mission using the algorithm presented in [1] and
§ Yin¨Section 4.1, respectively. Then, excluding the trivial case (of NminV incent =
NminHunter = D
):
»

NminHunter
4.3

¼
1
≤
NminV incent + 1
2

Lower Bound on the Number of UAVs — Optimality Proof

X
Once showing in the previous section that if r > M
+ 1, mission completion of a UAVs
formation using the proposed algorithm can be guaranteed, we would now like to prove
the following Theorem :
X
Theorem 2. If r < M
, the UAVs will not be able to complete their mission, regardless
of the algorithm they employ.

Proof. Given a cooperative hunting algorithm, denote by C(t) and S(t) the convex hull
of the region guaranteed to be clean of targets at time t, and its area, respectively. We
X
shall now examine the behavior of ∂S
∂t . Assuming that r < M , we show that if t is such
YX
∂S
that S(t) = 2 then ∂t < 0, proving that the algorithm will not be able to complete
its mission, once a certain targets-free region has been secured. Denote with P (t) the
length of the circumference of C(t) that is not part of the rectangle’s boundary. As the
effective scanning region of the UAVs equals M , then during ∆t time the UAVs can
increase the area of the targets-free zone by at most ∆tM · VU AV . As the targets can reenter the targets-free zone from its boundaries (but not from the exterior of the bounding
rectangle), they can decrease its area proportionally to its perimeter P (t). Therefore, we
can see that :
S(t + ∆t) − S(t) < ∆t M · VU AV − ∆t P (t) · Vtarget

(9)
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By dividing both sides by ∆t we get :
∂S
≤ Vtarget · (r · M − P (t))
∂t
and by using the assumption that

X
M

> r we can see that :

∂S
< Vtarget · (X − P (t))
∂t
We now need to show that (S(t) =
Lemma 4 below.

YX
2 )

(10)

⇒ (X < P (t)), which in turn is shown in

Lemma 4. For a convex region C(t) contained entirely in a rectangle of dimensions X
and Y (X being the short side), of area S(t) = XY
2 , with sub-perimeter not touching
the rectangle’s boundaries P (t), it holds that P (t) ≥ X
Proof. We will divide the proof to several complementary parts, with respect to the
number of sides of the search rectangle, which the convex region C(t) touches.
– C(t) does not touch any of the sides of the search region — as the shape of a given
area which has the minimal perimeter is a sphere, it is clear that P (t) is √
greater or
equal to the perimeter√
of a sphere of an area S(t), meaning that : P (t) > 2πXY .
As X ≤ Y and since 2π > 1, we see that : P (t) > X.
– C(t) touches a single side of the search region — by shifting the region towards
one of the sides orthogonal to the side it currently touches (namely, and w.l.o.g —
eastwards if the region touches the northern or southern sides, and northwards for
the eastern and western sides) a convex region with P 0 (t) ≤ P (t) is obtained.
Using the next section discussing regions touching two sides of the search region,
it can be seen that P 0 (t) > X, and therefore P (t) > X. See an example in Figure 4.
– C(t) touches two sides of the search region — in case the two sides are the northsouth or east-west couples, it is clear that P (t) ≥ 2X. For any other couple of
region’s sides, let us consider Z, the triangle formed when dissecting the search
region diagonally in such a way that the sides touching C(t) are both part of Z.
XY
Since the area of Z equals XY
2 , then since S(t) = 2 as well, either Z = C(t) (in
√
which case P (t) = X 2 + Y 2 > X) or all the following hold :
• C(t) = C1 (t) ∪ C2 (t)
• C1 (t) ∩ C2 (t) = ∅
• Z ⊃ C1 (t)
• Z ∩ C2 (t) = ∅
Let us assume without loss of generality that C(t) touches the western and southern sides of the search region. Let us denote by a and b the two points along the
hypotenuse of Z, which are contained in C(t), and which are the closest to the
western and southern sides, respectively. Let us denote the distance between the
western side to a by d(a) and the distance between the southern side to b by d(b).
It is clear that P (t) ≥ d(a) + d(b) + P 0 (t) (where P 0 (t) denotes the perimeter
of C2 (t), excluding the part of C2 (t) which touches Z). As P 0 (t) > ab (the subsegment of the hypotenuses of Z which touches C2 (t), which is located exactly
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between a and b, due to the convexity of C(t)), we can see that P (t) has at least the
length of some path beginning at the western side of the search region, proceeding to the hypotenuses of Z (at point a), going along the hypotenuses of Z until
reaching the point b, and proceeding to the southern side of the search region.
We now show that the length of any path starting at the western side, going to the
hypotenuses of Z, and returning to the southern side, is at least X :
It is obvious that the shortest path of such qualities will be in the form of two
straight lines, one starting at some point c along the western side, going straight
eastwards until reaching the hypotenuses of Z (denoted by e), and another going
from this point straight southwards (denoted by f ). Let d(e) denote the length of e
and let d(c) denote the distance between the western northern corner of the search
region to point c. Note that d(f ) = X − d(c). The length of the path is therefore
d(c)
P = d(e) + X − d(c). Note that since d(e)
= X
the path’s length can be written
¡
¢
¡
¢Y
X
X
as P = d(e) + X − Y d(e) = d(e) 1 − Y + X. It can easily be seen that for
∂P
> 0 (because X ≤ Y ) and therefore
every value of 0 ≤ d(e) ≤ Y we see that ∂d(e)
the minimal value of P is produced for d(e) = 0, which is P = X. See an example
in Figure 4.
– C(t) touches three sides of the search region — clearly, if the side not touched by
C(t) is the western or eastern, then P (t) ≥ X whereas if the side not touched by
C(t) is the northern or southern, then P (t) ≥ Y ≥ X.
– C(t) touches all the four sides of the search region — Let k be the number of corners
of the rectangle not contained in C(t). Let ai and bi be the lengths of the portions of
the sides adjacent to corner i that are not parts of C(t) (ai in the X coordinate and
bi in the Y coordinate). See an illustration of these notations in Figure 5. Then the
combined area of the triangles, formed by connecting these portions of the region’s
sides is :
k
X
ai bi
2
i=1
As C(t) is convex, by the definition of the triangles above, they contain all the area
of the search region, which is not part of C(t) (however, parts of the triangles may
also be contained in C(t)). Therefore, the combined area of the triangles must be
at least XY
2 , and thus :
k
X
ai bi
XY
≥
(11)
2
2
i=1
Since (a − b)2 = a2 + b2 − 2ab, and since (a − b)2 > 0 for all a, b ∈ R, we know
2
2
that a2 + b2 − 2ab > 0 and therefore a2 + b2 > 2ab and therefore a +b
> ab.
2
Hence :
¶ X
k
k
k µ 2
X
X
ai bi
ai + b2i
≥
ai bi ≥ 2
≥ XY
(12)
2
2
i=1
i=1
i=1
and also :

k
X
¡
i=1

¢
a2i + b2i ≥ 2XY

(13)
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Denoting ci the hypotenuses of the triangles, we get :
k
X

c2i ≥ 2XY ≥ 2X 2

(14)

i=1

As

³P

k
i=1 ci

´2

≥

Pk

2
i=1 ci

we can write :
Ã k !2
X
ci
≥ 2X 2

(15)

i=1

and therefore :

k
X

ci ≥

√

2X > X

(16)

i=1

As the sum of the hypotenuses of the triangles is a lower bound over P (t) (since it
is a sum of straight lines between pairs of points), we have shown that P (t) > X.

Fig. 4. An illustration of the second and third cases of Lemma 4.

References
1. P. Vincent, I. Rubin: “A Framework and Analysis for Cooperative Search Using UAV
Swarms”, ACM Simposium on applied computing, (2004).
2. S. Hettiarachchi, W. Spears: “Moving swarm formations through obstacle fields”, in International Conference on Artificial Intelligence, (2005).

12

Y.Altshuler, V.Yanovsky, I.A.Wagner and A.M.Bruckstein

b4

a3
b3

b2
a2

c3

c4

c2

c1

a4

b1
a1

Fig. 5. An illustration of the last case of Lemma 4. The clean region in the center is C(t).

3. I.A. Wagner, A.M. Bruckstein: “From Ants to A(ge)nts: A Special Issue on Ant—Robotics”,
Annals of Mathematics and Artificial Intelligence, Special Issue on Ant Robotics, Kluer
Academic Publishers, vol. 31, Nos. 1–4, pp. 1–6, (2001)
4. L. Steels: “Cooperation Between Distributed Agents Through Self-Organization”, Decentralized A.I - Proc. first European Workshop on Modeling Autonomous Agents in Multi-Agents
world, Y.DeMazeau, J.P.Muller (Eds.), pp. 175–196, Elsevier, (1990)
5. R.C. Arkin: “Integrating Behavioral, Perceptual, and World Knowledge in Reactive Navigation”, Robotics and Autonomous Systems, 6:pp.105-122, (1990).
6. M.J. Mataric: “Designing Emergent Behaviors: From Local Interactions to Collective Intelligence”, In J.Meyer, H.Roitblat, and S.Wilson, editors, Proceedings of the Second International Conference on Simulation of Adaptive Behavior, pp.432-441, Honolulu, Hawaii, MIT
Press, (1992).
7. T. Haynes, S. Sen: “Evolving Behavioral Strategies in Predators and Prey”, In Gerard Weiss
and Sandip Sen, editors, Adaptation and Learning in Multi-Agent Systems, pp.113-126.
Springer, (1986).
8. R. Alami, S. Fleury, M. Herrb, F. Ingrand, F. Robert: “Multi-Robot Cooperation in the Martha
Project”, IEEE Robotics and Automation Magazine, (1997).
9. L.E. Parker: “ALLIANCE: An Architecture for Fault-Tolerant Multi-Robot Cooperation”,
IEEE Transactions on Robotics and Automation, 14(2), pp. 220-240, (1998).
10. M.J. Mataric: “Interaction and Intelligent Behavior”, PhD Thesis, Massachusetts Institute of
Technology, (1994).
11. D. MacKenzie, R. Arkin, J. Cameron: “Multiagent Mission Specification and Execution”,
Autonomous Robots, 4(1), pp. 29-52, (1997).
12. C. Candea, H. Hu, L. Iocchi, D. Nardi, M. Piaggio: “Coordinating in Multi-Agent RoboCup
Teams”, Robotics and Autonomous Systems, 36(2- 3):67-86, August (2001).
13. A. Yamashita, M. Fukuchi, J. Ota, T. Arai, H. Asama: “Motion Planning for Cooperative
Transportation of a Large Object by Multiple Mobile Robots in a 3D Environment”, In Proceedings of IEEE International Conference on Robotics and Automation, pp. 3144-3151,
(2000).
14. S. Premvuti, S. Yuta: “Consideration on the Cooperation of Multiple Autonomous Mobile
Robots”, In Proceedings of the IEEE International Workshop of Intelligent Robots and Systems, pp. 59-63, Tsuchiura, Japan, (1990).
15. N. Gordon, I.A. Wagner, A.M. Bruckstein: “Discrete Bee Dance Algorithms for Pattern Formation on a Grid”, In the proceedings of IEEE International Conference on Intelligent Agent
Technology (IAT03), pp. 545–549, October, (2003).

Efficient Cooperative Search of Smart Targets Using UAV Swarms

13

16. T. Balch, R. Arkin: “Behavior-Based Formation Control for Multi-Robot Teams”, IEEE
Transactions on Robotics and Automation, December (1998).
17. I.M. Rekleitis, G. Dudek, E. Milios: “Experiments in Free-Space Triangulation Using Cooperative Localization”, IEEE/RSJ/GI International Conference on Intelligent Robots and
Systems (IROS), (2003).
18. I.A. Wagner, A.M. Bruckstein: “Cooperative Cleaners: A Case of Distributed Ant-Robotics”,
“Communications, Computation, Control, and Signal Processing: A Tribute to Thomas
Kailath”, pp. 289–308, Kluwer Academic Publishers, The Netherlands, (1997)
19. Y. Altshuler, A.M. Bruckstein, I.A. Wagner: “Swarm Robotics for a Dynamic Cleaning Problem”, in “IEEE Swarm Intelligence Symposium 2005”, pp. 209–216, (2005).
20. B.P. Gerkey, M.J. Mataric: “Sold! Market Methods for Multi-Robot Control”, IEEE Transactions on Robotics and Automation, Special Issue on Multi-robot Systems, (2002).
21. G. Rabideau, T. Estlin, T. Chien, A. Barrett: “A Comparison of Coordinated Planning Methods for Cooperating Rovers”, Proceedings of the American Institute of Aeronautics and Astronautics (AIAA) Space Technology Conference, (1999).
22. S.M. Thayer, M.B. Dias, B.L. Digney, A. Stentz, B. Nabbe, M. Hebert: “Distributed Robotic
Mapping of Extreme Environments”, Proceedings of SPIE, Vol. 4195, Mobile Robots XV
and Telemanipulator and Telepresence Technologies VII, (2000).
23. M.P. Wellman, P.R. Wurman: “Market-Aware Agents for a Multiagent World”, Robotics and
Autonomous Systems, Vol. 24, pp.115–125, (1998).
24. D. Chevallier, S. Payandeh: “On Kinematic Geometry of Multi-Agent Manipulating System
Based on the Contact Force Information”, The 6th International Conference on Intelligent
Autonomous Systems (IAS-6), pp.188–195, (2000).
25. G. Beni, J. Wang: “Theoretical Problems for the Realization of Distributed Robotic Systems”, Proc. of 1991 IEEE Internal Conference on Robotics and Automation, pp. 1914–1920,
Sacramento, CA, April (1991)
26. B. Shucker, J.K. Bennett: “Target tracking with distributed robotic macrosensors”, Military
Communications Conference 2005 (MILCOM 2005), vol. 4, pp. 2617–2623, (2005).
27. W. Kerr, D. Spears: “Robotic simulation of gases for a surveillance task”, Intelligent Robots
and Systems 2005 (IROS 2005), pp. 2905–2910, (2005).
28. I. Rekleitisy, V. Lee-Shuey, A. Peng Newz, H. Choset: “Limited Communication, MultiRobot Team Based Coverage”, Proceedings of the 2004 IEEE International Conference on
Robotics and Automation, New Orleans, LA, April, (2004).
29. K. Passino, M. Polycarpou, D. Jacques, M. Pachter, Y. Liu, Y. Yang, M. Flint, M. Baum: “Cooperative Control for Autonomous Air Vehicles”, In Cooperative Control and Optimization,
R. Murphey and P. Pardalos, editors. Kluwer Academic Publishers, Boston, (2002).
30. L.D. Stone: “Theory of Optimal Search”, Academic Press, New York, (1975).
31. B.O. Koopman: “The Theory of Search II, Target Detection”, Operations Research 4, 5,
503–531, October, (1956).
32. S. Koenig, Y. Liu: “Terrain Coverage with Ant Robots: A Simulation Study”, AGENTS’01,
May 28–June 1, Montreal, Quebec, Canada, (2001).
33. J. Svennebring, S. Koenig: “Building Terrain-Covering Ant Robots: A Feasibility Study”,
Auton. Robots 16(3):313–332.
34. R. Bejar, B. Krishnamachari, C. Gomes, B. Selman: “Distributed constraint satisfaction in
a wireless sensor tracking system”, Proceedings of the IJCAI-01 Workshop on Distributed
Constraint Reasoning, Seattle, WA (2001).
35. S. Kirkpatrick, J.J. Schneider: “How smart does an agent need to be?”, International Journal
of Modern Physics C 16, 139-155 (2005).
36. G. Dudek, M.R.M. Jenkin, E. Milios, D. Wilkes: “A taxonomy for multi-agent robotics”,
Autonomous Robots Journal, 3(4):375–397 (1996).

14

Y.Altshuler, V.Yanovsky, I.A.Wagner and A.M.Bruckstein

37. S. Alpern, S. Gal: “The Theory of Search Games and Rendezvous”, Boston, Massachusetts:
Kluwer Academic Publishers, (2003).
38. B. Koopman: “Search and Screening: General Principles with Historical Applications”, New
York, New York: Pergamon Press, (1980).
39. A. Thorndike: “Summary of antisubmarine warfare operations in World War II”, NDRC
Summary Report, (1946).
40. P.M. Morse, G.E. Kimball: “Methods of operations research”, Cambridge, Mass.: MIT Press
and New York: Wiley, (1951).

