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Herding an Adversarial Swarm in an Obstacle Environment

Vishnu S. Chipade and Dimitra Panagou

Abstract— This paper studies a defense approach
against a swarm of adversarial agents. We employ
a closed formation (‘StringNet’) of defending agents
around the adversarial agents to restrict their motion
and guide them to a safe area while navigating in
an obstacle-populated environment. Control laws for
forming the StringNet and guiding it to a safe area
are developed, and the stability of the closed-loop
system is analyzed formally. The adversarial swarm
is assumed to move as a flock in the presence of
rectangular obstacles. Simulation results are provided
to demonstrate the efficacy of the approach.

I. INTRODUCTION

Swarm technology has seen a rapid growth recently.
Safety-critical infrastructure such as government facil-
ities, airports, military bases are at increased risk of
being attacked by swarms of adversarial agents (e.g.,
aerial robots). This creates a need for defending safety-
critical infrastructure from attacks of adversarial swarms,
particularly in crowded urban areas.

Counteracting an adversarial swarm by means of phys-
ical interception [1], [2] in an urban environment may
not be desired due to human presence. Under the as-
sumption of risk-averse and self-interested adversarial
agents (attackers) that tend to move away from the
defending agents (defenders) and from other dynamic
objects, herding can be used as an indirect way of guiding
the attackers to a safe area.

In this paper, we consider a problem of defending a
safety-critical area (protected area) from an adversarial
swarm. We address this as a problem of herding a swarm
of attackers to a safe area, while avoiding the static
rectangular obstacles of the urban environment.

The herding approach to herd a flock of birds away
from an airport in [3] uses an n-wavefront algorithm,
where the motion of the birds on the boundary of the
flock is influenced based on the locations of the airport
and the safe area. Stability and performance guarantees
under directed star communication graph are provided in
[4], and experimental results in [5]. In [6] a circular arc
formation of herders is used to influence the nonlinear
dynamics of the herd based on a potential-field approach.
The authors design a point-offset controller to guide the
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herd close to a specified location. In [7], biologically-
inspired strategies are developed for confining a group
of mobile robots. The authors develop strategies based
on the "wall" and "encirclement" methods that dolphins
use to capture a school of fish. Regions from which this
confinement is possible are also derived; however, the
results are limited to constant velocity motions. A similar
approach of herding by caging is adopted in [8], where
a cage of high potential is formed around the sheep
(attackers). An RRT approach is used to find a motion
plan for the agents while maintaining the cage. However,
the formation is assumed to have been already formed
around the sheep. Furthermore, the caging of the sheep
is only ensured with constant velocity motion under
additional conservative assumptions on the distances
between the agents. In general, most of these works lack
a proper modeling of the adversarial agents’ intent to
reach or attack a certain protected area.

In [9], [10] the authors discuss herding using a switched
systems approach; the herder (defender) chases targets
(attackers) sequentially by switching among them so that
certain dwell-time conditions are satisfied to guarantee
stability of the resulting trajectories. However, the as-
sumption that only one of the targets is influenced by
the herder at any time is conservative for the problem
of defending against a swarm of attackers. The authors
in [11] use approximate dynamic programming to obtain
near-optimal control policies for the herder to chase a
target agent to a goal location.

The aforementioned approaches assume some form of
potential field to model the repulsion of the attackers
from the defenders, and develop herding strategies for
the defenders based on this potential field. Hence, such
approaches may fail to create a proper potential barrier
around the attackers if the potential field of the attackers
is unknown to defenders, or is modeled inaccurately.
In addition, most of the earlier work does not consider
obstacles in the environment. In our prior work [12], we
developed a strategy for herding a single attacker to a
safe area in the presence of rectangular obstacles.

In this paper, we propose what we call ‘StringNet
Herding’, in which a closed formation of physical strings
called ‘StringNet’ is formed by the defenders around
the swarm of attackers. It is assumed that the string
between two defenders serves as a barrier through which
the attackers cannot escape. The StringNet is controlled
collectively to herd the swarm of attackers. The proposed
approach only assumes that the attackers avoid collisions
with defenders and barriers, while the control actions of
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the attackers are not known a priori. To demonstrate
the proposed approach, we use flocking behavior for the
attackers, which however is not known to the defenders.

We build on earlier work [13]-[17] to develop a flocking
controller for the attackers in the presence of rectangular
obstacles. The controller uses the S-agent strategy [14],
[15], in which a virtual agent called S-agent is assumed to
move on the boundary of the obstacle, and the control
action is designed to maintain a certain distance from
this [S-agent using a potential function approach. We
generate [-agents along a superelliptic curve that is
at least C' around the rectangular obstacles. Also, in
contrast to earlier work [6], [8] that treats robots as point
masses, we assume agents with known circular footprints.
Furthermore, no constant velocity assumption is made
about the attackers as is done in [7], [8].

In summary, the novelties and the contributions are:
(i) A ‘StringNet’ formation to restrict the motion of the
attackers inside the StringNet and to herd them towards
a safe area. We develop provably-correct control laws for
the defenders to form the StringNet in finite time, and
to herd the entrapped attackers to safe area. (ii) The
definition of S-agents along superelliptic contours around
rectangular obstacles with C! velocity profile for obstacle
avoidance in flocking.

The rest of the paper is structured as follows: Section II
describes the mathematical modeling and problem state-
ment. The flocking and herding algorithms are discussed
in Section IIT and IV, while simulations are provided in
Section V. The conclusions and the ongoing work are
discussed in Section VI.

II. MODELING AND PROBLEM STATEMENT

Notation: Vectors and matrices are denoted by small
and capital bold letters, respectively (e.g., r, P). Script
letters denote sets (e.g., P). ||.|| denotes Euclidean norm
of its argument. |.| denotes absolute value of a scalar
argument and cardinality if the argument is a set. The
function sig® is defined as: sig®(x) = x ||x[|*"". Rso =
{z € R|z > 0}. R} = ||r, — r,|| and E’, are the Euclidean
distance between object y and 2, and the Super-elliptic
distance between @ and Oy, respectively. A blending
function [18], ¢7(J), characterized by a doublet (§7,67)
with §7 < 67 is defined as:

1, 6 < 6%
0l(8) = AI63 + BIs2 + C25+ DI, & <s<b; (1)
0, § > 6};
where ¢ is the distance between the objects ¢+ and j. The
coefficients A7, B, C7, D} are chosen as: A} = ﬁv
—3(57+3%) 68787 _ (8)%(87-387)
B} = Ti—a) ¢l = oo U= a0 %0

that (1) is a C! function. The argument J is either
the Euclidean distance or the Super-elliptic distance,
depending on the objects under consideration, and will
be omitted when clear from the context.

We consider N, attackers A;, i € I, = {1,2,..., Ny}
and Ny defenders Dy, j € I; = {1,2,..., Ng}, operating
in a 2D environment W C R? with N, rectangular
obstacles, a protected area P C W defined as P = {r €
R? | |r — 1, < pp}, and a safe area S C W, defined
as S = {r € R? | ||r —rs|| < ps}, where (rp,p,) and
(rs,ps) are the centers and radii of the corresponding
areas, respectively. The agents A; and D; are modeled
as discs of radii p, and pg < p,, respectively and have
Double Integrator (DI) dynamics with a linear drag term:

Fai = Vai, Vai = Ug; — CqVai; (2)

Iy = Vij, Vg = ugj — Cqva;; (3)
where Cy is a drag coeflicient, for + = ai and + = dj
r, = [z, v)7, vi = [vs, v,,]T are position and velocity
of A; and Dj, respectively, and u, = [ug, u,]T is
acceleration input (control input) of A; and D, respec-
tively. We assume that the control action of A; satisfies
|[ug:|| < %mq. This model poses a realistic speed bound
on each attacker with limited acceleration control, i.e.,
[Vaill < vma = *g+. We assume that every
defender D; senses the position ry; and velocity vg; of
the attacker A; when A; is inside a circular sensing-
zone Z5 = {r € R?| |r—rp| < p3} around P. Each
attacker A; has a similar local sensing zone Z7, = {r €
R2 | v — roill < pi,}-

We consider static obstacles Oy of rectangular shape,
with their edges along the z-axis (i) and y-axis (j) of a
coordinate frame F;, defined as:

Vai =

"oty )

where ror = [Tok Yor]” is the center, wor and hey, are the
lengths along i and j of O, for all k € I, = {1,2,...,N,}.

The attackers aim to reach the protected area P as
a flock, and the defenders aim to herd the flock to the
safe area S before it reaches P. Formally, we consider the
following two problems.

Problem 1 (Flocking): Design control actions ug;,
Vi € I, such that A’s reach P as a flock formation while
avoiding the static rectangular obstacles.

Problem 2 (Herding): Find control actions ug;, Vj €
I; to accomplish: 1) StringNet formation around the
swarm of attackers in finite time. 2) Once the StringNet
is formed, move the StringNet to the safe area S while
avoiding the obstacles Ok.

Woy,
Ok:{rER2‘|x_mok‘§707|y_yok|§

III. FLOCKING

The neighboring graph [17] for the attackers is denoted
as G, = (Vo,&), where V, = {A1, As,..., AN, } is
the set of vertices and &, is the set of edges. Each
attacker 4; communicates with its neighbors N2 =
{i" € Val(Ai, Ayr) € E,}. We define a potential function

‘/zj : RZO — RZO as:
R — R
Iy TR )’ )

(3

RI
VZ(R]) =1n ( i -
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where R} > fi{ is the desired distance between agent
1 and agent j, and I:Z{ is the minimum safety distance
between agent ¢ and agent j. We have that as R} ap-
proaches ]:2{, the potential V7 tends to co. A control
action corresponding to V;/ is defined as:

u,(x]) = =G/ (v, —vy) — -V, V/ (6)

T v T VT (7 and pf are control gains.

1o Ye oty Yy

The swarm of attackers aims to reach the protected
area P while avoiding the static obstacles Oy and main-
taining a flock described by potential functions Vaaf for
all 7,7’ € I, over the graph G,. The control action for the

flock of the attackers is defined as [17], [19]:
Wl = kit —ra) £ Y W)+ 3 on - up)

ENE, keNY,

(7)
where x;" = [r0, vE vk, vE, 1T, where rgi. and vgir
is the position and velocity of the S-agent on the bound-
ary of Oy corresponding to A; that is used for avoiding
Ok. The blending function ¢°% allows smooth transition
to the obstacle avoidance part of the controller, and is
characterized by the doublet (gg,ég) N2 is a set of
neighboring obstacles defined as: N, = {k € L,|oF >
0}. The center r, of the protected area P acts as a 7-
agent [15] providing navigational feedback.

where x/ = [r

Bik _

A. B-agents around Rectangular Obstacles

The position rg;; =
[xﬂik’ yﬂik]T of the
agent [;; is defined as
the projection of rg;
on the superelliptic con-
tour SE,i of level &}
[20], defined as: SE,; =
{r e R*E,, =&} and
the velocity vg;, as the
projection of v,; along
the tangent to the su-
perelliptic contour SE€ .
at rg; along the direc-
tion of motion of A;.
The superelliptic distance E,j is defined as:

Y — Yok Aok

ok bok
The projection rg;, of ry; on the S&, is the closest point
on SE,, such that the unit tangent top (rgik) to SEk at
rg;; is normal to rq; — rg;, and is found by solving:

——E, =& =08

Fig. 1: B-agent around rect-
angles for obstacle avoidance

2Nk
T Tk [T

By = -1 (8)

TBik — Tok Aok Ygik — Yok Aok m
+ -1= goka (Qa)
Aok bok
_anOksiQQnok—Q(x‘Bik - l'ok) _YBik — Yai -1 (Qb)

a?mok 5192k =2 (ygie — Yok)  Tik — Tai

where sig™(x) = z |z|™. Fig. 1 shows the projection rg;y
(green square) of ry; (red circle). The velocity v, can
be then obtained as: Vgik = (Vai ~t0k(r5ik)) tok(rﬁik).

B. Awoiding Dynamic Obstacles during Flocking

1) Awoiding the Defenders: In addition to avoiding
static obstacles, the attackers apply the following control
action to avoid the defenders:

0 o
ugi = Z Uaji : uP(XaJi)7
JENG
where Ugjl: is characterized by the doublet (EZ, RY). N2
is a set of defenders in the sensing zone of A; defined as:
: 0 16 2012
N& ={j € Ia|Ry, < p%;}, and Ry, > RE.

2) Avoiding the Strings: The strings (string barriers)
are line segments between defenders. The attackers can
sense these strings in their sensing zone and react to them
using the control action:

b b
uZi = Z O-aj : up(xa§)7 (11)
seN?,

where u,, is given by (6) and V% is a potential function
for A; corresponding to its projection (rps, Vps) on the
string barrier B, (Fig. 2). 0% and A, are defined similar
to O'Zji and N%. The combined bounded control action for
the attackers’ flock is given as:

(12)

_ ! d b
U, = o, (um- +uy; +ul; + C’dvai) ,
u

where saturation function o,(u) = min(u,q, ||u|\)m

Remark 1: The convergence analysis for flocking of the
attackers under the control (7) is provided in [14], [15],
[17] when the first term is absent i.e. no navigational
control command. Similar analysis can be done for the
flock’s convergence to r,. Since flocking is not the focus

of this paper we omit the analysis in the interest of space.

(10)

IV. HERDING

To herd the flock of attackers to S, we propose
‘StringNet Herding’. StringNet is a closed net of strings
formed by the defenders as shown in Fig. 2. The strings
can be actual physical strings (ropes) or some mechanism
that does not allow the attackers to pass through them. It
is assumed that even after being connected by the strings,
the motion of defenders is not restricted. The underlying
graph structure for the ‘StringNet’ is defined as:

Definition 1 (StringNet): The StringNet G° = (V*,
&%) is a cycle graph consisting of: 1) the defenders as the
vertices, V* = {D1,Ds,...,Dn,}, 2) a set of edges, £% =
{(D;,Dj) € V* x V*|D; +> Dji}. The operator +
denotes a physical string barrier between the defenders.

The StringNet herding consists of three phases: 1)
Gathering, 2) StringNet formation and 3) Herding the
StringNet to S. These phases are discussed as follows.

A. Gathering

Once the adversarial attackers are sensed in the sens-
ing zone Zj, the defenders are tasked to herd them. The
defenders first converge to an open semicircular forma-
tion in the expected path of the attackers (shortest path
for the attackers) and establish strings such that A; is
connected to A; 1 by a string for all ¢ = {1,2,..., Ng—1}
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(Fig. 2). The desired position Sd of D; on the stationary
semicircular formation % (Frg 2) is designed as:

m(j—1)
Ng—1>

&5 = vl + p5p0(0g;), where 04 = 07 + (13)
cos(6)
sin(O)
0 with z-axis, rjj; = pdfo(Gac) is a location such that
pdf > pp +d*®, where d;.** is the maximum distance

where 6(6) = } is the unit vector making an angle

attacker’s center of mass (ACoM, r,. = Nia Zivc‘ rqi) can
travel towards P during the StringNet formation phase,
discussed next, and 92; = 0;. — 5, where 0;. is the
expected direction of motion of the ACoM on the shortest
path from the initial position of ACoM to P. We have
édj =mny; = 0 and n; = 0. We assume the following.
Assumption 1: (a) The desired position of D;;, {Zj, is
such that EZ9* > €9,vj € I;,Vk € I,, where EZ% is
super-elliptic distance between ég. and the obstacle Ok.

(b) pgf\/2 2 cos (N ) > R4, Pap > Pac + RS where

Rd and R
agj and 06 respectively.
To converge to &9 4j» @ finite-time stabilizing controller

is defined as:

are the parameters of the blending functions
cj

ug = uy; +uf’ + 9, (14)
where
uy, = Cqvg; — ]CQSigO“2 (Vdj — ) — kisig™ (rg; — £))
. 5jk 8k
Wi = 3 ol wid )+ Y o i 09
j G./\fd /CE./\/OJ

6jk _ 1. T T T .
where k1, ko > 0. X4 = [rdj7vdj,réjk,véjk]7 where 15,

and vs;; are the position and the velocity of a virtual
d-agent, similar to [3 agcnt corrcsponding to D; around
the obstacle Oy. d] , Vd] are potential functions to
avoid collision, respectively, with D; and d-agent on the
boundary of Oy. We have RdJ > Rd and R‘S] ks R4 to
ensure collision avoidance for D

B. StringNet Formation

The attackers are assumed to stay within a connectiv-
ity region of radius pge. (< p7**) around ACoM . Once
the semicircular formation is in place, the defenders wait
until attackers come close, i.e., ‘rgf — Ige ‘ < €, where €
is a small number. To trap the attackers inside StringNet,
a desired regular-polygon formation is designed around
the connectivity region of the attackers as shown in
Fig. 2. The defenders start tracking their desired posi-
tions around the attackers and once D; and Dy, reach
within by distance from their respective desired positions
they get connected via a string. The desired position £§j
of D; on the StringNet G* (Fig. 2) is chosen on the circle
with radius ps, centered at r,. as:

€5 = Tac + psn6(0aj), where 04 = 05 + "21 - (16)
for all j € I, where 07 = 99* The radius ps, should
satisty, pae + bg < psn < p";f“” — by, where pT'** is
the maximum footprint of a formation that can pass
through the obstacle-free space in the environment. The

parameter by is the maximum position tracking error
when the defenders converge to the StringNet formation
as obtained in Theorem 1. We have &5, = 03, = Foc =
Vqc. The control action for D; during this phase is:

Gathering

StringNet

Fig. 2: Desired Positions of the Defenders

ug; = Cgvyj — ko - (Vaj — ncslj) 1 (rgj —
+o’6cj up(xg;])+ufi;‘)lv
where rs.; and Vse; are the position and the velocity of
the d-agent corresponding to the D; on the boundary of
the connectivity region of the attackers. The StringNet
is achieved when |rg — &gl < bg for all j € Iy during
this phase. To ensure enough space for the movement
of the attackers inside the StringNet, the minimum
number of defenders require to herd the given number
of attackers with connectivity region of radius pg. is:

&) )

len —

7| where [-] gives the smallest

integer greater than or equal to its argument.
C. Herding: Moving the StringNet to safe area

Once the defenders form a StringNet around the at-
tackers, they move while tracking a desired rigid closed
formation .Z! centered at a virtual agent rqr. The vir-
tual agent’s dynamics are governed by the DI dynamics
similar to (3) with acceleration,

+ Y oifFu xg;k)), (18)
kEN,

where dfk refers to the J-agent on the obstacle Oy
corresponding to virtual agent at rg, and og,(u) =
min(u® ;, ||uH) Tay- We choose ul ;< Upq to ensure that
the attackers are able to react to the motion of the
defenders. The desired positions £d of the defenders on
the desired closed formation % h satlsfy

Edj = ndj7 ndj it
52;- =rgr + psn0(04;), where 0y = 05 + ﬂ(]f,id_)

Ugr = 04, ( kl I‘df — I's

=ugr — Cqvy; (19)

The control (14) is appropriately modified to track (5%,
nly;) by replacing &5, n3;, 15, by &, nl;, nlj;, respectively.
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D. Convergence Analysis

Theorem 1: The StringNet G° centered at r,. is
formed around the attackers in finite time from almost
all initial conditions under the control action in (14)
(gathering phase) and (17) (StringNet formation phase),
while avoiding collisions.

Proof: For almost all initial conditions! such that
dj’

di' o pdi’ OV dj’
Rdj > Rdj , we have R — 00 as Rdj

infinite acceleration appfled on D; in the direction away
from D} which ensures Rggl > ]%g?l at all times and
hence ensures no collision among the defenders. A similar
argument can be used to show obstacle avoidance.
During the gathering phase, when the defenders are
not in conflict with other defenders or obstacle (i.e.,

RZ; implying

agj = agjk =0, Vy,j € I4;k € I,), the dynamics read:
Tgi = Vg
'dﬂ___dj $ o2 a9 sl . ¢9 (20)
Vg = —kosig®?(vy; ndj) k1sig™ (rq; Edj)

The origin rq; —&J; = vg4; = 0 of (20) is finite-time stable
21] if @y = 522-. Let the convergence time be T].

Similarly during the StringNet formation phase, when
D; is not in conflict with any other defenders or obstacle,
the error dynamics read:

N é(Tij _ 0 1 egj 0 Ao ‘
o= [ef] =[] ng e
21

— &3 €q = — 1ny;, and Hnd]
I¥aell < wmq which implies the dlsturbance term gg; is
bounded: ||gq;|| < mq. The nominal system in (21),
€4 = Aeg;, is exponentially stable for ki, ks > 0.
From Theorem 4.6 in [22], there exists a positive definite
matrix P that satisfies the Lyapunov equation ATP +
PA = —Q, for any given positive definite matrix Q.
The Lyapunov function Vg = engedj satisfies the con-
ditions as required in Lemma 9.2 in [22] with constants
c1,C2,C3,C4 given in terms of the eigenvalues of P and Q
as: €1 = )\mln(P)y Co = Am,ar(P)a C3 = )\mzn(Q) and ¢4 =
2\ ez (P). From Lemma 9.2 in [22], if ||g4]| < uma <
o \/>coe for all t > 0, all eq; € D = {eg; € RY| |leg;|| <

roo_ .
where ey = T4

Cq
e} with ¢o < 1, then for all ||e4 (0)|] <
eg;(t) of the perturbed system in (21) satisfies:

(1—cqg)e _
1) Jea®ll o fao(-UFER00) <y ooy,

llea; (o)l =

2) Jlea Il < by = & /2 50 Wt > 1o + Ty,

for some finite time T};. That is, D; tracks the desired
trajectory (£§j, nflj) within the error bound bg;. Denote
bqy = maxjeq, bgj. After the first two phases, all the
defenders reach their desired locations within by neigh-
borhood in finite time T > Tg + max;er, Ty and hence
the StringNet is formed in finite time. [ |

i—;e, the solution

1Except for those in the set Mgy = {rq;,va; € R? Vj € Ij|lve; =
0,ug; = 0 as per (14),(17)}, and the initial conditions from which
the defenders’ trajectories approach My; the latter depends on the
desired states. A formal characterization of this set is left open for
future research.

Remark 2: All the attackers get entrapped inside the
StringNet if the defenders form .} before the attackers
reach within pdf + psn distance from P.

Theorem 2: Once the defenders form the StringNet
G?, they herd all the attackers trapped inside G® to the
safe area S (ps > pI**) while avoiding the obstacles
by tracking desired positions governed by (18) under the
appropriately modified control action in (14).

Proof: Since the desired formation ﬁé’ moves as a
rigid formation, we only consider the virtual agent at rqy
with size ps, + pq whose dynamics are:

vy = Vi, Vo =0, (ugy) = Caver,  (22)
where udf = —kiTgr + Z adf up(ng ) and Tgr =

keN,
rqr — re. Using similar arguments as in Theorem 1, we
can ensure the safety of ZJ1 if th‘?k > psn+pd+p, Where

p= L(lclogh@)) is the maximum distance the formation
can travel in the worst case motion of the formation
toward the obstacle with the bounded acceleration. The
formation will leave the locally active potential fields
around the static obstacle in some finite time. In the

absence of any obstacle’s local potential field, we have

qu = —k1T4r. We define a candidate Lyapunov function:
kullFar|® | lIvarll® it 5 U
_{ s+ T if [[Eqr]l < 24,
BRI Ivarll® _ (up)® :
U Tar|| + =5 — ~532~,  otherwise.

(23)
V is 0 at Tgf = vgr = 0, is positive definite, continuous
and its time derivative along the trajectories of (22) is:
2
—Ca ||[vall

V- { 2
—Ca ||[vall

V is negative semi-definite and we have from the dy-
namics (22) that the largest invariant subset in Q =
{rar,var € R2|V = 0} is the origin rqf = vgr = 0. Using
Lasalle’s Invariance Principle (Theorem 4.4 in [22]), the
trajectories of the system (22) converge to rqgr = vgr = 0,
i.e, the center rgr converges to ry and so does the desired
formation %) b From Theorem 1, the defenders track
these de51red trajectories under approprlately modified
(14) and hence herd the attackers to S. ]

h
i [|Fay || < gt

(24)
otherwise.

V. SIMULATIONS

We provide a simulation of 5 defenders herding an
adversarial swarm of 4 attackers to S with saturated
control inputs whose theoretical analysis is currently an
ongoing work. The trajectories of all the agents are shown
in Fig. 3. As observed, starting from the given initial
conditions, the defenders are able to gather before the
attackers reach close to P, form the StringNet around
the attackers and herd them to S. The safety is assessed
in terms of critical distance ratios:

o L
a Byj pd BY pa Ry
A% = max d ,Af = max M,Aa = max —=
i#i'€la Ry, i€la,j€la RY; i#i'el, RO
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m m

A? = max max , A7 = max max fj
i€ly kENY, E‘“ j€la kEN, EJ

where E¢;, Eok are super-elliptic distances from Oy de-
fined as per expression in (8). These ratios have to be less
than 1 for no collisions. As observed from Fig. 4 all these
ratios are less than 1 for all times ensuring no collisions.
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Fig. 3: The herding paths.
‘_Al Ay — Az Ay —Dy Dz Dy Dy Ds = -Upmg
= L A S
£? ’
= i l A1
p— \ N
0 L, b L A .
0 200 400 600 800 1000 1200 1400
|—Af —AT —A; A —A7 - y=1
L 1f---- - --______I___ ]
=
~
0o o 1
o
=]
<
s YN
5 0
0 500 1000 1500 2000
t [s]
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VI. CONCLUSIONS AND ONGOING WORK

We proposed a herding method for defending a pro-
tected area against an adversarial swarm. A closed
formation is formed by the defenders around the at-
tackers, restricts their motion and herds them to the
safe area while avoiding the static rectangular obstacles.
We provided formal analysis for the proposed approach
and simulations with saturated control actions whose
theoretical analysis and experimental investigation is a
part of an ongoing work.
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