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A key question concerning collective decisions is whether a social
system can settle on the best available option when some mem-
bers learn from others instead of evaluating the options on
their own. This question is challenging to study, and previous
research has reached mixed conclusions, because collective deci-
sion outcomes depend on the insufficiently understood complex
system of cognitive strategies, task properties, and social influ-
ence processes. This study integrates these complex interactions
together in one general yet partially analytically tractable mathe-
matical framework using a dynamical system model. In particular,
it investigates how the interplay of the proportion of social learn-
ers, the relative merit of options, and the type of conformity
response affect collective decision outcomes in a binary choice.
The model predicts that, when the proportion of social learners
exceeds a critical threshold, a bistable state appears in which the
majority can end up favoring either the higher- or lower-merit
option, depending on fluctuations and initial conditions. Below
this threshold, the high-merit option is chosen by the majority.
The critical threshold is determined by the conformity response
function and the relative merits of the two options. The study
helps reconcile disagreements about the effect of social learners
on collective performance and proposes a mathematical frame-
work that can be readily adapted to extensions investigating a
wider variety of dynamics.

collective decisions | dynamical system modeling | social learning |
collective intelligence

Collective decisions are central to human societies, from
small-scale social systems such as families and committees

to large-scale ones such as democratic governments and interna-
tional organizations. Some of the most pressing challenges facing
humanity, for instance, addressing climate change, global pan-
demics, and economic inequalities, critically depend on collective
decisions. A central concern regarding these systems is the effect
of social learners, here defined as individuals who adopt other
people’s opinions and behaviors rather than exploring the merit
of available options on their own. This study investigates how
social learners affect collective performance.

Previous research on the effect of social learning on collec-
tive decision outcomes has come to mixed conclusions. Some
find social learners impair collective performance (1, 2), some
find them beneficial (3, 4), and some argue they depend on the
network structure, adaptability, or the level of network effects
(5–8). The question is challenging to address because collec-
tive decision outcomes depend on the insufficiently understood
interactions of multiple cognitive and social factors, including
cognitive strategies relying on individual or social learning, task
properties, and the social influence processes. Few attempts
have been made at developing overarching mathematical frame-
works capable of integrating these complex interactions into
parsimonious theories.

Most previous research focuses on tasks where one option
clearly has more merit than others (e.g., refs. 1, 3, 6, 9, and 10).
These studies have found that social learning can impair collec-
tive performance (2), although adaptive learners who can switch

from social to individual learning can help avoid this fate (11, 12),
especially if more-accurate individuals are less likely to copy oth-
ers (6) and if more-accurate individuals are preferentially copied
(5). Other research is less concerned about the relative merit of
options and instead focuses on investigating factors influencing
group consensus, such as the initial proportion of individuals sup-
porting each option, their position in the group, and the strength
of their preference for that option (4, 13, 14). Few theoretical
frameworks are able to contain both scenarios.

Furthermore, most studies of collective intelligence do not
explicitly compare different ways in which social learners can be
influenced by others. Different shapes of conformity functions
have been observed in human groups. In some cases, social learn-
ers adopt a belief or behavior with a likelihood that is higher
than its observed frequency, exhibiting an s-shape relationship
with the observed frequency (similar to the solid blue curve in
Fig. 1B). It has been hypothesized that this kind of conformity
function is associated with normative conformity, whereby indi-
viduals are concerned primarily with fitting into a group (15). In
other cases, the likelihood of adopting a behavior or belief still
increases with its observed frequency, but at a linear or slower
pace, resulting in a linear or an inverse s-shape relationship with
the observed frequency (similar to the dashed orange curve in
Fig. 1B). This function has been hypothesized to be associated
with informational conformity, where the primary motivation for
social learning is finding the best available option (15). While the
functional form that best describes different types of conformity
is an empirical question, here we use the two conformity curves
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Fig. 1. (A) Sketch of the model setup showing the interpretation of parameters. (B) The conformity function for a few shape parameter α values, leading to
different concavities of the function (α> 1 has been associated with normative conformity, and α< 1 has been associated with informational conformity).
The vertical axis, f(x), shows the transition rates from option Y to option X. The horizontal axis, x, shows the observed frequency of option X in the
population.

to approximate the distinction between these two types of con-
formity, which are rarely systematically compared in studies of
collective decisions.

In this paper, we integrate and explicitly compare these dif-
ferent assumptions within an overarching mathematical frame-
work that enables exploration of the dynamic complex sys-
tem underlying collective performance, composed of cognitive
strategies (individual vs. social learning), task properties (rela-
tive merit of options), and social influence processes (norma-
tive vs. informational conformity). We show how the frame-
work helps in understanding sometimes contradictory findings
of the effect of social learners on the quality of collective
decisions.

Summary of the Mathematical Model
We consider options X and Y to compete for followers in a
well-mixed population consisting of social and individual learn-
ers, where the proportion of social learners is s. We denote
the merit of X relative to Y to be m, where m is a num-
ber between zero and one. For each type of cognitive strategy,
we use the conservation relationship described in the group
competition framework (16)—the change in the proportion of
population favoring an option equals those switching to the
option minus those switching to the other option (see Fig. 1A
for an illustration). Mathematically, this is expressed as

dxj
dt

=P
(j)
YX (1− xj )−P

(j)
XY xj , [1]

where j denotes the cognitive strategy under consideration, j = i
denotes variables for individual learners, and j = s denotes those
for social learners. The term xj is the proportion of people
favoring option X among those using cognitive strategy j , P (j)

YX

denotes the transition rate from Y to X , and P
(j)
XY is the tran-

sition rate vice versa. In this model, we study the interplay of
three main elements of the complex social system underlying
collective decisions: cognitive strategy, the merit of different
options, and conformity response. We formulate the transition
rates of social and individual learners based on different mecha-
nisms. For individual learners, the transition rates depend only
on the merit of X relative to Y , denoted as m. The merit is
the proportion of individuals who would choose an option after
fully evaluating all available information individually, such as
assessing factual evidence or one’s own moral values; m is a
number between zero and one, and m =0.5 denotes the two
options having equal merit. For social learners, the transition
rates depend on the proportion of people favoring option X , and
the conformity response function, f (x ), whose shape is param-
eterized by one parameter, α. Altering α leads to functional
forms associated with either informational or normative con-
formity (see Fig. 1B for a few examples). After deriving the

transition rates for the two types of learners, we analyze the
fixed points of Eq. 1 and their stability. Please see SI Appendix,
sections 1–3 for more details on the model’s derivation and
solutions.

Results
We study the model’s predictions by analyzing the fixed points
of Eq. 1 for x (denoted as x∗) and their stability. The fixed
points signify where x stops changing over time. A fixed point
is stable if the system, when perturbed, returns to that point,
and is unstable if the system departs from this fixed point when
perturbed.

The model predicts that the proportion of social learners, s,
significantly affects the system’s behavior. When social learn-
ers adopt an option with a likelihood higher than its frequency
(α> 1, associated with normative conformity), our model pre-
dicts that the majority of the population will choose the option
with higher merit, but only if the proportion of social learn-
ers is below a critical threshold. When the proportion of social
learners exceeds the critical threshold, a bistable state appears
in which the majority can favor either the higher- or lower-
merit option, depending on fluctuations and initial conditions.
Fig. 2A shows the dependency of x∗ on s for m =0.5 (X and
Y have equal merit). The bistable state occurs when s is above
a threshold sc . At sc , the dynamical system undergoes a pitch-
fork bifurcation, where the stability of the fixed point x =0.5
changes. In Fig. 2B, we show results for a case of unequal
merits (m =0.6; X has higher merit than Y ), and a bistable
state is also present, while the symmetry of the bifurcation
is broken.

The critical threshold sc is determined by parameters α and m.
In Fig. 2C, we present numerical solutions for sc for a number of
m values as a function of α. The region of s > sc is where the
bistable state occurs. The critical point sc decreases with α, and
also decreases as m gets closer to 0.5. Note that, in the bistable
region, if m also evolves, the system is path dependent. As shown
in Fig. 2D, if the merit m increases from a small value, the stable
fixed point x∗ first increases along the lower branch, and, after m
grows past the critical point, x∗ goes through a sudden jump to
the upper branch. If m is again lowered, x∗ does not go through
the same jump to the lower branch. Instead, x∗ stays on the upper
branch until m drops below the other bifurcation point. The exis-
tence of path dependence suggests that, when social learning is
strong, beliefs and behaviors persist over time despite changes in
the merit of options. It is also possible for the proportion of indi-
viduals who favor one option to jump suddenly after sufficient
change in merit.

The occurrence of a bistable region is not a result of the
assumed specific functional form of f (x ). We generalize our
model by considering general increasing f (x ) symmetrical about
the midpoint, (0.5, 0.5). In the case of equal merit, we show
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Fig. 2. The model’s predictions in relation to parameters s, α, and m. (A) The fixed points of the portion of people favoring option X, x∗, as a function of
the proportion of social learners, s, when the two options have equal merit, m = 0.5. For s greater than a critical value, a bistable state appears. (B) The
same analysis as in A but for the case of unequal merit, m = 0.6. (C) Critical transition point for s, sc, as a function of α for a few m values. The area above
the curves represents parameter regimes where bistable states appear. (D) The fixed points’ dependency on m when s = 0.8. They exhibit a bistable state for
midrange m, and the system can display path dependency if m changes. In A, B, and D, α= 1.5.

analytically that the bistable region occurs for s ≥ sc =1/f ′(0.5).
For derivation, see SI Appendix, section 3. This result also pre-
dicts that the bistable state exists only when f ′(0.5)> 1, that is,
when the social learners have a superlinear response to the fre-
quency of options near a 50–50 split. This result also explains
why the bistable state does not appear in the α≤ 1 case (see SI
Appendix, section 4 for model behavior under this condition).

Besides the well-mixed model with two types of learners
(the baseline model), we consider additional extensions. The
first extension relaxes the assumption of a dichotomy between
individual and social learners, allowing individuals to adopt
learning strategies that are on a spectrum of social and indi-
vidual learning (SI Appendix, section 5.1). The second extension
considers individuals connected on a two-dimensional lattice,
where social learners are affected only by their local neigh-
borhood (SI Appendix, section 5.2). The third extension con-
siders the introduction of noise in the system (SI Appendix,
section 5.3). In all extensions, we find that our major conclu-
sions regarding the critical threshold of social learners remain
unchanged.

Next, we consider another extension where we introduce an
additional variable for the strength of opinions about options
(opinion strength extension), leading to more-complex dynam-
ics. This extension is motivated by a model developed by Couzin
et al. (4), which considers an animal group consisting of informed
and uninformed individuals and reaches seemingly contradic-
tory predictions. The uninformed and informed individuals act
similarly to the social and individual learners, respectively, in
our model, with some differences (see SI Appendix, section 5.4
for details). Couzin et al. particularly consider the scenario
where individuals holding the minority preference (similar to
the low-merit option in our model) are more stubborn and less
likely to update their views. They find that, when the unin-
formed individuals are below a certain threshold, the minority
preference is more likely to prevail. When the proportion of
uninformed individuals is above that threshold, a bistable state
occurs, and the likelihood for the majority preference to prevail
increases.

We add the strength of opinion as an additional variable by
extending the transition rates of the individual learners from
X to Y to be P

(i)
XY =(1−wx )(1−m), where wx , a parameter

taking values between zero and one, is the relative strength of
opinion about option X compared to that about Y , and wx =0.5
denotes equal strength. This modification considers a probabil-
ity wx that an individual learner holding option X stays with
this option, regardless of merit. Similarly, the transition rates of
individual learners from Y to X is P

(i)
YX =wxm . The transition

rates of the social learners and the other dynamics of the system

remain the same. When we simulate this extension with the two
options held with equal strength, the results are shown in Fig. 3A,
and we recover the predictions of the baseline model (Fig. 2B) as
expected. Because the analysis is through simulations, only sta-
ble fixed points are shown. When we simulate the case where the
low-merit option is held with greater strength, the two branches
of the bifurcation are flipped, and the model recovers the find-
ing in Couzin et al. (4). Please see SI Appendix, section 5.4 for
more details of this extension and the comparison between the
two models.

Discussion
We study the joint effects of the proportion of social learn-
ers, the relative merit of different options, and processes of
social influence on the collective decision outcome. Our baseline
model suggests that, when social learners copy an option with a
likelihood higher than its frequency (a process associated with
normative conformity), their effect on the collective decisions
depends critically on their proportion in the system. The model
predicts a threshold for the proportion of social learners, below
which the high-merit option would be preferred by the majority.
When the proportion of social learners exceeds this threshold, it
becomes possible for the low-merit option to be favored by the
majority. The model also predicts that, when the proportion of

A B

Fig. 3. Simulation results of the opinion strength extension model: the pro-
portion of individuals favoring option X as a function of the proportion of
social learners. In A and B, m = 0.6, assigning X higher merit than Y , so that
the desired outcome is x∗> 0.5. The black dotted line shows x∗ = 0.5 for
reference. (A) Two options are held with equal strength. The results are sim-
ilar to that of the baseline model (Fig. 2B). (B) The low-merit option (Y) is
held with greater strength. The two branches of the bifurcation are flipped,
and the model recovers the finding in Couzin et al. (4). X is analogous to
the option weakly preferred by the majority; Y is analogous to that strongly
preferred by the minority. In A and B, the parameter α= 1.5.
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Table 1. Summary of the model’s prediction of collectively
chosen options under majority rule

s< sc (fewer s> sc (more
social learners) social learners)

α> 1 (s-shaped function, High or low merit,
associated with depends on initial
normative conditions
conformity) High merit and fluctuations

α≤ 1 (linear or inverse
s-shaped function,
associated with
informational conformity) High merit High merit

social learners is above the critical threshold, the system is path
dependent if m changes over time—it can be hard to reverse the
change in the proportion of individuals favoring X if m reverses.
However, if the social learners copy an option with the likelihood
that is equal to or smaller than its frequency (a process associated
with informational conformity), the critical threshold ceases to
exist, and the majority always favors the high-merit option.

Our model is formulated in terms of the proportion of individ-
uals in a system, which would work best when the group size is
large. The same mechanism can also be adapted to study small
groups. For example, both the spectrum extension and the spa-
tial extension of our model, presented in SI Appendix, sections
5.1 and 5.2, respectively, are formulated on the individual level
and can apply to groups of finite size.

Our model offers several contributions to the literature. First,
the model characterizes collective decision-making problems
using three parameters, the combination of which distinguishes
a broad range of group-level behaviors (see Table 1 for a sum-
mary). These parameters describe cognitive strategies (s), the
problem at hand (m), and the conformity response (α). The
model predicts a threshold (that depends on m and α) above
which social learners hurt the collective decision outcomes, and
under which they do not, suggesting that the same model can
explain seemingly conflicting findings about collective perfor-
mance. Second, the model is analytically tractable, such as in
drawing conclusions for the behavior of the system for gen-
eral f (x ) detailed in SI Appendix, section 3. This expands the
simulation studies typical in studying collective decisions and
enables us to draw conclusions for a broad class of behaviors.
Third, our model offers a flexible mathematical framework that
can be extended or adapted to study interactions of a wide
range of social and psychological factors for future research,
as demonstrated in the extensions outlined in SI Appendix,
section 5.

The problem of how social learners influence collective per-
formance is highly relevant to democratic elections. It has been
noted that a sizable proportion of the voting population is
uninformed about options they are voting on, such as policies
proposed by the candidates (17). These uninformed voters might
instead use social learning to make decisions (18). While there
is a long-standing consensus on the widespread phenomenon of
such uninformed voters (19, 20), there is little agreement on how
they affect the outcome of democratic elections (17). On the
one hand, some argue that the presence of uninformed voters
does not affect election outcomes, because information short-
cuts such as political parties and opinion leaders are sufficient
to lead to good decisions, or the uninformed decisions can be
taken as noise that cancels out (20, 21). On the other hand, some

argue that this optimistic view is at odds with the empirical evi-
dence (20, 22) and that uninformed voters can lead to adoption
of bad policies (23). Our baseline model suggests that both out-
comes can occur depending on conditions, in particular, whether
the proportion of uninformed voters is above or below the crit-
ical threshold determined by the conformity response and the
relative merit of the two options. Further, our baseline model
predicts the possibility of sudden shifts in collective decision out-
comes when the proportion of uninformed voters is above the
critical threshold. In addition to the predictions of the baseline
model, the results from the opinion strength extension suggest
that the role of social learners may differ depending on the pres-
ence of committed opinion holders. It is in line with findings from
previous research—both theoretical and experimental studies
have found that the presence of inflexible opinion holders signif-
icantly alters the outcomes of the collective (24–27). Ultimately,
if an individual learner never changes their mind based on new
evidence, their chosen option could spread throughout the social
network (26, 28). This suggests committed minorities can have an
important influence over the outcomes of democratic elections.

This paper offers insights into the complex process of collec-
tive decision-making through a parsimonious model. We show
that our main conclusions are robust to several relaxations of the
model assumptions, such as considering that individuals can fall
on a spectrum between pure social and pure individual learn-
ing or that the social influence is only local (SI Appendix, section
5). We aim to provide a simple framework that can integrate
parallel efforts in different disciplines studying collective behav-
ior. Starting from cognitive and social principles, our group-level
framework recovers bistable states predicted by individual-level
models (4, 8, 29). Besides its benefit of simplicity, the group-
level framework could help recognize when apparently different
mechanisms (e.g., stubbornness and relative merit of different
options in our opinion strength extension) affect group-level out-
comes in the same direction. Our work also suggests several
directions for future research. While the s-shaped and inverse
s-shaped curves were hypothesized to be associated with norma-
tive and informational conformity (15), more research is needed
to determine the empirical relationship between the shapes
of conformity functions and normative/informational confor-
mity. Furthermore, future work could explore questions such as
the following: What happens if the information that individual
learners receive is not independent, for example, when several
learners receive information about available options from the
same news source? How does the structure of communication
networks, such as the presence of echo chambers, affect the out-
come? What happens when there are more than two options?
Besides social learning, what happens to the system when unin-
formed decision makers are more susceptible to stereotypes,
such as gender, race, and physical attractiveness (30, 31)? How
does the effect of social learners change in multistage decision-
making processes, such as primary and main elections? We hope
our work offers an innovative mathematical framework to study
the effect of social learning in these more complex scenarios.

Data Availability. There are no data underlying this work.
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