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theory is leveraged because it provides a unifying framework for the analysis of systems subject to
bounded disturbances. Monte Carlo simulations are performed to validate the proposed condition for

sufficient pursuers selection.
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This work analyzes the performance of multi-agent control
methods in devising pursuer cooperation strategies for pursuit-
evasion games. The focus is on the e —Capture problem, where
a team of N pursuers tries to get € close to a faster evader.
The objective is to showcase how it is indeed possible to trade
off kinematic capabilities of the pursuer agents with number of
pursuers through the use of multi-agent control methods.

The motivation for selecting multi-agent control methods is
threefold. First, multi-agent control is scalable to any number of
pursuers and extendable to decentralized formulations. Second,
it allows the many tools of nonlinear system analysis to com-
pletely characterize performance as a function of the number of
pursuers and problem requirements, e.g., initial conditions and
maximum speed. Third is its ease of implementation.

This work is intended to provide a complementary perspective
to state-of-the-art differential game theory (DGT) approaches
for pursuer cooperation Weintraub et al. (2020); Garcia and
Bopardikar (2021). The main benefit of DGT approaches is
the ability to predict a saddle point solution to the game. This
means unilateral deviations from this solution only benefit the
adversary. The drawback is that the synthesis of controllers for
optimal formulations is notoriously hard to obtain in closed
form when considering a faster evader. Thus, results usually
apply to specific instances of an engagement. An example
is how optimal cooperative pursuer strategies for achieving
e—Capture rely on the pursuers first achieving an encirclement
configuration, which might prove unmanageable in practice.

The concept of pursuer capture through multi-agent control
methods was introduced in Rivera-Ortiz and Diaz-Mercado
(2018); Rivera-Ortiz et al. (2020). The focus is on reachability,
and specifically on directly controlling the capture sets (also
called region of dominance) of the pursuers. These sets con-
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stitute all the positions the pursuer can reach before or at the
same time as the evader. The main contribution of that work
(Theorem 1 Rivera-Ortiz et al. (2020)) states that a sufficient
condition for capture is that the union of the pursuer’s capture
sets persistently separates the evader from its goal. Coordinated
pursuer strategies were devised through the minimization of a
surrogate control objective that aimed at ensuring the pursuer’s
capture set spanned a given space while remaining at least
tangent.

The advantage of this formulation lies in its scalability Lee et al.
(2015), robustness Rivera-Ortiz and Diaz-Mercado (2018),
convergence properties Rivera-Ortiz et al. (2020), and exten-
sion from static to time-varying domains Xu and Diaz-Mercado
(2020). A decentralized approach for ensuring capture-set con-
nectivity through the use of control barrier functions was intro-
duced in Davydov et al. (2021), which led to a decrease in the
required number of pursuers.However, an explicit relationship
to provide capture guarantees as a function of the number of
pursuers and initial conditions is still missing.

Static conditions to provide capture guarantees as a function
of the number of pursuers were proposed in Khrenov et al.
(2021). The approach consisted of determining the minimum
number of pursuers needed for their capture sets to completely
span a worst-case coverage domain. The approach, however,
did not consider the dynamic effects of tracking performance by
the individual pursuers subject to maximum speed constraints.
Thus, the focus of this work is to provide capture guarantees
as a function of the number of pursuers by combining both the
static and dynamic requirements.

The main contributions of this work are twofold: (1) an an-
alytical framework for proving the boundedness of tracking
performance for different multi-agent control topologies real-
ized by pursuers subject to maximum speed saturation through
the use of contraction theory Lohmiller and Slotine (1998), as
well as (2) a verifiable condition for estimating the minimum



number of pursuers required for guaranteed capture. This last
contribution will enable the use of task allocation algorithms
via formal specifications in pursuit-evasion games given their
explicit requirement on task completion guarantees.

This work is organized as follows. Section 1 provides the math-
ematical background on contraction theory and introduction to
reach-avoid (RA) games. The multi-agent control descriptions
and tracking problems of interest are provided in Sections 2 and
3, respectively. Section 4 provides the main results from this
work, and Section 5 provides simulation verification. Section 6
provides conclusions.

The following notation is adopted throughout this work. Small
letters denote vectors (z); capital letters denote matrices (X);
and script font X denotes sets. 1y € RY is the vector of all
Is. The superscript (e) denotes the evader; (i) denotes the i
member of the pursuer team; and (p) denotes all pursuers.

1. MATHEMATICAL PRELIMINARIES

This work leverages properties of nonlinear contracting systems
to provide tracking performance bounds of multi-pursuer teams
subject to saturation. Given that tracking performance will
induce an error in the desired pursuer capture set, the objective
of this work is to characterize the required number of pursuers
such that capture guarantees can still be provided. To that end,
this section provides the relevant background in Contraction
Theory and characterization of pursuers’ capture sets for fast
evader games.

1.1 Contraction Theory Preliminaries

Contraction theory provides a new interpretation of system
stability which characterizes system trajectories that tend to
each other, rather than convergence to a fixed state. Thus,
it is said that a system is contracting if it tends to forget
initial conditions. The reason for leveraging contraction theory
results is that they can be used to provide uniform bounds in
non-differentiable norms, which are required for analyzing the
worst-case performance of multi-agent systems in ensemble
form. The following Contraction Theory results are provided
for the identity metric ©(z,t) = I.

Theorem 1. Contraction Lohmiller and Slotine (1998)
A system

z = f(x,t)
is said to be contracting if 3A > 0 such that the induced p
matrix measure of the Jacobian i, (%) < =), Yz, Vi
The value A is denoted the contraction rate.

For contracting nonlinear systems, this main result can be
extended to provide robustness properties of a nominal system
subject to bounded disturbances.

Theorem 2. Robustness Del Vecchio and Slotine (2012)
Consider a nominal system = = f(x,t) and a disturbed system
Zq = f(xq,t) + g(aq,t). If the nominal system is contracting,
with contraction rate A in a p-norm, then the disturbed system
trajectories are bounded by

l(t) = za(®)]lp < [£(0) = 2a(0)[|, e + §

where ||g(x,t)||, < d uniformly in time.

Table 1 summarizes the matrix norm and induced matrix mea-
sure used throughout this work. In the table, g;; is the ¢j-th
entry in A, and \;(A) is the i-th eigenvalue of A.

Table 1. Matrix Norm || A]|, and Induced Matrix
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1.2 Differential Game Theory Preliminaries

This work considers the coordination of N pursuers against a
fast evader in RA games. The evader tries to reach a goal set
‘P while actively avoiding capture by the pursuer team. It is
assumed that the players have bounded particle dynamics

¢ =u® 1)
for states !, x¢ € R?, and inputs u’ € {R?|||u’||, < 4P},
u® € {R?|||ul|oc < @°}. The concatenation of all pursuer
states o' is given by 2P € R2V. Throughout this work, it is
assumed that o = @”/u® < 1, and o > 0. The considered RA
game is as follows.

Problem 3. (RA Game in Finite Time) Game of a kind in which
the evader only wins if it reaches a desired target set P before a
final time ¢ r, while avoiding e—Capture. e —Capture is defined
asming,_n [|2(t) — 2°(t)|| < efort € [to, tf] given a fixed
e>0.

=,

In differential games, the capture set denotes the set of positions
where the pursuer can reach the evader. The vast majority of the
DGT work relies on simple representations of these sets using
Apollonius circles Isaacs (1999). However, this representation
becomes too conservative when considering pursuers with a
finite capture radius against a faster evader. In this case, Carte-
sian ovals provide a better representation of the capture set of
pursuers, as provided in the following theorem.

Theorem 4. Pursuer Capture Set for ¢ > 0 Garcia and Bopar-
dikar (2021)

Consider players with dynamics (1) and speed ratio 0 < o < 1
(i.e., faster evader). For a pursuer position x with capture dis-
tance ¢, and evader position x¢, the pursuer capture-set bound-
ary x € R? is given by the Cartesian oval

_ e cos(v" + ¢)
where
() = eo + d' cos(¢) & \/(0’5 + di cos(¢))? — (1 — 02)(di? — £2)
N 1— o2
i 0] o i —1| V(1—02)(d?*—e2)—0e
for ¢ € [—¢?, ¢'] givenby ¢' = cos 1[ a )(di ) ]

The distance d' = [Jo* — 2|}, and ' = tan~" (£=22)

1 _me
T1—%

2. MULTI-AGENT CONTROL FOR PURSUER
COORDINATION IN REACH-AVOID GAMES

This work analyzes a pursuer coordination addressing Prob-
lem 3 through multi-agent control. The multi-agent control



approach is based on the minimization of the locational cost
which treats the pursuers capture sets as resources to be dis-
tributed over an environment. The locational cost, which pro-
vides the surrogate coverage objective, is defined as

N .
Z/ Ip* — ql*dg, 3)
i—1 JVi(pst)

where pi(t) € M(t) is a mapping of the pursuer’s capture-
set location to the coverage domain, and V(p,t) constitutes
a proper partition of the coverage domain. This partition can
account for the size of the individual pursuer’s capture set,
for instance Vi(p,#) = {q € M(t)lw'llq — p'|| < wiq -
p?||, Vj # i}. The work in Rivera-Ortiz et al. (2020); Davydov
et al. (2021), and Khrenov et al. (2021) solves the coverage
problem in (3) for the center of the Apollonius circle with
center and radius given by p' = [z¢ — 0%2%]c,, 7' = ||2¢ —
2¢||ocy, where ¢, = 1/(1 — o?). The Apollonius circle
fully characterizes a pursuer’s capture set provided the particle
dynamics in (1) and a point capture objective, i.e., £ = 0. The
pursuer locations were then updated through the relationship

iP = (1 — o)p + o%i°. 4)

A gradient descent controller for minimizing (3) is provided by
Lloyd’s algorithm Lee et al. (2015):

p = K(C(pa t) - p)> (5)
where ¢(p, t) is the time-varying vector of center of mass for
each partition V(p,t). A Lyapunov-based controller for min-
imizing (3) is provided by the Time-Varying Domain (TVD)
controller Xu and Diaz-Mercado (2020):

= (1-220) (s + 220 g

for some gain x > 0.

Further consider M(t) is represented by a nonintersecting
curve v : [0, L] x R>¢g — M(t), where L is the time-
varying arc-length of M(t). Then, defining the time-varying
domain reference locations 71 (t) := 0 and 75(¢t) := L allows
us to obtain the desired time-varying centers of mass ¢(p, t) as
a function of agent weights w' as provided in Rivera-Ortiz and
Diaz-Mercado (2018). The next section provides the different

problems addressed in this work.

3. PROBLEM DESCRIPTION

It was shown in Rivera-Ortiz and Diaz-Mercado (2018) that
c(p,t) = g—;p + B#(t). Defining Ly £ T — g—;, the dynamics
in (5) and (6) reduce to
p=—kL;p+ rkBrf(t) (Lloyd’s) @)
p=—kp+kL;'Bi(t) (TVD), (8)

where the feed forward term Oc(p,t)/0t is set to zero for
comparison purposes. Then, the difference between Lloyd’s and
the TVD tracking dynamics arises from the partition scheme
used to calculate the center of mass ¢(p,t). Under the mul-
tiplicatively weighted partition, information from all pursuers
is needed to perform the matrix inverse L;l, whereas only
nearest-neighbor information is needed to compute L ¢. Thus,
TVD would provide a centralized controller topology, while
Lloyd’s provides a distributed controller topology. Under uni-
form domain partitions, both formulations are distributed.

The desired pursuer capture-set configuration in both (7) and
(8) is given by p £ L;lBP(t). This desired configuration

encapsulates the surrogate coverage objective; thus, exactly
satisfying it leads to guaranteed capture. However, this config-
uration cannot be exactly achieved because of the controller’s
finite response time. Furthermore, once the desired capture-set
dynamics are obtained, they are mapped through (4) and further
subject to saturation. Thus, the objective of this work is to
provide a quantitative method of accounting for the controller’s
finite response time and pursuer saturation constraints when the
pursuers track the desired capture-set configuration.

First, the tracking performance of Lloyd’s and the TVD con-
trollers at the capture-set level is analyzed. Second, the satura-
tion effect at the pursuer level is analyzed as follows. Assume
that there exists an invertible function p = h(&P, 2°(t)), such
that 27 = h=1(p, °(t)), and define the desired pursuer config-
uration Z(t) by p = h(Z, z¢(t)). To make the analysis tractable,
we reformulate the pursuer configuration dynamics using the
smooth saturation function

P = uP sat (k(Z(t) — zP)) . ©)
The saturation function is applied component-wise, i.e., for
y € R",

2 2 T

sat(y) = |— 0 —1, o, —— 1

o 1 + e_2y1 1 + 6_2'!/71 (10)

Finally, the worst-case tracking error for system (9) given by
|Z(t) — 2P(t)||s Will be related to the sufficient number of
pursuers needed to provide capture guarantees.

4. RELATING TRACKING PERFORMANCE TO
CAPTURE GUARANTEES

In this section, contraction theory is first used to character-
ize the impact of the coverage controller topology in tracking
performance. Then, an upper bound will be obtained for the
error dynamics system (9) that characterizes how the pursuers
with maximum speed saturation can track the desired pursuer
capture-set configuration. A circular description for the pur-
suer capture set will then be provided. Finally, the results are
combined to provide a verification condition for the sufficient
number of pursuers.

4.1 Tracking Performance at the Capture-Set Level

The matrices composing the desired capture-set center dynam-
ics, as originally derived in Davydov et al. (2021), are now
provided.

Definition 1. (Weighted Laplacian). The adjacency matrix for
the pursuers is given by A € RV*N ‘where [A];; = %wffwj
ifj=i+1orj=1i—1and [A];; = 0 otherwise. Hence,
A is tridiagonal. Further, the pursuer i’s neighborhood set by
Nt = {j € [N] ]| [A];j # 0}. The in-degree matrix is given
by D;n € RNYXN with D;, = diag(Aly). This results in
the Laplacian matrix . = D;, — A. Further defining B, =
diag(1,01xn_2,1) € R¥*¥ Jeads to the grounded Laplacian

matrix Ls(a) = L(a) + 1 B,, where a;; =

_wl
wr4wd *

Remark 1. Given the leader-follower structure of Ly («), it is
invertible as shown in Davydov et al. (2021).

Definition 2. (Actuation Matrix). Given [N pursuers, the actua-

p
1 {1 On—2 0} c RNx2.

tion matrix is given by B = 5 00N 1



Note that the dynamics can be extended to p’ € R? through the
Kronecker product

p=~k((—Lf(e) @ I)p+ (B ® I2)7(t)) .

Based on these definitions, the following useful Lemmas are
now provided.

Lemma l. —Ls1 = —%BTILN. Based on Definition 1, A >
0 (component-wise), diag(A) = 0 and Do, = diag(AL).
Because (A — Doy )1 = 0, it follows that —L;1 = —1 B, 1.
Lemma 2. For N = 2, p(Lf(a)) = —1/2. For N > 3,
Hoo(L¢(a)) = 0forany cv. Follows by Definition 1 and Lemma
1.Given —Lj = A — Doy — %BT, where B, is also diagonal,
it follows that pio (—Ly) = max(—Ly1).

Lemma 3. For a fixed set of parameters o, 0 < po(Ly(er)) <
1. Note that the matrix Ly = 2(Ls(e)" + Ly(a)), can be
written as Ly (o) = Ly (a) + 3B, where L, (o) = 3(L(a) +
L(a)T) = L(a)". From (Theorem 1 Xia and Cao (2017)), it
follows that 0 < A\ (L) < 3.

Defining the error z = p — L¢(a) ! B#(t), the error dynamics
for the systems in (7) and (8) are given by

2 = —kLjs(a)zp — L;l(a)B?(t), (Lloyd’s error) (11)
ir = —Kar — L;l(a)BF(t). (TVD error) (12)

Theorem 5. The TVD controller has a better tracking perfor-
mance bound than Lloyd’s in the co—norm for N = 2, and
in the 2-norm for N > 2. The contraction rates for (11)-
(12), which build on Lemma 2 and Lemma 3, are summarized
in Table 2. Thus, both systems are contracting by Theorem
1. Notice how both error dynamics in (11)-(12) are subject
to the same disturbance L;l(a)Bf(t). Further assuming the
disturbances are bounded, from Theorem 2 one can easily see
that any difference in tracking performance upper bound will
arise from differences in the contraction rate. Thus, the claim
follows.

Remark 2. Although the primary interest is on ||p — pl/co, the
Laplacian structure of the follower agents in Ly prevents us
from obtaining a contraction rate for pioo(—Ly) when N > 2.
Thus, given ||p — plls < ||p — P||2, results for the 2-norm are
provided.

Several design considerations can be concluded from Theorem
5.

(1) The TVD tracking controller in (8) produces better track-
ing performance bounds than Lloyd’s (7).

(2) If a centralized implementation of (8) is not feasible, then
a consensus filter or observer with a contraction rate larger
than 1/2k would provide better performance than (7).

(3) A distributed version of (8) can also be realized through
a Neumann series expansion Stewart (1998) of the term

Li(a)™ = (I + %)_1 ~ 3T (g—;) , where m is

the available number of hops Lee et al. (2015). However,
note that for a suitable p—norm, the Neumann series has

Table 2. Contraction Rate Summary

fioo (A) p2(A)
N=2 N>3|N=2 N>3
A= —kL¢(a) —%n 0 -1k [—%n, 0)
A=—kl —K —K —K —K
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Fig. 1. Top panel: For system y = sat(—y) with initial condi-
tions y(0) = 2, the system trajectory is given by the blue
line, and the contraction upper bound is given by the or-
ange line. Bottom panel: The contraction rate is provided
by the slope of the saturation function evaluated at the set
boundary, which is y = 2.

. _ lloe/opliptt

a truncation error s, = T=Toc/onT; Thus, an advan-

tage over the formulation in (7) can be proven if sy +
ILs (@) Br@)llz o o llLs()” BBl

4.2 Tracking Performance at the Pursuer Level

At this stage, it is assumed that a tracking controller at the
capture set level has been selected, and the attention is shifted
to the tracking of this reference signal by the pursuers with
saturated dynamics (9). First, consider an autonomous system
under saturation

¥ = sat(—ky), (13)
where y € R™ and x > 0.
Lemma 4. For an initial condition y(0) = yo, system (13)
evolves in a bounded domain ¥ = {y € Rly"y < yJyo}.
Define a Lyapunov function V = 1y " y. Note that its derivative
V =y sat(—ry) < 0 forall y \ {0}, which makes (13) Lya-
punov stable. The claim follows given the negative definiteness
of the Lyapunov function derivative.

Lemma 5. System (13) is contracting under any metric. First

note that the Jacobian is diagonal with entries %;’ﬂ”). From

(10), note that w € [—k, 0) for K > 0. Because y(t)
evolves in a bounded set by Lemma 4, it follows that 9\ such
that %;Kyi) < —\ Vi. Thus, the system is contracting with

contraction rate \ in any metric given the diagonal structure of
the dynamics.

A pictorial representation of Lemma 5 is provided in Fig. 1.

The error dynamics for system (9) are given by

z=a -7 (14)

z = sat(—kz) — .
Theorem 6. For a bounded ||Z||» < d, the tracking error is
bounded by



#2(1) ~ 2(0)lo < xoe ™ + 5,
where A is the contraction rate of the autonomous system 2z =
sat(—rkz). Note that system z = sat(—xZ) — T is a perturbed
version of system Z = sat(—kz), which is contracting by
Lemma 5. Now, the error ||z — Z||oo < ||2]lco + ||Z]|co by the
triangular inequality. The rest follows by applying Theorem 1
to upper bound || z|| .o and Theorem 2 to upper bound ||Z|| -

15)

Remark 3. Lemma 5 and Theorem 6 are intended to formalize
the approach followed in practice where input saturation is dealt
with by decreasing the feedback gain.

4.3 Minimum Number of Pursuers Condition

For an RA game in finite time, there exists a critical cover-
age domain length the pursuers’ capture sets needs to span
in order to provide capture guarantees Khrenov et al. (2021).
This coverage domain M (t) is given by a line segment, and
capture-set overlap must be analyzed for the minimum span-
ning pursuer configuration, which has the evader located at the
center Khrenov et al. (2021). Thus, we now focus on combining
the tracking dynamics error in Theorem 6 with the pursuer
capture set in (2) to provide a verifiable overlap condition for
the minimum spanning pursuer configuration.

Capture Set for Minimum Spanning Pursuer Configuration
The proposed expression for the boundary of the capture set is
given by

i€ L o
1-02 1-0

i_ [_¢9 L [eos(v)
o= (1—02 + 1—02d> [sin('yi) ’

where o’ is the center and r* is the radius.

2d1

(16)

Proposition 1. The capture with boundary in (16) exactly
matches the Cartesian oval (2) for the minimum spanning
pursuer configuration. First, the minimum spanning pursuer
configuration has the evader located at the origin of the cov-

erage domain z¢ = (0,0) and the pursuers’ centers con-
tained in a line segment. Thus, let us consider the orienta-
tion ¢ = 0 in expression (2). This provides two bound-
ary points r(0) = w. The diameter for a cir-
cle whose chord contains these two points has a length
Dt = 251%20"2‘1%. Thus, the radius expression follows. The

center follows by adding ri[cos(y%) sin(y%)]" to the point

W[COS(’%) sin(7%)] T, which corresponds to the

negative sign term for 7(0).

Static and Dynamic Conditions for Capture  Let us recall
Theorem 6, and define a time # such that xoe ™ £ (8 — 1)4
for # > 1. Then for ¢ > t, it follows that

_ d

|2P — &0 < BX a7

Now, given an ¢—Capture distance, a sufficient number of

pursuers will be selected such that if the distance between two

pursuers is maximized given (17), the pursuers’ capture set in

(16) still overlaps along the direction v* = 0 without loss of
generality.

In what follows, an ordering of the pursuers is assumed such
that 0°*! > o' on the coverage domain M (t). The minimum
capture set overlapping condition is provided by
g =oitl —pitl _ (oi 4 pi)
(1—o0?)g=d" —d +6d* —éd
— 26 — o|d™ + 6d| — o|d' + 6d|,
where g is the gap between consecutive circles, and dd° is the
dynamic tracking error for the i-th circle. Note that — (3 % <
5di < B%, for j € {i, i + 1}. The next theorem provides a
verification condition to ensure the capture sets overlap.

(18)

Theorem 7. For the cost definition in (18), the problem

arg max g(odt, 6d)
sdi, sdit (19)

s.t. —ﬁ%gédjgﬂgforje{i, i+ 1}

has solution §d" = —B%, §di*! = 34. Note that the gradient
of the cost is given by

1—(-1)"c

where the values (m, n) are determined by the sign condition
of the absolute value. This gradient cannot equal zero for any
value inside the domain given 0 < o < 1. Thus, the maximum

value is reached at the boundary of the convex domain. A
simple search over the boundary yields the result.

vJ {—1 - (—1)%] ’

Based on Theorem 7, the pursuer’s capture sets are at least
tangential if

At —d' 425 —o|dt 48] —old -6 — 2 <0,
@~ 4 —~

Static

Dynamic Radius

i 20)
for§ = B%. The terms labeled static correspond to the desired
location for the minimum spanning pursuer configuration. The
terms labeled dynamic arise from the worst-case tracking per-
formance of the pursuers subject to saturation. The non-zero
capture radius is given by —2¢. Note that increasing the speed
ratio o and the capture radius €, or decreasing the tracking error

4, makes the inequality easier to verify, as is to be expected.
5. SIMULATION RESULTS

A simulation testbed was developed in MATLAB R2021b for
an RA game against a fast evader with finite time ¢ ;. Similar to
Khrenov et al. (2021), a prescribed coverage domain distance
is provided, thus defining the 7(t) values as the intersection of
a line orthogonal to the y—axis and the evader’s constrained
reachable set. To prevent capture, the evader executes the opti-
mal strategy outlined in Theorem 4 of Garcia and Bopardikar
(2021), which seeks to maximize the gap between two con-
secutive pursuers. The simulation results randomize both the
initial location of the pursuers and the two consecutive pursuers
selected for the evader to breach. One hundred Monte Carlo
simulations were performed for a team of N = {2,---,5}
pursuers.

For a given pursuer gain x, the saturation level s was recorded
in simulation for all scenarios. Then the tracking bound was
estimated by solving for the upper bound sat (&5 ‘7{) = 5 and
selecting the maximum value for 3 % across all scenarios. The
simulation results are summarized in Fig. 2. The blue bars
quantify the win percentage for a pursuer team size IN. Note
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Fig. 2. Numerical results summary. The coverage-based pursuer
strategy required N = 5 to succesfully capture the evader
in all considered scenarios. The blue bars show the per-
centage of scenarios where pursuer capture was achieved.
The orange curve depicts the worst-case pursuer capture-
set overlap prediction from expression (20). Thus, the pur-
suer team size prediction corresponds to the first instance
for which this value falls below zero. This is provided by
N =5.

Fig. 3. Example scenario for N = 3. All simulations were
performed for o = 0.5, ¢ = 0.175, v, = 1, t; = 15.
The defended area is given by the green box at (0, 0). The
blue circle correspond to the capture set approximation
in (16), whose center is the desired quantity to be con-
trolled, and the black dashed circle the capture distance for
each individual pursuer. The red curve corresponds to the
evader trajectory, and the dotted ellipse corresponds to the
evader’s constrained reachable set. Note how the evader
tries to maneuver between the bottom two pursuers, but
ultimately enters the capture region.

that large percentage increase occurs when an odd number of
pursuers is selected. This is due to the evader policy in Garcia
and Bopardikar (2021) successfully creating gaps between the
two central pursuers when N is even.

The orange line is the evaluation of (20). The minimum number
of pursuers predicted by (20) is N = 5, which corresponds
to the smallest N for which the expression becomes negative.
Note that this is in accordance with the simulated win percent-
age. An example run, along with the simulation parameters, is
provided in Fig. 3.

6. CONCLUSIONS
This work presents the application of control theoretical tools

for developing a verifiable condition for capture guarantees in
cooperative pursuer strategies. The analyzed cooperative pur-

suer strategy is based on coverage control whose objective is
to separate the evader from its goal in finite-time RA games. A
minimum overlap requirement for the pursuers’ capture set in
a critical configuration was developed, and its predictive capa-
bility was highlighted in simulation. The developed approach
combines tools from differential games and contraction theory
to combine the geometric and dynamic requirements for a team
of N pursuers to capture a faster evader.
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