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DYNAMICS OF FLOCKING MODELS WITH TWO SPECIES

QINGJIAN ZHAO, SHAOYUN SHI, WENLEI LI

ABSTRACT. This article studies the flocking behavior of self-organized agents
in two species. First, referring to the work of Olfati-Saber and the classical
Cucker-Smale model, we establish a discrete system describing the flocking dy-
namic of the agents in two species. Second, by using the LaSalle’s invariance
principle, we show that the system with global interaction will achieve uncon-
ditional time-asymptotic flocking, and the system with local interaction has a
time-asymptotic flocking under certain assumptions. Moreover, we investigate
the local asymptotic stability of a class of flocking solutions. Finally, some
numerical simulations and qualitative results are presented.

1. INTRODUCTION

The self-organized behavior, illustrating that some agents interact with each
other to reach a position and velocity balance, wildly exist in the natural world and
human society. Scientists have established many models of various phenomena to
describe these behaviors, such as birds flocking [4}, [10], fishes swarming [2], complex
network [6] and the price monitor in the market [II, I8]. The corresponding models
have also been applied in the field of systems science and control engineering, such
as the flying control for space flight [26] 27, B4] and the formation control for mobile
robots team [29].

In 1986, Reynolds [28] introduced three heuristic rules showing the basic require-
ments on the collective behavior of self-organized agents, which can be summarized
as follows.

(1) cohesion: attempt to stay close to nearby flockmates;
(2) separation: avoid collisions with nearby flockmates;
(3) alignment: attempt to match velocity with nearby flockmates.

Following the above rules, scientists have established many standard models. One
class of these works is the flocking models, which mainly describe a final state
of alignment under some principles of interaction between agents. In detail, let
7;(t) € R? and v;(t) € R? be the position and velocity of the i-th agent in a group
N with n agents, i = 1,...,n. Then mathematically, the agents in A achieve
flocking if for any 1 <4, j < n, the following two properties hold:

(1) |lvj(t) —vi(t)]| =0, as t = oo.

(2) there exists a constant C' > 0 such that for all ¢ > 0, ||z;(t) — z;(¢)] < C.
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In 2006, Olfati-Saber [24] studied the following flocking model in which the
interactions between agents are defined as the addition of an action function of
distances and a matching function of velocities,

xl(t) = Ui(t),
= (1.1)

where the interaction function ¢ is a monotone increasing function with ¢(0) = 0,
z; (t)—zi(t)
MO0 ‘ i .
coefficient and the balance distance, respectively. Under the condition that the
corresponding graph of the agents keeps connected, the author obtained that the

agents achieve flocking.

In 2007, Cucker and Smale [I2] considered the model (C-S model):
(1) = vilt),

(1) = Y ass(@(t)) (v5(t) — vi(t)),
j=1

Mij = and c¢,d are positive constants called the velocity matching

with the velocity matching coeflicient function
H
(1 [l () — s (B)[12)7”

where H > 0, 8 > 0 are parameters. They concluded that the agents reach a final
state as unconditional flocking if 5 < 1/2, yet for 8 > 1/2, it is necessary to have
some restrictions on the initial values.

Following the C-S model, scientists have developed various models and gained
many results. In 2008, Ha and Tadmor used the BBGKY hierarchy to turn the
C-S model into a Vlasov type mean-field model and proved that for g = %, the
system still has unconditional flocking [32]. In 2009, Carrillo extended the C-
S model to a continuous kinetic version model with a Boltzmann-type equation
[3], and proved that the solutions will exponentially concentrate their velocities
to their mean and they will converge towards a translational flocking solution. In
2014, Motsch and Tadmor presented a generalized C-S model in [23] and proved the
flocking of the system under a row-stochastic assumption and some requirements
on the interaction between agents. There are many other interesting results related
to the above models, such as flocking with random influence of white noise [IT, [I7],
randomly switching topologies [15], stochastic mean-field limit [9], non-symmetric
interaction or leadership [13 [30], collision avoidance of obstacle [5] [35], and time-
delay [7, 14} 211, 25] 3], etc.

One can notice that nearly all the above research works studied only the flocking
behaviors of agents in one species, that is to say, all the agents follow the same inter-
action function and velocity matching coefficient. While, no matter in the natural
world or human society, the interactions and gathering of multi-species agents are
more widespread situations, such as several kinds of birds migrate together, vari-
ous vehicles move together on the road, and peoples live together in a multi-ethnic
society. In these circumstances, it can always be observed that two or more species
of agents with different influence disciplines tend to form a whole cluster and move
in the same way.

aij =
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As it was pointed out in [8], the mathematical study of two-species behaviors is
a hot topic in the research area of flocking behaviors. Several continuous models on
two-species flocking have been established and analysed, see [8],[20] 33] for examples.
The main goal of this paper is to establish a discrete model of some self-organized
agents from two species and to investigate the flocking phenomena and related
dynamics of the model. Furthermore, we will present several numerical patterns
of flocking dynamics to illustrate our results and some other phenomena related to
the models.

The outline of this article is as follows: in section 2, we establish the two-species
flocking model. In section 3, the model is considered to have global interaction
functions and is proved to have unconditional flocking. In section 4, we carry out a
local model by adding a restriction on the interaction range. Then we use LaSalle’s
invariance principle and the invariant manifold theory to analyze the stability of
the solutions. Finally, some numerical simulations and qualitative results will be
concluded in section 5.

2. FLOCKING MODEL FOR TWO GROUPS

In this section, we will establish a flocking model of two species based on the
Reynolds three rules and the models and in section 1. Before the mod-
eling work, let us recall some concepts of graph theory. A graph G is defined as a
pair (V,€) with a set of vertices V = {1,2,...,n} and a set of edges £ C V x V. Let
V|| and [|€]| be the numbers of vertices and edges in graph G, respectively, then
it is easy to find that |V|| = n and ||€|| < n?. The set of neighbours of vertex i is
defined by

N, ={jeV:(i,j) €&}
If for any 4,5 € V, there has a sequence of vertices {i,v1,...,v,,j} such that
vy € Nijy j €Ny, ,and vg41 € Ny, k=1,...,n—1, then we say that the graph G is
connected and this sequence is called a walk between ¢ and j. If G is disconnected,
then V can be decompose into a pair of separated sets V1 and Vs, where V; UV, =V,
ViNVy =0, and (,5) ¢ € for any i € Vy, j € Va.

Definition 2.1. Let G = (V,€) be a graph. A subset V C V is called a cluster if
the corresponding graph G = (V, €) is a connected graph with €=V xVnNE.

An n x n matrix A(z) = [a;;(z)] can be viewed as a weighted adjacency matrix
of graph G = (V,€), i.e. for any 4,5 € V, a;;(z) # 0 if and only if (¢,j) € £. The
degree matrix D(x) of G is defined as a diagonal matrix with diagonal elements
iy agi(z). Then, matrix L(z) = [l;;(z)] induced by

Zj;él alj —Qa12 . —A1n
—a1 Z : as; ... —Qa2n
L(z) = D(z) — A(z) = o ,@
—0Qn1 —an2 . Zj;tn Qnj

is called the Laplacian matrix of G.

It is easy to find that in the matrix L(x), the elements of each row have a sum
of zero. This fact implies that L(x) has a eigenvalue \; = 0 with the related
eigenvector 1" = (1,...,1)". Furthermore, the Laplacian matrix L(z) has the
following properties [16] [22]:
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(1) If A(x) is a non-negative matrix, then the eigenvalues of the corresponding
L(z) satisfy 0 = Ay < A <-+- < Ay

(2) If A(z) is a non-negative symmetric matrix, then the corresponding L(z)
is a positive semi-definite matrix which satisfies

1
T n
z' Lz= B Z aij(z; — )%, 2 €R™ (2.2)
aijgéO
(3) If A(x) is the adjacency matrix of a graph G, then the Fiedler number
L
A9 = min % > 0,
=1 2

if and only if the graph G is connected.

In the follow-up post, we consider two groups of agents which are divided ac-
cording to the species. The two groups are indicated by the sets Nj, N5 with
NiNN; =0 and Ny UNy = N. For the sake of convenience, here we give some
notations which will be used. Let
n;: the number of agents in N, i = 1,2;

n: the total number of all the agents in N, i.e., n = ny + ny;

7;(t) € RY: the position of the I-th agent in Aj at time ¢;

uy(t) € R the velocity of the I-th agent in A at time ¢;

yi(t) € R%: the position of the i-th agent in A3 at time ;

v;(t) € R?: the velocity of the i-th agent in N5 at time ¢.

Therefore, we can use the pairs (z;,u;) € N1 and (y;,v;) € Na as the I-th agent in
N1 and i-th agent in N5, respectively.

Based on the Newton’s second law, we illustrate the interactions of the agents
in two groups by the kinetic model

jjl = U,
ul:fll+gl1a lzla"'anla
. (2.3)
Yi = Vi,
UZ:fz2+g7,2a izly"';nQa
here, for k = 1,2 and | € {1,...,n4}, flk represents the influence acting on the
I-th agent in N, from other agents in AV}, and gl’C represents that from all agents in

N /NG
First, according to the cohesion and separation rules, when the agents achieve
flocking, the distance between every two agents will tend to reach a proper value.
This ideal value under the flocking state is called the balance distance. In the model
of two groups, we introduce three different balance distances to show the distinction
between the two groups. In details, for agents in A7 and A5, the balance distances
are respectively denoted by di, do, and for agents from different groups, the balance
distance is dy which should be not less than dy,ds. Hence, we utilize the idea of
Ofati-Saber [24] presented in model and give a collective potential function V'
as follows
Viz,y) = Vi(z) + Va(y) + Vo(z,y), (2.4)
with
ni ni

Vit) = 5 33 wlllee — wl - ),

k=11=1
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no no

=532 6l - will - o)
j=11:=1
ny no
= S el — do),
k: 1:=1
where z = (1,...,Zn,)s ¥ = (Y1,---+Uny), and (z) : R — R is a nonnegative

function with its strict minimum at the original point. This property of ¥(z)
reflects the attractive and repulsive behaviors between agents and these behaviors
ensure that the agents can always tend to their balance distances.

Next, to depict the alignment rule, it is natural to apply the velocity matching
idea of the C-S model [I2] as it is presented in (L.2). Specifically, we can give the
expression of the influence functions,

ni
Z¢ ok — 1)l — ) @)+ ar (o, m) (u — ),
k=1

no

= Z¢(||yj — || = do)eély;, z1) + Zao(yj,xz)(uj —w),

j—l

Z¢ ly; — will = d2)ely;, yi) Za2 Yi» yi) (v — vi),

j=1
Z¢ |2k — yill — do)élzr, yi) +Zao Ths Yi) (U — i),
k=1

where the interaction function ¢(z) is the derivation of 1(z), €(z1,22) is a unit

vector along the line of the two agents, expressed as

Z1 — 29

é(z1,20) = ——
B =l

and the functions aq, as, ag are the velocity matching coefficients.
Now, conclusively, we present the system of agents in two groups which will be
investigated in this article,

T =y,
Z(b [k — 2l — di)é(ay, 1) +Zal (ke x0) (wr — w)
k=1

na

+ Z¢(Hyj — @] = do)&(ys, w1) + Y ao(ys, w1) (v; — w),

Jj=1 j=1
y.' = Uy, (25)
no
6= Sy — il — d2)élys, vi) + Zaz yj» yi) (vj — vi)
j_l j=1
ni
+Z¢ ||~Tk—yz|| —do) (‘rkvyl +Za0 xkayz)(uk_vz)
k=1 k=1

Remark 2.2. System (2.5) naturally corresponds to a graph G = (N, Ex) with a
block adjacency matrix induced by the velocity matching coefficients.
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According to the definition of flocking given by Cucker and Smale [12], we carry
out a new definition of two-groups flocking.

Definition 2.3. For agents in the two groups A and N5, they have a time-
asymptotic flocking if and only if for any I = 1,...,n7 and ¢ = 1,...,n9, the
vector (z;(t), w(t),y:(t), vi(t)) satisfies

(1) flu(t) = vi(@)]| = 0, as t — oo,

(2) there exists a constant C' such that |z;(t) — y;(¢)| < C for all t > 0.

Same as the case of one-group flocking, the above definition implies that if agents
in the two groups achieve flocking, their velocities are asymptotically equal, and in
the whole process, there is no agent get away from the groups.

For the convenience of studying, we then consider the translation invariance of
system . We translate the system as:

o=z —Xe, Yi=vi— X,
u=u = Ve, U;=v; -V,
where
1 ny no 1 niy n2
Xc:*( 7,')7 c:*< ’L)
S+ dw) Vo= (Dwtd v
1=1 i=1 1=1 i=1
Noting that Xc =V, and VC = 0, which means
X, = Va(0)t + X.(0), V. =V.(0),
we can obtain that the translation of the system has invariance. Thus, without loss
of generality, we may assume that V., = X. = 0 and this assumption can be realized

by the above translation. In other word, we only need to investigate system (2.5))
restricted on the invariant manifold M = M; x My with

M, = {(x,y) : ixl +nZy - o}, Moy = {(u,v) : iul +ivi :0},
=1 =1 =1 =1

where u = (u1,...,Up, ), v = (v1,...,0p,).

With the definition of two-groups flocking, it is easy to discover that if the
system restricted on M achieves flocking, the velocities will asymptotically equal
to 0. Thus the flocking problem of system on R turns to be the stability
problem of fixed points on the manifold M.

3. COLLECTIVE DYNAMIC UNDER GLOBAL INTERACTION

In this section, we consider the case when system has global interaction,
which means any two agents in A interact with each other at any time. We first
present several assumptions on the interaction function and velocity matching co-
efficients.

(A1) The interaction function ¢(z) : R — R is a C'-smooth monotonically in-
creasing function with ¢(0) = 0 and there exists a constant Cy such that
for all z € R, |¢(2)] < Cp.

(A2) The potential function

b(z) = / " b(s) ds (3.1)

satisfies ¥(z) — oo as z — oo.
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(A3) The velocity matching coefficients a1 = ¢1, a9 = ¢2, a9 = ¢p, where ¢1,co >
0 and ¢q > 0.
An example fulfilling (A1) and (A2) is the action function presented in [24]. It is
an s-type function defined by
a+b a—>b

o(z) = 5 o(z+c)+ 5 (3.2)

where 0(2) = 2/vV1+ 22, b >a > 0, and ¢ = |a — b|/(2v/ab). The corresponding 1)

is
+b
W) = 5o (VIT G+ P - Vit +
By choosing the parameters as a = 2,b = 3, the graphs of ¢(z) and 1(z) can be
illustrated as following figures.

FIGURE 1. Functions ¢(z) (left), and ¢ (right)

Theorem 3.1. Let (A1)—(A3) hold for system (2.5). Then the agents in groups

N1 and Ns have a time-asymptotic flocking.

Proof. The structural energy of system (2.5)) is indicated by a Hamiltonian
H(x,u,y,v) = V(z,y) + K(u,0), (3.3)

where V (z,y) is the potential energy induced by the differences of positions which
is defined by ([2.4) and

1 & 1 &
0) =3l + 5 Y il (3.4)
=1 i=1

is the kinetic energy induced by velocities.

Let (x(t),u(t),y(t),v(t)) be the solution of system with the initial value
(2(0),u(0),y(0),v(0)) € M. With the assumptions (A1) and (A3), by differentiat-
ing H(x,u,y,v) along the solution with the respect of time, we have

. 1
H:§Z¢(ka—$l” —d1)< (xk,xl +Z dtul,ul
kAl
1 =, d
t 5 2 Sy = vill = d2)(lyz i), 05— vi) + (v vi)
] i—1
ni na
£ bl — il — do) (e, 1), — v
=1 i=1
ny ni nz N2 nz N1

=c1 Y Y uuk —w) 2 Y Y (vi 05 —vi) +co D> (w0 — w)

k=1 1=1 j=11i=1 i=1 1=1
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ny ni nz2 N2 nz2 ni
=c1 Y Y uuk —w) 2 Y Y (vi v —vi) +co D> (ug, v — )
k=11=1 j=14i=1 i=1 I=1

1 1 1
=-3a ; g — ]| — 562 Z lvj —vill® = 5¢0 Zl: [[vs — w|* <0,
) J,? 7,

and
H(m,u,y,v) =0 <= w=v, l=1,...,n1,i=1,...,no. (3.5)
Therefore,
H(xz(t), u(t),y(t),v(t)) < Ho := H(2(0),u(0),y(0),v(0)), t=0.
Let

Qo = {(z,u,y,v) € M : H(z,u,y,v) < Hp}.

Then Qg is a positive invariant set of system . Furthermore, 2y is bounded.
In fact, for any (z,u,y,v) € Qo, it is clear that K(u,v), Vi(y), Va(x) are all less
than Hy, so ||u|| and ||v;|| are bounded, and by (A2), we deduce that ||z — ;| and
lly; — vill are bounded. As the fact that (x,u,y,v) € M, we obtain that ||z;|| and
|lyi|]| are bounded. Therefore, Qg is a bounded positive invariant manifold.

From the LaSalle’s invariance principle [19], (z(t), u(t),y(t),v(t)) converges to
the largest invariant set in

S= {(z,u,y,v) € QO : H(x,u,y,v) :O}
By (3.5), we obtain that for any I =1,...,n1,i =1,...,n9,
[lui(t) — v (®)|| = 0, ast— oc.

From this and the boundedness of positions, it follows that the agents have a time-
asymptotic flocking. O

Theorem [3.I]shows that the two groups of agents with global interaction fulfilling
the assumptions will unconditionally achieve flocking. However, in the real world,
one agent may not pay attention to all other agents at the same time. Therefore,
we will develop a more realistic model in the next section.

4. COLLECTIVE DYNAMIC UNDER LOCAL INTERACTION

In this section, we investigate the flocking system with local interaction, which
means the interaction between any two agents is considered to have finite cut-
off at a certain distance. As it is proposed in the above section, we used three
different distances dy, ds, and dy to represent the balance distances of agents in
N1, agents in N>, and agents from different groups. In the same way, to realize
the cut-off of interaction between agents, we introduce three relevant non-influence
distances 71,72, and rg which are called the interaction radii. Similarly, rg is not less
that r1 and ro. In addition, for the sake of convenience, we reorder the positions
and velocities of agents in N as ¢ = (q1,-.-,qn) = (T1,-- -, Tn,sY1,- -+, Yn,) and
b= (plw"vpn) = (U17~~-,Un1,1)1,~~-,vn2)-
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With the above arguments, we carry out the following local interaction functions
of agents in the two groups,

d1(lla; = ail) = p'(lay = a:lDo(lla; — @ll = dv). ij=1.....mu,
¢ij = 4 d2(llg; — aill) = p*(lg; — asl)é(llgy — aill = d2), 4,5 =na+1,....n,
¢o(llg; — all) = p°(llgj — ailDd(llgj — aill — do), otherwise,
(4.1)
where $ is a function fulfilling the assumptions (A1) and (A2), and

() = (=), a=012,

are three bump functions with p(z) a C'—smooth, uniformly bounded, and mono-
tonic decreasing function satisfying that p(z) = 0, for all z > 1 and p(z) = 1, for
all z <1 —¢, here 0 < € < 1 is a sufficiently small parameter. One suitable choice
is the following function introduced in [24],

1, z € (0,h),
p(z) = ¢ 2(1+cos(r2=l)), =z € [n,1],
0, otherwise,

where h = 1 — e. The use of these bump functions ensures that the interactions
between the agents smoothly vanish as their distances go beyond the interaction
radii.

Then, on the basis of the above discussion, we establish the following system to
describe the dynamic of agents in two groups under local interaction,

qi = Di,

n n
pi = ¢iélas, a) + > aij(p; — pi) (4.2)
j=1 j=1
where
clpl(HQJ - QiH)ﬂ ,j=1,...,n,
aij = a(llg; — aill) = { c2p®(lgj —ail)), 4,5 =m1+1,....m, (4.3)
cop’(lla; — all), otherwise,
with ¢q1, ¢g, and ¢y are positive constants.
Similar to the remark in section 2, the above system naturally corresponds
to a graph Gar(q) = (N, En(q)) with (4, j) € Ex(g) if and only if a;; = a(||l¢;—ql|) #
0,4,5 =1,...,n. Then, the structural energy of system is

~ ~

H(q,p) = V(q) + K(p),

with
N 1 ni 1 n
Vig) = 3 Z Uil — all) + 3 Z V2l — aill)
ij=1 ij=ny+1 (4.4)
ny n
+> 0> Yollla —ail),
G=1i=ni+1
where

Ya(2) = /dz Da(s)ds, a=0,1,2. (4.5)
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We remark that 1, (z) has the following properties:

Vo (2) = ho = Va(ra), 22> Ta,

4.6
Va(2) < hay, da<z<re, a=0,1,2. (4.6)

Now we can state the following conditional flocking result for the local model.

Theorem 4.1. Let ¢;; and a;; in system (4.2)) be given by (4.1) and (4.3)), respec-
tively. If for any t > 0, N is a cluster with connected graph Gy = (N, Ex), then
the agents have a time-asymptotic flocking.

p(t)) be the solution of system (4.2) with (¢(0),p(0)) € M. By
(¢,p) along the solution with the respect of time, we have

Proof. Let (q(t),
differentiating H

n1

S 1 N
H=3 o1(llg; — aill)(elgs, @), pj — pi)
=
Z ¢2 ”(JJ - Qz||)< (QJan) pi>
1] =ni1+1
" d
+Z Z oo H(Zj _QZ”)( (anQz) pi> +Z<dtl)z,Pz>
=1 j=n1+1 1=1
1
=—5 > an'(le —al)p; —pip; —pi) (4.7)
i,j=1
R )
—5 > ey —al)p; - pip - p)
i,j=n1+1
1 ny1 na
=52 > cor’lllg = all)ps —pispj — pi)
i=1 j=ni+1
1 « )
=—3 > aijllp; —pill® <0,
i,j=1

therefore,
H(q(t),p(t)) < Ho := H(q(0), p(0)). (4.8)

We claim that if f[(q7p) =0, then p; —p; = 0,4,j = 1,...,n. For any agents
(g5.14), (gi,pi) € N, by the connectivity of Gar(q) = (N,En(q)), there exists a
walk (k1,...,km) which goes through agents (qx,,pk)s-- -, (qk,, Pk, ) iIn N with

(qk17pk1) = (Qjapj)a (qkmapkm) = (QHPl)a and Akiky_q > Oa 1= 17"'7m' By ‘ 3
we can deduce that pr, —pr, = Pky —Pks = =+ = Dkp_y — Pk, = 0, 1€, p; —p; = 0.
Let Q2 = Qg N X with

QO ={(q,p) e M : ﬁ(q,p) < ﬁ0}7 Y ={(q,p) e M : {q1,...,qn} is a cluster}.

Since for any ¢t > 0, G is connected, combining , we know that  is a
positive invariant manifold of system . Furthermore, for any (¢,p) € (AZ, we
have K (p) < Hy and ||p|| is bounded, and {q1,--.,qn} is a cluster, which leads to
llq|l is bounded. Thus, € is a bounded positive invariant manifold of ( [@2).
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Then, from LaSalle’s invariance principles, the solution (g(t), p(t)) of (4.2) start-
ing in Q converges to the largest invariant set in

S = {(q,p) € QH(q,p) = 0}.
From (4.7), we can deduce that for 7,5 = 1,...,n,
llp;(t) —pi(t)|| =0, ast— oo.

The boundedness of ||¢|| for all time ¢ can be deduced by the connectivity of Gar(q),
consequently, the agents have a time-asymptotic flocking. O

Remark 4.2. Because of the dissipation of H , the assumption that A is a cluster
at any time could be replaced by proposing a constraint on the initial value of the
energy function, for example, Hy < min{h,, ¥ (0),a =0,1,2}.

Besides the above conditional flocking consideration, we investigate the stability
of a class of flocking solutions which can be, in fact, entirely viewed as an invariant
manifold of system (4.2]). We first present the following propositions.

Proposition 4.3. For ¢ € My, if Gy(q) is connected, then ¢ € B := {q €
M| lgll < n’ro}.

Proof. If G/\/( ) is connected, then max{||q; — qu i,j=1,...,n} < nrg, thus

||qz||—*||nqz||—*|| (n=Dai = all < - Z||qk—qz||< (n = 1)ro.
k#i k:;éz
Consequently, ||g|| < n(n — 1)rg < n?rg and this leads to q € B. O

Proposition 4.4. For any q € My, if Gu(q) is disconnected, then there exist a
q* € My such that Gar(q*) is connected and V(q*) < V(q).

Proof. Since Gar(q) is disconnected, the agents in A/ can be decomposed into two
sets Vi, Vs, where V; is a cluster, as well, V; and Vs are a pair of separated sets.
Let Vl‘j =Y ﬂ./\/’j, 1,7 = 1,2. Then Vi = V11 U Via, Vo = Va1 U Vao, and we note
that

(¢".p") € Vi, (¢7,p7) = ((¢7,pY),-. ., (a7, p3 ) € Vijy i,5=1,2,
where n;; is the number of agents in V;;. Then, by (4.4]), we derive

V(g) = V' (¢") + V?(¢*) + n11in21h1 + niznashs + niznaiho + niinash,

where

nii niz niy ni2
Z (gt — ') + Z dalllg® = a1+ D) wollla)' = a1,
4,J=1 4,5=1 Jj=1i=1
n21 naz mn21 M22
Z bl = ') + Z Yallg? = a1+ D> ol — 1)
7,7=1 7,7=1 Jj=11i=1

As V; and Vs are separated sets, we have
61 :=d(Vi1,Va2) =10 >0, 69 :=d(V11,Va1) — 11 >0,
03 :=d(V12,Va1) — 19 >0, 04:=d(Vi2,Vaa) — 12 > 0.
For A1, A2 C N, we define
d(A1, A2) = min{|[¢; — all, (¢:,p:) € A1, (q5.p5) € A2}
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Without loss of generality, we suppose that ¢; = min{dy, da,03,04}. Then there
exist (¢i},pil) € Vi1, (¢52,p37) € Vaa, such that

lait = a2l = ro = 61 > 0. (4.9)
Let ¢* = (¢'*, ¢**) with

1« _ 1 = 11 22 2¢ _ 2, = 11 223711 T M2
¢ =q —€elg,,q,)0 ¢ =q +eélg,,q, )mé,

where ¢ is a positive constant satisfying
nip + ni2
N21 + Na2
for some sufficiently small € > 0. Then we have

(1+ )6 =01 +¢

I} =l =gl = gl i =Ly,
142 = 0l = g = gl ij = Lo.oma,
I8 = a2 = ' = @'l g = Lo,
g7 — a7 |l = llg7* — @Il 4,5 =1,...,n22;
therefore,
Vl(ql*) — Vvl(ql)7 VQ(qQ*) — V2(q2). (410)
Meanwhile, we infer that
11 22 22 L2 g o1
Hq - q H — H(qu = g H — m(5>e<qu aQJo)H
4.11
= llgiy =2l — (61 +¢) ()
=To — €.
Then as 09 > 47,
e 1* 21 ni1t+n12 o 11
_ S+ —==§
lg! | = [lg — 0+ ey 4l
> [lgi' — gi'll = (61 +€)
> 02 +711 — (01 +€)
Zrl_ea izla"'7n11’k:1""’n21'
Similarly,
[ > 2 ra—e, J=1ma I=1, e,
||q21*_ 12*H>T0—€ k=1,...,n91, l=1,...,n19.

By ., for any ¢ # ig and j # jo,
lai™ =@ > gt = @il = (01 +€) > llagy —ajell = (01 +¢) =70 —e. (4.12)
Combining -—-7 with the properties shown in (4.6]), we have

niy n22 niir n21
221% ||q22* 11*”) < ni1nazho, ZZ% ||q21* 11*”) < niingiha,
i=1j=1 i=1j=1
niz N22 ni2 n21
ZZ% (l63** — 4> ) < nignashs, Zzwo g7 — ¢i**||) < naanaiho.
=1 j=1 =1 j=1

Adding the above expression and (4.10), we have V (¢*) < V(q)
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If Gar(g*) is still disconnected, we can reuse the above process to get an new ¢*
such that Gar(q*) is connected and V (¢*) < V(q). O

Let M = M, x M, with

={aeMi: V() = min (V(y)}}, My ={p € Mo|pi =0}

We then state the following properties of M,.
Lemma 4.5. M, is a nonempty compact subset of M.

Proof. For any q € M; with G (q) disconnected, by Proposmon u 4.3] there exist
a ¢* € My such that Gar(¢*) is connected and V( *) < V(q). By Proposition 4.1,
we know that ¢* € B. Thus, the minimum of V( ) in M, is just the minimum in
B.

Then from ([&.4)), V(q) is a continuous function which must have minimum in B.
Thus, M, is not empty. Meanwhile, M, C B, therefore M, is compact. (I

By Lemma [£.5| M is nonempty. Moreover for any (q,p) € M, it is obviously
that q,p) is a ﬂocklng solution of system (4.2)), thus, M is an invariant manifold
of ( and dim(M) = dim(M,).

To analyze the local stability of M, we ought to investigate the Jacobian matrix
of the system calculated on (¢,p) € M. Noting that

J= (8 N c) , (4.13)

where G = —V2‘7(q), L = L®I with L is the Laplacian matrix defined by (2.1]) and
I is unit matrices with corresponding order, we have the following observations.

Lemma 4.6. ker(L) C ker(G).

Proof. Noting that ker(L£) C ker(G) is just equivalent to that if £& = 0 for some
¢ € R, then G¢ = 0. Meanwhile, one can induce by that if L = 0, then
€ = ¢917 with € € R. Hence, we only need to prove that G1¢ = 0.

We observe that G := [Gy;], .., where G;; = —Vjvif}(q) is a d x d matrix.
Therefore, G1% = 0 if and only if

> Gj;j=0, i=1,...n, (4.14)

where O is a d X d zero matrix._
To prove (4.14)), we rewrite V(q) as

n

1 — 1
=5 > Uil — all®) + 3 Y Ualllg — aill®)

k=1 t,j=n1+1
ni n

+>2 > Uolllar = al®),
k=1i=n;+1

where Uy (s) = ¢a(51/?), s >0, a = 0,1, 2.
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Forie{ni+1,...,n},ke{l,...,n1} and j € {n; +1,...,n}, we have

ViVie)=Vi Y. Uallgy—all®) + Vi D> Uo(lax — ail®)

j=n141 k=1
ni 8
=2 Z Us(llg; — aill®) (g5 — @i +228 A1) (g — @),
Jj= n1+1 k=1
V2V (q) = 2 niU )V g+ 2 —U — gl
V=2 > 50, V2la; aill*)) Ia + Z o(llge — aill*) ) Ia
j—n1+1 v
+4 Z Ua(llg — aill*)llg; — all?
j=n1 +1
Yy f’—QUoqu—q»\P)nqk—qn?
kzla%af]k ' o

VjV,-‘A/(q) = -2

32
Ualll; = aill) o = 455 Unlla; = ) la; = il

= 0 9?
ViViP(a) = ~2( 5o Uolllas — ) 1o — 455 Uolllas — aul)lax — i

which leads to

> Gij = QM—I—ZQZJH- Z Gij = O.
j=1

= j=ni1+1
In the similar way, (4.14) also holds for ie{l,....m}h ke{l,...,nq}and j €
{n1+1,...,n}. This completes the proof. |

Proposition 4.7. dim(ker(G)) > dim(M,).

Proof. For any smooth curve I'(s) € M, with I'(0) = ¢ € M,, we have
PN PN d
VV([(s) =0, V?V([(s)7-T(s) =0,

this means that %F(s)’s:07 the tangent vector of M, at ¢, belongs to ker(G).
Therefore, the dimension of ker(G) is not less than that of the tangent space of M.
Thus dim(ker(G)) > dim(M,). O

Now we can state and prove a result about the local stability of two-groups
flocking solutions under local interaction.

Theorem 4.8. Let ¢;; and a;; in system (4.2)) be given by (4.1) and (4.3)), re-
spectively. Assuming that dim(ker(G)) = dim(My), then the manifold M is locally
asymptotically stable.

Proof. Tt is not difficult to see that (u,v)' € ker(J) if and only if

v =0,
Gu — Lv =0,
or equivalently, u € ker(G) and v = 0, so dim(ker(.J)) = dim(ker(G)). Combining
this with the assumption that dim(ker(G)) = dim(M,), we obtain
dim(ker(J)) = dim(M,) = dim(M).

(4.15)
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Now we show that if A\ # 0 is an eigenvalue of J, then Re(\) < 0. Let (£,1) " be
the eigenvector corresponding to A, then

n = A&,
Gg§ — Ln=An,
which leads to
NEHNLE—GE=0.

premultiplying by &7, we solve the eigenvalue \ as

_ —€Tre+ ETLE? + 4€JPETGE
2/1¢11? '
From Lemma and the property of L in , we conclude that ¢7L£¢ > 0.
Moreover, since ¢ € M, is a minimum point, {' G < 0. As mentioned above, we
get Re(\) < 0.
Combining this with Lemma [4.5] we state that M is a normally hyperbolic
invariant manifolds on M, which induce that M is locally asymptotically stable. [

A

Remark 4.9. 1. Theorem [£.§]leads to the flocking solutions in manifold M being
locally asymptotically stable.

2. The assumption dim(ker(G)) =
example, when n; = ny = 1, ¢o(2) = p®z, and dy < 14 < V2do, @ = 0,1,2, we
have dim(ker(G)) = dim(M,) = d.

dim(M,) can happen in many situations. For

5. NUMERICAL SIMULATIONS

We have proved in the above sections that the systems of two groups with global
and local interaction could both achieve flocking under some proper assumptions. In
this section, some numerical results will be presented to show the above conclusions
visually. In addition, we would like to remark that the relationship between the
parameters and the final configuration of the flocking solutions is also a notable
problem, and we will display a few numerical results to show the related phenomena
in subsection 5.3.

In all the following figures, the positions and the velocities of agents in N7 are
showed by red stars and red arrows, while in A5 are showed by blue squares and blue
arrows. For the two groups of agents with global interaction, they follow system
in section 3, where ¢ is chosen as . For agents with local interaction, they
follow system in section 4 with é chosen as (3.2]). Both the parameters in ¢
and qAﬁ are chosen as a = 1,b = 7. For the velocity matching coefficients, we find
that their differences do not have much effect on the final configurations, thus for
convenience, we choose cg = ¢ = ¢ = 1.

5.1. One group versus two groups. We present four sets of figures showing the
time-asymptotical flocking of one group and two groups of agents under global and
local interactions, respectively. The number of agents is n = 30 with n; = ny = 15.
It is clear that if the balance distances are chosen as dy = dy = ds, the two-groups
system turns into a one-group system. The initial positions of all the four sets of
figures are chosen at random from [0, 160]? and the initial velocities are chosen at
random from [0, 10]2.

Figures [2Hp] show that for random initial data fulfilling the connective require-
ment of the local model, both two systems can get a flocking consensus. Meanwhile,
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FIGURE 2. One-group system under global interactions with dy =
dy = da = 40.

when considering the patterns, there shows to have some differences among these
figures: for the one-group system, the agents mix together at the final states, while
for the two-groups system, the agents present a layering phenomenon as they tend
to get close with agents in their own group. Furthermore, we can also find that
under local interactions, the agents have a clear lattice structure, while under global
interactions, they do not have a regular pattern.

5.2. Global interaction versus local interaction. In this subsection, we present
three sets of figures to show the effects on the final flocking states from connectivity
of the initial data.

In Figures the initial velocities are chosen at random from the set [—5,15]2
and the initial positions are given in the corresponding captions. The balance dis-
tances are chosen as d; = do = 40, dy = 80, and in the local model, the interaction
radii are chosen as r; = ro = 56, rg = 100. The flocking states of local and global
systems are separately presented in parts (b) and (c) of each figure.
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FI1GURE 3. Two-group system under global interactions with dy =
dg =40 and d() = 60.

From the numerical results, we see that under global interactions, no matter the
initial data is connected or not, the agents always tend to form a whole cluster and
achieve flocking. While under local interactions, the connectivity of initial data
could affect the flocking of the agents and cause different final states: Figure [0]
shows that the initial data are totally connected and the agents achieve flocking
with d(N7,N2) = do = 80; Figure [7] shows that N7 and N5 are a pair of separated
sets in the initial state and the agents do not achieve flocking all along the time;
Figure [§]shows that the initial data of N5 are not connected, and in the final state,
the agents in N3 separated into two parts, one part form a cluster with N7 while
the other part get away from the cluster. We remark that for some disconnected
initial data, the agents do not achieve flocking under local interactions.

5.3. Interlaced versus separated. As it has been referred in subsection 5.1, the
change of the balance distances and interaction radii could ultimately affect the
patterns of the two groups. Hence in this subsection, we will use three sets of
figures to perform the effect on the patterns caused by dy and ro. Here, the agents
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FIGURE 4. One-group system under local interactions with dy =
d1:d2:40andr0:r1:r2:56.

are considered under the local interactions, and three sets of initial data are chosen
to show this phenomenon.

To describe the interlacing state of the two groups N7, Ns, we introduce the
following criterion: if d(N7,N2) = dg and for both of the two groups, there exist
three agents A, B, C from one groups and one agent O from the other group, such
that O inside AABC, then N7, N5 are interlaced. Otherwise, N7, N3 are strongly
separated.

For Figures PHII] the initial velocities of agents are chosen at random from
the set [0,20]% and the initial positions are given in their captions. The balance
distances and interaction radii inside the two groups are chosen as d; = dy = 40
and 71 = ro = 56. Then we gradually increased dy and ry to find the variation
of the configuration. In each set of figures, we present part (b) as a one-group
contrast, part (c) as an interlaced pattern and part (d) as a strongly separated
pattern. Their relative dy and ry are placed in the caption.
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FIGURE 5. Two-group system under local interactions with d; =
d2 :407 do = 60 and rH ="Tg = 56 and To = 84.

(a) Initial status (b) Local model (c) Global model

FIGURE 6. The initial positions of agents in A; and N5 are chosen
at random from [0, 200]? and [250, 450]2.

For initial data in Figures[OHII] we can always find a dy such that the two groups
are interlaced, and another dy large enough such that d(N;,N2) = dy and the two
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(a) Initial status (b) Local model (¢) Global model

FIGURE 7. The initial positions of agents in A; and Ny are chosen
at random from [0, 200]? and [300, 450]2.

(a) Initial status (b) Local model (¢) Global model

FIGURE 8. The initial positions of agents in N; and N3 are chosen
as random from [0, 250]? and [300, 550]2.

groups are strongly separated. Thus we would like to remark that the larger the
difference between dy and di, do, the stronger the tendency of agents in different
groups to be separated.
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