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Abstract—This paper investigates the flocking control of a
swarm with a malicious agent that falsifies its controller parame-
ters to cause collision, division, and escape of agents in the swarm.
A novel geometric flocking condition is established by designing
the configuration of the malicious agent and its neighbors, under
which we propose a hierarchical geometric configuration based
flocking control method. To help detect the malicious agent, a
parameter estimate mechanism is also provided. The proposed
method can achieve the flocking control goal and meanwhile con-
tain the malicious agent in the swarm without removing it. Experi-
mental result shows the effectiveness of the theoretical result.

Index Terms—Flocking control; malicious agent; geo-
metric configuration; swarm

. INTRODUCTION

LOCKING is a form of collective behavior of plenty of inter-

acting agents with a common group objective under limited en-
vironmental information and simple rules. Since Reynolds proposed
three heuristic rules: separation, alignment, and cohesion for flocking
model in [1], more and more researchers have put effort into the
flocking control problem with its applications in multi-agent systems,
mobile agents or networks [2], [3]. The main idea of flocking control
is to make all agents tend to the same velocity and approach a fixed
geometric configuration while preserving the swarm connectivity and
avoiding collisions by utilizing artificial intelligence techniques or
potential function approaches with local information exchange. In
[4], a collection of potential functions are designed for swarms of
either single or double integrator agents. Most of these functions
are unbounded and are often not appropriate for practice. Therefore,
bounded potential functions are investigated by researchers [5], [6].
What’s more, many studies appear in the investigation of swarm
intelligence for different tasks. For example, Ref. [7] considers the
aggregation and formation problem with a discrete-time model. In
[8], leader-follower configurations are jointly studied under the model
predictive control structure in uncertain environments.

Most of existing results aim at swarm flocking with all agents being
healthy and rational. However, agents may suffer from the safety and
security issues inevitably in practice. The misbehavior of a swarm
appear largely due to three reasons: faults in the physical layer [9],
attacks in the cyber layer [10], and abnormal/malicious decisions in
the supervisory layer [11], [12].

Under physical faults or cyber attacks, agents may under the
appropriate decisions from the supervisory layer. However, malicious
decisions refer to the agent’s subjectively abnormal and malicious
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behavior, which are consequences of either malicious intention or
limited cognitive capability of agents. So the malicious agent in
the supervisory layer is more difficult to handle. Moreover, since
the results on flocking under physical faults are already relatively
well developed [13], [14], this paper is devoted to solving flocking
problem under abnormal/malicious decisions in the supervisory layer.
This is a promising technique with many applications. A typical
example is manned-unmanned multiple (air) vehicle swarm where
some malicious members may gain control of vehicles to sabotage
the mission of the whole swarm [15]. Another example is the well-
known Byzantine agents who do not obey the prescribed strategy and
update their states arbitrarily to threaten the swarm objective [16]. In
real word applications, the control of an Unmanned Aerial Vehicle
(UAV) can be taken over by unintended users in a few seconds.

Some effort has been made on control against the malicious agent:
For the malicious agent in the cyber layer, the resilient flocking
and consensus problems are investigated in [17]- [19]. In these
works, although the malicious agent can communicate untruthful
information, they still execute the agreed upon decisions. This makes
them quite different from the agent with malicious decisions. And
these researches consider that the malicious agent can be removed
and assume that the network topology remain connected; For the
malicious agent in the supervisory layer, Ref. [20] proposes hybrid
R-censoring strategies to withstand Byzantine agents and enable
cooperative agents to reach consensus. This approach as well as most
of other related results merely relies on excluding the malicious agent.

However, to guarantee the completeness of the task in a swarm, the
malicious agent is supposed to be safely contained. What’s more, the
above excluding approaches without considering the motions are not
applicable for the networked agents subject to geometric or dynamical
constraints such as UAV swarms. To the best of our knowledge, until
now almost no result has been reported on flocking control against
malicious decisions of some agent, let alone the flocking control
method that deals with such an agent without excluding it.

Motivated by the above analysis, this paper focuses on the flocking
control problem of a swarm in which some agent makes abnor-
mal/malicious decisions in the supervisory layer. Specifically, the
malicious agent falsifies its controller parameters, breaks the balance
of the attraction or repulsion forces between agents, and thus may
lead to collision, division, and escape of agents in the swarm. As a
proverb says “one rotten apple could ruin a whole barrel of apples”,
this paper aims at studying how the malicious agent affects the whole
swarm and how to achieve the flocking control goal without removing
the malicious agent from the swarm. The main contributions of this
work are summarized as follows:

A novel geometric flocking condition is established to contain the
malicious agent by designing the configuration of the malicious agent
and its neighbors, under which the forces acting on the malicious
agent from its neighbors reach a balance. We establish a parameter
estimate mechanism using filters to help detect the malicious agent
with unknown control parameters. Relying on the geometric condition
and estimate mechanism, a hierarchical flocking control method is
proposed. Such a method consists of the geometrical configuration
based control for the neighbors of the malicious agent and the
adaptive flocking control for other normal agents. To the best of our
knowledge, this is the first attempt to enable a swarm to against the
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agent with malicious decisions and achieve the flocking control goal.

The remainder of the paper is organized as follows: In Section II,
preliminaries and model description are given. Sections III provides
the malicious agent containment analysis and the flocking control
method. The experimental result is presented in Section IV, followed
by a conclusion in Section V.

[I. PRELIMINARIES

Notations: Let 1,, denote the n x 1 column vector of all ones.
Let |a|1 denote the 1-norm and |a| denote the Euclidean-norm of a,
respectively. Let sgn(a) be the signum function of a. Let diag(a, - -
-,ap) be the diagonal matrix with diagonal entries a; to ap. Let
Amin (+) denote the minimum eigenvalue of a square real matrix with
real eigenvalues. Let ® be the Kronecker matrix product.

A. Flocking of a swarm

Consider a swarm of N agents, whose dynamics take the form

T = Vg,

{ V= Uj, 1€V, M
where z; € R™, v; € R™ and u; € R™ denote the position, the
velocity and the control (acceleration) input of agent ¢ for ¢ € V with
V £ {1, ..., N}. Define z;; £ z;—x; as the relative position between
agents ¢ and j for ¢, € V. The model (]II) can be transformed from
a nonlinear flight control system model [21].

The communication topology between agents in swarm (T) is
modeled by an undirected graph G = (V, ) that consists of a set
of vertices V and a set of edges £ £ {(i,5)]i,j € V,i # j}.
Vertex ¢ € V represents agent 4, and edge (¢,j) € £ implies that
agents ¢ and j can interact with each other and are unordered. An
undirected path between vertices ¢ and j is a sequence of unordered
edges, (4,k1), (k1,k2), -+, (k;,7) with distinct vertices kp, p =
1,2,--- L. If there exists an undirected path between vertices ¢ and
J, the two vertices are said to be connected; otherwise, they are
unconnected. An undirected graph is called connected if any two
distinct vertices in the graph are connected. The Laplacian matrix of
graph G is denoted by L. Define R as the sensing radius of each
agent, which indicates that two agents can interact only if distance
between them is smaller than R, ie., if 0 < |z;;| < R, then
(1,7) € &; otherwise, (i,5) ¢ £. Agent j is called a neighbor of
agent i if (4,7) € £ Define N(i) 2 {j € V: (4,5) € £,i # j} as
the set of neighbors of agent i in G. Note that the following study can
be applied to the case that the communication topology is considered
static as well.

The flocking control objective is to make the whole swarm tend to a
common speed and approach a fixed configuration without collision,
Le., lim¢ o0 i’ij = lim¢—y00 v; — vj = 0, Vi,j € V; 0< \wm(t)| <
R, t>0,VieV, keN(i). A conventional flocking control law is
designed as [2]

U; = — Z (Ui—’Uj)— Z V%VZ](‘.T”D, ieV 2)
JEN(3) JEN (i)
where the first term corresponds to the desired velocity alignment,
and the second term is the gradient of a potential function V;;. Note
that many existing potential functions with different forms can be
applied here in the normal case, for example, the bounded potential
function proposed in [6]

R? — |ay|? |51
Vij(lzijl) & ———55 + — s 2 VS el < R
lzij | + 5 R?—leil* + 5
Vrij Vaij
3)

where F is a positive constant. V;; satisfies the following properties
o Vij(lzsj]) = E when |x;5] = 0 or |z;5| = R;
Toell < 0 when ayg] € (0,0) and Zggtal
|z;j| € (8, R), where 6§ = @.

Physically, the potential can be divided into V;; S Vaij + Viij
where Vg;; and V,.;; can be viewed as potentials of attraction
and repulsion of agent ¢ with respect to agent j, respectively.
Obviously, V;; reaches its minimum when |z;;| = 6. In the
unique distance ¢, it holds that Vz,V4;;(6) + Va, Vi (0) = 0.
In normal case, one can choose £ > Q = % eV vl (0)v;(0) +

2 2
NOZD maici jew (Vg (Ji; (0)])} where Vig (i) 2 1550+
)

BTk
R2—|z;]%"
ciently large when the distance between them is equal to 0 or R,
and thus avoids the collision while preserving the connectivity [6].
In the sequel, E will be chosen sufficiently large (i.e., larger than the
initial energy functions built in the following sections) to avoid the
collision and preserve the connectivity when applying the potential
function V;; in the control design.

> 0 when

This makes the potential between any two agents suffi-

B. Malicious agent

Consider a malicious agent, denoted as iy € )/, who intentionally
falsifies controller parameters such that

Ui g = —ky Z (Uz’f*’t}j)f Z VzifVifjﬂxiij (@)
JEN(iy) JEN (i)
where
Vipi(l2izsl) £ kaVaiyj (12ipi]) + ke Vii i (12i51) )
We provide some insights on these parameters:
o kq: This parameter represents the strength of the attractive force
on agent iy which is inverted for ko < 0, completely lost for

ke = 0, partially lost for 0 < kq < 1, and strengthened for
ka > 1.

o ky: This parameter represents the strength of the repulsive force
on agent iy which is inverted for kr < 0, completely lost for
kr = 0, partially lost for 0 < kr < 1, and strengthened for
kr > 1.

e ky < 1: This parameter represents the efficacy for the velocity
consensus of agent 7 which is inverted for k, < 0, completely
lost for ky, = 0, and partially lost for 0 < &k, < 1.

Compared with the normal controller in (@), the attraction/repulsion
effort acting on agent ¢ from each of its neighbors is out of balance
under the distance J. The resultant force of agent iy is decided by the
combination of these three parameters. When ky = ko = kr = 1,
the malicious agent is degenerated into a normal one.

Specifically, there are two circumstances that can cause serious
influence to the swarm: (1) When ky, < 0, kg < 0 and ky > 1, the
malicious agent i tries its best to run away from the agents around
it and may finally escape from the swarm; (2) When ky, < 0, kr <0
and kq > 1, agent iy tries its best to collide with the agents around
it.

Assumption 1 : |ky| < ky, |ka| < Ea, |kr| < Er for ky, ka, kr > 0.
O

This assumption means that these parameters are bounded and
this is helpful to design the bounds of potential functions. Such
an assumption is not required if the unbounded potential functions
instead of the bounded ones are applied in this research.

In the following, the definition of containing a malicious agent is
presented.
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Definition 1 : The malicious agent i is said to be contained if v; P
ui, = 0 and |s ]\ =6 i Where 0 < 6,5 < Risa designable
expected dlstance between agent ¢y and its neighbor j € NG 7). O

C. Problem formulation

Define a undirected graph G’ £ (V') £’) consisting of the set of
vertices V' £V — {is} and the set of edges & £ {(i,5)|i,j €
V' |z < R,i # j}. Define V; 2 YjenyVij fori € V,j €
N (i) and V' 2 Z]EN(vf) Vlf]

Assumption 2 The initial graph G’ is connected. ]

Assumption 2 guarantees that the information among all the normal
agents in the swarm can be transmitted at the initial time. Similar
classical assumption on initial graph can be found in many flocking
control researches such as [3], [5]. Based on this assumption, the
problem to be solved is formulated as follows.

Problem F : Consider the swarm () satisfying Assumptions 1-2
with a malicious agent ¢ € ) under controller (E[) @ Design u;,
i € V' such that

® limt—o0(v; —vj) = 0, Vi,j € V, ie., all the agents tend to a
same velocity;

® The swarm asymptotically converges to a fixed geometric
configuration, under which

o uj; =0and |z ;] = Siij Vj € N(iy) where 0 < gifj <R,

i.e., the malicious agent ¢ f is contained.
o |2ij| = dij. Vi € V',j € N (i) where 0 < &;; < R, i.e., the
normal agents are connected with their neighbors;
® |z4;(t)] # 0 for t > 0, Vi,j € V and i # j, i.e., no collision
occurs. ]

[1l. MAIN RESULT
A. Malicious agent containment analysis

We first establish a distributed geometric condition under which the
malicious agent can still be contained in the swarm. Such a condition
will be the basis for the flocking control design.

Lemma 1 : Consider the swarm (m) with malicious agent iy € V
under controller (EI) . Suppose that Vip — U5 = 0, Vj e N(’Lf) If

|z, 5 = 0, Vj € N(iy), (6)

> i =0 ™

JEN (i)

Proof : As V; I defined in is symmetric with respect to x; i
it holds that

> Vi, Vigillwigi = Ve Vigs(lig))

JEN (i) JEN (if)
. Vi (i 40 Ol
jentip  Omal O

It yields from the definition of Euclidean norm that for j € N (is)

T 1 T ... .
Olwiys| _ Owipjipi)? Lol o) 3 Owigmips)
- - K2
axifj axifj QNI amifj
7 Qmifj B Tiyj
= T
1 T
2( zj;c] ’ij)2 | ij‘
Thus, one can obtain that
~ ov; (i i) @i,
Z RN trd
> Vaig Vigilleigsl) = Olwi il Jwiyl ®
JEN(iy) JEN(if) 'l v

Define s as the number of agents in A/(i). Condition @) indicates
that |z; 5, = |x1f]2| = = |zigjl for ji,j2,....Js € N(if).
"[~‘herefore it holds szh(|xth|) = Vlfm(|xzfj2|) = ... =
‘/ifjs(‘xifjsD' It yields from (8) that
Y Vi Vigi(lzig))
JEN(if)
amf](‘xlfJD
8‘mlfj|

. (Tipjy + Tigjy +- -
§

+ Tigj)

|2 51=0

According to condition (7)), one further has

Z Vmif f/ij('m’ijl)

JEN (i)
Vi (i) 2 jeNiy) Tigi
a|x7'fj| \z,ifj\zg. 0 -
Suppose that v; , —v; = 0 for j €N (if). According to the malicious

controller (E[) qj) of i, under conditions @-@), one can deduce that

Oip =uip == D0 ko(vip —v) = D Vi, Vigs(lig3))
jEN(’if) jEN(’if)
=0 ©)
This completes the proof. g

Remark 1 : Conditions (@)-(7) provide a desired geometrical con-
figuration that is a regular polygon with the malicious agent being
the center and its neighbors being vertexes. In this case, the total
potential gradient of the malicious agent with respect to its neighbors
is restricted to be 0 and their distances are also fixed. Physically,
this means that the forces acted on the malicious agent from all its
neighbors reach a balance such that the malicious agent can still be
contained in the swarm. An example of the desired configuration
satisfying (6)-(7) is presented in Fig. 1, where the malicious agent is
surrounded by three neighbors. ]
Remark 2 : Conditions (6)-(7) require the number of agents in
N(if), s > 2. This is because when agent i; has at least two
neighbors, there exist expected extreme points of the total potential

Vi 5 such that VJ;Z iy can be 0. Then agent i ’s malicious behavior

can be contalned Provided that s = 1, V;, is only related to
|as2 fJ| for j € N(if). According to the malicious controller (EI)—
Vi f tries to reach its minimum. However, as V- reaches its
minimum, |z; ;| reaches an unexpected or even dangerous distance,
for example, |z; f j| =0 when k, = 0and ko # Oin ' No expected
extreme point can be found since V- monotonically increases with
respect to \mzfj| Once |z ;| # O, 1t holds V%fV > 0 which
leads to the acceleration of agent i ;. Thus, the malicious agent can
never be contained. |

@ Malicious agent

Containment agent

j2 j3
Fig. 1. An illustration of the desired configuration to contain the
malicious agent.

B. Hierarchical geometric configuration based flocking control

In this subsection, a hierarchical geometric configuration based
flocking control method is proposed to solve problem F. The control
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architecture is shown in Fig. 2, where the malicious agent is in Layer
1, all its neighbors are in Layer 2, and other agents in the swarm are
in Layer 3. An important feature of such an architecture is that the
agents in Layer 2 do not utilize the information of agents in Layer 3.
This feature makes agents in Layer 2 form the desired configuration
as in Lemma 1 more conveniently to contain the malicious one. In
this case, the agents in Layers 2 and 3 can be viewed as leaders and
followers, respectively. Define V; as the set of agents in Layer 2, V¢
as the set of agents in Layer 3, and V, £ {if} 4+ N (if) as the set
of agents in Layers 1 and 2 as shown in Fig. 2. Next we shall design
controllers for agents in Layer 2 and Layer 3, respectively.

@ Malicious agent

Fig. 2. Anillustration of the hierarchical control architecture.

Before giving the main result, the following assumptions are made.
Assumption 3 : At the initial time, there are at least two neighbors

of the malicious agent. |
Assumption 4 : At the initial time, any two agents in N (i) are
neighbors. ]

Assumption 3 is a condition on the number of the malicious agent’s
neighbors under the geometric configuration method, which has been
explained in Remark 2. Assumption 4 means that all neighbors of the
malicious agent can interact with each other at the initial time. Such
an assumption is needed to resist the influence of the malicious agent
by its neighbors jointly under a distributed control structure, and will
be explained in details in Remarks 3 and 4.

For convenience, rewrite the dynamics of the malicious agent ¢
Vi = —Cl-fk (10)

where k2 (ky,ka,kr)?T is the vector of the un-

known parameters and C;, = Zje/\f(if)(”if_”j)7

2jenip) Vai, Vaigi(1@ipi1) 2Xgenip) Vi, Veigi([2igsl) )-

In order to track the unknown parameters, filter v; f and C; f in
(T0) by low-pass first-order filters, one has
. F F F
Vi, = —avi, + avig, vif(O):vif(O) (11)
~F F F
Cif:faCierCif, Cif(O):O (12)

where a > 0 is the scalar filter gain. sz and CL are the filtered
v;, and Cly, respectively. They can be obtained by the above stable
linear filter equations -. And it holds that i)f; = —aCf; k.
This together with (TI) yields

—vf; +ui, = —Cf;k: (13)

Define k 2 (ky, ka, kr)T as the estimate of k. Design the adaptive
update law of the estimate as follows

]AC = _chz,‘];c Z (Uj — Uif)
JEN (if)

—TR(C)T(Ch R+, —oi,) (4

where I'j; is the positive-definite gain matrix.
.. * f—
Based on C(zndmons H of Lemma 1, let Zje/\/(if) Tipj = 0
and |27, f| = < R/2 where x7,; denotes the desired displacement
between agents iy and j € N(Zf) Note that x5, = Tjip— Thiy and
Ti = x;if - xzif, Vj,k € N(ig). Design the controller of agent
J € N(iy) as follows

W=k Y
PNV,
o

(vj —vp) — ka Z ij Vjp(mjp)
PEN ()NV

(15)

where constants kv, k; > 1. The non-negative potential function

Vij(x4;) satisfies the following properties that
-~ . . . .. o
1) Vj; attains its unique minimum and 5——'5— =
* .

2) Vij > H when |z;j| = 0 and |z;j| = R where I is a
designable positive constant.

To solve Problem F, H is chosen as follows

A= (“I‘%'if(o)Jr% >

JEN(iy) 1EN (ip)NN(5)
1 1 _
5 (05(0) =i, (0)7 (v;(0) —vi, (0))) 5 Mmax (T, 1)

((Foth0 (0))” + (Ra+ka(0)>+ e+ (0))*)

Vii(0)+

(16)

o a lwij(O)—af; > | lwii(0)—af]?
where Vi;(0) = @+~ Ta, 01

Condition 1) shows that the potential between two agents is
minimized when their displacement is equal to the desired one,
which makes the two agents approach to the desired configuration.
Condition 2) means that the potential would become sufficiently large
when the two agents tend to collide or escape, and thus guarantees
that no collision happens and no edge is lost. One example of such
a potential function is as follows

2 2
0 N |zij — x7;] |zij — @75
i (wij) = (R—0,,)2 52
R—lvijl + =30 eyl + 74

for 0<|a;;|< R, where 1 is a positive constant and &;; = |x7;],0 <
|75 < R.
Remark 3 : Note that in controller , agent j € N (i) only
utilizes the information in V, (Layers 1-2) rather than information in
Vf (Layer 3). In the last term of controller , the estimate k of the
unknown parameter k with adaptive updating law @) is utilized. And
controller (T3) requires the state information among all the neighbors
of the malicious agent. This local information exchange is required
since all neighbors need to jointly resist the influence of the malicious
agent. As will be shown in Theorem 1, under Assumption 4, this
local information exchange is always available. We shall explain this
setting later in Remark 4. O
Now design a distributed adaptive controller for agent k € Vy as

up ==Y appsgn(vr —vp) = Y Vay Vip(|rpl)
pEN (k) peN (k)
Grp = Yeplvk — vpl1, P €N (K)

a7

where oy, is a varying gain with initial values a,(0) > 0 and Vi,
is defined in (EI) YVkp 18 @ positive constant and vg, = Vpk-

Theorem 1 : Consider the swarm satisfying Assumptions 1-4
with malicious agent iy € V' under controller {@#)-(5). Problem F
is solved by applying controller (T3) along with parameter estimate
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update law (T4) to agents in V; and controller (T7) to agents in Vy.
O

Before moving on, the following concepts of directed graph theory
and a lemma are given that will be used to prove Theorem 1.

A directed graph G consists of a pair (f), £ ), where y 2
{1,---,p} is a set of vertices and £ £ {(j, k)|j,k € V,j # k} is a
set of ordered pairs of vertices. An edge (j, k) denotes that vertex k
can obtain and utilize information from vertex j, but not necessarily
vice versa. A directed path from vertex j to k is a sequence of edges
denoted by (j,i1), (i1,i2),- - - , (ir, k) with 4, € V,1 € {1,--- ,r}.
Lemma 2 [23] : For an undirected connected graph with the

Laplacian matrix L € R"*", given B £ diag(by,--- ,bn) where
b; > 0,1 = 1,---,n, if there exists b; > 0, then the matrix
E = L + B is symmetric positive definite. ]

Proof of Theorem 1 : The proof of Theorem 1 is divided into two
parts: In Part A, we prove that lim; o0 (v; —v;) = 0, limy_ o0 55 =
xj; and 0 < |z;(t)| < R fort >0, Vi, j € Vy. In Part B, we prove
that lim;_yoo(va — vp) = 0 and 0 < |z4(¢)] < R for t > 0,
Va,b € V. limt—yoo Va,,Vp =0, Vp € Vy.

Part A. The behavior of agents in Layers 1-2 is considered and
the proof is given by analyzing the error velocity and position
information between the malicious agent and its neighbors. Denote

xf =) (xz;,wfl,...,xfs)T, vy = (v?},v}l,...,v}-;)T for jp €
N (i), k € {1,..., s}. Define an energy function H(xs,vs) as
H(zs,vp) 2ra Y > > Vi
JEN(if) JEN (ip) €N (ip)NN(5)
1 T
+5 D (v —vip) (v —vip)
JEN (if)

logo 1~

+ kT 'k 18

T3 (18)
where k 2 (l%y,fca,fcr)T with ky 2 ky — l%v,l;a £ ko — l%a,lgr £

kv — ky. Note that ij‘ = j:jiijif/ji. The time derivative of
H(xf,vf) is

H(mf,vf):/sx Z (UJ»vaij;c)ijVjif
JEN(if)
> Yo () = )Va, Vi
JEN (ig)i€N (i f)NN(5)
+ Y (=) (b —vi,) R Tk
JGN(lf)

Applying the filters (TT)-(T2), the estimator (T4) and controller (T3),
one has

H(zg,vy)
IN 1
=Kz Z ((vf—vg)vzjwif + 5 (U]T - ’UzT)
JEN (if) 1EN (i £)NN(4)
X ijf/ji) + ) (Uj—vif)T(— k(v = vig)
JEN(iy)
— Ko Z (vj —vp) — ka Z szf/ji
PEN (i )N (4) PEN(ip) NN (4)

_ nxvxjf/jia - /ET(Cf;,)ch;i; (19)

It follows from the fact that xj; = —x;; and zj; —xj; = —(2i;—x};)

that g;/” = %‘;“ = 0
> Z () — v )Va,; Vi
]GN(Zf)ZEN(Zf)ﬂN(j)
T T 9
) DI (G
JEN (if)i€N (i £)NN(5)
+ @ = ol Va V)
=k » (v —vl) Y VaVy (20)
JEN(iy) €N ()N (J)

Combining (T9) and 20) yields that
H(xf,vf)
=—ro > (v (v —vi,) - K (C) LR

JEN(if)

Ko
-2 Yo (wi—vip)—(wp—vip)) (v —vp)
GEN(if) pEN (i)NN(5)
Ry

= — Ko Z (Uj_vif)T(Uj_Uif)_7 Z Z

JEN(iy) JEN(if) pEN (if)NN ()

(vj—vp) " (vj—vp) = KT (CT)TCT R @n

Therefore, H (x 7>vy) is always nonpositive and H(t) < H(0) for
t > 0. From the definition of H(t) in (I8), it holds that H(t) >
Vji(t), Vi, j € Vg. Thus, Vj;(t) < H(0) for t > 0. According to
the property 2) of V, Vj;(t) > H, Vj € N (i) when |z5] = 0
and |z;j;| = R. Since the constant H is chosen as in , it holds
that H > H(0). Thus, Vﬂ() > H > H(0) when |xﬂ| =0 and
|zji| = R. This is contradict to Vj;(t) < H(0),¥t > 0. Hence,
|xﬂ| # 0and |z;;(t)| # R,Vt > 0. This guarantees that the collision
is avoided and no edge is lost between any two agents in V.

Define the level set Qf £ {(:cf vf) € RsH)xm . H( ) <
H(0), H(0) > 0}. By applying LaSalles invariance principle,
(x?,w?)T starting in Q2 asymptotically converges to the largest
invariant set inside the region C = {(:vz;,v?)T €0y H(t) = 0}.
According to (21)), H(t) = 0 holds if and only if v1 = vo =
-+ =, and C} flé = 0. This implies that lim¢ o0 (v; — v;) = 0,
Vi, j € Vg and lim;_ oo CF k = 0. Moreover, according to ,

lim¢—oo C;, = C; /a where a > 0. Thus lim¢_s 00 Cifl;: =0.

In the folIfowmg, we consider the error system Vj—0; Fo= U UG
for j € N(if) at the point v; =wvg = --- = = vj ;. Obviously, it holds
that v; —0; = 0, Vi,j € V. Combining malicious controller
and controller 1| one has 0j — ¥, = —ky Zje/\/(zf)(vlf -
Vi) = Lpen(i)rnvy (Vi — vp) = ZpeN(y)nvq Va; Vip + CZf’“
Note that C; k: = 0 at the point v1 = v = - - - v;
Vi € Vy. Thus ZpeN(J)ﬂVg Vi, Vp = 0. Define wgf(xf)

T
( |:Cl] - :C'Lj| )
in the compact form, one obtains that Rg (zf)é(z¢) = 0 where
E(xp) £ (-, 0V /0wy — xjj],--) and Rg (x5) £ Vapig, (v)
is the rigidity matrix. Since Rank(Rgf (zf)) =md—m(m+1)/2
where m is the dimension and d is the vertex number of Vg, it
follows from the Rigidity Theory in [25] that RE § (@58 E(ay) =

(>

with 7,7 € Vy. Consider the error system

is equivalent to {(xy) = 0. From the property 1) of VZJ, we can
deduce that 6\/1] [Olzij —ai;| = 0is equ1valent to |z;; — ;| =0,
Vi,j € V4. Hence, it holds that Tij — xlj as t — oo. Also 1t yields
from controllers (E) and (E) that 0;, = u;, — 0 and ¥; =u; — 0
for j € N(iy).

Part B. As is shown in Fig. 2, all agents in Layer 2 can be
viewed as the leaders of agents in Layer 3. Let G be the direct graph
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characterizing the information interaction among agents in Vy and
the transmission from agents in V;(N (i¢)) to agents in V. If there
exists a directed path from agent j € N (if) to agent k € Vy in
graph G, agent j is said to be a leader of agent k. Here, we prove
that leader-follower flocking for agents in Layers 2-3 can be realized
under controller by analyzing the graph corresponding to each

neighbors. Therefore, it yields that

IS EE DYDY

1€V peV NN (4)

T
Sy LipVay, Vip

leader and all its followers. This together with the results in Part A
yields that all the followers tend to the same velocity as that of the

leaders.

Denote L£(k) as the set of agent k’s leaders. Define the energy

function Y (z,v) as

Y(z,v) £

> Yy
1€V jEL()NN ()
1

+§Z >
1€Vy peV NN (i)

PPN

1€V jEL(3)

DD DR L

2
i€V jEN(i)NN() ¥

Py 3 e

4 .
i€V peVNN (i) Tip

xf,vf
sc()Vi

—UJ (vi —vy)

(aip - 6‘)2

where s, ;) denotes the number of agents in set £(i). Constant &

will be designed later.

Note that the graph of agents in Layer 3 is undirected, thus sz ;) =

sc(j)s Vi € Vg, j € N (i) N Vy. Therefore, the derivative of Y is

T=f+ > i’iijfijViJ' +% > X

1€V jEL(1)NN (i) ievf pEVNN(4)
se@dipVenVip+ Y D i—v)" (0 =)
1€Vy jEL(4)
+ > (e —a)vi—vih
1€Vy JEN (i )NN (4)
SL(1) _
+> > (cvip — @)|vi — vpl1
1€V pEVFNN(0)

Applying controller (I7), one obtains that

> X

1€V JEL(H)NN (4)

+% YooY sewdipVe,Vipty, D (i)’

T H .'Ef,’l)f ('Ui _Uj)Tv-’I:ij‘/ij

1€VEpeV NN (4) i€EVyjeL(4)
X (— Z aisgn(v; —v;) Z a;psgn(vi—uvp)
JEL(D)NN (i) PEVFNN (3)
- Z Vi Vij = Z Va, Vip — uj )
FEL(H)NN (3) PEV NN (4)
+ > > (e —a)vi—vih

1€Vy JEN (i )NN (4)

Py Y

1€V pEVFNN(0)

(aip — @)|vi — vph

For convenience, label the agents in AV (¢ ¢) who have neighbors in V¢
as 1 to w. If there exists a directed path from agent j, j € {1, -+ ,w}
to some agents in Vy, denote the set of these agents as F'(j). Note
that F'(j) C V¢, and the leaders of k,p are same if k,p € Vy are

(22)

,Z Z Oéij|Uz‘*vj|1 72 Z(’UZ‘*’U‘])T

i€Vy JEN (ip)NN (i) J=1i€F(j)

X Z v —v5) — (vp — vj))

PGF(J')N\/(')

aipSgn((

_Z o wimu)t D> Ve Vi
J=14ieF(j) peVFNN(3)

O S ) DR
i€V GEN (if)NN (3) J=1i€F(j)

LD

ievfjeN(if)mN(')

DD WETEDS

J=1i€eF(j) PEF(§)NN ()

x sgn ((v; — vj) — (vp — vj))

(aij — &)\vi — ’Ujll

(aip - @)
(23)

Since Vj,, is symmetric with respect to x;, and z;, = (x; — x) —
(zp — x), Vx € R™, it holds that

DINDY

1€V peV NN (i)

.T
xz’pvxip Vip (xw)

1 w
252 > > (wi—vy) = (vp—vy))
J=L1i€F(j) pEF(G)NN (1)
X V:vjivip((xi - m]) - ('TP - xj))
S S e X Ve e
J=1lieF(j) PEF(H)NN(4)

Since wu;(t) is continuous for ¢ € [0,00) and it is proved in Part
A that lim;yoou; = 0, it holds that wu;(t) is bounded for ¢ €
[0, 00). Denote the bound as j such that u;(t)|1 < p,Vj € N(if).
Substituting (24) into 23) yields

taiey Y

luj||v; — vy

1€V JEN (if)NN(3)

w

20 lwlvimvl= 30 3 ali—vlh
J=1ieF(j) 1€V JEN (i )NN(7)
w

T _

=30 > i)t D> asen((vi — vy)—(vp — ;)

J=L1ieF(j) PEF(H)NN(3)
Define the number of agents in F'(j), j € {1, -+ ,w} as sp().

Define ©; as a column stack vector of (v; — v;), i € F(j). Let
G; be the undirected graph characterizing the interaction among the
sp(j) followers of leader j with the associated Laplacian matrix
L; = D; DT Note that by definition, L; is symmetric positive semi-
deﬁmte Let (]J be the directed graph charactenzmg the interaction
among leader j and its followers. Let the edge weight a;; = 1 if
leader j is a neighbor of follower 7 and a;; = 0 otherwise. Define
A; £ diag(a;,j, - i, )J) ir € F(j), k=1,---,sp(; Note

that A2 = Aj because a;;,i € F'(j) is either 1 or 0. Therefore, it
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holds
. . w w
T<H A+ Lopgy ®plojl = D alA; @ Ity
j=1 j=1
w
- > alD} © Imijly
j=1

Define the leader-follower topology matrix associated with graph Qj
as R; = Lj+Aj,je€{l,--,w} According to Lemma 2, R; is
symmetric positive definite. Based on and the fact that |-| < |-|;
for any vector, one obtains

T< -k Z (v fvif)T(vj fvif)
JEN(if)
- %v Z Z (vj — ’UP)T(UJ' — vp)
jGN(if)PGN(if)ﬁN(j)

(25)

_k ( ’Lf Cka Z \/ mm )_/1)|'DJ|

where i £ MAXKE (s (1), p(2) 15 F (o) y{lk®@u}. If R;(t), changes
at some time, there exists 1 > 0 such that R;(t) = R (0), Vt €
[0,£1). By designing & > M/mlnje{l ,w}{\/ min (£2(5)(0 }
one has T() < 0 for t € [0,t1). Since Vii(t), i € V',

N(3) NV is continuous, we can conclude that Vjj(t1) < ( )
From the definition of V;j, in (@), it follows that there is no collision
and no edge in the graph G;(0) will be lost for t € [0,¢y].
Therefore, the only possibility that R;(t) changes at ¢ = t1 is
that some edges are added in the graph, which means that G;(0)
is a subgraph of G;(t1). Then it yields from Lemma 2.2 in [24]
that R;(0) < R;(t1),Vj € {1,---,w} and thus A\p,in (R;(0)) <
Amin (R;(t1)). Following the same argument, if R;(t) changes at

t = t; > t;, « = 1,---, one can have the same conclusion.
Therefore, it holds that f/minjcy ... o)} {v/Amin(2(5)(0))} >
R/minjerq . 3 {v/Amin(R(5)(¢))} for all ¢ > 0. And there is

no collision and also no edge in the graph G;(0) is lost for all ¢ > 0.
Thus, T(t) < 0, V¢ > 0.

Combining (23) with the analysis in Parr A, it holds that
limg s 00 (v — Uif) =0 and lim¢ oo (v; —v;) =0, Vi € F(j),j €
{1,--+ ,w}. Assumption 2 indicates that there exists at least one
leader in {1,--- ,w} for each agent in Vy when ¢t = 0. Since no
edge in G5, Vj € {1,--- ,w} is lost for ¢ > 0, all agents in V; are
followers of agents in {1,--- ,w} for ¢ > 0. This further leads to
lim; 00 (v; — v;) = 0,Vi,5 € V. This completes the proof. d
Remark 4 : According to the proof of Theorem 1, lim;—; oo (xij —
zij) = 0, Vi,j € Vg holds. Since |27 ;| = 8i;j < R/2,Vj €
N(iy), it holds |zp,| = \x;if + x;‘fk| < |xffp| + |xffk\ < R,
Vp,k € N(iy) Also, no edge in Vg is lost under the controller .
This together with Assumption 4 that any two agents in A(iy) are
neighbors at the initial time guarantees that any two agents in A/(i 5)
are always neighbors for all £ > 0. Therefore, the local information
exchange among all the neighbors of the malicious agent can be
obtained as they can interact with each other. If Assumption 4 is
not satisfied, this information can be achieved in virtue of a local
communication network among agents in Layer 2 [22]. Such a local
network can be built conveniently if it does not exist, since these
agents are close to each other. With this local network, d; i can be
any desired value in (0, R).

Remark 5 : The main idea of the geometric configuration control
(T3) is to contain the malicious agent by “pulling” its neighbors to
the desired geometric shape. In the controller, the first term is to urge
the agents to reach the same common velocity. The second term is

to let the agents approach to the desired configuration to contain the
malicious agent. The last term is to compensate for the influence of
the malicious agent reacting on its neighbors. |

IV. EXPERIMENTAL RESULT

In this section, the experimental result is presented to illustrate the
effectiveness of the proposed flocking control scheme in the above
section.

A semi-physical experimental platform of an Unmanned Aerial
Vehicle(UAV) swarm has been set up based on 40 Raspberry Pi
computers. The dynamics and controller of each UAV are simulated
by 2 Raspberry Pi computers, respectively. Specifically, the flight
control system model of UAV in the platform and the transformation
method between the UAV model and model (1) are from Ref. [21].
Fig. 3 is the picture of the UAV swarm semi-physical platform, which
consists of 4 parts: Raspberry Pi computers, a thrust lever, a data
analysis terminal and a flight display terminal.

In the experiment, we consider a 2-dimensional swarm of 13 UAVs
(UAVs 0-12), including a malicious agent (UAV 6) under controller
@-@) with ko = 0, kr = 450000 and k» = 0.8. Define the velocity
of UAV i € {0,1,...,12} as v; = (vxi, vyi) Where vy; and vy; are
velocities in x-dimension and y-dimension, respectively. The control
inputs of UAV ¢ is the banking angle ®,, lift L; and engine thrust
T;. The initial ground velocity V;,i € {0,1,...,12} of UAV 7 is
taken randomly from (27,35)m/s and heading angle y; is taken
from (/6,7 /4)rad. The initial flight path angle is 0. According to
the model transformation in [21], vy; = V; cos(7;) cos x; and Vy; 4
V; cos(y;) sin ;. Let the communication distance be R = 18v/2m,
thus § = 18m. Let the desired distance between the malicious agent
and its neighbors be § = 12m < R/2. Apply controller with
Ky = 6 and kz = 2 to UAVs 2, 5, 7 and 10. Apply controller
with Vkp = 1to UAVs 0, 1, 3,4, 8,9, 11 and 12. The experimental
result presented in Figs. 4-5 shows that all UAVs tend to a common
velocity and all the control efforts tend to 0. The malicious UAV 6
is contained, and the distances between it and its neighbors tend to
12m as expected and the configuration tends to the desired one as is
shown in Fig. 6.

Flight display terminal

Fig. 3. Overview of UAV swarm semi-physical experimental platform.

V. CONCLUSION

This paper, for the first time, considers the flocking control
with a malicious agent, and the proposed hierarchical geometric
configuration based flocking control method is applied to a swarm
with a malicious agent. The new result enriches the conventional
flocking control theory. In the future, by combining the switching
system theory and the proposed parameter estimation framework,
the malicious agent with changeable parameters will be taken into
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Fig. 5. Trajectories of distances between the neighboring UAVs.
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Fig. 6. Flocking patterns at t = 4s where x and y present positions in
x and y dimensions, respectively.

consideration. Moreover, this new result will be extended to more
cases: one malicious agent acts selectively on a part of its neighbors,
or multiple malicious agents existing in the swarm. Further studies
will also focus on the application of the containment method to multi-
agent with nonlinear or other complex dynamics.
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