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Technological innovations drive the evolution of human
societies. The success of innovations depends not only on
their actual benefits but also on how potential adopters
perceive them and how their beliefs are affected by their
social and cultural environment. To deepen our
understanding of socio-psychological processes affecting the
new technology spread, we model the joint dynamics of
three interlinked processes: individual learning and
mastering the new technology, changes in individual
attitudes towards it, and changes in individual adoption
decisions. We assume that the new technology can
potentially lead to a higher benefit but achieving it requires
learning. We posit that individual decision-making process as
well as their attitudes are affected by cognitive dissonance
and conformity with peers and an external authority.
Individuals vary in different psychological characteristics and
in their attitudes. We investigate both transient dynamics and
long-term equilibria observed in our model. We show that
early adopters are usually individuals who are characterized
by low cognitive dissonance and low conformity with peers
but are sensitive to the effort of an external authority
promoting the innovation. We examine the effectiveness of
five different intervention strategies aiming to promote
the diffusion of a new technology: training individuals,
providing subsidies for early adopters, increasing the
visibility of peer actions, simplifying the exchange of
opinions between people, and increasing the effort of an
external authority. We also discuss the effects of culture on
the spread of innovations. Finally, we demonstrate that
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neglecting the cognitive forces and the dynamic nature of individual attitudes can lead to

wrong conclusions about adoption of innovations. Our results can be useful in developing more
efficient policies aiming to promote the spread of new technologies in different societies, cultures
and countries.
publishing.org/journal/rsos
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1. Introduction
Diffusion of technological innovations has been a major force of productivity growth throughout human
prehistory and history [1,2]. For example, the spread of agriculture and innovative warfare technologies
has promoted the emergence of complex societies [3,4]. It has been argued that technology diffusion has
controlled the evolution of the world’s cross-country income distribution [5,6], that it can explain the
structure of the world after World War II [7], and that it is a primary contributor to trade cycles [8,9].
The spread of technological innovations such as cell phones, digital television, personal computers,
online banking and the Internet is changing our daily lives [10,11].

History shows though that even highly beneficial innovations can fail to spread [12,13]. Therefore,
understanding how innovations spread is of great importance for businesses, governments and policy
makers. Consequently, the process of the diffusion of technological innovations has been studied
intensively in different fields including economics [14], marketing [15], political science [16–18],
sociology [19] and anthropology [20].

Mathematical modelling has been widely used to explain and predict the diffusion of innovations
starting with the seminal work of Bass [21]. Different approaches are used. Aggregate models
typically use differential equations to describe the dynamics of the overall number of adopters of a
new technology [22–24]. Although this approach provides a simple and often analytically tractable
way for studying aggregate dynamics, it does not capture the process of individual decision-making,
differences between individuals related to it, the structure and the intensity of connections between
individuals, and their personal attitudes and beliefs. These limitations can be overcome with agent-
based modelling (ABM) which explicitly focuses on the decision-making process and on social
influences experienced by individuals [10,22,25]. In this approach, the macro-level dynamics emerge
from aggregated behaviours of individuals. The vast majority of the ABM-related literature on the
innovation diffusion focuses on the influence of the topological structure of social networks [26–29]
including the role of social hubs [30] or the degree of the network connectivity [31] on the spread of
innovations. There is also plenty of work investigating the effects of opinion leaders, word-of-mouth
peer influence and social contagions [32,33].

While the social network structure is important, there are many other crucial psychological, cultural
and cognitive aspects of human decision-making affecting the spread of innovations. For example,
incorrect beliefs about the health and environmental effects of traditional stoves, which use wood,
agricultural waste, coal and dried cattle manure, relative to those of improved cooking stoves have
greatly reduced the spread of the latter in rural India [34]. Initial attempts to introduce piped drinking
water made in 1950s in Uttar Pradesh, India, failed because potential adopters had negative attitudes
towards the new technology due to perceived harmful effects of drinking electrically pumped water,
tastelessness of this water and fears that the water was medicated to reduce fertility [35,36]. In the US
home VCR market during the 1980s, the VHS format won competition over Betamax because
consumers developed beliefs about its growth advantage [37], which became a ‘self-fulfilling
prophecy’ [38]. It is also well recognized that social influences and social norms can play a crucial role
in the innovation diffusion processes [39–43]. There are two general types of social norms [44–47].
Descriptive norms describe the perceptions of how others are behaving, such as whether one
perceives their neighbours to be adopting the innovative technology [45], while injunctive norms
consider the perceived expectations from others regarding a behaviour, such as feedback giving social
approval for using the new technology [45]. Injunctive norms are sustained by the threat of social
disapproval/punishment for norm violations and/or by norm internalization [44,48]. The literature on
the innovation diffusion typically focuses on the effect of conformity and descriptive norms [49,50]
while largely ignoring the effect of injunctive norms (see [51] for a rare exception).

Social norms imply conformity with behaviour and attitudes of others. Injunctive norms also include
the second-order beliefs about others. Attitudes and beliefs of individuals can change in time as they
interact and accumulate information about the product and the behaviour and attitudes of others as in
the case of the three-stone stove in some African communities [35]. Therefore, accounting for the
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dynamics of beliefs can lead to a better understanding of the innovation diffusion. Modelling the

dynamics of beliefs necessitates the consideration of cognitive dissonance induced by a mismatch
between actions and beliefs which promotes negative emotions and discomfort [52]. To reduce the
dissonance between attitudes and actions, individuals can change their attitudes via a post-factum
justification of a product purchase or a technology use, or alternatively they can change their
behaviour via withdrawal of the action causing the dissonance [52,53]. While some experiments
studied the adoption of a new technology in situations with a mismatch between its actual
performance and attitudes towards it [54–56], this phenomenon apparently has not been included yet
in the innovation diffusion models.

The cultural and psychological factors just discussed have been repeatedly demonstrated to be
important in decision-making [57–63]. There is a suite of corresponding mathematical models
developed in economics and cultural evolution. For example, the effects of personal attitudes have
been included in models of utility functions [64–68] some of which allowed for personal attitudes to
change as a result of cognitive dissonance [64,65,69]. Such changes are often described by linear
equations similar to those used in models of the spread of opinions [70–73]. The effects of injunctive
norms and expected disapproval (or punishment) by peers and/or external authorities have been
modelled by introducing additional components to the utility function [48,74–77].

However, these theoretical advances have been largely neglected inmathematicalmodels of innovation
diffusion. Here we seek to remove these limitations. Our goal will be to explore the effects of individual
variation, culture, psychology and interventions on the success or failure of innovations. We will use
recent advances in modelling the dynamics of actions, attitudes and beliefs of heterogeneous
individuals in social dilemmas [48,76–78]. Specifically, we will build and study a model describing the
joint dynamics of three important processes: individual learning and mastering a new technology, the
evolution of individual attitudes towards the new technology and the evolution of individual adoption
decisions. By an individual attitude, we will mean the individual perception of the desirability of its
use. In our model, decisions and attitudes of individuals will affect each other through cognitive
dissonance and conformity, will coevolve with existing social norms and will be subject to external
influence (e.g. via advertising and mass media). Moreover, we will explore the effects of heterogeneity
between individuals in different psychological and normative characteristics. Including social and
psychological factors will allow us to capture the role of interpersonal and inter-group differences in
various cultural characteristics (such as the degrees of individualism-collectivism, future orientation and
rationality) in shaping innovation diffusion patterns. We will also consider and contrast the efficiency of
several intervention strategies aiming to promote the diffusion of new technologies.

Below, after introducing our model in §2, we provide the results of its analysis in §3. We will first
discuss analytical results on equilibria in some simple cases and then follow with a description of
agent-based simulations of the general model. We will focus on the effects of various parameters on
the frequency of adopters and individual attitudes. At the end, we will examine the effectiveness of
different intervention strategies.
2. The model
We consider a society with N members manufacturing individually some product. We treat time as
discrete. Each individual can use one of two technologies which we will call ‘old’ and ‘new’. The type
of technology used is specified by variable x taking values 0 or 1 (0 means ‘old’ and 1 means ‘new’).
The frequency of adopters of the new technology is specified by variable p. Individuals also differ in
their attitude y towards the new technology (0≤ y≤ 1) which affects the likelihood of its adoption and
which is influenced by perceived long-term material and normative benefits, social influences (by
peers and external authorities) and cognitive processes. For example, for somebody who cares mostly
about material rewards or about the employment of local people, attitude y towards open-pit mining
can be very high, whereas for people who care mostly about protecting environment it can be quite
low. Similarly, even if fracking is currently not too profitable, somebody who believes it has a bright
future will have high attitude y towards it. We assume that using the old technology results in a
certain benefit. (Throughout the paper, by ‘benefit’ we understand the benefit per unit of time which
can be measured in some currency.) The new technology can potentially lead to a higher benefit but
achieving it requires learning. The benefit b of new technology depends on how long the individual
has used it and on some individual characteristics. Summarizing, each individual is characterized by
three dynamically changing variables: x, y and b. We postulate that the individual adoption process is
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Figure 1. Model structure. The model integrates three interlinked processes: individual decision-making process regarding
technology use, the dynamics of individual attitudes towards a new technology, and individual learning process in mastering
the new technology. An individual chooses a technology by maximizing their utility function that integrates an expected
material pay-off and a normative value. The expected material pay-off depends on the benefit of using a new technology,
which is formed as a result of a learning process. The learning process encompasses two effects: (i) individuals can get higher
benefits through repetition of an activity (i.e. learning by doing) and (ii) individuals can learn from others who use the same
technology. The normative component of the utility function depends on individual attitudes (through cognitive dissonance), on
the actions and attitudes of others (as a result of conformity with peers), and on the message of an external authority (as a
result of conformity with the authority). The attitude of an individual, in turn, changes as a result of cognitive dissonance,
conformity with peers’ actions and attitudes, and conformity with the authority.
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influenced by expected material benefits, by the behaviour of peers, by the messaging of an authority
promoting the new technology and by personal attitude towards it. The latter can change dynamically
as a result of psychological processes and different social influences. To add further realism, we allow
for variation between individuals (due to cultural and psychological differences) in certain parameters
specifying how these variables change. Figure 1 illustrates the structure of our model.
2.1. Benefit of new technology
We assume that the benefit of using the old technology is specified by a constant b0 which is the same for
all people. An individual who is just starting to use the new technology gets benefit bmin while a
complete mastery of the new technology brings benefit bmax. It is natural to assume that bmin ≤ b0 ≤
bmax. The individual benefit of the new technology b can also be viewed as a measure of the skills of
using it.

We postulate that two processes influence the dynamics of benefit b. The first process is learning by
doing which leads to higher benefits through repetition of an activity [79–81]. To capture this effect we
assume each use of the new technology increases benefit b towards bmax at a rate 0≤ a≤ 1 specific to this
individual [82,83]. Note that rate a can be viewed as an ‘absorptive capacity’ in terms of [84].

The second process is associated with knowledge depreciation and production breakdown [85–91].
We assume that each time step when the individual does not use the new technology, their skills
decline towards bmin at rate 0≤ c≤ 1. We describe the effects of these two processes on the benefit b of
the new technology for a focal individual using a recurrence equation

b0 ¼

bþ a � ðbmax � bÞ|fflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflffl}
learning by doing

, if x ¼ 1

b� c � ðb� bminÞ|fflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflffl}
knowledge depreciation

, if x ¼ 0,

8>>><
>>>:

ð2:1Þ

where the prime means the next time moment.
Below, we will consider the knowledge depreciation rate c, which can also be treated as the rate of loss

of practical skills of using the new technology due to the lack of practice, as a constant. Although, in
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general, c can be individual-specific, for the sake of simplicity, we will assume it is the same for all

individuals. In contrast, we will assume that the learning rate a depends on the frequency of adopters p

a ¼ a0 þ a1p,

where a0 and a1 are constant individual-specific positive parameters. For example, the amount of information
about the new technology available through specialized guides, forums and courses [84] can increasewith p,
which would help new users become more comfortable with the new technology increasing their rate of
learning a. To guarantee that the learning rate a is between 0 and 1, we assume that a0 + a1≤ 1.

For an individual continuously using the new technology, equation (2.1) would generate a learning
curve [85,92–96] approaching bmax asymptotically.

2.2. Decision-making process
We assume that individuals update their choice of technology randomly and independently with
probability ν per time step. When this happens, they choose x in an attempt to maximize a utility
function which combines an expected material benefit, Pðx, bÞ, and a psychological value V(x, y):

Uðx, y, bÞ ¼ Pðx, bÞ þ eVðx, yÞ, ð2:2Þ
where ε is a parameter scaling the relative importance of normative and psychological factors in the
utility function. Specifically,

x ¼ 1, if DUðy, bÞ � 0,
0, if DUðy, bÞ , 0,

�

where the expected difference in utilities ΔU(y, b) =U(1, y, b)−U(0, y, b). The latter can be
written as DUðy, bÞ ¼ DPðbÞ þ eDVðyÞ, where the difference in pay-off between the two actions
DPðbÞ ¼ Pð1, bÞ �Pð0, bÞ and the corresponding difference in values ΔV(y) =V(1, y)−V(0, y).

When using agent-based simulations, we will assume that individuals use myopic best response with
errors with precision parameter λ [97]. (If λ = 0, individuals make decisions completely randomly; if
precision is infinity, i.e. λ =∞, individuals always make the decisions maximizing their utility.)

We note that accounting for normative factors is becoming more common in modelling human
decision-making [48,74,77,98–102].

2.2.1. Expected material benefit

We describe the individual perception of an expected material benefit of using technology x given their
current benefit b as

Pðx, bÞ ¼ ð1� vÞbþ vbmax, if x ¼ 1,
b0, if x ¼ 0:

�
ð2:3Þ

The equation corresponding to choosing x = 1 implies that when considering the material benefits of the
new technology, individuals take into account not only their current benefit b, but also the maximum
possible future benefit bmax, with a foresight parameter 0≤ ω≤ 1 being the weight of the future
benefit. Our approach can be interpreted within a framework of foresight [103–105]. More generally,
foresight is related to the notions of prospection [106] and inter-temporal choices when people have to
trade off costs and benefits at different points in time [107,108].

2.2.2. Psychological effects

We postulate that besides material benefits, individuals can also pay certain psychological costs or get
certain psychological benefits as a result of their actions. First, there is a psychic cost if there is a
mismatch between their action x and attitude y due to cognitive dissonance [109]. We also postulate
that individuals expect disapproval from those who use a different technology and approval from
those who use the same technology [110]. We assume that individuals know the average attitude y of
their peers (e.g. through direct or on-line discussions) and experience additional psychological pay-off
depending on whether their action aligns or not with y [76]. Finally, we postulate the existence of an
external authority (e.g. government policies, advertising campaign or mass media) promoting the new
technology so that individuals get additional psychic benefit or pay psychic cost if they follow or not
the recommendation of the external authority [111].
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Electronic supplementary material, equation (S1) combines all these effects into a normative value

V(x, y). Then the difference ΔV(y) =V(1, y)−V(0, y) in psychological pay-offs between choosing x = 1
and x = 0 for an individual with attitude y is

DVðyÞ ¼ vð2y� 1Þ|fflfflfflfflfflffl{zfflfflfflfflfflffl}
cognitive dissonance

þ k1ð2p� 1Þ|fflfflfflfflfflfflffl{zfflfflfflfflfflfflffl}
conformity

w=peers0 actions

þ k2ð2y� 1Þ|fflfflfflfflfflfflffl{zfflfflfflfflfflfflffl}
conformity

w=peers0 opinions

þ k3;|{z}
conformity
w=authority

ð2:4Þ

where parameters v, k1, k2 and k3 measure the effect of cognitive dissonance, of injunctive social norms, of
conformity with peers and of conformity with (or trust to) the authority, respectively. All these
parameters are individual-specific. Note that ΔV(y) depends of both the average behaviour (p) and
the average attitude (y) in the population.
al/rsos
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2.3. The dynamics of attitudes
We postulate that after taking an action (i.e. choosing the technology to use) individuals observe the
actions of their peers, get ideas about their average attitude through some interactions and are subject
to influence by the external authority. As a result of these forces they then go through a psychological
process of revising their attitude y. Specifically, we account for the effects of cognitive dissonance as
well as for conformity with peers’ actions and attitudes towards the new technology, and with an
external authority promoting its usage. Adapting the approach of Gavrilets [76], we describe these
processes using a recurrence equation

y0 � y ¼ s aðx� yÞ|fflfflfflfflffl{zfflfflfflfflffl}
cognitive dissonance

þb1ðp� yÞ|fflfflfflfflfflffl{zfflfflfflfflfflffl}
conformity

w=peers0 actions

þb2ðy� yÞ|fflfflfflfflfflffl{zfflfflfflfflfflffl}
conformity

w=peers0 opinions

þb3ð1� yÞ|fflfflfflfflfflffl{zfflfflfflfflfflffl}
conformity
w=authority

2
6664

3
7775: ð2:5Þ

The four terms in the brackets act to align the individual’s attitude y with their action x, with the average
action p of their peers, with the average attitude y of peers and with the action x = 1 promoted by the
authority, respectively. Parameter s measures the speed of change in attitude while parameters α, β1,
β2 and β3 are the relative strengths of cognitive dissonance and the three conformity forces (α + β1 +
β2 + β3 = 1). Parameter β3 also reflects the trust to the message of the authority. All these parameters
are individual-specific. Parameters of the model are summarized in table 1.

Before proceeding with analysis, we want to stress two things. First, all socio-psychological factors
included in our model have been repeatedly shown to be important in decision-making (see the
references above). Second, the linear functions we used to capture these effects (see equations (2.4)
and (2.5)) are both the simplest possible mathematically and also standard in models of social
behaviour. For example, the terms analogous to components v(2y− 1), k1(2p− 1), k2ð2y� 1Þ and k3 of
the utility function present in equation (2.4) are present in various game-theoretic models (e.g.
[51,76,112–115]). Moreover, the linear relationships can be very easily tested statistically on real data.
Similarly, our equation (2.5) is an adaptation of the standard approach in social influence models
[70–73,116–118] which use linear equations for describing the dynamics of personal attitudes and
opinions as a result of the exchange of opinions between group members.
3. Results
We have analysed this model using numerical simulations and analytical approximations. We will start
by discussing analytical results on equilibria when there is no variation in individual parameters and
then follow with numerical studies of the general model. We will focus on the effects of various
parameters on the frequency of adopters p and individual attitudes y. At the end, we will examine the
effectiveness of different intervention strategies aiming to promote the diffusion of the new technology
and how their effectiveness depends on cultural characteristics of the society.
3.1. Equilibria in the symmetric case
Assume that variation in individual parameters is absent and there are no errors in the decision-making
process (λ =∞). In this case, the system converges to an equilibrium where each adopter attains the



Table 1. Most important variables, functions and parameters (also see electronic supplementary material, table S1).

symbols their meaning

variables x individual choice: old (x = 0) or new (x = 1) technology

y individual attitude towards the new technology (0≤ y≤ 1)

b individual benefit/skill of using the new technology

functions p frequency of adopters, p ¼ P
xi=N

a( p) individual learning rate, a( p) = a0 + a1 p

Pðx, bÞ perceived material benefit, equation (2.3)

V(x, y) normative component in the utility function, electronic supplementary material,

equation (S1)

U(x, y, b) utility function, equation (2.2)

parameters b0 individual benefit of using old technology

bmin, bmax minimum and maximum benefits of using new technology

c knowledge depreciation rate

a0, a1 learning parameters

ω foresight parameter

v, α, D cognitive dissonance parameters (D = (v + α)/2)

k1, β1, K1 conformity with peers’ actions parameters (K1 = (k1 + β1)/2)

k2, β2, K2 conformity with peers’ attitudes parameters (K2 = (k2 + β2)/2)

k3, β3, K3 conformity with authority parameters (K3 = (k3 + β3)/2)

ɛ strength of normative factors in the utility function

λ precision parameter

control variables p0, bs proportion of trained individuals and the subsidy to first adopters

f0, f1, f3, f4 parameters scaling the effects of cognitive dissonance, visibility of peers’ actions,

visibility of peers’ attitudes, and authority’s effort
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maximum benefit of using the new technology bmax and each non-adopter has the minimum benefit of
the new technology bmin.

There are three possible types of equilibria: a complete failure of the new technology (so that p� = 0), a
complete replacement of the old technology by the new one (so that p� = 1) and the coexistence of two
technologies (so that 0 < p� < 1), respectively. The equilibria of the first two types will be called
homogeneous, and the equilibria of the last type will be called heterogeneous. Figure 2 illustrates
convergence to different equilibria.

At the equilibrium with p� = 0 (see figure 2a), where nobody uses the new technology, individuals still
have some positive attitude towards it

y� ¼ b3

1� b2
,

due to the influence of the external authority. This attitude increases with β3 and the strength of
conformity with peers’ attitude β2. The conditions for local stability of this equilibrium are given in
the electronic supplementary material, SM. A sufficient condition for its instability and, thus, for some
use of the new technology (i.e. for p� > 0) is

DPðbminÞ þ ek3 . eðvþ k1 þ k2Þ,

that is, the perceived material gain from using new technology for the first time
(DPðbminÞ ¼ Pð1, bminÞ �Pð0, bminÞ) plus the effect of the external authority (εk3) is larger than the
joint effect of cognitive dissonance (εv) and conformity with peers (εk1, εk2).

At equilibrium with p� = 1 (figure 2c,d ), all individuals have the maximum attitude towards the new
technology, i.e. y� = 1; this equilibrium is always locally stable under our assumptions about parameters.
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mean 0.5 and standard deviation 0.2.
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The heterogeneous equilibria (figure 2b) form a ‘line’ of equilibria with plow < p� < phigh, where the
boundaries plow, phigh are defined in the electronic supplementary material. At the heterogeneous
equilibria, the attitudes of adopters and non-adopters differ by the value equal to the strength of
cognitive dissonance: y�a � y�n ¼ a. If β2 = 0 (so that, there are no direct discussions between
individuals), the expressions for y�a and y�n take a particularly simple form:

y�a ¼ aþ ð1� a� b3Þp� þ b3 and y�n ¼ ð1� a� b3Þp� þ b3: ð3:1Þ
As expected, both attitudes increase with the frequency of adopters (p�). The corresponding equations for
the case of β2 > 0 are considered in the electronic supplementary material.

Interestingly, different heterogeneous equilibria can be simultaneously stable with other
heterogeneous equilibria as well as with the homogeneous equilibria with p� = 0 and p� = 1, so that the
eventual outcome can depend on initial conditions and chance. For example, figure 2b,c illustrates the
coexistence of two types of equilibria: depending on the initial values of attitudes y, the system either
converges to a heterogeneous equilibrium (shown in figure 2b), or to a homogeneous equilibrium with
all individuals using the new technology (shown in figure 2c).

3.2. Agent-based simulations
To study more complex cases of our model where analytical progress is impossible we use agent-based
simulations. In our simulations, individual parameters v, k1, k2 and k3 are chosen from a broken stick
distribution on [0, 1]. Similarly, parameters α, β1, β2 and β3 are chosen from a broken stick distribution
on [0, 1] as well. (The advantage of the broken-stick distribution [119,120] is that it has no parameters.)
We also assume that individual values of parameters a1, ω and ε are drawn randomly and
independently from truncated normal distributions with means �a1, �v, �1 and standard deviations σa1, σω
and σε, respectively. Parameters c = 0.1, b0 = 1, ν = 0.1, s = 0.1, N = 1000, λ = 15 are constant. Unless
otherwise stated, a0 ¼ 0:05, �a1 ¼ 0:05. Initial attitudes towards new technology are drawn randomly and
independently from a beta distribution with a small mean value �y0 (unless otherwise stated, �y0 ¼ 0:1)
and standard deviation 0.2. We assume that initially the number of new technology adopters is zero
(i.e. x = 0 for each individual). Initially, the benefit of new technology is minimal (i.e. b = bmin).

With finite precision, the system converges asymptotically either to the equilibrium with p� = 0 or p� = 1.
In general, the time to convergence can be large so that transient dynamics are ofmore relevance and interest.
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Therefore, we focus on the behaviour of the system at some time step T. In simulations, we consider three
different time steps T = 50, 100 and 200. The choice of other parameters is discussed below. Unless
otherwise stated, the results shown are based on 100 runs for each parameter combination.

3.2.1. Effects of perceived material pay-offs

Intuitively, increasing the maximum bmax andminimum bmin benefit of new technology as well as increasing
the weight ω individuals put on future material benefits should simplify the spread of new technology.
Results of numerical simulations support these intuitions. Figure 3 shows that the frequency of adopters
as well as the attitudes of individuals increase with bmax, bmin and v. The difference between attitudes of
adopters and non-adopters is approximately equal to the average of the cognitive dissonance parameter a
which is in line with our analytical results above. Note that the effects of parameters on frequency p are
large relative to their effects on attitudes y. This happens because they have direct effects on individuals’
actions, while their effects on individual attitudes are indirect.

Figure 3 also shows some decline in the attitude of non-adopters for large values of bmax, bmin and v

when p becomes close to one. What happens is that a small number of remaining non-adopters represent
a very biased sample of individuals characterized by very strong cognitive dissonance (i.e. large values of
v0 and α) in comparison with adopters. Typically, non-adopters also have low sensitivity to the influence
of the external authority (i.e. small k3 and β3) compared with those who adopt the new technology. All
these differences are significant at the 10% level. For more details, see electronic supplementary material,
figure S2. Also, there is a large variation in average attitudes of non-adopters between different runs if p
is close to 1, that is, when there are few non-adopters. Their average attitude is then highly dependent on
attitudes of each of these few individuals, so that it is highly dependent on initial attitudes and other
model parameters (such as a1, ω, ɛ) which are randomly drawn from fixed distributions.

3.2.2. Effects of policy interventions

Here we examine the effectiveness of five different intervention strategies aiming to promote the diffusion
of a new technology in the society: training individuals, providing subsidies for early adopters,
increasing the visibility of peer actions, simplifying the exchange of opinions between people and
increasing the effort of the external authority to promote the innovation.
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3.2.2.1. Training individuals
Assume that initially a small random fraction p0 of individuals are trained to use the new technology. In
our model, the effect of training can be captured by assuming these individuals initially have maximum
skills (b = bmax), choose the new technology (i.e. their x is set to 1), and have the maximum attitude y = 1
towards it. Initial conditions for all other individuals are generated as specified above. As expected,
increasing the frequency of trained individuals p0 simplifies the spread of new technology (figure 4a).
As we show in the electronic supplementary material, figure S3, this effect intensifies with an increase
in the strength of normative factors �1. The reason is p0 affects individual actions and attitudes through
cognitive dissonance and conformity with peers, which are stronger with larger ɛ.

3.2.2.2. Material support for early adopters
One of the widely used strategies to influence the diffusion process is to support early adopters through
subsidies or tax benefits for new technology users [121]. This can be captured in our model by assuming
that each person who starts using the new technology in the first few time steps, receives an additional
one-time subsidy in the amount of bs. Typically, introducing a subsidy bs leads to an increase in p and y
(figure 4b). We show in the electronic supplementary material, figure S4 that this strategy can be very
efficient if the average foresight parameter �v is relatively large, and the average effect of normative
factors �1 is not large. The outcome is intuitive: increasing bs increases the perceived material pay-off
associated with the new technology. Therefore, increasing bs leads to a substantial increase in p if the
perceived material pay-off associated with the new technology is relatively large and important in
comparison with normative factors.

Next we investigate the efficiency of three additional strategies of promoting the spread of innovation: (i)
increasing the visibility of peer actions, (ii) simplifying the exchange of opinions between people, and (iii)
increasing the effort of the external authority. In the model, we introduce these strategies via additional
factors fi placed in front of the corresponding terms ki and βi of equations (2.4) and (2.5). For example, to
study the effects of changing the effort of the external authority we would replace the terms k3 and β3(1−
y) in equations (2.4) and (2.5) with terms f3k3 and f3β3(1− y). The changes in the effort of the external
authority will then be modelled by changing the value of f3. While parameters k1, k2, k3 and β1, β2, β3 will
vary between individuals, parameters f1, f2 and f3 will be the same for all individuals.

3.2.2.3. Increasing the visibility of peer actions
A change of the visibility of peer actions can be modelled by changing the value of f1. Typically,
increasing f1 decreases the frequency of adopters p and the attitudes y (figure 4c). The reason is that
strong conformity with peers’ decisions makes it difficult to start using the new technology initially



royalsocietypublishing.org/journal/rsos
R.Soc.Open

Sci.9:211833
11
when no one uses it. However, as shown in electronic supplementary material, figure S5, increasing f1 can

lead to a slight increase in p in some special cases of the model that are discussed in the electronic
supplementary material (for more details see electronic supplementary material, §S3.4).

3.2.2.4. Simplifying the exchange of opinions between people
This strategy involves creating a special environment in which individuals can discuss what they think
about the new technology. Examples include creating special Internet forums or social events related to
the new technology, where participants can meet each other and share their attitudes towards the new
technology. In our model, this can be captured by increasing the factor f2. Typically, increasing f2
decreases the frequency of adopters p (figure 4d ). The result is intuitive: initially all individuals have
low attitudes towards the new technology. Therefore, increasing the strength of conformity with peers’
attitudes prevents the adoption in the early stages of the process. Increasing f2 coupled with a decay
in p leads to a decrease in attitudes of adopters (through conformity with peers’ attitudes and actions,
respectively). However, as shown in electronic supplementary material, figure S6, increasing f2 can
lead to a slight increase in p in some special cases of the model that are discussed in the electronic
supplementary material (for more details see electronic supplementary material, §S3.5).

3.2.2.5. Increasing the effort of the external authority
Increasing the effort of the external authority to promote the new technology (e.g. through an advertising
campaign or propaganda) is captured by increasing parameter f3. Figure 4e shows that increasing f3 leads
to an increase in attitudes of all individuals (as long as p < 1). In general, the frequency of adopters p
shows an S-shaped dependence on f3. This implies that relatively small increases in f3 can in some
cases lead to a substantial increase in p. The effectiveness of this intervention strategy is higher for
larger values of �1 and larger �v (see electronic supplementary material, figure S7). Figure 4e also
shows some decline in the attitude of non-adopters for large values of f3. This is a general pattern
observed if p is close to one. What happens is that a small number of remaining non-adopters
represent a very biased sample of individuals characterized by very strong cognitive dissonance
compared with adopters. Typically, non-adopters also have low sensitivity to the influence of their
peers’ attitudes, and to the external authority compared with those who adopt the new technology.
All these differences are significant at the 10% level. For more details, see electronic supplementary
material, figure S8. We comment on the effects of the external authority further in the Discussion section.

3.2.3. Effects of cognitive and psychological factors

As expected, increasing the minimum learning rate a0 can lead to a substantial increase in the frequency
of adopters p. By contrast, the effect of parameter a1 characterizing the sensitivity of the learning rate a to
the frequency of adopters is mostly insignificant. This is so because a1 has almost no effect on the learning
rate in early stages when p≈ 0, while the effect of a0 does not depend on p directly. Electronic
supplementary material, figures S9 and S10 illustrate these conclusions.

Next we consider the effects of two additional parameters. One is the relative strength of normative
factors ε in the utility function (2.2). (Recall that if ɛ = 0, individuals care only about perceived material
pay-offs. On the other hand, if ɛ = 1, the weights of perceived material pay-offs and psychological factors
in the utility function are the same.) The other factor is the relative strength of cognitive dissonance. To
investigate it, we will introduce an additional parameter f0 placed in front of the terms v(2y− 1) and
α(x− y) in equations (2.4) and (2.5), respectively, and varying its value. If f0 = 0, cognitive dissonance
is absent. On the other hand if f0 = 1, its effects are comparable to those of conformity. Parameter f0
will be the same for all individuals in the population. It has been argued that some human cultures
are more collectivist than others and the effects of cognitive dissonance in such cultures can be
significantly weaker than those of conformity [122]. Similarly the effects of material pay-offs versus
immaterial influences can also vary between cultures. Therefore, parameters �1 and f0 can also be
viewed as reflecting certain cultural aspects.

3.2.3.1. Strength of normative factors ɛ
Effects of the relative strength of normative factors �1 depend on the strength of conformity with the
authority controlled by parameter f3. For relatively small f3, increasing �1 leads to a decrease in the
frequency of adopters p coupled with a decrease in attitudes of all individuals (figure 5a). What
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happens is that with small f3, conformity with peers, who initially do not use the new technology,
dominates so that the overall effect of normative factors is negative for almost all individuals.
Consequently, increasing �1 basically amplifies this negative effect, preventing the spread of the new
technology.

Conversely, for relatively large f3, increasing the strength of normative factors �1 increases the
frequency of adopters p and attitudes y (figure 5b). What happens is that with large f3, conformity
with the authority is strong so that the overall effect of normative factors is positive for a relatively
large fraction of individuals. Increasing ɛ amplifies this positive effect. Electronic supplementary
material, figure S11 provides further details on the interactions of different factors.
3.2.3.2. Cognitive dissonance
Increasing the strength of cognitive dissonance, which is controlled by parameter f0 decreases the
frequency of adopters p (figure 5c,d ). The reason is that strong cognitive dissonance makes it difficult
to start using a new technology initially when the attitude towards it is low. This effect is quite more
marked if �1 is large. Increasing f0 has two main effects on y: (i) it forces individuals to align their
attitudes with actions and (ii) it affects individual actions, which, in turn, have an impact on y
through the conformity term. The former effect is positive for adopters, and negative for non-
adopters. Since increasing f0 decreases p, the latter effect is negative. As a result, increasing f0
decreases attitudes of non-adopters (figures 5c,d ). Attitudes of adopters can either increase (figure 5c)
or decrease (figure 5d ) with an increase in f0, depending on the size of the above opposing effects.
The difference between attitudes of adopters and non-adopters is amplified by increasing f0. For more
details, see electronic supplementary material, figure S12.
3.2.4. Dynamics of adoption

Here we consider who become early adopters of the new technology in our model. To simplify notation,
we introduce the overall strength of cognitive dissonance D = (v + α)/2, of conformity with peers’ action
K1 = (k1 + β1)/2, with peers’ attitudes, K2 = (k2 + β2)/2, and with external authority K3 = (k3 + β3)/2.
Figure 6a shows that early adopters are characterized by lower degrees of cognitive dissonance D and
conformity with peers K1, K2 and significantly higher sensitivity K3 to the external influence. There is
no difference between adopters and non-adopters in the foresight parameter ω and the overall
strength of normative factor ɛ. All the above conclusions are drawn at the 5% significance level.
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Strong sensitivity to the message of the external authority is necessary to overcome the expected drop in
material pay-offs as well as the effects of cognitive dissonance and conformity with peers. After early
adopters start using the new technology, other individuals one-by-one switch to using it (figure 6b).
These observations are in line with our discussion above.
4. Discussion
Social influences have been a crucial factor in human evolution and behaviour since the origin of our
species [123,124]. Social influences are also very important in the success or failure of many
technological innovations, which is a well-known fact also reflected in many mathematical models
starting with [21]. Understanding and predicting group behaviours, including those related to the
adoption of innovations, is impossible without accounting for the differences between individuals in
how they react to social influences. Starting with the pioneer work of [125–129] there are now many
theoretical studies explicitly dealing with such differences, including those describing innovation
diffusion [22,83]. One important aspect of between-individual variation is the difference in their
psychology, attitudes and beliefs, which can change in time as individuals learn to take advantage of
the new technology and as various social interactions they are engaged in unfold. Here we have
aimed to understand better the effects of these processes on innovation diffusion.

Using recent advances in modelling the dynamics of actions, attitudes and beliefs in social dilemmas
[48,76], we have built a novel model describing co-evolution of attitudes of individuals towards the new
technology, their adoption decisions and their abilities to take advantage of it. In our model, individual
decisions and changes in attitudes are controlled by cognitive dissonance, conformity with observed
peers’ decisions, conformity with peers’ attitudes (revealed in direct discussions, online, etc.), and by
an external influence (e.g. advertising or mass media). Our focus was on manufacturing a product
using a new technology which requires certain time investment to achieve a desired efficiency.
However, our model also applies to consumers trying to take advantage of a new product.

There are many, largely overlapping, theories of behaviour and behavioural change across the social
and behavioural sciences [130]. Our approach can be viewed as an extension of earlier continuous
opinions and discrete actions (CODA) models [28,131,132] in which actions of individuals depend on
their attitudes (opinions) which in turn depend on observed behaviour of others. Our approach is also
related to social psychology approaches [22,133,134], where adoption decisions are based on
psychological rules rather than perfect rationality. Specifically, our model can be viewed as an
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extension of models in [135,136] based on the theory of planned behaviour [137] which accounts for
individual attitudes towards a technology and individual subjective norms. Earlier mathematical
models have usually neglected the dynamic nature of individual attitudes. This, however, can lead to
overestimation or underestimation of the number of adopters, as well as incorrect adoption curves
(figure 7a). Moreover, ignoring the dynamic nature of attitudes can lead to wrong predictions of long-
term equilibria (figure 7b). As a result, the predictive power of models and the effectiveness of the
different policies based on them can be reduced.

While there is an extensive literature on contagion of products, services, ideas and technologies based
on social influence [32,33], the main focus of this literature is on network aspects of the diffusion process.
On the contrary, in our work we emphasize on the individual decision-making, the co-evolution of
individual actions and attitudes, on psychological, social and cultural aspects of these processes. This
allows us to look from a new angle at well-known intervention strategies frequently used by different
policy-makers, as well as to make theoretically grounded predictions about the success or failure of a
particular technology in different cultural, regional or religious contexts.

4.1. Intervention strategies
We have used our model to evaluate the effectiveness of five different intervention strategies aiming
to promote the diffusion of a new technology: (i) training individuals, (ii) providing subsidies for
early adopters, (iii) increasing the visibility of peer actions, (iv) simplifying the exchange of opinions
between people, and (v) increasing the effort of an external authority (such as cultural, social or
political leaders or commercial advertisements). Our results show that training and subsidies can help
spreading the innovation. Although this conclusion is intuitive, our models allow one to evaluate the
resulting effects quantitatively. Increasing the visibility of peer actions and simplifying the exchange of
opinions between people can have negative effect. The underlying cause of this is conformity with
peers which acts against trying something new when the great majority of peers still use the old
technology. An important caveat of our conclusions is that we assumed that both training and
between-peer interactions were completely random. Targeting individuals with particular attitudes or
increasing visibility of early adopters are expected to increase the positive effects of these interventions.

4.2. Conformity with authority
Our results show that the effort of external influence (measured by parameter f3 in our model) is the most
important factor in the initial spread of innovations. This is hardly surprising and is well supported by
empirical studies. For example, government effort was found to be critical in encouraging the adoption of
sustainable technology in the Malaysian SMEs sector [138]. Effects of an external influence (via
advertising or mass media) have already been studied extensively [22,139–142]. It has been argued that
advertising mostly contributes to the spread of initial awareness about the innovation, rather than to its
adoption [22]. Goldenberg et al. [141] concluded that the effect of external influences is strong at early
stages of the diffusion process and decreases in time. Here we assumed that all individuals were already
aware of the new technology and the effort of the external authority was directed towards exploiting
individual tendencies to comply with propaganda [143,144] by modifying both the behaviour and
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attitudes. By the authority we mean companies producing the innovation, governments, local or global
authorities aiming to promote some strategic innovations, and/or opinion leaders or influential others
agitating for a new product or technology. Our results show (figure 6) that it is the individuals who are
most affected by the external influence who are the first to start using the new technology.

In our model, the effect of the external authority was limited to messaging about potential benefits of
the new technology. However the authority can take a much more active and powerful role. For example,
the adoption of the 3D printing (or additive manufacturing) technology was very slow during the 2000s,
despite its demonstrated feasibility [145] due to engineering norms existing at that time [146]. (The terms
‘3D printing’ and ‘additive manufacturing’ refer to a technology that allows the engineer to realize a
geometry conceived in a computer-aided design software to a product in one step by fusing various
material feedstocks including powder, wire and tapes in a layer-by-layer fashion [147]. The
foundational knowledge of this technology can be traced back to rapid prototyping, i.e. a process for
rapidly creating the shape of a manufactured component for quick evaluation before releasing to mass
production by traditional manufacturing processes that rely on pre-existing worldwide supply chain.)
To accelerate the adoption of the 3D printing, leaders in the US government, academia and industry
developed a focused effort to leverage emerging technologies in advanced manufacturing. As a part
of this initiative, President Obama announced in June 2011 the launch of the public-private
partnership dedicated to deployment of additive manufacturing [148] which was followed by
additional initiatives in 2012 [149]. Figure 8 illustrates the dramatic effect of President Obama’s
announcement on the adoption of additive manufacturing and the 3D printing as tracked by Google
Trends and Web of Science data (see also [150]).

4.3. Psychological factors
We have also examined the effect of different psychological factors on the model dynamics. Our results
show that individuals subject to strong cognitive dissonance as well as those exhibiting most conformity
with the behaviour and attitudes of peers are less likely to be among the first adopters. On the other
hand, simplifying learning process of the new technology increases its speed of adoption, as expected.

4.4. Effects of culture
Research shows that different geographic groups, cultures and countries can show significant differences
in the psychological and normative characteristics of their populations. First, psychological research
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shows that cognitive dissonance is more likely to be expressed in some groups of individuals, societies

and cultures than in others [122,151–153]. Second, societies and cultures vary in their ‘perception,
preference, and social norms regarding time’ [154, p. 1]. Specifically, societies and cultures vary in
their perception of the importance of future benefits and pay-offs [155]. In economic literature such
time preferences are captured by a discounting rate. Cross-cultural work highlights the importance of
culture in time discounting. Examples include studies of Canadian undergraduates and foreign
undergraduates of Chinese descents [156], American, Chinese and Japanese graduate students living
in the USA. [157], Israeli Arabs and Israeli Jews [158], as well as a comparison of 53 countries [159].
In psychology and social sciences, time preferences are reflected in a well-established cultural
dimension of ‘future orientation’ which refers to the valuation of long-term versus short-term benefits
[160,161]. Third, societies can vary in the extent to which individuals are influenced by actions and
attitudes of others. For example, in collectivist societies individuals tend to align their actions with
actions of their peers, while people in individualist societies care more about their own benefits and
values [31,48,162].

In our model, the extent of future orientation (or the discounting rate) of a cultural group is controlled
by the average value of the foresight parameter �v, the overall strength of normative factors relative to
material pay-offs by the average value �1, and the strength of cognitive dissonance by parameter f0. We
initially introduced parameters f1, f2 and f3 as measures of the strength of three different policy
interventions. However, they can also be interpreted as culture-related measures of different types of
the conformity in the society. For example, societies with small f1 and f2 can be viewed as
individualist, while those with large f1 and f2 as collectivist; and societies with large f3 can be
interpreted as those with a strong norm of conformity with (and trust to) the authority.

Looking at our results from this angle allows us to conclude that cultures most prone to adapting
innovations will be more future-oriented and more sensitive to the message of the authority
promoting the new technology. Existing data show that indeed future-oriented cultures encourage
individuals to adopt a new technology, which can increase long-term economic performance [163],
while (as discussed above) societies with strong conformity with the authority can exhibit high rates
of innovations, if, for example, the authority prioritizes innovative activities [164].

Our model also predicts that societies with stronger cognitive dissonance are more resistant to new
technologies and exhibit a higher difference between attitudes of adopters and non-adopters. In real life,
adopters (or non-adopters) can organize in a community through, for example, Internet forums, which
will intensify communications between the members of the community and prevent communications
with individuals outside the group (because they have significantly different attitudes). As a result, the
society may contain a number of groups of individuals using different technologies.

Our model predicts that, typically, individualist societies are more successful in the diffusion of new
technologies than collectivist societies, especially in early stages of adoption. This result is well in line
with the recent conclusions of [165], which showed that individualism has a positive effect on the
diffusion speed in the early stage of adoption. We have also found that collectivist culture can be
more successful in later stages of adoption in societies with high future orientation and strong
sensitivity and trust to the message of the authority. This arises because future orientation and
conformity with the authority mitigate negative effects of conformity with peers in early stages of
adoption.

Finally, our results imply that societies with strong normative factors can be very successful in
adopting the new technology if they have a strong norm of conformity with the authority. Conversely,
if conformity with peers and/or cognitive dissonance dominate in individual decision-making,
societies with a larger strength of normative factors are less successful. We have to stress though that
our model does not include many other important factors affecting the spread of innovations such as
economic, political and social influences and circumstances.

4.5. Tight–loose cultures and innovations
Empirical studies show that different countries, cultures and groups can vary in tightness–looseness
scale. Tight societies are characterized by strong norms (e.g. personal, social or norms supported by
governments or other authorities), and low tolerance to deviant behaviours, while loose societies are
the opposite [166–168]. In our model, the strength of norms can be captured by parameter ɛ so that
loose societies have lower values of ɛ than tight ones. Moreover, as pointed out in [169], loose
societies are more diverse in terms of opinions and attitudes, because their culture encourages
deviations and tolerates mistakes. As a result, we assume that the levels of heterogeneity in our model
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parameters and in initial attitudes towards the new technology are higher in loose societies, which

promotes the spread of the new technology.
However, as shown in empirical research, some tight societies can be very successful in terms of

innovativeness. For example, Chinese provinces with tighter cultures have higher rates of incremental
innovations than looser provinces [164]. This can also be explained by the fact that the Chinese
government has prioritized innovations over the past decades, which, coupled with a strong norm of
conformity with the authority, fosters innovation diffusion in tight provinces. This empirical
observation is well in line with our theoretical results: increasing the strength of normative factors ɛ
can promote the strength of a new technology if there is a strong norm of conformity with the
authority supporting this technology.

4.6. Social norms
Our results are also relevant for research on social norms [44–47,74,100,102,170–172]. In particular,
variable y can be viewed as a personal norm with individuals experiencing dis-utility if their action x
deviates from y. Individuals also experience dis-utility if their action deviates from the average
behaviour and the average attitude in the group which can be viewed as measures of the descriptive
and injunctive norms in the population. The loss of utility due to the deviation from the behaviour
promoted by an external authority can also be viewed as emerging due to the injunctive norm
imposed on the group. A novel component of our model relative to earlier modelling work on social
norms [48,74,98,99,102] is that we allow for the personal value/attitude y to change. We have also
accounted for additional factors such as different types of conformity.

4.7. Limitations and possible generalizations
Several limitations of our study should be pointed out. First, our model does not take into account the
structure of interactions within the population assuming that all individuals have exactly the same
information about their peers. The model can be generalized by assuming that interactions between
individuals happen on a network [26–29]. This would allow us to study the effect of interactions
between different socio-psychological and topological factors on the diffusion process. This will also
allow us to model explicitly the effects of opinion leaders [141,173–176] and to examine the
effectiveness of different more comprehensive targeting intervention strategies, e.g. targeting opinion
leaders, different small groups of individuals located in different places of a network, or a small
number of large groups [177]. One can also elaborate the model by adding a hierarchical group
structure. With this extension, one can recognize different social norms, e.g. conformity with group-
mates or global conformity. This would allow one to study co-evolution of diffusion processes in
different ethnic or religious sub-populations within a society [178]. We have assumed that individuals
make their decisions maximizing the utility function (with random errors). However, other strategy
revision protocols can be considered, like simple repetition [133], reinforcement learning [179] or
selective imitation [103]. We leave these extensions and generalizations for future work.

In our model, we did not consider other potential factors promoting the initial spread of innovations
like status seeking or novelty seeking [180,181]. Neither did we analyse an additional potentially efficient
strategy which is manipulating people’s beliefs about the efficiency of the innovation and about the
frequency of people who have already adapted it.
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