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KYBERNETIKA — VOLUME 59 (2023), NUMBER 2, PAGES 254-272

LIMIT STATE ANALYSIS ON THE UN-REPEATED
MULTIPLE SELECTION BOUNDED CONFIDENCE MODEL

JIANGBO ZHANG AND YIYI ZHAO

In this paper, we study the opinion evolution over social networks with a bounded confidence
rule. Node initial opinions are independently and identically distributed. At each time step,
each node reviews the average opinions of several different randomly selected agents and updates
its opinion only when the difference between its opinion and the average is below a threshold.
First of all, we provide probability bounds of the opinion convergence and the opinion consensus,
are both nontrivial events by analyzing the probability distribution of order statistics. Next,
similar analyzing methods are used to provide probability bounds when the selection cover all
agents. Finally, we simulate all these bounds and find that opinion fluctuations may take place.
These results increase to the understanding of the role of bounded confidence in social opinion
dynamics, and the possibility of fluctuation reveals that our model has fundamentally changed
the behavior of general DeGroot opinion dynamical processes.

Keywords: bounded confidence, probability bounds, order statistics

Classification: 62G30, 91D30

1. INTRODUCTION
1.1. Background

Today, understanding how opinions of social peers evolve is of increasing importance to
our society, for which challenges lie in the intrinsic nonlinearity, unpredictability, and
randomness that are ubiquitous for complex systems like our society [4]. Social media
has undeniably changed the ways of people interacting with each other at a fundamental
level [13]. We now rely on social networks as a major resource of information from which
we make decisions on matters that range from restaurant and movie choices to online
sellers. Specially, companies and political election preferences also largely rely on social
network platforms to spread ideas and opinions to others with the hope of generating
influences.

In fact, the study of social interactions began long before this era of social media.
In the 1970s the classical DeGroot model [6] was introduced to describe how trustful
interactions among social members can lead to agreement in the asymptotic sense, where
the opinions were defined as real-valued variables, and the underlying social network
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was modeled as a fixed graph so that any social member only talks with a given set of
neighbors. This model was then generalized to the so-called Hegselmann—Krause model,
where nodes holds bounded confidence in the sense that nodes tend to interact only with
neighbors that hold opinions within a given confidence neighborhood [9]. It is known
that under such bounded confidence, social opinions continue to tend to converge in
time, but the limits form different clusters [2, [I5]. The Deffuant-Weisbuch model [5]
stood along the same line of consideration for bounded confidence, but was restricted to
pairwise interactions in a gossiping fashion [3].

1.2. Related work

The proposed social network model with bounded confidence is a generalization of the
bounded confidence type of social interactions [5, @, 12, 14]. In Deffuant-Weisbuch
models, peers only meet randomly in pairs, while A;(t) is assumed to be a cluster with m
nodes. The boundedness of social confidence in Deffuant-Weisbuch models is inherited
in our model here, where the cluster opinions describe peer pressure in nearby social
groups. When m is reduced to two and selections is limited to mutual selection, the
model essentially recovers the Deffuant-Weisbuch model with a homogeneous confidence
bound. Bounded confidence in social interactions is also captured in the Hegselmann—
Krause model, where nodes average their states among a deterministic neighborhood
determined by the nodes sharing the states within a given bound. The confidence
bound yields a state-dependent underlying communication graph, compared to standard
DeGroot type of opinion dynamics holding a static or time-dependent communication
graph among the peers [6].

For DeGroot opinion dynamics, a number of results have been demonstrated re-
garding the convergence and convergence rate of the network opinions into a consensus
state [8, [10]. Since DeGroot opinion dynamics impose non-expansiveness of the convex
hull of the node opinions over time, such convergence to consensus has been proven
to be true for a number of deterministically switching network structures [II, [IT]. The
bounded confidence Deffuant-Weisbuch and Hegselmann—Krause models preserve this
non-expansive property of the network states, and thus convergence of individual states
is expected. The presence of bounded confidence, however, may forbid the node states
from converging to a consensus in general. There has been a large number of litera-
tures, where thorough numerical studies and excellent analytical results establish that
social opinions in Deffuant-Weisbuch and Hegselmann—Krause models often converge
to clusters [2], except to the case where external noises or different stubborn agents
exist [14].

1.3. Contributions

In this paper, we propose and study opinion dynamics over a social network with
bounded confidence and un-repeated multiple selection.

Firstly, probability bounds of opinion consensus and multiple limits are estimated
according to the probability distributions of order statistics and special initial value
setting. Secondly, probability bounds for the global selection are estimated with a
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similar method. Thirdly, we provide some simulations on the probability bounds of
opinion limit states, including opinion fluctuation.

2. OUR MODEL

We generalize the Long-range model [I4] to a new model that there are no stubborn
agents and the selection rule is un-repeated. Here both rules are exists among the de-
centralized large-scale social network structures, such as the Internet, the social network
chat tools and the social interaction platform, e.t.c. [I4]. In fact, the no stubborn agents
rule denotes there are no decision makers or leaders, while the un-repeated selection
often happens on a large-scale network. The bounded confidence and the hyperlocality
of social interactions are remained where neighbors could sample the entire network so
that neighborhoods can be formed at a global scale. Bounded confidence is put in place
during opinion evolution where reference opinion becomes the centroid of the opinions
from the random neighbor set.

2.1. Neighbor selection process

Consider a network of n nodes indexed in the set V.= {1,2,...,n}. Time is slotted at
t=0,1,.... At each time ¢, each node i € V randomly selects m (1 < m < n) different
nodes as its neighbor N;(t) = {i1,42, ..., %y, from the network node set V, independent
with other nodes’ selections. This results in a set of neighbors N;(t) for i € V and
t=0,1,.... Let {Vy,...,V.} be the set containing all subsets of V with m different
elements, where z = C™. For the random neighbor set N;(t), we impose the following
assumption.

Assumption 1. The {N;(¢)} are independent and identically distributed for ¢ =
0,1,..., and
P{N;(t) =V} >0

foralli=1,2,...,nand k=1,2,...,z at any given time t¢.

2.2. Opinion dynamics

Each node ¢ holds an opinion z;(t) € R at time ¢. After interacting with the neighbors
in the set A;(¢), each node i computes a local average opinion

1
yilt)=— 3 a0,
JEN;(t)
Then nodes update their opinions at time t 4+ 1 according to

(1 — 5).’1%(75) + 5yi(t), if ‘.’Ei(t) — yi(t)| < n
x;(t), otherwise

for all i € V. Here 0 < § < 1 is the mixing parameter and > 0 is the confidence
level, which are assumed to be two constants. Regarding the initial node opinions
21(0),...,2,(0). We impose the following assumption.
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Assumption 2. The z;(0),i € V are independent and identically distributed by the
uniform distribution in [0, 1].

We use P to denote the probability of the total randomness generated by both the
neighbor selection process and the nodes’ initial values.

3. PRELIMINARY NOTATIONS AND LEMMAS

We first define the order statistics of opinion states as follows:

Definition 3.1. Given a moment ¢t =0,1,...,

X[l] (t)v X[Q] (t)7 ceey x[n] (t)

are the order statistics of opinion states x;(t),7 € V satisfying that x1;(t) < x(t) <
-+ < Xqp(t). Specially, Dy; j1(t) = xp5)(t) — x};)(t) denotes the opinion range from x;(t)
to X1 (t), t € IN.
Similarly, we denote
y(8), ¥ (8), -5 ¥z (F)

as the ordered average opinions selected from {V;,1 < i < 2} satisfying yp;(t) <
Vit (t), i =1,2,...,2 — 1 where z = C}".

We remark that Dy ,j(t) is the opinion range at time ¢. When Dy ,,i(t) — 0 as
t — 00, all opinions will reach a same limit, which is called opinion consensus.
Secondly, some graph definitions are provided as follows:

Definition 3.2. (i) A directed graph sequence {D;,t = 0,1,...} of the model is
defined as: D, = (V, E;) where [i, j] € ‘£, if and only if ¢ € N;(t) and |y;(t)| <.

(ii) An undirected graph sequence {@t,t = 0,1,...} of the model is defined as:
Dy = (V,E) where V. = {1,2,...,2 = C}'} and (i,j) € E if and only if |7;(t) —
z;(t)| <, zi(t) = = > jev, Tj(t) is an average value at time ¢ with i € V.

Remark 3.3.

(1) [4,7] € ‘E but [4,4] would not belong to E;. For example, if x(0) = (0.3,0.4,0.8),
m =2, =0.5, n = 0.1 and N3(0) = {1, 2}, then [2,3] € E but [3,2] ¢ E.

(2) Note that directed graph sequence {7} is stochastic because Nj(t) is randomly
selected from {V;,1<i<z},1<j<n,t=0,1,....

(3) Similarly, the undirected graph sequence D, is also stochastic and depend on the
initial opinions and the previous ¢t — 1 selection averages, t > 0.

Next, we give some definitions on opinion evolutions.
Definition 3.4. (i) An event sequence {A;,t =0,1,...} is said to happen infinitely

often (i.0.) if
P{limsup A;} = P{noo_, U2, A} =1.
t—o0
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(ii) An event sequence {A;,t =0,1,...} is said to happen almost surely (a.s.) if

P{liminf A;} = P{UZ_, N2, A} = 1.
— 00

(iii) For the opinion dynamics , opinions will reach convergence a.s. if there exist
n r.v.s By,..., By such that lim;_, x;(t) = B;,i € V a.s.. While opinions will
fluctuate a.s. if there exists at least a node i € V such that liminf; , z;(t) <
limsup,_, . zi(t),i € V a.s.

Remark 3.5. We remark that {A;,¢ = 0,1,...} happens i.0. is equivalent to that
there exists a subsequence {A;,,k =1,2,...} of {4;,t =0,1,...} such that {4,k =
1,2,...} happens a.s. for {ty,k =1,2,...} C {t,t =0,1,...}.

Finally, we introduce some lemmas.

Lemma 3.6. Under the Assumption the r.v. Dy pn)(t) € [0,1] for any ¢t = 0,1,...
must decrease as t increases.

Lemma 3.7. (Durrett [7]) If Y = LX where L € RE*K is positive, X, Y € R*K,
and the probability densities of X, Y exist, then we have

1

fr(y) = me(qu)

where y = (y1, 92, -, YK’

Lemma 3.8. Under the Assumption 2.1 and the Assumption the probability den-
sity of

X = (%73,1(0),%3,)(0), . . ., x3,1(0))

satisfies:
n! -1 i k—1 a1 —ia—1
- 271 = ) T (g — )i,
(iy — D — ig )N 1) Gagy — s — D! " = ’
fx.(x) = 0<z < <ap <1,
0, otherwise,
(2)
where x = (21,22, ..., 2k).

Lemma 3.9. (Durrett [7]) For the Beta function B(p,q) = fol P11 — x)9 L dz,

p>1,q>1, we have B(n,m) = (= im—1)!

pm=—1)! for n,m € Z.
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4. PROBABILITY BOUNDS FOR OPINION CONVERGENCE

In this section, we will estimate the probability bounds for opinion convergence of the

model .

4.1. The case of opinion clustering

Theorem 4.1. Let n < 2m — 1 and n < % Then the opinion dynamics H leads to
network opinion clustering with a strictly positive probability. To be precise, there holds

P{Hn r.v.s B; such that lim z;(t) = B;,i € V}
t—o0

m—1
m

> % 3 (1—max{m”is,m+s_n}n)“. (3)

s=n—m-+1

This theorem indicates that public opinions reach stable more easily if we have a
smaller confidence bound. The upper probability bound estimation of opinion clustering,
is relatively difficult, because this problem is equivalent to estimating the lower bound
of opinion fluctuation. The lower probability bound of the opinion fluctuation is still a
hard work.

Proof. We first construct an initial condition that ensures the opinion convergence,
and then provide a lower probability bound of the probability for this initial condition.

Step 1: An initial condition that ensures the opinion convergence.
In fact, if y(17(0) > x(5)(0) +7,¥(2)(0) < X[3417(0) — 7 for some s = 2,3,...,n—1 and
z = C7", then mini<j<n1<s<z [ys(0) — x;(0)] > n by Remark Note that y; > 7

VLT T

for any j = 1,2,...,n and any selected average opinions. Thus z;(1) = 2,;(0), i € V.
Recursively, z;(t + 1) = x;(t) for any ¢ = 1,2,... and ¢ € V. Thus, opinions will keep
unchanged based on the opinion dynamics ().

Denote A8 = {y((0) > x1(0) + 1}, AP = {y;(0) < x(sy(0) — 0}, A, =
AP N AP and A = Ul A,
Step 2: We will prove that P{A} = P{U"" A} if n < 2m — 1 and P{A} = 0 if
n>2m—1.
) Ifs¢{1,2,..., m}U{n—m+1,...,n}, then P{A,} = 0. In fact, if s ¢ {1,2,...,m},
then x4 (0) > L > e X(51(0) = yu)(0). Therefore, P{A;} < P{Agl)} = 0. Similarly, if
s@{n—m+1,...} then x(441)(0) < yiom(0), thus P{A,} < P{AP} = 0.
(ii) If n > 2m — 1, then P{A;} = 0 for any s € {1,....m}U{n—m+1,...,n}.
This can be deduced by the following fact: If s € {1,2,...,m}, by n —m +1 > m,
X[641](0) < Xpn41(0) < Xpnopmy1y(0) < 75 320,41 X(51(0) = yiem) (0), then P{A } <
P{Agz)} = 0; Similarly, if s € {n —m + 1,n —m +2,...,n}, then x[4(0) > y[;(0), and
P{A,} < P{AV} = 0.
(iii) Consider the condition of n < 2m —lorn—m+1<m. If s € {1,2,...,n —m},
then P{A,} < P{Agl)} = 0 because x[;(0) < y17(0); Similarly, P{A,} < P{Ag2)} =0if
se{m,m+1,...,n}.
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In a sum, P{A} = P{u™! As}.

s=n—m-+1

Step 3: Two traits of {As} are provided.

(1) A(l)m+1 > A(l)m+2 D D AS)A and Agmﬂ C A(2 mt2 © 0 C Ag)fr
This can be deduced by {y[;;(0) > x(5(0) + n} D {y[l]( ) > X[s41](0) + 1} for
s=n—m+1,...,m—1and {ycm(0) < x[(0) —n} C {yjcm(0) < X[s41)(0) =1}
fors=n—m+1,...,m—1.

(2) AsnAj =0, s #j. In fact, assume that s < j, {ycm(0) < X[417(0) — 0} N
{y1(0) > x7;;(0) + 7} = 0, thus A, mA cA<2>mA1> 0. Similarly, A,NA; =0
if s > j. Therefore P{A} =P{Ul", m+1A} >y P{A,}.

5nm+1

Step 4: The lower probability bound of P{A} is estimated by the order statistics method.
Along to Definition we get that

s—1 m—1

m—s
{y(0) > x14(0) +n} O {Tx[s+1] (0) + x11)(0) x[5(0) > n}

which can be obtained by

1

y[l] ZX[J] > - (S — 1)X[1] (0) + X[s] (0) + (m — S)X[S+1] (0)) .
Similarly,
{¥1em(0) < x(541)(0) — 1}
m—1 m-4+s—n n—s—1

which can be obtained by

n

yicm (0) = Z x(;1(0) <

n

% ((s = n 4+ m)x(5)(0) 4+ x[5+1)(0) + (n — s — 1)x,) (0)) .
j=n—m-+1

By Lemma the probability density of Xy = (x1(0), %[5 (0), X511 (0), X[, (0)) € R*
is:

fx,(xs) =

| — —5—
{ m($2—$1)8 2($4—$3)n s 27 0<z <wp<uw3<uay <1,

0, otherwise,

where x5 = (21, 22, T3, T4).
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Therefore, for s=n—m+1,n—m+2,...,m —1, by Lemma [3.9]

(@)
P4} 2 [ fx. (%) dx,
Mot gy by Mol sy Mol madson g, _nossl >y
(®)
> fXS(xs)dXs
=S (w3 — 1) >1, PEE=R (w3 —w3) >n)

n’ 1- 77 x2 ) 1 1 )
- dz - s d d _ n—s— d
(s —=2)(n—s—2)! /0 2/0 (g — 1) T /w2+n* T3 Lg(x4 x3) T4
n! /1—n* 1 1( )
Z : da: / x57 1 _ xs)n—s— dxg
(s =2)n —s=2)1 Jo a7
n! 1—n" .
= S— 1— * n—sq
(8—2)!(’1’1,—5_ 1)! /O Ty ( n 1'2) T2

n!
T (5-2l(n—s—1) (1

-n")"B(s,n—s+1)=(1-n")"

where (@) holds because

{A} D {®=sas + 5;1531 + m—’lxz >, L’lxa — mtﬁf”xz —n=s=lyy > ),
(b) —1 m+s—nx2 _n ,:l_lle > 77} D

{m s( 3_x2)>777w< 3—332)>77} andn :maX{m s’m+s n}n

In a sum, P{A} > 37" ° m+1 (1 — max{ ", }77) where n < 2m — 1 and
n< L.
We remark that P{A} > (2m —n — 1)(1 — mn)" for simplicity. O

4.2. The case of opinion consensus

Theorem 4.2. Let 7 > 0. Then along the opinion dynamics the network will reach
a consensus with some positive probability. Precisely there holds

]P’{Ela r.v. B, such that tli)m x;(t) = By,i € V} > " (1 — 7). (4)

Theorem 4.3. If n < then

m+1 ?

, B n(n—1) (n\n2 2
IP’{EIa r.v. B, such that tlgglo x;(t) = By,i € V} <1- — (E) (I=(m+ L)n)=.
(5)

According to these theorems, the event that agent opinions of the opinion dynamics
reach consensus is non-singular.

Proof of Theorem We prove this theorem with the following two steps.

(Step 1): If n > D1 ,)(0), then Dy )(t) — 0 as t — oc;
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In fact, at time 0, for any agent selected average opinion y(;(0) of agent [i], i € V,
j €V, we have

1 m
[y (O] = [y (0) = % (0)] < —| Z 1m0
<D

At time 1, by Lemma“ we get that D[l n(1) )[1,,)(0). Similarly, for any agent
selected average opinion yi;)(0) of agent [i], i € V, j €V,

v (D] = lyp (1) —x;(1 |<*|ZD[1n] ) < D m(0) <

Recursively, we get that for any i € V, j € Vand t =0,1,. ..,

% (8)] < 7. (6)
At any time ¢ € IN, by Assumption 1 and Lemma D[1 n)(t) = X" as t — oo.
If x* > 0, then for any small real number 0 < € < %< there exists a random variable

T €N, when t > T, x* < Dy () < x* + €. Note that

m—1 1 Dy (t)
X[1] (t) + EX[n] (t) = X[ (t) + %,

Yicm (t) >

m

and agent [1] at time ¢ has a positive probability to select the average opinion y(cmi(t),
thus

[1 n] (t)

m

Dy (t41) < Dpy gy (t) =0

if agent [1] at time ¢ selects the average opinion y(cm(t). By € < 2%,

4

Note that agent [1] has a strictly positive probability to select the average opinion
y[C;{z](t), by @ and Borel-Cantelli lemma, it provides a contradiction. Thus,

limt_mo D[L t) =0 a.s.

(Step 2): The lower bound of the probability P{n > Dy, ,,;(0)} can be estimated.
Set X, = (x71)(0), X (0))’, then by Lemma

n! _ n—2 < < <1
_ g2 —21)"™%, 0<a <3y <
Fx.(z) { 0, others.

Therefore,
P{lim Dy ny(t) = 0} > P{Dpy ) (0) < n}

n!

/Jéz—l'lﬁ”hoﬁllﬁl?gl (n—2)!
n! r1+n

1-n
= m/o dml/w (g — 21)" 2 dazy = n" (1 — 7).

1

(xg — xl)"_Q dz;dzy
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Proof. of Theorem [{.:3] We prove this theorem with the following two steps:

(Step 1): If Dy (0) > wn, Di3,,1(0) < L7, then opinions will not reach consen-
sus.

We will prove that xp;)(t) will keep unchanged, t = 0,1,... and 2;(t) € [X[2)(0), X[;,) (0)]
for any j # [1].

(i) At time 0, Note that

ywOl=— S DugO= ADug@+ Y D)

[7k]E€EN[11(0),1<k<m [7k]EN11(0),5k #1
m—1 m—1 m—1
N .
= — I]glzlgDu,k](Ob - (m + - n >,
1 1 m—1
1(0) = — Dy; i 1(0)] > — R Dy; 4(0) ) >
POl =nl X D> o (0 ™ max Dy 0)) 2

[7s]EN(0),1<s<m

for [1] € N;7(0) and |y};)(0)] < 5 for [1] & N;)(0). Thus, xp17(1) = x7(0) and xp;(1) €
[x[2](0), X[ (0)] for @ > 2. Besides, the minimum order is preserved. Furthermore,
Dy 2)(1) = Dpy 5(0) > ™4m=Lyy Diy (1) < Dig oy (0) < 2.

Recursively, Dy o(t) > D[Lg] (t—=1)>--- > Dp9(0) > wn Thus, opinions
will not reach consensus in this condition.

(1Ste}p 2): We estimate the lower probability bound of P{ Dy 9;(0) > wn, Di2.n1(0) <
m'l

Denote XC = (X[l] (0), D[l’g] (0)7 D[Q,n] (0))/ and X(3) = (X[l] (O)7 X[Q] (0), X[n] (0))/ Then
X, = LyX®) where

By Lemma we get that fx_(y) = ﬁfx@") (Ly'y) = fxo (L3'y), where y =
(Y1,92,93): 0 < y1,92,93 < L, y1 +y2 +y3 < 1.
By Lemma 3.8

Jxo(x) = (n%'?»)'(x?’ —@)"F 0sm Sz <ay <l
x 0, otherwise

where x = (21,29, x3). Thus,

fX (y) _ (nnlg)lyg 33 0 < Yj < 132?:1 Yi < 17.7 = 17273
¢ 0, otherwise.
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In a sum,

m2+m—1

1
P{D 0) > ———n, Dip 1(0) < —
{Dp1,2/(0) - 1, Di2,n] (0) mﬂ}

n! -
Z/// s ———¥5° dy1 dyadys
0<y1+y2tys<lyz> 2otm=ly y < 1L (TL - 3)

n! 1=(m+1)n 1-L -y = 5
d d =3 .
(n—s)'/o Y1 /mztyzﬂln yQA y3 Y3
n—2 1—(m+1)n
-1 () | (1~ (m+ 1)y — )
0

n
=M (Y 0 e 1y

Y

nin—1)

4.3. The case of global selection

In this subsection, we consider the case that m = n. Then the network D, = (V,E,)
satisfies V;(t) = V for any ¢ € V and ¢ € IN. Thus, for any i € V, x;(t + 1) =
zi(t) + 0(y1(t) — xi(t)) if |y1(t) — x4(t)] < n and z;(t + 1) = z;(t) otherwise. Here
vi(t) => jev rjét). Based the previous subsections, the probability bounds of opinion
limit states can be estimated as follows:

Theorem 4.4. Suppose m = n. For the opinion dynamics , the distribution of limit
states By, Bs, ..., B, satisfies

n—1 np— — n n! $)+s g2(n—s—1)
> (%) n ?7(” 1) Z£2/22J (572)'(n'7572)| (1 n(n )+ ) — and
P{Bi =By ="---=B,} <(2n)" " !(n—2n(n— 1)) for n < %

n n—2s
(P2.) P{|B; — Bj| >n,¥i # j,i,j € V} > 0] L( )" L and

(s—1)!(n—s—1)! n—s n—1
P{|B;, — Bj| > n,Vi# j,i,j € V} < (1—n)" for n < 4 5

where Ko = max{@ sty

? n—s

Theoremshows that both the opinion consensus event and {|B; — B;| > n, Vi # j}
are non-trivial. Due to { Dy »(0) < 20} is a small probability event, opinion consensus
is a comparative ‘rare’ event.

Proof. We divide the proof into two parts.

Part 1. The probability bound estimation for the consensus event.
Define

n—s S S n—s

Dy ny(0) <}
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n-—s
D[erl n) (0)}

and
S n—s n S

U, 2 {=Djy ,1(0 Digiq.01(0) < . =D, s411(0

(D (0) + == Dios1,0)(0) < ———1, — Dys,541) (0) 2

Further, we define B, = {y; € (0,7),yx € (—%51,0),7 #k,1 < j <s,5+1 <k <n}for
n—1and U, = {y; 6( 77,0) yr € (0,5%m),j # ks <j<n1<k<s}
7(17(0) — 1 (0). It shows that

s=1,2,...,
for s =2,3,...,n where y =
— — — D’_) Zr 1Yr
{Bi=By=---=B,}=U {O<yk<77,0< yj<n+71<k<s}u
n—1
Z Y b
=== 1<k 2 B,
.1 < s} 2 SLJ1 USLJQU
(7)

2 {0< —yj <ms<j<n,0<y,<n-—

where a) is based on the model and b) holds by the definition of By and Us. Fur-
thermore, by the definition of B and U, By U Ugyq,s = 1,2 ,n — 1 are mutually

exclusive events.
Then by the inequality ,

]P{Bl :32 — .. :Bn} > Z]P){B, UU/+1}
s=1

By the definition of the event B,
1
)2(5111(0)) - (5215 (0) + (1 — )2, (0))].

zp)(0) € [% (szp1(0) + (n— s)x
Then
i € [ Dpsue11(0) = = Dp1 g (0), > Dy g(0) + “—=Dpy ) (0)] i 1 < k <5,
Yk € | — %D[l,n] (0) - o 8D[s+1 n1(0), %D[s,s—Fl] (0) + , ](0)}
ifs+1<k<n.
Obviously,
B, 2B, £ (0) 2 = Dpy (0), = Diss31)(0) + “—Di1 ) (0) < m}
1<k<sand
& a [s,s4+1](0) > %D[s+1,n](0)}

7777D s
n

s n—s
U, 20, = {ﬁD[l,n] (0) + - Digy1,7(0) < e

fors+1<k<n.
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Define

Z = (21,22, 23,24) = (211(0), D1,6(0), Dis 5411 (0), D41, (0))

and
Xs = (211)(0), 2(5(0), 5111 (0), 27 (0)).
Then Z, = LX, where

1 0 0 0
-1 1 0 0
L= 0 -1 1 0
0 0 -1 1

By Lemma and z3 > max {2y, "2} in the event B, UU, 1, we have

n—

P{B, UUs41}

a) nlzy 222
= ! ! dZ,
22 23,24 < 7823, 24+ 2 (224 23) <k zo+ 2 (23+24) <) (S - 2>(n —Ss— 2)'

s n

b>) n! / ZS—QZn—S—Q dz
(8 — 2)'(n - S — 2)' szo+(n—s)za<sn ?

where a) follows from the inequality and b) holds because {-—zp + 23 + 24 <

n—s
Lont Cl{aa+ 2(z2 +23) < 2n), 23 < S by Loz +az+ 2 < o, 20 < P02

and z4 < —*—2z3. We further get that

P{B, UU,41}

¢ (s — 2)!(2!— s —2)l (1 - nz(; ins)tlsz n)

n—s

2
=5 [o=ar s n—s
s—2 n—s—2
/ z5 “dzg / z; (=n— z4) dzy
0 (nis)2z2 n S
S2 N

v

n! g2(n=s=1) n—2 (n —s)n + s2
(572)!(717572)!(7175)”*;75 (Z) (1_ . 77)

oo 6ot SiGas )
n(1— (n=sints? 2(n—s—1 n—2 s
USR] ey (L)L)

(ﬁ)”_l n—n(n—1) n! (1 _n(n—s)+s’ ) (82(71—5—1)

n n (s=2)(n—s—2)! (n—s)n n—s)n—2s

Y
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where (a) holds by the fact that 23 > max{ >
"L2
N < Mmilge(12 |2} {(n(:l;)fl)_fsz} = Wﬁfﬁ =2
2 4
For the upper probability bound for the consensus event, note that {B; = By =... =

PUDag<an} = nln— 1) [ 720 =) dr = 20)" o - 2900~ 1),
we get that
P{B, =By =...=B,} < (2n)" '[n —2n(n - 1)].

Part 2: The probability bound estimation for the {|B; — B;| > 1,1 # j} event.
Denote D = {|B; — B;| > n,i # j}.

D S {lz(;(0) — 23 (0)[ > n} N {Dy;,i411(0) > n}
ﬂ{O < .i‘[l](O) — l‘[io](O) <N, Tlig+1] (0) — (0)

>0+ 1(x[1]( ) = 21i)(0)), 1 <ip <m — 1}
N0 < 2(5,11)(0) — Z(1)(0) <, Z(1)(0) — 25 (0)

1 .
>Nt = (x[J0+1](0)_-i‘[1](0))>1 <ig<mn-—1}.

According to Lemma

n—1

n!
MDPZ(S*Q) (n—s_2)

ws™
Wy

// / n2w7_<1 nn,w; >0

1n77 n— n—s—1
- K n— 2d
_Z (s—=1)! n—s—l Kon ( ) (n—s) (ws on) ws

n—1

B2 (”—(11)59[—(0177 —nnjs—l [ (” ) (nis,’)n_s_l,

s=1

2

o wy T 2 dw; dwsy dwsdw,
s(s

where Ky = max{u Y > K = max{s +1,n — s} for any s € V.

? n—s

For the upper bound, note that

75 (0) — 2(1)(0)

{215(0) — 231 (0) <1, 2(1)(0) — 2[5—1)(0) > n + — } C{Dps-1,4(0) > n}

and

z(1(0) — 25-17(0)
n—1

{211(0) = 2[_13(0) < n,2(5(0) — 21)(0) > 7 + } C{D[s-1,5(0) > n},
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thus, D C {D[i7i+1] (0) > 777’L = 1, 2, N 1}
Similarly, by Lemma

P(D} <l (1= )" = (1 = )",

O

According to these theorems, it is illustrated that the convergence events would not
happen a.s., it emerges possibly other kinds of events, for example, the opinion fluctua-
tion. In the next section, we will demonstrate the probability bounds for the convergence
events and find that the fluctuation events would happen with positive probabilities.

5. SIMULATIONS

In this section, we first simulate the probability bounds of Theorem Theorem
and Theorem Here we provide typical examples to show how the bounds changes as
the agent number increases. To further understand the upper and lower bounds, some
potential significance are talked among these simulations.

For Theorem the convergence event is simplified as ZiO:O S (it —k)—xi(t—
k —1))? < 0.01. Here we set n = 0.05, § = 0.5, the selection number m = 17 and the
termination time 7" = 1000 in Figure 1. We count the average of 1000 simulations on
the convergence events and find that the numerical frequencies of convergence events
are beyond the lower probability bounds.

0.16 T T T T
"‘.‘ numerical bounds
0.14 \ *  lower bounds )
I‘:\
012 \ b

o
i
T
.

&
*

probability bounds
(=]
(=]
co

0.06 [ \ 1
%
0.04 - * ]
b Y
0.02 * O
* == -
0 ‘ . ‘ * R I o e S e

21 22 23 24 25 26 27 28 29 30
agent number

Figure 1: The lower bound of opinion convergence when n = 0.05, which illustrates
individual opinions are more hard to reach stable if agent number increases and the
confidence bound is small enough.
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For Theorem [£.2] and Theorem [£.33] n = 0.02, § = 0.5, m = 2 and T = 1000 in
Figure 2. The consensus event is simplified as {Dj;,)(T) < 0.01}. Considering that
1000 simulations are far from enough to simulate the theoretical initial value equal
probability coverage, we set agent number n changes from 91 to 100 in Figure 2, which
further shows that the bound estimation of Theorem and Theorem is relatively
loose, comparing to Figure 1.

0.9 b
— numerical bounds
08 ——— |ower bounds J
upper bounds
0.7 r b

0.6

04r 1

probability bounds
o
w

031 1

0.1+ — T —— s e

91 92 93 94 95 96 97 98 99
agent number

Figure 2: The bound of opinion consensus when 7 = 0.02, and the numerical bounds
show that opinion consensus probability would be not too closely related to the individual
number.

Secondly, we simulate how the probability bounds of Theorem change. Here
n =0.02, § = 0.5 and the termination time 7' = 10000. According to Theorem [£.4] the
consensus event is simplified as { Dy ,,)(7") < 0.00001} in this demonstration. We count
the average of 1000 simulations on the events { D ,)(7T") < 0.00001} and {|B; — B;| >
1,1 # j}, respectively. In Figure 3, we find that as the agent number n increases, the
consensus probability bounds decrease and the probability upper bounds for the limit
distances larger than the confidence bound decrease.

Next, we simulate how opinions evolve for general cases. Here n = 30, the selection
number m = 12, § = 0.5, the confidence bound n = 0.1 and the termination time
T = 1000. Figure 4 implies that opinions always fluctuate between the relative extremal
opinions on both sides. This phenomenon needs further mathematical proving, whose
mathematical analysis will be our further work.

Finally, based on the simulation of Figure 4, probability bounds of opinion fluctua-
tions are demonstrated where n = 100, 6 = 0.8 and the termination time 7" = 1000. For
this demonstration, the opinion fluctuation is assumed to occur if Zio:o S (it —
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*. *
) numerical bounds 09 - ul *
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probability bounds
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(a) the opinion consensus bounds for the (b) the pair wise convergence bounds for the
global selection rule. global selection rule.

Figure 3: Bounds of multiply limit states change as n increases when 1 = 0.02.

opinion values

| | | | |
0 100 200 300 400 500 600 700 800 900 1000
time

Figure 4: opinion dynamics when m = 12 and n = 30.

k) —x;(t —k —1))? > 0.01 and opinion convergence happens otherwise. In Figure 5, we
simulate the experiment for 100 times. The frequency of opinion fluctuations is defined
as the proportion of the opinion fluctuation events for these 100 experiments. Results

show that opinion fluctuation would happen with positive probabilities if the confidence
bound 7 is small enough.

Through these results, we find that the opinion dynamics of the model are more
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’

08

06

04,

024

the frequency of fluctuation

the confidence bound

the confidence bound

Figure 5: The frequency of opinion fluctuation changes as m and the confidence bound
increase.

complicated than the one in [I4], especially for the parameter conditions. Furthermore,
different from the case in [14], simulations show that opinion fluctuation would happen
even without the influence of stubborn agents.

6. CONCLUSIONS

In this paper, we analyzed the multiple selection bounded confidence model and
estimated probability bounds of opinion convergence and consensus, respectively. The
results showed that both the multi limit events and the consensus events are non-trivial
with certain parameter conditions. Simulations indicated that opinion fluctuation would
happen with positive probability or occur a.s. asymptotically if the confidence bound is
less enough. The complete mathematical analysis for opinion fluctuation of the model
will be our future work.
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