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Abstract. The mixed Hegselmann-Krause (HK) model encompasses both the Deffuant and HK models.
Building upon our previous work (Mixed Hegselmann-Krause dynamics II, Discrete and Continuous
Dynamical Systems - B 28(5) (2023), 2981 — 2993), we delve into the mixed HK model within a
heterogeneous interaction framework. This involves either pair interaction, where all interacting
pairs approach each other equally at their rate, or group interaction at each time step. Our research
focuses on identifying circumstances conducive to consensus formation within this heterogeneous
interaction paradigm. Furthermore, we delve into pair interaction scenarios where interacting pairs
can approach each other at distinct rates. This differs from the Deffuant model, where an interacting
pair can only approach each other at the same rate under a homogeneous threshold. Our investigation
also aims to elucidate the conditions under which consensus can be attained under pair interaction
with distinct approaching rates.
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1. Introduction

The Hegselmann-Krause (HK) model and the Deffuant model are prominent in discussions of
group interaction and pair interaction. Both models set a positive confidence threshold € to
categorize whether two individuals are opinion neighbors or not. Two individuals are opinion
neighbors if their opinion distance does not exceed the confidence threshold €. Unlike discrete
opinion dynamics (Cox and Durrett [4]), the HK model and the Deffuant model belong to
continuous opinion dynamics (Bernardo et al. [1], Bhattacharyya et al. [2], Chen et al. [3],
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Deffuant et al. [5], Fortunato 6], Hegselmann and Krause [7], Lorenz [10,11], Parasnis et
al. [12]], Proskurnikov and Tempo [13[], Shang [14,/15], and Vasca et al. [16[]). In the HK
model, an individual updates its opinion by averaging the opinions of its opinion neighbors.
In the Deffuant model, a pair of socially connected individuals are selected to update their
opinion by approaching each other equally in opinion at a rate p €[0,1/2] if and only if they are
opinion neighbors. The mixed HK model was proposed by Li [8], arguing that it encompasses
the HK model. In the sequel, Li [9]] further argued that the mixed HK model includes not only
the HK model but also the Deffuant model. Li [9] discusses the mixed HK model under both
pair interaction and group interaction.

As a follow-up to the work presented in 9], our study explores scenarios where the update
rule can be dictated by either pair interaction or group interaction at each time step, resulting
in a heterogeneous interaction mode. In a nutshell, the mixed HK model operates such that
a set of individuals collectively decides the update during group interaction, while pairs of
individuals determine the update during pair interaction. In detail, let [n] ={1,...,n} be the
collection of all individuals, let G(¢) = ([n], E(¢)) be the social graph at time ¢, let G(¢) = ([n], £(¢))
be the opinion graph at time ¢, let G(¢) = ([n],E(¢)) be the social graph for update at time ¢,
let random variable a;(¢) € [0,1] be the degree of stubbornness of individual i at time ¢, and
let Uy, t = 0 with the update at time ¢ + 1 under same interaction mode, be independent and
identically distributed random variables with support S. For update under pair interaction,
U, =1{G,/)elnl?:i#j and (a;(t) <1 or a;(t) <1)} and S < {all matching in the complete graph
of order n}, whereas for update under group interaction, U; = {i € [n]: a;(¢) < 1}, S < P([n]),
the power set of [n]. E(¢) = E(t) when the update at time ¢+ 1 is under group interaction,
whereas E(¢) = U; n E(¢) when the update at time ¢ + 1 is under pair interaction. The update at
time ¢+ 1 depends on the profile G(t) N G(¢), the intersection of the social graph for update and
the opinion graph at time ¢. N;(¢) = {j € [n]:i = j or (i, j) € E(#) N E(#)} is the collection of social
and opinion neighbors of individual i at time ¢ for update. The update mechanism is given by:

xi(t+1) = a;j (D) (8) + 1|NL(;()T) Y xj(), (1)

t JEN;(?)

where x;(¢) € R? is the opinion of individual i at time ¢ with x;(0) € R? a random variable.
In other words, an individual can determine its degree of stubbornness and mix its opinion with
the average opinion of its social and opinion neighbors for update. When eq. is under pair
interaction for the update at time ¢ + 1, the relationship between the degree of stubbornness
a;(t) and the approaching rate u;(¢) of individual i is given by a;(¢) = 1—2u;(¢). There are some
definitions as follows:

([g]) =the collection of all two-element subsets of [n],

Zi)= Y Ux@®) -x;01% Ae®) v 11, )) ¢ E@)},
1,j€ln]

Zot)= Y lxi@®) —x;(®I?,

i,j€lnl

{Z 1(¢), ifthe update at time ¢ is under group interaction,
P =

Zo(t), if the update at time ¢ is under pair interaction,

Commaunications in Mathematics and Applications, Vol. 16, No. 1, pp. , 2025



Mixed Hegselmann-Krause Dynamics I1I: H.-L. Li 47

Wi= Y llxi®)—cll, forceR?.

ieln]

Additionally, we delve into pair interaction with distinct approaching rates, where
interacting pairs approach each other at different rates. Note that the degree of stubbornness is
controllable. To address an interacting pair approaching each other at distinct rates, we make
the following assumption:

a;(t) < a;(t) whenever ||x;(¢)—c| = |lx;(¢) — c|l and (i, ) €E(), forallce RZ. 2)

Namely, the further an individual is from c, the smaller its degree of stubbornness, and thus
the larger its approaching rate.

2. Main Results

Theorem shows the circumstances under which a consensus occurs under the interplay of
pair interaction, where all interacting pairs approach each other equally at their rate, and group
interaction. The assumption of the complete opinion graph occurring at some time step does not
weaken the assumption. Note that opinion graphs preserve completeness, and the social graph
is controllable. Diverse profiles can be created under the assumption of Theorem

Theorem 2.1. Assume that | a contains [n] for update under group interaction and ([g]) for
a€eS
update under pair interaction, all interacting pairs approach each other equally at their rate

for update under pair interaction, the opinion graph is complete at some time step and that one
of the statements holds:

(1) 0 <limsupsupia;(t):i€[n]and a;(t) <1} <1 and the social graph is connected after some
t—oo
finite time.
(i) 0 < supsupi{a;(?):i €[n] and a;(t) <1} <1 and the social graph is connected infinitely
t=0
many times.
Then, there is a consensus if the following conditions are met at each time t after some finite
time:
(i) The social graph is complete at time t when updates at times t and t+ 1 occur under pair
interaction with equal approaching rates and group interaction.

(i1)) E(t)c E(t+1) when updates at times t and t + 1 occur under group interaction.

Theorem reveals conditions under which a consensus can be achieved under pair
interaction, where interacting pairs can approach each other at distinct approaching rates.

Theorem 2.2. Assume that (2) holds, the opinion graph is complete at some time step, the social
graph is connected infinitely many times,

[n] . ) . .
U a> under pair interaction and inf min |a;(¢)—a;(¢)] > 0.
acs 2 t=0 i,jelnl;i#j

Then, there is a consensus under pair interaction.
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The pair interaction in the mixed HK model indicates that an interacting pair approach
each other toward the center of their opinions. In fact, Theorem 2.2 works for an interacting
pair approaching each other toward any point on the line segment of their opinions.

3. Interplay Between Pair Interaction With Equal Approaching Rates
and Group Interaction

In this section, we investigate the interplay between pair interaction with equal approaching
rates and group interaction. Pair interaction with equal approaching rates indicates all
interacting pairs approaching each other equally at their rate. We construct the function
Z; to discuss Z; — Z;,1 under the transitions from pair interaction or group interaction to
pair interaction or group interaction. It turns out that for Z; to be nonincreasing, there is no
restriction on the opinion graph for update under group interaction. There is no restriction
on the social graph for update under pair interaction. In particular, there is no restriction on
the social graph and opinion graph from pair interaction to pair interaction.

Lemma 3.1. If updates at times t and t + 1 are under pair interaction with equal approaching
rates and group interaction and the social graph is complete at time t, then
Zi—Zi124 Y lai(®) - xi(t + D2
ieln]

Proof. Let x; = x;(¢), xl* =x;(t+1) and N; = N;(¢) for all i € [n]. Observe that j ¢ N; and the
social graph complete at time ¢ imply individuals i and j are not opinion-connected. If updates
at times ¢t and ¢ + 1 are under pair interaction and group interaction and the social graph is
complete at time ¢, then

Zi—Zi1=2Zo(t)-Z1(t+1)

= Y (o —ajl* ne® = llaf —aF1* ne?)
i,j€ln]
_ . 2 * * 12 2 2 * * 12 2
=2 2 Ulxi—xl" = llaf —xF 15 Ae®)+ Yo 3 (e~ lx] —x7 1" ne®)
i€ln] jeN; ieln] jeN¢
2 2
> ) 2 Ul —xl* = llaf =7 11%)
ie[n] jeN;
=3 Z<||xi—xi*||2+||xj—x;||2+2<xz*—x;,x;—xj>+2<xi—xi*,xi*—xj»
i€ln] jeN;
=2 ) INillwi—af 1242 Y Y (el —oxi,07 —xj)
i€[n] ieln] jeN;
+2 Z Z(xl—x Xx; —xJ)+2 Z Z(xl—xl \X; —x])
Jelnl ieN; ielnl] jeN;
22 ) INillxi—af 12 +2 Y llaf — ;2
1€[n] 1€[n]
+ 3 2 e =l =l =7 = llaf = i1 = e — a1
i€[n] jeN-—{i}
+4 ) ——INill{a; < 1Hlac; — x|

Le[n] i
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a:
=4 Y |1+ ——IN;IT{a; < 1}|llx; — x|

ieln] 1-a;
>4 ) |l — a2 O
i€[n]
Observe that
Y Uxi—xil* =l =215 =4 Y lla; -] (3)
ie[n] jeN; i€[n]

if the update at time ¢ + 1 is under group interaction.

Lemma 3.2. If updates at times t and t + 1 are under group interaction and pair interaction
with equal approaching rates and the opinion graph is complete at time t, then
Zi=Zp122n Y i@ -2+ D%,
i€[n]
Proof. If updates at times ¢ and ¢+ 1 are under group interaction and pair interaction and
the opinion graph is complete at time ¢, then

Zi—Zi1=21(t)—Zo(t+1)

2 2
2 ) (Ul —xll" = llaef =117 (4)
i,j€ln]

If (p, p) is an interacting pair with approaching rate u > 0, then
1-p
lxp —251% = llacy — 25117 = 4=l —x3 )%
If (p, p) and (q, q) are distinct interacting pairs with positive approaching rates u and v, then

*_
p

*_

2 * 12 2 * 12 2 * * 12

lxp —xg 1" = llxy — x4 [I” + llxp —xg 11" = llx, =25 17 + x5 — 261" = [l 5 — 24 l
R N2 _le* _axp2
+llxp —xgll" = llxs — x5l

1—p *y2, 41V * 112
:4T||xp—xp|| +4Tllxq—xq .

If (p, p) is an interacting pair with positive approaching rate u and q is in none of the interacting
pairs, then

1-p
2 * 2 2 * 2 * 12
lxp —xg 1" = llx, — x4 17 + x5 — x4 [I” = llx5 — 24 =27||xp—xp|| .

Letting (p;, p;), i € [k] be interacting pairs with positive approaching rates y;, i € [k] at time ¢
for the update at time ¢+ 1, it turns out that

1-u; 1- 1
@=2|4 Y —Flixy, —ak 12+4k-1) Y —Fjx,, —x% 112

ielk] Hi ielk] Hi b
1_ .
+2n-2k) Y —Hja,, —ak |2
iclk] Hi
1_ .
T I P
ielk] Mi
>2n Y llx; —x )12 O

i€ln]
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Observe that
> Ui =l = llxf =7 1% =20 Yl =11 (5)
i,j€ln] i€[n]

if the update at time ¢ + 1 is under pair interaction.

Lemma 3.3. If updates at times t and t + 1 are under group interaction and E(t) c E(t + 1), then
Zy=Zy124 Y i) —xi(t+ DI,

i€[n]

Proof. Let E = E(t) and E* = E(¢+1). If updates at times ¢ and ¢+ 1 are under group interaction
and E c E*, then

Zi—Z41=21()-Z1(t+1)
=2 Y 3 Ul — il = ) =71

ieln] jeN;

+ Y Y I =Uxf -2 1P Ae®) Ve (G, ) ¢ EX)
i€ln] jeN?

2 * * 2
> ) 2 Ul —xl1" = llaf =7 11%)

ielnl jeN;
* 12
=4 ) |l -1,

i€[n]

where the last inequality follows (3). O

Lemma 3.4. If updates at times t and t + 1 are under pair interaction with equal approaching
rates, then

Zi—Zp122n Y () —xi ¢+ D2

i€[n]

Proof. If updates at times ¢ and ¢+ 1 are under pair interaction with equal approaching rates,
then

Zy—Zp1=Zo(t)—Zo(t+1)
=2n Y llxi—xf 1%,

i€[n]

where the inequality follows (5). O

Lemma 3.5. Assume that all interacting pairs approach each other equally at their rate for
update under pair interaction. Then, x;(t) is asymptotically stable for all i € [n] as t — oo if
the following conditions are met at each time t after some finite time:

(i) The social graph is complete at time t when updates at times t and t+ 1 occur under pair
interaction with equal approaching rates and group interaction.

(i1) The opinion graph is complete at time t when updates at times t and t + 1 occur under
group interaction and pair interaction with equal approaching rates.

(iii) E(t)c E(t+1) when updates at times t and t + 1 occur under group interaction.
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Proof. Without loss of generality, we assume that the assumption is satisfied at all times.

If follows from Lemmas and [3.4] that
Zi~Zi124 Y llxi®)-x(t+1))?, forall¢20

i€[n]

under the assumption of Lemma By the fact that v/n|x|2 = [|x]l1 for x € R”, we get

t+k-1
Zi—Zsr = Z (Zj—=Zj+1)
j=t
t+k—1
>4 Y Y Ixm() -G+ DI
Jj=t i€[n]
4t+k—1 2
> — Z Z IIxi(j)—xi(j+1)||)
Jj=t \i€ln]
4 t+k-1 2
> 2L 3 o -xt+ )
Jj=t ieln]
4 t+k—1 2
100 IIxi(j)—xi(j+1)||)
ie[n] j=t
4 2
=— Y lxi®)—xE+ RN -

Jeln]
Observe that (Z;);>9 is a nonnegative supermartingale. It follows from the martingale
convergence theorem that Z; converges to some random variable Z,, with finite expectation as
t goes to oco. It turns out that

Zi—Zior, — 0 as t — oo, therefore, ||x;(¢)—x;(t + k)| — 0

as t — oo, for all £ =0 and i € [n]. Thus, (x;(¢)):>0 is a Cauchy sequence for all i € [n], which
implies x;(¢) — x; as t — oo for all i € [n]. O

Lemma 3.6 ([9]). If some component G in G(t)NS(¢) is 6-nontrivial and a;(t) < 1 forall i e V(Q),
then
262(1- max ai(t))2

ieV(G)

i (8) — 22 + DII* >
ieVZ(G) e V)8
Proof of Theorem [2.1] Let (Q,F,P) be a probability space for F c P(Q) a o-algebra and P
a probability measure. If there is no consensus, it follows from Lemma that there are
individuals i and j with

x;(8) — x;, x;(t) — xj but x; # x; as t — oo on some F € J with P(F) > 0.
Thus, there are s > 0 and a random variable § > 0 such that |[x;(¢)—x;(#)| > &, for all
t = s. By finiteness of the social graph, either of the statements true implies there are
(tx)r=0 increasing with ¢y = s and a random variable y < 1 such that a;(¢;) <y under some
connected social graph G for all i € [n] and £ = 0. By finiteness and connectedness of social
graph G and the triangle inequality, there are (t;el))kzo c (tz)r=0 and edge (p,q) € E(G) with
||xp(t(kl)) —xq(tgel))ll > 6/n, for all k£ = 0. There are infinitely many times in (tg))kzo for update
under either pair interaction or group interaction.
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If there are infinitely many times in (t(kl))kzo for update under pair interaction, say t(kz), k=0

are the times in (t(kl))kzo for update under pair interaction. Since U a > ([g]) for update under

pair interaction with equal approaching rates and opinion graphs %Efeserve completeness, edge

(p,q) is an interacting pair with positive probability. Hence,

(1-y) (1-y)
2n

lep () — 2, (2 + 1) > and [lxg(t7) —xg(t2 + D) > o

for all £ =0, contradicting | x;(¢) —x;(¢+ 1)|| — 0 as t — oo, for all i € [n].
If there are infinitely many times in (tg))kzo for update under group interaction, say
tf), k = 0 are the times in (tﬁj’)kzo for update under group interaction. Since U a > [n] for
aeS
update under group interaction and opinion graphs preserve completeness, by Lemma and

conditional expectation, we get

EplZ - Zw, 12 4minPUe =a)Er| ) |20 - xi(t+ D
a

(@41 _
1€[n]

>8minP(U, e = a)Ep[6%(1-7)*1n® > 0, (6)
aceS 0

where Er is the expectation on F'. Via monotone convergence theorem, Er[Z;] — Er[Z,.] as
t — 0o. As k — oo, (6) becomes

0= 8mi§1P(Ut<z) = a)Er[6%(1-7)?V/n8 > 0, a contradiction. O
aec 0

4. Pair Interaction With Distinct Approaching Rates

In the Deffuant model, an interacting pair have the same approaching rate u € [0,1/2] at
all times. In this section, we investigate the mixed HK model under pair interaction, where
interacting pairs can approach each other at distinct rates. It turns out that the function W; is
nonincreasing if (2) holds.

Lemma 4.1. We get
Wi—Werz= ) (a;@®)— ai@)lxi@)—cll - lxj@) —cl/2=0
(i./)€E()

if @) holds.

Proof. Let x; = x;(¢) and p;(¢) = y;, for all i € [n]. Assume that (p;,q;), i € [k] are interacting
pairs at time ¢. Through the triangle inequality,

* *
Wi —Wei = .E[k](llxpi —cll+llxg, —ell = llx,, —cll = llxg, —cl)
i€

= Y (lxp, —cll +llxg;, —cll = (1= pp)llap, —cll — pp, llxg, — cl
1€[k]

— (1= pg)llxg; —cll = pg; lxp, —cl)

= Y (p, — g Nllxp, —cll = llxg, —cl)
1€[k]

=) (ag, —ap,Xlxp, —cll—llxq, —cl)/2=0 if @) holds. O
i€lk]
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Lemma 4.2. Asymptotic stability holds in (1) under pair interaction if

inf min |a;(¢)—a;(#)| >0 and @) holds.

t=0i,jelnl;i#j
Proof. Assume that x; is not asymptotically stable for some i € [n]. By finiteness of the social
graph, there are j €[n], § >0 and (¢z)r>0 < N increasing such that the interacting pair (i, )
satisfies [|x;(tx)—x;(tz)|l > 6, for all £ = 0. Without loss of generality, say p; = u;. Since the convex
hull generated by (x;(£));c[n], Cv({x;(£)}iern]), is bounded by Cv({x;(0)};e[,1), which is compact.
Thus, Cv({x;(0)};c[n]) can be covered by finitely many cubes of length 6/(4/n). One of the cubes
contains infinitely many x;(¢;), saying x J-(tg)), k =0 with (tggl)) c (t3). Picking ¢ in that cube, via
the triangle inequality,

e (£ = el = e (E) — el = i () = 2, G = 211,60 = el > 6/2.
By Lemmal4.1) W; is a nonnegative supermartingale. It follows from the martingale convergence
theorem that W; converges to some random variable W, with finite expectation as ¢ — oo,

Wi —=Wi1=inf min  |a;(¢) - a;(2)|6/4
120 i,jelnl;i#j

implies

O0=inf min |a;(t)-a;(¢)|6/4>0 ast— oo, a contradiction. O
120 i,jelnl;i#j

Proof of Theorem By finiteness of the social graph, the social graph connected infinitely
many times implies there is a social graph G connected infinitely many times, saying ¢;, £ =0

the times. Since opinion graphs preserve completeness and | a > (['ZL]), all edges (i,j) in E(G)
a€eS
are interacting pairs with positive probabilities at times in (¢3)3>0. It follows from Lemma [4.2

that x;(t) — x; as t — oo, for all i € [n]. If there is an edge (p,q) € E(G) with x, # x4, there
are 6 >0 and (s) c (¢;) with [x,(sz) —x4(sp)l|l > 8, for all £ = 0. Following the same method in
the proof of Lemma [4.2, we get a contradiction. This completes the proof. O
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