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Abstract: We consider a growing population of individuals with binary opinions, namely, O or 1, that
evolve in discrete time. The underlying interaction network is complete. At every time step, a fixed
number of individuals are added to the population. The opinion of the new individuals may or may not
depend on the current configuration of opinions in the population. Further, in each time step, a fixed
number of individuals are chosen and they update their opinion in three possible ways: they organically
switch their opinion with some probability and with some probability they adopt the majority or the
minority opinion. We study the asymptotic behaviour of the fraction of individuals with either opinion
and characterize conditions under which it converges to a deterministic limit. We analyze the behaviour
of the limiting fraction as a function of the probability of new individuals having opinion 1 as well as
with respect to the ratio of the number of people being added to the population and the number of
people being chosen to update opinions. We also discuss the nature of fluctuations around the limiting
fraction and study the transitions in scaling depending on the system parameters. Further, for this
opinion dynamics model on a finite time horizon, we obtain optimal external influencing strategies in
terms of when to influence to get the maximum expected fraction of individuals with opinion 1 at the
end of the finite time horizon.
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1. Introduction

Opinion dynamics in social networks is an area that has received significant attention in recent
years [28, 33]. This body of work has applications in the areas of advertising, election campaigns,
opinion evolution in online social networks, and public policy.

One widely used approach to study opinion dynamics in networks is to model it as a stochastic
process on a network of individuals. The voter model [19] is the most popular model used for such
studies. Under the voter model, the network is modeled using a bidirectional graph with the set of
individuals represented by nodes. There exists an edge between two individuals if they interact with
each other. Opinions of individuals are binary. In each time-slot, a node and one of its neighbours are
chosen uniformly at random. The node then adopts the opinion of the chosen neighbour. It is well-
known that the voter model dynamics on a d-dimensional lattice converges almost surely to a state
where all individuals have the same opinion [7]. The consensus opinion depends on the initial state of
the system. This behaviour is similar to that of a Pélya urn process, where a ball is drawn uniformly
at random from the urn at every time-step and it is replaced in the urn along with another ball of
same colour. Such phenomenon of reinforcement is found is several real-life processes like opinion
evolution, disease transmission, modeling ant walks etc. Polya process has been used to model opinion
evolution in [20, 32]. Numerous other way of modeling evolution of binary opinions and variants of the
voter model have been proposed and studied (See recent surveys [1, 29]). In the majority-rule version
of the voter model, instead of sampling a single neighbour, the updating node/individual adopts the
majority opinion in its neighbourhood [5, 8, 11]. Voter model on various kinds of fixed and evolving
network topology have been studied [4, 10, 12, 27, 34]. The voter model has also been extended to
incorporate biased or stubborn behaviour of individuals [25, 35]. In [26] authors combine some of these
extensions to study voter model with majority rule in presence of biased and stubborn individuals. The
central question is to understand the conditions for asymptotic consensus and the rate of convergence to
the consensus. For instance, in [26] authors show that the expected time to reach consensus is O(log N),
where N is the size of the population. Most of these models assume Markovian evolution and ideas
from Markov Processes, Mean Field Theory and Branching Processes have been used to address these
questions.

In this work, we study a generalization of the voter model and analyze its finite time as well as
asymptotic behaviour. Our generalization has two key aspects. Firstly, we model three types of
behaviours, namely, strong-willed, conformist, and rebel. We say that an individual is strong-willed
when their opinion is not affected by the opinion of their neighbours. Further, we say that an
individual is conformist/rebellious when their opinion is positively/negatively affected by the opinion
of their neighbours. These three types of behaviours have been studied in [31] and [14]. In the model
proposed in this paper, new individuals are added to the population over time and we allow their
initial opinions to depend on the state of the system at the time of joining. We study the asymptotic
behaviour of the opinion dynamics of this growing population on a complete network as a function of
various system parameters.

Although studying asymptotic behaviour has been the main focus of opinion modeling for many
years, in various real-life situations like rumour spread in small communities or online opinion polls,
it is important to understand how close does the opinion profile get to the limiting behaviour in a
given time-period and what happens in presence of an external influencing agent. Opinion evolution
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over finite horizon has been studied in [3, 31]. The information about the finite time behaviour is
particularly important for opinion shaping by advertising and/or influencing agencies. In this paper,
in addition to the asymptotic behaviour, we also study the effect of external influence over finite time
horizons. Opinion manipulation or opinion shaping has been studied before (See [9, 18, 30]) but most
of the research is focused on determining which nodes of the network should be influenced to have
a favourable cascading effect. In this paper, we are interested in understanding whether it is more
advantageous to influence closer to the voting deadline or at the beginning, and how does this depend
on the three types of behaviour described above. Characterizing optimal influence strategies over finite
time horizons in fixed networks is the focus of [16, 23, 31]. In [23], the authors show that if individuals
only exhibit strong-willed behaviour, the optimal strategy is to influence towards the end of the finite
time horizon, while if individuals are conformists, it may be optimal to influence towards the beginning
of the time horizon. In [31], the authors show that if individuals are predominantly strong-willed/rebel,
the optimal strategy is to influence towards the end of the finite time horizon. While [23, 31] consider
a complete graph between individuals in the network, in [16], the authors study the effect of the nature
of the graph (random/fixed) on the nature of optimal influencing strategies. Unlike [16, 23, 31], where
the network of individuals is fixed, in this work we model a system with new individuals entering the
network over time. However, we still restrict our analysis to complete graphs, thus when the chosen
individuals behave conformist or rebellious they take into account the complete opinion profile of the
population at that time.

The main contributions of this work are as follows:

Asymptotic Behaviour: As mentioned above, while the three types of behaviour studied in this
paper are similar to that of [14], this paper advances the investigation of asymptotic properties of
heterogenous populations by incorporating the feature of growing population with arbitrary but fixed
number individuals, extending beyond the single-individual addition model. This gives us an
opportunity to explore the dependence of the opinion profile on the ratio of number of people added
versus the number of people chosen for opinion update at each step. Our analysis of asymptotic
behaviour is divided into three parts:

(1) when the probability of an incoming individuals holding opinion 1 or 0 is independent of the
current state of the system.

(i1) when the probability of an incoming individuals holding opinion 1 is proportional to the fraction
of individuals with opinion 1 in the system at that time.

(iii) when the probability of an incoming individuals holding opinion 1 is proportional to the fraction
of individuals with opinion O in the system at that time.

Since the individuals can behave strong-willed with positive probability, in all the three cases the
limiting fraction of people with either opinion converges almost surely to a deterministic limit,
independent of the initial configuration of opinion. The main result on the limiting opinion profile
allows us to study the dependence of the limiting fraction of individuals with either opinion on the
ratio of number of individuals being chosen for opinion update at every time-step and the number of
individuals being added to the population. We also compare the limiting fraction of individuals with
opinion 1 for the three cases and obtain conditions that determine what kind of behaviour of the
incoming individuals leads to a higher fraction of people with opinion 1 asymptotically. Further, we
observe that in the Central Limit Theorem (CLT) type results for cases (i) and (iii), the critical and
superdiffusive regimes do not exist, while case (ii) exhibits all the three regimes. Explicit conditions
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on system parameters for transitions from subdiffusive, critical and superdiffusive regimes are
obtained.

Finite Time Behaviour: We study the system over a time-horizon of 7' consecutive time-slots out
of which external influence is exerted in bT time-slots for some b € (0,1). The opinion dynamics
of the network under external influence tends to move towards a specific direction preferred by the
influencer as compared to its organic evolution in the absence of any external influence. An influence
strategy is defined by the time-slots in which external influence is exerted. We show that the optimal
influence strategy, i.e., the strategy that maximizes the number of nodes with the opinion supported
by the influencer at the end of the time-horizon is a function of the number of new nodes joining the
network in each time-slot, and the mechanisms (i)—(iii) via which new nodes form their initial opinion.

The paper is organized as follows. In Section 2 we describe the opinion evolution model. In
Section 3 we state the results concerning the asymptotic properties of the system. More precisely, we
obtain the limiting fraction of people with opinion 1 for various cases and state the fluctuation limit
theorems for each case. In Section 4, we use Martingale concentration to show that the random
process governing the evolution of fraction of people with either opinion can be approximated by
trajectories of an ODE. Using this approximation we analyse the finite-time behaviour of the fraction
of people with opinion 1 and its dependence on certain parameters of the system. Further, in
Section 4.3, we introduce external influence and obtain optimal influencing strategies to maximize the
expected fraction of people with opinion 1 at time 7. Finally, Section 5 contains the proofs of the
theorems from Sections 3 and 4. We conclude with discussion on the results obtained in this paper
and possible future directions in Section 6.

2. Setting

We consider a growing population with binary opinions: 1 or O (denoted by 1 and O respectively).
We start with M, > 0 individuals at time = 0. Let X, denote the fraction of people with opinion 1 at
time ¢. For ¢ > 1, at each discrete time step, the system evolves in two steps:

1. A fixed number of individuals, denoted by R.(< M,), are chosen uniformly at random and they
update their opinions.

2. A fixed number of individuals, denoted by R, having opinion 1 with probability @, and 0 with
probability 1 — «,, are added to the population. We study three cases.

(1) a; = a V¥t > 1 and some fixed a € [0, 1]. That is, probability of the new individuals having
opinion 1 remains constant throughout the fixed time interval [0, T'].

(1) @, = acX, ¥t > 1 and some fixed a¢ € [0, 1], that is the probability of the new individuals
having opinion 1 is proportional to the fraction of individuals of opinion 1 in the population
at time .

(i) @, = ag(l — X;) V¢t > 1 and some fixed oz € [0, 1], that is the probability of the new

individuals having opinion 1 is proportional to the fraction of individuals of opinion O in the
population at time ?.

We now describe how the opinions of the chosen individual are updated. Define random variables
{Ii(O}1<i<m,» t > 0 taking values in {0, 1}, where I;() denotes the opinion of the i individual at time
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t. Note that the total number of individuals at time ¢ + 1 is given by M,,; = M, + R,. Thus, the
M;

population increases linearly and deterministically in . Define random variables: Y, = } I;(¢) and
=1

N, = M, -, as total number of people with opinion 1 and the total number of people with oi)inion 0 at
time ¢ respectively. Then, X, = % The opinion of a chosen individual j evolves in time-slot according
the following transition probabilities.

P(It+1)=0l;()=1)=p;, PUit+1)=1|[;(1)=1)=1-p,
P+ 1) =1I;(1)=0)=¢q;,, PU(t+1)=0|I;(t)=0)=1-gq,. 2.1

We model three types of behaviour in the population.

— Strong-willed: the chosen individuals are not influenced by peers and change their opinions
independent of anyone else in the population. In this case, p, = p and ¢, = ¢

— Conformist: the chosen individuals change their opinion based on the majority opinion at that
given time and tend to adopt the “popular” opinion at that time. In this case, p, = p(1 — X;) and
q: = 9X;.

— Rebel: the chosen individuals change their opinion based on the majority opinion at that given
time and tend to adopt the “unpopular” opinion at that time. In this case, p, = pX; and ¢, =

q(1-X,).

Let A, u € [0, 1]. Ateach time-step ¢, with probability A the chosen individuals behave as strong-willed,
with probability u they behave as conformist and with probability 1 — A — u they behave rebellious. Let
O;,1 be the change in the number of people of opinion 1 from time ¢ to # + 1. Thatis, Y1 = Y; + O;.
Then, we have

Yt+1
X, =
t+1 Mt+1
M
= —1X + Or1 (2.2)
Mt+1 Mt+1

The random variable O,,; depends on the two independent processes that we can write as

— ke Ra
On1 = 0t+1 + 0t+1’
Ra

R(?
where O t+1

'+, 18 the change due to opinion evolution of the chosen individuals and O
to the newly added individuals. We have

is the change due

E[O.1F] = E[O%, + O |F]

t+1
=R - X)q; — X;p:] + /R,
= —R.(1 = 2=2u)(p — 9X; + (RIBu + 1= 2)qg — (A + )pDX, + R, + g(1 — WR,

= Ror(1 = A= 200)(q = p)X; + Ry [r{Bu + A= 2)g = (A + m)pDX, + o + q(1 = yr], (2.3)

where r = R./R, is the ratio of people chosen and people added at each time step. Note that E[O,|F;]
is a linear function of X, provided (1) A+2u = 1 or (2) p = q. The first case is that of a mixed population
where probability of a chosen individual being conformist is same as that of her being a rebel, and the
second case is inspired from the conventional voter model transition rule. Throughout this paper, we
assume the following.
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Assumption 1. We assume that the probability of a chosen individual behaving as conformist is same
as that of her behaving as a rebel. That is, A + 2u = 1. Further, we assume that R, > 0.

As we shall see, the results for the case p = g can be obtained as a special case under Assumption 1.
The linearity of E[O,;|F;] as a function of X, implies that E[X,,|#;] is linear in X,. This allows us
to give an ODE approximation for the recursion with explicit error bounds. In the next section, we
investigate the asymptotic properties of the fraction of people with opinion 1.

3. Asymptotic behaviour

We use the stochastic approximation theory to analyse the behaviour of fraction of individuals of
opinion 1. Note that the recursion in Eq (5.2) is of the form

Xee1 = X+ a(h(x) + S 41),

where 1/a, is a linear function of ¢, & is a linear function of X, (whenever 4 + 2u = 1), S, is a square
integrable zero mean martingale and x; is bounded. Therefore the limiting point of the recursion is
same as that of the stable limit point of the ODE %, = h(x,) (See Chapter 1 in [2]). Thus, the following
is immediate.

Theorem 3.1. Under Assumption 1, X, — X" almost surely as t — oo, where

a+q(1—pr

B Jora, = a,
- qU—r —
X = o+ a1 for ay = acXi, G.D
ar+q(1—)r _ _
Transprgimr 107 @ = @r(l = Xo).

Note that for large r, that is when the number of individuals chosen at every step for opinion
update is much larger than the number of people being added to the population at every step, X* is
approximately ﬁ in all cases. That is, when R, >> R,, the asymptotic composition of the opinion in
the population does not depend on the initial inclination of people getting added to the population or
on the behaviour of people chosen at each step. For small r, in cases @, = a and ag(l — X;), the
limiting fraction of of people with opinion 1 is close to @ and ]f—gR respectively, whereas for @ = acX,,
it is close to zero. A similar trend is observed when everyone in the population is conformist with
probability 1.

Remark 1. For the case p = g, we get

a+q(1—pr _ —
m forp—q anda,—a
* _ q(—pr _ —
X = acr2g( for p=q and a, = acX,
ag+q(1-wr

Trar+2q(1—r forp =dq and a; = aR(l - Xt),

which turns out to be a special case of Theorem 3.1. This is because the ODE under assumption p = q is
same as that obtained under Assumption 1 along with p = q. However, as we shall see the fluctuations
of X, around the limit X* have a different behaviour under A + 2u = 1 and p = q and latter cannot be
obtained as special case of the former.

In the corollary below we compare the limiting fraction of people with opinion 1 in the three cases
and obtain conditions that lead to a larger fraction of people with opinion 1 asymptotically.
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Corollary 3.2. Let X, X[ and X, denote the limiting fraction of individuals with opinion 1
asymptotically for cases a, = a,a; = acX, and a; = ag(l — X,) respectively. Under Assumption I,

(i) Xg 2 Xp if ifa > ag or @ > 1 = Xg. In particular, Xg > X when ag = a.
(ii) Xg > X( if @ > ac or a 2 X;. In particular, Xg > X/ when ac = a.
(iii) X =2 Xp if (1 — wyr (gac — pag) — ag + agac > 0. In particular, X; > Xy, if ac = 1 and g > p or
ac=ar=a21+(1-wr(p-q.

Remark 2. Note that if ag = 0, in case (iii), new people have opinion O with probability 1 and therefore
X¢ = Xp. This is straightforward from Eq (5.5). Similarly, when ac = 0, X(. < Xj. By the argument in
the proof above, we also get that X;. < Xy whenever ag = 1 and p > q.

Finally, we show that a phase transition in the fluctuation around the limit exists only for the case
when o, = acX;, that is when the probability of new individuals having opinion 1 is directly
proportional to the fraction of individuals with opinion 1 at that time. The classification of diffusive,
critical and superdiffusive regime is based on the values of parameters r, p, g, u and @¢. In the other
two cases viz. @, = @ and @; = (1 — X,), we only have the diffusive case with v scaling.

Theorem 3.3. Let X, X/ and X}, be as in Corollary 3.2 and suppose Assumption 1 holds.

1. Fora, =a,ast —

VIX, - X5) 5 N (0,09,

_ R, r(1-pw)g+a
where & = st |7 = 0 = @) () + (1 - g + a1 - @)

2. Fora, = ag(l = X)), ast — oo

Vi(X, = X3) 5 N (0, 0p).

where

R.[r(1 = )(p — q) + 2% ] ( r(1 —wq + ag )
2R r(l —pw)(p+ @)+ 1 +ag]l -1 \r(l —pw)(p+q) + 1 + ag
R, [r(1 — 1)q + ar(l - ap)]
2R (r(1 —)(p+q) + 1 +ag]l - 17

3. Fora, = acX,, ast - o

(a) ifac <r(l—w(p+q) +1 —ﬁthen

VI(X, - X2) 5 N (0,00),

where
- R.[r(1 —p)(p — q) + acl ( r(1 —u)q
C T ORI -wprpt+l-acl-1\r(l—p(p+q) +1-ac
Rar(l _ﬂ)q

TR0 —m(pra)+1—acl—1
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(b) ifac = r(1 = )(p +q) + 1 — 5 then

[ 1 L d
@(Xt —Xc) - N(O’ O-C)a

e o = (00 )+ 00) (i) 1 ]
(c) if

1
(Ic>r(1—/l)(P+61)+1—2—Ra

then as as
t — o0, 1 PM¥(X, — X7)

almost surely converges to a finite random variable, where
-Dh(X") = R,(r(1 —w)(p + @) + 1 — a¢).

A similar result can be obtained for the case p = ¢g. The proofs of the above theorems are in
Section 5.

The scaling limits of this nature can also be obtained for general reinforced stochastic processes,
including urn models and reinforced random walk. While we have used stochastic approximation
theory, such limiting behaviour can also be obtained by exploiting the martingale structure as done
in [15, 24] for urn models or using results from [17]. As mentioned before, the random process
governing the reinforcement of opinions is similar to the behaviour of a generalized two-colour Pdlya
urn. The new individuals being added to the population corresponds to adding new balls to the urn
independently or based on the composition of the urn at that time. The chosen individuals correspond
to multiple drawings of balls from the urn that are then replaced after some re-colouring. In this
context, the behaviour of X, observed here is similar in spirit to that observed in [15, 21, 24] for the
fraction of balls of a given colour in generalized two-colour Pdlya urns.

In the next section, we study the same model and obtain optimal influencing strategies over a finite
time horizon.

4. Finite time behaviour and optimal influencing strategies

We now analyse the evolution of opinions over a finite time interval [0, 7]. We are interested in
understanding how the parameters of the system affect the final opinion profile at time 7 and what
kind of influencing strategies result in a larger fraction of people with opinion 1 at time 7. The key
mathematical idea is to approximate the random process of the fraction of people with a given opinion
with an ODE.

4.1. ODE approximation

It can be shown that under Assumption 1, the iterates of the recursion for X; remain close to the
trajectories of the ODEs given by

(- (p+g)+ x+g(l-pr+a when ¢; = «

dx; (1) gl a0
—[r(-@)(p+@)+1-aclx+q(1-pr _
o My Rott when a; = acX;
“lr(A-pw(p+@+1+arlx+g(1—pr+ag _ _
Mo Rot1 when a;, = ar(1 — X)).
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Thus it is enough to analyse ODE of the form

dx, —[r(l-wpP+q) +1+Alx +q(1 —r+B

= ith xo = X, 4.1
dt My/R, +t WL %o 0 “.1)
where
0 fora; = a a fora, = a
A=S—-ac fora,=acX, and B=10 for a; = acX;
aR for a; = ar(l — X;) ar for a; = ar(1 — X)).
The solution for ODE in Eq (4.1) is given by:
rq(1 - p) + B rq(1 - p) + B t+ 1+ M/R,\ IO 42)
X; = Xo — . (4.
! r(dl-wp+qg+1+A 0 rll-wp+g+1+A 1+ My/R,

The following theorem asserts that the recursion X, remains close to the trajectories of the ODE in
Eq (4.1).

Theorem 4.1 (Martingale concentration). Suppose Assumption 1 holds. Let xy denote the solution at
time T of the ODE in Eq (4.1). Then for Dy, = O (1),
P( Xy — x7| > €+ Dy,) <277,

for some constant C > Q.

The constant C depends on various parameters of the system, including the initial population.
Figures 1 and 2 illustrate how well the ODE solution tracks the simulated trajectories of the recursion
for X;. In the rest of the paper, we use this approximation to analyse the recursion by studying the
ODE solution. We refer to the random process by X; and the ODE solution by x;.
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Figure 1. The process X, vs the corresponding ODE solution with system parameters given
bya, =X;,4=02,u=04,r=5,p=0.3,9g=0.7, My = 100, xo = 0.3, T = 2000.
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Figure 2. The process X, vs the corresponding ODE solution with system parameters given
bya, =a=02,4=0.3333,4 =0.3333,r =0.2,p = 0.8, = 0.2, My = 500, xp = 0.7,T =
2000.

4.2. Effect of r on the final opinion profile

We first put the above ODE approximation to use for analysing the dependence of the final x7
(which approximates the fraction of individuals with opinion 1 at the time of voting) on r, that is the
ratio of number of people who may change their opinion at time ¢ and the number of people added to the
population at each time-step t. Clearly, the behaviour of x; depends of p, g, xo and «,. Differentiating
the solution of Eq (4.1) at T with respect to r we get

| ( 7 )r(l—ﬂ)(p+q)+l+A]
Tr+1

v = A+ Dg(l —w) - B(p+q) —p
T (r(1=w)(p+q) +1+A)>
I"q(l _/-l) +B 7 r(1-p)(p+¢q)+1+A 7
: (x“ Tl A) [(” rat=p (TT+1) log (TT+1) - @49

where 1, = k + My/R,. We consider the a; = « case first. In this case,

b = -t )ll_(ﬁ )f“—“)(“@“]
T TR S+ 12 Tra

r(1-p)(p+q)+1
(x g —p +a )(p+q)(1—u)(:l) log( i )] 44

Tl -w(p+ g +1 T+1 Tr41

. /3 iti 4 i 4 .
Clearly, for @ = 7 We get that x’. is positive for xy > o+g Negative for xo < v and zero for xy = prvt

For a > #, it is immediate that x. < 0 for

rg(l —p) + a
rp+ (1 —p+1

For,
rg(l —p) + a

rip+q(1—pw+1°
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Observe that for 7' not very small,

q u u of _rgl - +a T q
- > T +q¢)(1—w+1 - X1 + -
‘qup Tr > T [(r(p (1 =) )(r(p+q)(1_#)+1 %o |log| ‘q+p a’,
where
u=r(l—pw)(p+q +1.
Therefore, x7. < 0 for all r provided a > #. A similar argument for @ < # shows that x7 is a

non-decreasing function of r. For a = qf’p, we get

r(1=p)(p+g)+1
X = (XO—L)[(P"‘Q)U—M)( “) log( i )}
ptq

Tr+1 Tr+1

Therefore,

e for xy > quq, xr 1S a non-increasing function of r.

e for xp = quq, xr 18 a constant function of r.

e for xp < quq, xr is a non-decreasing function of r.
Using similar arguments we characterize the behaviour of x; as a function of r for the rest of the cases
as well. Table 1 details the behaviour of the final fraction of individuals with opinion 1 as a function

of r.

Table 1. Fraction of people with opinion 1 at time 7 as a function of r.

Behaviour of x7 as a D)o =a (1) a; = acX; (i) a; = ag(l — X))
function of r.
X7 is a non-increasing  «a > q’j—p or ac =1 and xy > quq ag > % or
function of r. =4 < =9 55> L
' ' =gy S0 AR =5 X0~ 5y
xr is a non-decreasing  «a < # or ac €[0,1) or ag < % or
function of r. =4 ac=1,x) < -L =4 4
. Xy < (Z s C s A0 g . aR [q,9 Xo < Ptq
1 nstan =4 = =1 an = 1 =4
X7 18 a constant @= 5 =X ac and xg prw ar =,

function of r.

In the next section, we state and discuss the main result for the finite time opinion evolution under
external influence and optimal strategies for influencing the dynamics to obtain higher number of
individuals with opinion 1 at the end of the finite time horizon.

4.3. Optimal influencing strategies over finite time horizon

In this section, we study the opinion evolution over a finite time interval [0, 7]. We assume that
there is an external influencing agency with a limited budget that tries to skew the opinion of the
population in their favour at the end of time 7. Due to budgetary constraints, the advertising agency
can influence the opinion in exactly bT of the T time-slots, where b € [0, 1] is such that bT € N.
The influence is exerted by manipulating the transition probabilities of the Markov process defined in
Eq (2.1). That is, if the chosen individuals are being externally influenced in time-slot ¢, p, = p and
q: = q, else, their opinion evolves as described before. Without loss of generality, we assume that the

Networks and Heterogeneous Media Volume 18, Issue 3, 1288—1312.



1299

aim of the advertising agency is to maximise the number of individuals with the opinion 1 at the end of
the 7" time-slots. Similar model of opinion evolution in presence of external influence has been studied
for fixed population in [31]. Our aim is to obtain optimal influencing strategies in different regimes
depending on the model parameters. In particular, we want to study the dependence on R, and R,. We
begin by defining influencing strategy and what we mean by optimality here.

Definition 4.2 (Influencing strategy). An influencing strategy S € [0, 11! is defined as binary string of
length T that has exactly bT number of 1s. For alli € {0,...,T — 1} such that S; = 1, the transition
parameters are p; = p and q; = q. The strategies to influence in the first bT and the last bT time-slots
are denoted by Sy and S| respectively.

For two strategies S; and S, we write S; > &, if influence according to S, leads to a higher
expected number of 1 at the end of time 7 than the expected number of 1 at the end of time 7" under S,.

Definition 4.3 (Optimal strategy). A strategy is called optimal if the influence according to that strategy
results in a higher expected number of 1 at the end of time T than the expected number of 1 at the end
of time T using any other influence strategy.

Thus, an optimal strategy S* is such that S* > S, where S is any other collection of T time-slots to be
influenced. As we shall see, due to monotonicity, in most cases, influencing the first or the last b7 slots
is optimal. We assume that the influencing strategy is rational. That is, during influence, the probability
of switching from O to 1 increases from what it is when the individuals behave strong-willed. Similarly,
under rational influence the probability of switching from 1 to O decreases. More, precisely, we have
the following assumption.

Assumption 2 (Rational influence). We assume that the external influence is such that p < g, p < p
and g < q.

We now state our results for optimal strategies for the cases @, = @, @, = acX; and @, = ag(l — X)).
Again, a transition in optimality of influencing strategy is observed in the case @, = @¢X; at the critical
value a¢c = r(p + @).

Figures 3 and 4 compare the strategies S;, Sy and a strategy S where the slots in the interval
[0.4T,0.7T] are influenced. In Figure 5, we compare S, S and a split strategy S where the influence
is over time-slots in the intervals [0.37,0.57'] and [0.87, T']. The figures illustrate that S; is optimal
for the cases @; = @ and ag(1 — X;) whereas there is a transition in optimality of the strategies for a
certain threshold value of a in the case when a = acX,.

—e— Simulation for S¢
Simulation for S
| —®— Simulation for s

o
@

o
<

o
o

o
kS

o
W

e
N

Fraction of people with opinion "Yes" at time T
o
&

0.0 0.2 0.4 0.6 0.8 10
a

Figure 3. Comparison of influencing strategies for the case @, = a. Other system parameters
are given by b = 0.4,p = 0.1,§ = 0.6, My = 1000,p = 0.7, = 03,4 = 0.4,u = 0.3, xy =
0.7,r = 1(with R, = R. =5).
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o
o

1 —e— Simulation for s¢
Simulation for S
—&— Simulation for §

o
@

o
kS

o
w

o
N

Fraction of people with opinion "Yes" at time T

0.0 0.2 0.4 0.6 0.8 1.0
ac

Figure 4. Comparison of influencing strategies for the case @, = acX;. Other system
parameters are given by b = 04,p = 0.16,g = 0.8, My, = 500,p = 0.8,q = 04,4 =
0.6,u =0.2,xy =0.5,r =0.625(with R, = 8, R, = 5).

14
o
o

=4
o
S

=4
n
&

o
T
o

—e— Simulation for S¢
Simulation for S
—e— Simulation for §

T

- T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0
ag

o 14 <
w B
& =)

o
w
o

Fraction of people with opinion "Yes" at time T
S
&

o
N
o

Figure 5. Comparison of influencing strategies for the case @, = ax(1 — X;). Other system
parameters are given by b = 0.4,p = 0.1, = 0.5,M = 1000,p = 0.8,g = 04,4 = O, u =
0.5,x0=0.5,r=5,(withR. =5,R, = 1).

Theorem 4.4. Suppose 6 = r[(p+ §) — (1 — w)(p + q)] = 0. Then, under Assumptions 1 and 2,
1. For a; = q, it is optimal to influence in the last bT slots.
2. FOF at = (YCX[,

(a) if r(p + q) > ac, it is optimal to influence in the last bT slots.
(b) If r(p + §) < ag, it is optimal to influence in the first bT slots.
(c) If r(p + ) = ac, all strategies perform equally well.

3. For a, = ag(1 — X)), it is optimal to influence in the last bT slots.

The main idea is to compare the strategies S; and Sy and then get optimality using monotonicity of
the ODE solution with respect to the initial conditions. Suppose Xx and X% denote the corresponding
ODE solutions for the influencing strategies S, and Sp, respectively. Then, we have

P r(1 —u)q + B rg+ B )

. bT + 1+ My/R, | P01
x —
T rA-wp++1+A " rp+i+1+A

1+ My/R,
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« T + 1 + M()/Ra —r(l-p)(p+q)-1-A T + 1 + M()/Ra —r(1-p)(p+q)—1-A (4 5)
bT + 1+ My/R, bT + 1+ My/R, ’ '
_ rQ+B r(1-w)q+B ..
where A = w3 eewy i : +Z;+1 —. Similarly,
X rj + B . r(1-pq+B T(1=b)+ 1+ My/R,| "7
T+l Aa Tt liA 1+ Mo/R,
| T MR, ALA T+1+M,/R, |"Pr14 46)
(1-b0)T +1+ My/R, (1-b6T +1+ My/R, ’
Define T = HTMO and D7 = X% — XTI to be the difference between fraction of people with opinion 1 at
Ra
time 7" when under influencing strategies S; and Sr. We get
Dy = Xk-XE
. ’1 [ Tl )—r(ﬁ+Z])—1—A ( Tl )—r(p+q)—l—A
(1-b)T +1 bT + 1
1- +B — — -
I (PR A GO (1 =BT +1) (T + 1714
rdd-wp+g+1+A
rg+ B ~ -5 ~ _ e

—x0 - bT +1) (T + 1)"rro-1=4, 4.7
0 r(p+q)+1+A)( ) T+D “7

To compare S; and Sy, it is enough to analyse whether Dy is positive or negative. The detailed proof
is in Section 5.
We need the assumption 6 = 0O to ensure the mathematical tractability of the expression for Dy.
In general, when b is bounded away from 0 and 1 (which is reasonable since we would like to study
scenarios where influence is over a non-trivial subset of [0, 7']) and T is large, we have
1-b)T +1 T bT +1

— =1-b= ~1—-b and — b.
T+1 T+1 T+1

Using these approximations, we get

Dy = A [1 —(1- b)’(f”é)ﬂﬂ _ br(p+q)+1+A]

r(l1-wq+B P P D+ -1-
- 1= b)°(T + 1)°(T + 1) P14
+(x° M—pprgriea) T DTHD
rq+B ST N0 L \—r(prq)—1-A
—[x0 — b=°(T + 1)™°(T + 1)"'P4 .
(xo r(ﬁ+51)+1+A) T+ DT+ 1)

For large T, the second and the third term are very small. Since for @, = @ orag, r(p+qg)+1+A > 1,
we have B
1=(1=b)+b>(1=byPD-17A 4 pripro-1-A

which along with A > 0, implies Dy > 0. Combining this with the optimality argument, we get that
if the voting happens after a large time 7', in case @; = @ or ag, it is better to influence towards the
end. Also, if r << 1 and @, = @, Dy =~ 0, making all strategies more or less comparable in terms of
effectiveness for getting more 1’s at the end of time 7'.
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5. Proofs

In this section, we prove the results from previous sections. The main tool to prove the results
from Section 3 is the stochastic approximation theory. For the results in Section 4, we first prove
Theorem 4.1 to show that the discrete dynamics can be approximated well by an O.D.E. and then use
the corresponding O.D.E. to show the transition in optimal influence strategy as stated in Theorem 4.4.

5.1. Proofs: asymptotic results

We first prove the results establishing asymptotic behaviour of X;. From Eq (2.2) we have

Mz+1 - Ra E[Owllﬁ] + 01+1 - E[0t+1|7jt]

X = X, +
ok Mt+] t Mt+l Mt+l
S
= X+ 27— [ElOw|F)] - RX] + -, (5.1)
t+1 t+1

where S 11 = O — E[O441|F] is a zero-mean martingale with respect to {7, = 0(O;;0 < s < 1)}51.
We have,
E[0,1|F1] = B[O, + O

t+1 t+1

|F:] = R:[(1 = X))q; — X;p;] + a,R,.

Using this in Eq (5.1) and substituting p, = Ap + up(1 = X;) + (1 = A —w)pX; and q; = Aq + ugX, + (1 -
A —wq(l - X;), we get the following recursion.

1 St+1
X=X, +—h(X)+ , 52
t+1 t M ( t) M ( )

t+1 t+1

where from Eq (2.3) we get that

h(Xt) = E[0t+1|7:t] - R, X,
= —R(1 = 2=2)(p = 9X; + (RIBu + 1= 2)g — (A + w)p] = R)X; + R, + q(1 — )R,
= Rar(1=2A=20)(q = pX; + Ra[(r[Bu + 2= 2)g = (A + p)p] = DX, + @, + (1 = pr].
The recursion for X, can thus be written as a stochastic approximation scheme (See [2]) and the
corresponding ODE is given by

dx;
dt

Ry [r(1 = 2=2u)(q = p)x; + (r[Bp + A= 2)g = (A + p)p] = Dx, + @, + g1 — por |

Ry [r(1 = 2= 2u)(q = p)x + (r[(Bp + A = 2)q = (A + p)p] = 1 = A)x, + q(1 = pyr + B, (5.3)

where A and B are as in Eq (4.1). It is easy to verify that Eq (5.2) satisfies the conditions of a stochastic
approximation scheme since the martingale difference is bounded, X, < 1V > 0, A(-) is Lipschitz in X,
and the step-size 1/M, is inverse of a linear function of . From the stochastic approximation theory,
we know that the recursion for X; converges almost surely to the stable limit points of the ODE, which

are given by h(x;) = 0. Define
oh
D) = o~ = Ra [2r(1 = A =2)(qg — p)x + r{Bu+ A= 2)g — (A+ wp} - 1 - A].
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Proof of Theorem 3.1. Under Assumption 1, the corresponding ODE is given by

dx,

7 R -[r(1 —w)(p+¢q) + 1+ Alx; + g(1 — )r + B],

r(1-p)(p+q)+1+A

or p = g, D(x) < 0 for all x. Thus, %
almost surely where

where r = 1%' Clearly, x, = is a limit point. Further, it is easy to verify that for A+ 2y =1

is a stable fixed point. Thus, as t — oo, X; — X*

a+q(1—-r _ _ _
e+ forA=1-2u and @, = «
Xt =9 0 for =1 - 2u and a; = acX, (5.4)

I—ac+(p+q)(1-pwr
ag+q(1-pr fora=1- 2/,( and a; = Q'R(l - Xl)

1+ar+(p+q)(1—)r

The p = g case mentioned in the remark 1 is obtained in the same way or by simply putting p = g in
Eq (5.4) above since the ODE for p = ¢ is a special case of the ODE under Assumption 1. In general,
h(x,) is a polynomial of degree 2 in x,. Let p; and p, be the roots h(x;) = 0 with p; > p,. Note that

gl —wr+B
(I=A1-2uw)(q - p)

P1P2 =

and
(r[GBu+A1-2)g— (A +pwp] -1 —A).

(1-2-2w(g - p)
Thus, D(x) := R,(1 — A1 —-2u)(g — p)[2x — (o1 + p2)] and we get the following.

P1+p2=—

1. forthecase A +2u>1landg>pord+2u<1landg < p,p; >0andp, <0 as p;p, <0. Also,
D(p1) < 0 and D(p,) > 0. So, in these cases, p; 1s a stable limit point.

2. Forthecase A +2u>1landg < pord+2u < landgqg > p,p; > 0andp, >0 as p;p, > 0 and
p1+ p2 > 0. Also, D(p;) > 0 and D(p,) < 0. Hence, in these cases, p, is a stable limit point.

While the asymptotic analysis is possible, a martingale argument for ODE approximation as done in
Section 4 is not possible when 4 is non-linear. Further, the ODE x(¢) = h(x,) yields fairly complicated
solutions and obtaining optimal strategies is non-tractable.

Proof of Corollary 3.2. We first compare X, Xj,.

a+qd—pwr ag +q(1 —pwr
l+(p+@)—wr 1+ar+(p+q(l-pwr
all +agr+ (p+ @) —wr] —ag(l + p(1 —wr)
(I+(pp+q—wr(l+ag+(p+q)(l—pwr)
(@ —ap)ll + (p+q)(1 —r]+ arle + g(1 — wr]
(I+(p+—wr +ag+(p+q)(1l—pwr)
(@ — ag) + arX;

(I +ar+(p+q—pwr)

X; - Xp =
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Thus, Xg — X > 0iff @ — ar(1 — X5) > 0. Therefore, @ > ag or @ > 1 — X implies Xy > X5. Next we
compare X, X/..

a+qd-—pwr q(l —wyr
l+(p+@d-wr 1-ac+(p+qgl—wr

all —ac+(p+ @1 —r] — acq(l —pr
(I+(p+Ud - —ac+(p+q(l—wr)

all +(p+ @1 —wr] —acla + q(1 - wr]
A+ @+ -l —ac+(p+q9(1-wr)
Clearly, Xg — X[ > 0iff @ > acX;. Thus, @ > ac or @ > X implies Xg — X > 0. Further, when
ac =ar =a,X; > X foralla € [0, 1].
For the case o, = ag(1 — X;) and a; = acX; we get that

rg(l — p) S rg(l —p) + ag

rp+)(l-w+1—-ac  r(p+q)(1 —p)+1+ag’

X5 —Xc

* *
Xe2Xp &

which holds if and only if

(1 = wr(gac — par) — ar + agac = 0. (5.5)
Clearly, this holds for a¢c = 1 and g > p since p > pay. Further, for ac = ar = @, we have X > X}, iff
a>1+{-wrip-9q).
We now prove the fluctuation limit theorem.

Proof of Theorem 3.3. We use results from [36]. We first compute I' = lim E[S? |#,]. Note that
f—o0
E[S7,,|F) = E[(Ow1 = E[0un|F])*IF 7). We have
E[(Or1 — E[O|FDAF) = VarlOm|F] = VarlO®, + 0%

t+1 t+1

= Var[O% |F.] + Var[O® |F,]

t+1 t+1

]

M,
= Var[Z Ot + V)|F,] + VarlO% 7]
i=1
R2

Mzz (1 -X)q, - tiz)2

M
1 RC

= a(l —a@)R, + § i (A = X)q: + X,p,) —
=1 "t

R:
= a1 = @)R, +Re (1 = X)q: + Xipy) = 77 (1 = X)g, = X.p:)* .
t

The term Rﬁ% (A -X)q, - X,p,)2 goes to zero as t — oo. For p, = Ap + up(1 — X;) + (1 — A — w)pX, and
g = Aq + pugX, + (1 — A — p)g(1 — X,) we get that lim E[S2 ||F;] is same as
t—o00

t+1

lim R, [(r(1 = = 20)(p + @) + ADX] + (r((A+ 31 = 2)g + (1 +p)p) + A)X; +r(1 = g + As] (5.6)
0 fora; = a 0 fora; = a
where A, =1{-al fora, =acX, , Ay =3ac for a; = acX,
—a%  fora, = ag(l — X)) 20> —ag  fora, = ag(l — X))
a(l —a) fora; = a
and, A3 =<0 for a; = acX;

ar(l —ag) fora, = ar(l — X)).
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Under Assumption 1, we get
r(l—wqg+ B
r(l-wp+qg+1+A
We now compute the limiting variance o. Thus using Theorems 2.1-2.3 from [36] we have:
e For —Dh(X*) > %, o= fooo e~ (DX~ o= (~DhX)=)u gy,

) I . .
e For —Dh(X") = 1, o = lim L [*' ¢~ DhX)=)u=(-DhX)=Duggy,
2 f—00 10g1 JO

2

I'=R, {r(l—u)(p—cz)+Az}( )+r(1—u)q+A3

Therefore, whenever —Dh(X*) = R,(r(1 —u)(p+¢q)+ 1+ A) > % we have,
o = f ~ e—(—Dh(X*)—%)uI-‘ e—(—Dh(X*)—%)u du
0

— f e—2(—Dh(X*)—%)u1—~du
0

r f ¢ 2R =) (pra)+ 1443 g
0

r
2R,(r(l —w)(p+q)+1+A) -1

Thus, with Assumption 1, we get the following.

(a) For @; = @ and X* = % we get Dh(X*) = —R,(r(1 — w)(p + g) + 1). Therefore,

Vi(X, - X*) % N(©,0), (5.7)

_ R, r(1-p)g+a
where 0 = gty [ = (P = @) (riSttar) + (L= g + a1 - ).

(b) For @, = ag(l - X,) and X* = Sl — we get Dh(X") = —Ry[r(1 — p)(p + q) + 1 + ax].

Therefore,

ViX, = X*) == N (0,0%), (5.8)
where
> R[r(1 = )(p — @) + 2a” — ag] ( r(1 — g + ag )
R
2Rr(l —pw(p+ @) +1+ag]l —1\r(l —w)(p+ @) + 1 + ag
R.r(1 = w)g + ag(l — ag)
2R,[r(1 =) (p+ @)+ 1 +agl -1

(¢c) For @, = acX, and X* = r1=1g

r(1-p)(p+g)+1-ac

(i) if —Dh(X*) = R,[r(1 — p)(p + q) + 1 — ] > L thatis ac < r(1 — p)(p + q) + 1 — 5&- then

ViX, = X) == N (0,00), (5.9)

L R, i)
with 0c = s |0 = 0 = @) + a0 (i) + (- .
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(i) if —Dh(X*) = RJ[r(l —p)(p+ @) + 1 —acl = L thatisac = r(l —)(p+ @) + 1 — %Ra then

[7 Lz
@(X,—X ) =2 N(©,0¢), (5.10)

with oc = [(r(1 = )(p = @) + @) (o) + r(1 — |-

(iii) if —Dh(X*) =R,(r(l —pw)(p+q) + 1 —ac) < % thatisac >r(1 —pw(p+q)+1 - ZLRa then as
t — oo, 7 PHXD) (X, — X*) almost surely converges to a finite random variable.

This completes the proof.

A similar argument can be used to obtain scaling limits for the case p = g as well. We get

‘ ) r(l—wqg+ B 2
lim [, |F] = R,|(2r(1 = A= 240q + Ay)

2r(l—wg+1+A
r(l-—wqg+ B
2r(l —wg+1+A

+H2r(A +2u — 1)g + Az}( ) +r(1 — wq + As

Following the same argument as above yields the following.

(a) Fora; = a and X" = §722% we get Dh(X") = —R,[2r(1 - p)g + 1] and Eq (5.7) holds with

R,

= 2R, [2r(1 — g+ 1] -1 [qu(l —A1- 2,u)(

r(l1 —wg+a :
2r(l —wg + 1

r(l —wg+a
2r(1 — g + 1

+2rg(Ad + 2u — 1)( )+r(1—,u)q+a/(1—oz)

(b) For @, = ag(l — X,) and X* = % we get Dh(X*) = —R,[2r(1 — w)g + 1 + ag] and Eq (5.8)
holds with

R,

= N _ .2
e 2Ra[2r(1—ﬂ)q+1+aR]—1{(2’(1 A=2u)q CYR)(

rd-mwg+ag\

2r(1 —wg + 1 + ag
r(1 —wq + ag

2r(1 —p)g + 1 + ag

+2r(A+2u —1)g + 2% - ozR)( ) +r(1 — wg + ag(l - ozR)] .

(¢c) For a; = acX; and X* = %. If -Dh(X*)=R,(r(l —p)(p+q)+1—ac) = % then Eq (5.9)
holds with

r(1 - g )2

= |Q2r(1 =2 =2u)qg — o>
oc 2r( i aC)(2r(1—,u)q+l—aC

1—
+Q2r(A +2u — g + a¢) (2r(1 j('u)q ,i)i] - ac) +r(l - u)q] .

Thus, unlike for the limiting fraction X*, the limiting second moment or the variance for the case
p = q cannot be obtained as a special case of 1+ 2u = 1.
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5.2. Proofs: ODE approximation and optimal influencing strategy

In this section, we prove results from Section 4. We use a Martingale Concentration Inequality to
prove the ODE approximation (from Section 4.1) of the recursion of X, and then use the approximation
to prove Theorem 4.4 for optimal influencing strategy.

Proof of Theorem 4.1. Under Assumption 1, the recurrence is given by

R, S
Xt =X+ == [-((1 = )(p+ @) + 1 + A)X, + q(1 — wyr + B] + —=
Ml+1 t+1
This gives,
1
E[XalF =X, + W [-r(1 =) (p+q) +1+A)X, +q(1 —wr+ B,
t+1
where M| | = Mﬁ'. Thus,

E[X,1|F] = X,(l _Hprgd-p+1 +A)+ rl-wg+B

M M

t+1 t+1

M M

t+1 t+1

-1 -1 i
_ -1 E -1
i=0 i=0  j=0
T-1

Note that Z, is an {F;},»o-martingale by definition. For a fixed 7, define Y, = ( k=0 ozk) Z, is also an
{F:}=0-martingale. Using Azuma-Hoeffding inequality, we get

Define o, = (1 _ W)’Bt _ rwesB g

€2
P(Yr =Yyl =€) < Zexp( ZZiT:I"z‘Z)

2

where |Y; — Y;_1| < ¢; forall 1 < < T. We first obtain a reasonable bound on |Y; — Y;_{|. We have

T-1 t—1 =2 t—1
-1 -1 -1
Yi-Y, = (077 th |0/k _Xt—ll—[a’k _,Bt—ll_[(lj
k=0 k=0 k=0 J=0
T-1

= ap (X, — X104y _,Bt—l)

=t

=~

_C’
From Lemma 2 in [6], we get ‘H,{: cxk‘ < K(%) , where C" = r(p+¢)(1 —u)+ 1+ A and
K = K(C’', My/R,) is a positive constant. Further, |X; — X,_1a;-1 — B;-1] < ? for some constant B > 0.

T C’ r C 22 .. .
Then, Y ¢ = T72% ¥ K*B*** -2 < K2 This implies,
=0 =1 eC’-nr

e(2C’ - DT
P(|YT - Y()l > E) < Zexp(—W)
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Note 2C" — 1 > 0. Equivalently, we have

p[\XT_iﬁ,. [To-[] akxo\ze]gzexp(_m_—ﬂ.

2R2
i=0 Jj=i+l k=0 K*B

Next, we show that Z Bi Tl -1 €0 " X is close to the ODE solution. We have,

j= l+1

T-1 ~(r(p+@)(1-p)+1+4)
+q)(1-w+1+A T+1+ My/R,
(1 _rp+ g1 —p) ) _ ( of ) 5.11)

2 M, 1+ My/R,

and,

l;[( r(p+q)(1—u)+1+A)

T-
Z ,
=0 z+1 j=i+l M]+1

(T + 1+ My/R,)~rpra)d-p+1+4)

rp+g)(1-w+1+A
(T + 1 + My/R,) rpra1-p+1+4)

rip+g)(l—-p+1+A

(T +1+ MO/Ra)r(p+q)(l—,u)+l+A

(1 + My/R,)Prot-m+i+A (5.12)

To be precise, the approximations in Eqs (5.11) and (5.12) give

~

T-

[_
'Z a;— a’kX()—XT‘ SDMO,
i=0 j=i k=0

._.

T
x

~

where Dy, = O(MLO) We have

T-1 ) ’
eQC'-NTr
[‘XT - Zﬁ, a;— 1_[ a’kX()‘ > €+ DMO] < Zexp (—W) .
k=0

i=0 j=i+l

We are now ready to prove Theorem 4.4. In addition to the ODE approximation, we need the
following Lemma.

Lemma 5.1 (x; as a function of xy). The ODE solution obtained by solving Eq (4.1) is an increasing
function of the initial configuration x,.

Proof. Note that the solution (4.2) of the ODE (4.1) is of the form
f) =ar + (x—a)b)™,
where a;,b; >0andc; >0V A and B . Let x; < x, then
X1<x &= xi-—ar<x-—a < (x—a)b)™ <(x—a)b)™".

Thus, the ODE solution is an increasing function of the initial configuration xy.
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Before we prove Theorem 4.4, note that restriction of a strategy to any subset of [0, 7'] defines an
influencing strategy on that subset. For any strategy S, we denote the strategy on [T, 7,] C [0,T]
given by the substring of S on [T, 7] by Slir, 1,]-

Proof of Theorem 4.4. We first compare Sy and S;. For p + § = (1 — w)(p + q) we get

~ ~r(P+~1-A ~ ~r(P+~1-A L
Dy = All - (T—t}) - ( I+l ] LT+ 1)_,(p+q)_1_A} (5.13)
1-DT +1 bT +1
and B .
rg+ B r(l —p)q+ B _r(@— (0 -wq)

rp+g+1+A B r(ll-—wp+qg +1+A - r(p+g) +1+A°
Due to rational influence, A > 0. Define F : [0, 1] — [0, 1] such that

(1 - )T + 1)r([?+é)+1+A (bT+ 1]r(p+q)+1+A ( 1 )r(ﬁ+6~1)+1+A
—_— —~ + :

F(b):l—( — —
T+1 T+1

T+1
Differentiating with respect to b once and twice we get

_(r(p+P+1+AT

F'(b) — —
(T + l)r(p+Q)+l+A

(1 = BT + 1y P+D*4 — (bT + 1)y P+D*4] (5.14)

(r(p+3) + 1+ A)r(p+§) + AT
(T + 1)r(ﬁ+6?)+1+A

Clearly, F’'(b) = 0 for b = 1/2. For the case @, = @ or ag(l — X;), A > 0. Thus, F is increasing in
b € [0,1/2) as F'(b) > 0 and F is decreasing in b € (1/2,1]. Since, A > 0 we also have for any
be[0,1], F”(1/2) < 0. Thus, b = % is a point of maxima for F(b). Since, F(0) = F(1) = 0, we get
that F(b) > 0 for b € [0, 1]. This implies, Dy > 0. Hence, S; > Sy for the case @, = a or ag(l — X,).

We now address the case a; = acX;, A = —ac. If r(p + §) > ac the same argument as above works
and we get §; >> Sp. If r(p + §) < ac, we get that F is decreasing in b € [0, 1/2) and F is increasing
inb € (1/2,1]. It is also easy to check that F”/(1/2) > 0. Thus, b = 1/2 is a point of minima for F(-).
Again, using F(0) = F(1) = 0, we conclude that F(b) < 0 for b € [0, 1] and therefore Dy < 0. Hence,
S, << Sr for the case r(p + §) < ac. Finally, for the case r(p + §) = ac, it can be easily verified that
D7 = 0 and therefore S; = Sp.

We now prove the optimality using Lemma 5.1. We give the argument for optimality of S; when
S; > Sp. A similar argument works for the rest of the cases. Let S be an influencing strategy.
Scanning from the left (from the first coordinate), let #;,#; + 1 be the first time we encounter a ‘10’
subsequence in S. Since S; > Sp, Sljo,+1) << &', where §’ is a strategy on [0,#, + 1] with §! = S,
foralli<ts —1and S =0,8] ,, = 1. In other words, a local swap of 10 to 01 improves the strategy.

t+1
This combined with the Lemma 5.1 shows that S 1 1s optimal.

F'(b) = [~((1 = BT + 1y P41 — T + 1y P+D*471] (5.15)

6. Concluding remarks

We consider a population of M, individuals on a complete graph, each holding an opinion 1 or O at
time r = 0. At every time-step a fixed number of individuals are added to the population and a fixed

Networks and Heterogeneous Media Volume 18, Issue 3, 1288—1312.



1310

number of uniformly chosen individuals update their opinion. New individuals can have opinion 1
with probability that may or may not depend on the current state of the system. Similarly, chosen
individuals may update their opinion independently of the state of the system or depending on the
fraction of individuals of opinion 1 or O at that time. We observed that the limiting fraction of
individuals with opinion 1 depends crucially on various parameters that can be adjusted in order to
obtain a higher fraction of individuals with opinion 1 in the long run. Further, we demonstrate that the
case when the incoming individuals have opinion 1 with probability proportional to the number of
individuals with opinion 1 in the population, the fluctuations exhibit all three regimes (diffusive,
critical and superdiffusive) of scaling, which is not the case otherwise. On the finite horizon version of
the problem, we study optimal influencing strategies to obtain maximum expected fraction of people
with opinion 1 at the end of the finite time 7. Again, a transition in the fype of the influencing strategy
is observed only in the case when the incoming individuals have opinion 1 with probability
proportional to the number of individuals with opinion 1 in the population. We also remark that we
consider a particular method of influencing the population that works by tweaking the transition
probabilities of the underlying Markov chain. Another possible way to influence such a system is to
add a certain number of bots or stubborn individuals to the system. Further, while modeling evolution
of binary opinion for a growing population is an important direction of extension of the existing body
of work, the same methods could be employed to study a similar multi-opinion model. One of the
important future directions to explore would be to study the transitions in scaling of fluctuations
around the limit as well as the transitions in optimality of the influencing strategies of such growing
population models on a fixed or random graphs with nearest-neighbour interaction. It would also be
interesting to study the same model without the restrictions of Assumption 1. It is clear from Eq (2.3),
that this leads to a non-linear structure in the expression for E[X,,|%;], thereby making the problem
more challenging. Finally, we remark that similar phase transition for asymptotic behaviour has been
observed in reinforced random walks with non-trivial memory effects (for instance, see [13, 22]). This
would be a very interesting aspect to incorporate in this opinion dynamics model as dropping the
Markovian update and introducing some memory would bring these models closer to reality.
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