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Diversity of inference strategies can enhance the
‘wisdom-of-crowds’ effect

ltsuki Fujisaki', Hidehito Honda? & Kazuhiro Ueda'

ABSTRACT Studies on inference have shown that people use a variety of inference stra-
tegies depending on the situation. Despite a great deal of discussion on the use of these
strategies at an individual level, very little research has examined how the strategies people
use affect group performance. To address this issue, we conducted two computer simulation
studies on group decision-making. Our focus was primarily the diversity of strategies used in
groups, as previous studies have suggested that diversity plays a critical role in the wisdom of
crowds. Therefore, we systematically manipulated the diversity of inference strategies among
group members and examined the effect on group performance. In Study 1, we conducted
computer simulations using behavioural data from a previous study and found that diversity
of strategies could improve group performance. That is, the group whose members used
diverse strategies had higher accuracy than groups where all members used an identical
strategy. We also investigated how such a phenomenon emerged. In Study 2, we created
multiple hypothetical environmental settings and examined the effect. The environmental
settings in Study 1 was limited to the 'kind’ setting, in which correct inferences could be made
for most problems by using a certain strategy, and the results of Study 2 showed that the
findings of Study 1 could be generalized to other settings. For example, diversity could
improve group performance in the ‘wicked’ environment where an inference strategy tends to
lead an individual to the wrong answer. We also identified conditions in which the diversity
enhanced group performance in each environment. Finally, for Study 1, we conducted addi-
tional simulations and discussed the conditions in which diversity would improve group
performance more. The contributions to the research on the wisdom of crowds and human
inference are discussed.
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Introduction

n the field of judgment and decision making, many studies

have examined how individuals make inferences. There is

growing evidence that people adaptively use different infer-
ence strategies depending on the situation (Kahneman and Fre-
derick, 2005; Marewski and Schooler, 2011; Honda et al., 2017).
For example, Honda et al. (2017) showed that the subjective
difficulty of a problem affects strategy selection: when people feel
that a problem is difficult, they tend to rely on simple heuristics,
such as the recognition heuristic (Goldstein and Gigerenzer, 2002;
Gigerenzer and Brighton, 2009; Brighton and Gigerenzer, 2011;
Gigerenzer and Goldstein, 2011), and when they deem a problem
easy, they tend to make an inference on the basis of available
knowledge (Oppenheimer, 2003; Newell and Shanks, 2004; Hilbig
and Richter, 2011). Despite a great deal of discussion on the use
of these strategies at an individual level, only a few previous
studies (Reimer and Katsikopoulos, 2004; Kammer et al., 2014)
have examined how such different inference strategies affect
decision making at the collective level. Particularly from the
perspective of wisdom-of-crowds research (Hertwig, 2012; Prelec
et al., 2017; Jayles et al., 2017), the key question is ‘Which
inference strategy will lead to a successful wisdom-of-crowds
effect?” It seems natural that a group can achieve high accuracy
when its members use a strategy that demonstrates high accuracy
at the individual level. However, Fujisaki et al. (2017) have shown
that this is not always true. The results of their study are shown in
Fig. 1. Using behavioural data (Honda et al.,, 2017), they first
simulated individual binary choice problems using four inference
strategy models examined in Honda et al. (2017) study. Second,
collective decision making, wherein all group members used an
identical inference strategy (e.g., the recognition heuristic), was
simulated, and the accuracy levels of the strategies were com-
pared. They found that the inference strategy that had the highest
accuracy could change depending on whether it was used by an
individual or the group. For example, in ‘Easy’ (right panel, Fig.
1), which is composed of 105 subjectively easy problems, sub-
jective knowledge-based inference (SK) showed the highest
accuracy among the strategies. However, when the group size was
large (e.g., 100), the fluency heuristic (FL; Hertwig et al., 2008)
showed the highest accuracy, although it had the second-lowest
accuracy for the inference of an individual.
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Fig. 1 Results of Fujisaki et al. (2017) study. In this simulation study, all
group members used an identical inference strategy. The line indicates the
performance of each inference strategy (FL fluency heuristic, FA familiarity
heuristic, RH recognition heuristic, SK subjective knowledge-based
inference) in collective decision making and an individual inference. There
were some cases where the strategy that showed the highest accuracy
differed between the individual and group

The underlying mechanisms are as follows. All the inference
strategies used in the simulation study were adaptive (Gigerenzer
et al, 1999) in that they led to accurate inferences as a whole. In
other words, the proportion of correct inferences was mostly
above the level of chance (i.e., 0.5). However, there were certain
problems for which the proportion of correct inferences was
below 0.5. Hereafter, we regard the strategy as having a ‘bias’
(Kahneman, 2011) for these problems. In collective decision
making, which is based on the majority decision rule (Hastie and
Kameda, 2005) for a binary choice problem, bias plays a critical
role (Galesic et al., 2018). Namely, when the strategy had a bias,
the accuracy of collective decision making in a group decreased to
0 as the group size increased. In contrast, it increased to 1 when
the strategy did not have a bias (Condorcet Jury Theorem;
Condorcet, 1785). As for FL, the mean accuracy of an individual’s
inference across problems was relatively low; however, the bias
was the weakest. Consequently, for most of the problems, the
accuracy increased to 1 as the group size increased. Thus, FL led
to the most successful wisdom-of-crowd effect (see ‘Detailed
descriptions of Fujisaki et al., 2017" and Fig. S1 of SI for more
details).

Fujisaki et al. (2017) examined only a situation in which all
group members used an identical inference strategy. However,
recent studies have shown that diversity can be a critical factor of
successful group performance in terms of collective behaviour
(Perc and Szolnoki, 2008; Santos et al., 2008; Yang et al., 2009;
Yun et al.,, 2011; Santos et al., 2012; Analytis et al, 2017) and
wisdom-of-crowds or collective intelligence in a wide range of
tasks, such as decision-making (Galton, 1907; Lorenz et al., 2011;
Krause et al., 2011; Luan et al., 2012; Conradt et al., 2013; Mav-
rodiev et al, 2013; Jonsson et al, 2015; Tump et al, 2018),
problem-solving (Hong and Page, 2004; Liker and Bokony, 2009;
Page, 2014), game theory (Mann and Helbing, 2017), and pre-
diction of preferences (Miiller-Trede et al, 2017). Thus, the
diversity of inference strategies may play a critical role in the
wisdom-of-crowds effect. However, to the best of our knowledge,
no previous studies have examined this issue (see the Discussion
section for a detailed review).

Figure 2 shows a hypothetical situation where the diversity of
strategies leads to a successful wisdom-of-crowds effect. In this
situation, a group consisting of 100 people made inferences for
two binary choice problems. We set two inference strategies:
Strategy A and Strategy B. Both strategies had a bias for one
problem and always led to the correct answer for the other.
Specifically, Strategy A (Strategy B) had a bias for Question 2

100 people
|
’ \ Proportion of

. A correct inference
Question 1
Strategy A corr corr corr corr 1
Strategy B corr corr  incorr  incorr 0.4
Question 2
Strategy A corr corr incorr incorr 0.3
Strategy B corr  corr corr corr 1

Fig. 2 lllustration of hypothetical situation. Here, ‘corr’ means that a person
infers correctly using a strategy and ‘incorr’ means that a person infers
incorrectly using a strategy. The rightmost column indicates the proportion
of correct inference across people. Red text indicates that the strategy has a
bias for the question (i.e., the proportion of correct inference was below
0.5)
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Fig. 3 Results of the hypothetical situation. The dotted line indicates the
proportion of correct inference by an individual using the respective
inference strategy. In collective decision making, the Diverse group showed
higher accuracy than both the Non-diverse groups. The simulation
procedure was essentially the same as the following main simulations:
group members were randomly selected from all people and they first made
inferences individually using an allocated strategy depending on the group.
Then, collective decision making was performed in accordance with the
outcome of the inference by an individual under the simple majority rule

(Question 1) and always led to the correct answer in Question 1
(Question 2). Now consider the following three groups: all
members use Strategy A or Strategy B (Non-diverse groups) or
half the members rely on Strategy A while the others use Strategy
B (Diverse group). Using computer simulations, we calculated the
accuracy of collective decision making for each group by chan-
ging the group size (Fig. 3). We found that the proportion of
correct inferences in the Non-diverse group converged to 0.5 as
the group size increased because both strategies had the bias for
one of the two questions. In contrast, in the Diverse group, the
accuracy increased to 1.0 as the group size increased. For both
questions, the expected values of accuracy by an individual were
above 0.5 (Question 1: [1 + 0.4] / 2=10.7, Question 2: [0.3 + 1] /
2 =0.65). In other words, in this situation, diverse strategies were
superior to non-diverse strategies because the bias in a single
strategy was cancelled out by another strategy.

In two simulation studies, we examined the relationship
between the diversity of inference strategies and group perfor-
mance. We particularly focused on whether diversity could
enhance the wisdom-of-crowds effect. In these studies, each
group member first completed a series of binary choice problems
individually by using the allocated inference strategy, and group
decision making was then performed under the simple majority
rule, known as the commonly used aggregation rule (Sorkin et al.,
2001; Hastie and Kameda, 2005). Here, we systematically
manipulated the diversity of inference strategies among group
members to examine the effect on group performance. For the
inference of an individual, in Study 1, we harnessed behavioural
data from Honda et al. (2017) study, and in Study 2, we created
multiple environmental settings on a computer to examine this
from a broader perspective.

Results

Study 1. In this study, we simulated the inference of an individual
using the behavioural data from Honda et al. (2017) study. We
assumed that the group members made inferences using one of
two strategies: the familiarity heuristic (FA; Honda et al. 2011) or
subjective knowledge-based inference (SK). We chose these two
strategies because Honda et al. (2017) showed that FA and SK
well-explained people’s inference through competitive tests on
inference models. In the set of simulations, group members were
selected randomly from among all participants and they simu-
lated a binary choice task using FA or SK. The binary choice task
consisted of Easy and Difficult lists. Then, the collective decision
making was performed (see the Materials and Methods section
for more details). In order to manipulate the diversity of inference
strategies, we set seven levels of group type: the proportion of
group members who used FA (hereafter, FA users) to those who
used SK (hereafter, SK users) was 0/6 to 6/6, 1/6 to 5/6, 2/6 to 4/6,
3/6 to 3/6, 4/6 to 2/6, 5/6 to 1/6, and 6/6 to 0/6. We also set five
levels of group size: 6, 12, 30, 60, and 90. For example, when the
group size was 90 and the proportion of FA users to SK users was
2/6 to 4/6, 30 members used FA, and the remaining 60 used SK.
The proportion of correct inferences was separately calculated for
each group type, group size, and list.

Figure 4 shows the relationship between the group types and
the proportion of correct inferences for each group size. It is clear
that the diversity of inference strategies enhanced the wisdom-of-
crowds effect in the Easy list: when the group sizes were large (i.e.,
30, 60 and 90), the accuracy reached its peak when the group
members relied on diverse strategies (i.e., accuracy lines as a
function of the proportion of FA users were inverse U-shaped). In
contrast, in the Difficult list, the accuracy of collective decision
making decreased as the proportion of FA users increased when
the group sizes were relatively large (i.e., 30, 60 and 90).

This different pattern of results is explained in Fig. 5, which
shows the number of problems where the proportion of correct
inferences by an individual was below 0.5 for the use of single and
diverse strategies (diversity). In the Easy list, the number of such
problems was smaller for the use of diverse strategies than for the
use of both FA and SK since the bias in a single strategy was
partly cancelled out by another strategy, as described earlier (see
also ‘Scatter plot of all problems in Study 1’ and Fig. S2 of SI for
more details). Thus, the group in which the members used diverse
strategies could attain a higher accuracy than the groups whose
members relied on FA or SK only. In contrast, in the Difficult list,
the number of such problems was higher for the use of diverse
strategies than for the use of SK because the bias when using SK
was barely cancelled out by using FA. Therefore, with a large
group size, the accuracy of collective decision making reached its
peak when all group members relied on SK.

We conducted two additional simulations based on different
assumptions concerning inference strategy: a group member
made inferences (1) using SK or FL (the fluency heuristic;
Hertwig et al. 2008) instead of FA and (2) using one of FL, FA, or
SK (see ‘Different assumptions on Study 1: Inference strategies’,
Figs. S3, 4 of SI).

Study 2. The environmental setting in Study 1 was ‘kind’ (Koriat,
2012; Hertwig, 2012) in that an inference strategy led to a correct
answer as a whole; in other words, the mean accuracy of an
inference strategy by an individual was above the level of chance.
In other environmental settings, such as ‘wicked’, where an
inference strategy tends to lead an individual to a wrong answer,
how does the diversity of strategies affect group performance? To
investigate this, we created various hypothetical environments

| (2018)4:107 | DOI: 10.1057/541599-018-0161-1 | www.nature.com/palcomms 3


www.nature.com/palcomms
www.nature.com/palcomms

ARTICLE

PALGRAVE COMMUNICATIONS | DOI: 10.1057/541599-018-0161-1

Difficult

Group size —@®— 6 —®— 12 —@— 30 —@— 60 —®— 90
3
e 0.75
o
o
8=
5 0.70 —
[0)
= e e ®
o
o
S 0.65
c
Q
T
o) . FA
8 060" TTTTTTTT oSS o T o s
a L SK -

T I T T T T I
0/6 1/6 2/6 3/6 4/6 5/6 6/6

Proportion of FA user

Easy
Group Size —@— 6 —@— 12 —@— 30 —@— 60 —@— 90

g 0.90
C
o
QL 0.85
£
©
© 0.80 -
S
(o]
o
© 075
5
= SK
O 0,707 = T i i i 8 U o O 0 O
3
= FA
Y iliniletililetietielieietilieliatiiliinllilinin

I T T T T I T
0/6 1/6 2/6 3/6 4/6 5/6 6/6

Proportion of FA user

Fig. 4 Results of Study 1. The blue and red dashed lines indicate the average accuracy of inference by an individual using the FA and SK. In the Easy list,
when group size was large (e.g., 90), the proportion of correct inference reached its peak when group members used diverse strategies (e.g., proportion of
FA users was 2/6). In contrast, in the Difficult list, such cases were not observed
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Fig. 5 Number of problems where proportion of correct inference by an
individual was below 0.5. For simplicity, in ‘diversity," we calculated the
expected value of the accuracy for each problem, for which half of the
participants used FA and the remaining half used SK. Then, we counted the
number of problems where these expected values were below 0.5

and examined their effect on group performance using computer
simulations. We particularly explored the cases where the diver-
sity of inference strategies strongly enhanced the wisdom-of-
crowds effect.

The settings of the computer simulations were as follows. We
created four environments: kind, wicked, random, and ambiva-
lent. All environments consisted of 100 individuals, 100 problems,
and two inference strategies (hereafter, strategy A and strategy B).
The accuracy of the two strategies differed among the environ-
ments. The mean percentages of correct answers of an individual
across the problems were: kind = [60, 60], wicked = [40, 40],

random = [50, 50], and ambivalent = [60, 40]. We assumed the
accuracy of an inference strategy followed a normal distribution
across the problems. In this set of simulations, we manipulated
the variance (o) as far as it followed a normal distribution. In the
following analysis, we exclude a few trials in which the accuracy
did not follow a normal distribution (see ‘Excluded trials in Study
2 and additional simulations in Study 1’ and Tabs. S1, 2 of SI for
more details). We set four levels of o for each strategy: 5, 15, 25
and 35. On the basis of this distribution, the percentages of
correct answers of 100 problems were generated, and these
percentages were then used to generate the outcomes of inference
for an individual. To vary the correlation between the accuracy of
the two strategies, we set 24 patterns for the order of percentages
of correct answers (see the Materials and Methods section and
Tab. 1 for more details). Then, the collective decision making was
performed. For simplicity, in this study, we set the group size to
100 (i.e., all individuals joined the collective decision making) and
set three group types: all members used strategy A or strategy B
(Non-diverse groups) or half of the members relied on strategy A
while the others used strategy B (Diverse group).

Figure 6a summarizes the results of the simulations. In this
analysis, we categorized the absolute distance of ¢ and the
correlation values. We counted the number of trials in each
category and then calculated the proportion of cases in which the
Diverse group showed higher accuracy (especially 5%) than both
the Non-diverse groups. We found that, in addition to the kind
environment, there were certain cases in the random, wicked, and
ambivalent environments in which diversity improved the group
performance. In the ambivalent environment, there were only a
few such cases, indicating that in order for the diversity to
enhance the wisdom-of-crowds effect, the accuracy of two
strategies should be close. Regarding the correlation, there was
a wide range of values in the kind and random environments. In
contrast, in the wicked environment, the diversity improved the
group performance only when the correlation was positive. We
analysed the behavioural data in Honda et al. (2017) study and
found a strong positive correlation between FA and SK for both
Easy and Difficult lists (dotted lines in Fig. 6a). Therefore, we
speculate that even for the wicked environment, the diversity of
strategies could enhance the wisdom-of-crowds effect. As for the
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magnitude of os into four levels from 5 to 35 (in increments of 10%). This analysis provides more detailed conditions wherein the Diverse group could

show higher accuracy

absolute distance of o, there was a wide range of values in the kind
environment, while in the other environmental settings, the
diversity improved the accuracy only when the absolute distance
of o was relatively small.

Figure 6b represents os in the two strategies. In this analysis, we
categorized the magnitude of os using the same analysis
procedure as in Fig. 6a. This figure shows more details of the
conditions in which the Diverse group showed higher accuracy.
For example, in the wicked environment, both os should be
relatively large (e.g., os = 25). When the o was large, the accuracy
of the strategy for some problems was above the level of chance,
and therefore the strategy could cancel out the bias in another
strategy. In the kind environment, the closer the values of the two
os, the higher the proportion of cases where the diversity
improved group performance. In the random environment, o
could be a wide range of values (e.g., 0=5) since the bias in a
single strategy could be cancelled out by another strategy
regardless of the magnitude of o at the theoretical level.

Materials and methods

Materials in Study 1. One hundred and eight participants took
part in the experiments in Honda et al. (2017) study. They per-
formed a binary choice inference task on population size, such as
‘Which city has the larger population, Osaka or Kyoto?” Pairs of
cities for the task consisted of two types of lists: Difficult and
Easy. Each list comprised 15 Japanese cities, and 105 pairs
(=15 x 14/2) were made for the task. The difference in the
population size was generally much higher for the pairs in the
Easy list than for those in the Difficult list, suggesting that the
former was easier for the participants to make inferences about
than the latter. This was confirmed by the behavioural experiment
in Honda et al. (2017) study.
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108 people |© @ L Step 6
Step 1 Y
Step 5
E © © O © O © o
Strategy FA FA FA FA SK SK making
Step 3 Q1 corr corr corr N.A. N.A. incorr corr
Q2 cor cor  NA N.A. incorr incorr  N.A.
Difficult
list
Q105
Step 4 Q .
Q2
Easy .
list *
Q105

Fig. 7 Simulation procedure in Study 1. Step 1: Group members are
randomly selected from among 108 participants. Step 2: An inference
strategy is allocated to each member. Steps 3 and 4: Each group member
makes inferences individually using the allocated strategy for all 105
problems on the Difficult and Easy lists. Step 5: Using the simulated
inferences of individuals, collective decision making is conducted under the
simple majority rule. Step 6: Return to Step 1. Steps 1-5 are repeated 1,000
times. This figure shows an example whose group size is 6 with a
proportion of FA users to SK users of 4/6 to 2/6

Using this behavioural data, we can simulate the inference of
an individual when they use FA and SK.

Simulation procedure for Study 1. For all combinations of group
type and group size, we performed the following simulation (Fig.
7).

Step 1: Group members are randomly selected from among the
108 participants.
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Table 1 Patterns of the order of percentage of correct answers in strategy A

Category

1 2 3 4
Pattern 1 1,2,..25 26, 27, ..50 51, 52, ..75 76, 77, ..100
Pattern 2 1,2,..25 26, 27, ..50 76,77, ..100 51, 52, ..75
Pattern 23 76,77, ..100 51,52, ..75 1,2, ..25 26, 27, ..50
Pattern 24 76,77, ..100 51,52,..75 26, 27, ..50 1,2, ..25

Numbers are allocated to percentages of correct answers in decreasing order of values. For simplicity, only Patterns 1, 2, 23 and 24 are shown

Step 2: An inference strategy is allocated to each member.

Steps 3 and 4: Each group member makes inferences
individually using the allocated strategy for all 105 problems in
the Difficult and Easy lists.

Step 5: Using the simulated inferences of individuals, collective
decision making is performed under the simple majority rule.

Step 6: Return to Step 1. Steps 1-5 are repeated 1000 times.

Assumptions in Study 1. In Steps 3 and 4, the inferences made
by an individual were classified into three categories: ‘correct’,
‘incorrect’, and ‘cannot use strategy’ (in Fig. 7, denoted as ‘corr’,
‘incorr’, and ‘N.A., respectively). The category ‘cannot use
strategy’ was used when a simulated group member could not
make an inference based on the strategy since the inference model
did not make any specific prediction. As with Fujisaki et al.’s
study (Fujisaki et al., 2017), we assumed that the group members
did not join the collective decision making because a previous
study (Reimer and Katsikopoulos, 2004) reported that in group
decision making, people who could not use an inference strategy
(e.g., the recognition heuristic) were less influential than those
who could. Note that we conducted additional simulations based
on a different assumption: a group member who could not make
an inference based on the strategy made a random choice and
joined the collective decision making. We found that even with
this assumption, the diversity of strategies could enhance the
wisdom-of-crowds effect (see ‘Different assumption on Study 1: A
group member cannot use the allocated inference strategy’ and
Fig. S5 of SI).

In Step 5, there was one case where a group could not make a
decision: half of the group members who joined the collective
decision making inferred correctly while the other half did so
incorrectly (see Q2 in Fig. 7, represented by ‘N.A.). In this case,
we assume that the group made a random choice. That is, the
group made an accurate decision with 50% probability.

Simulation procedure for Study 2. In each environment, we
conducted the following simulation procedure for all 16 combi-
nations of ¢s in two strategies (=4 x 4).

Step 1: Percentages of correct answers of 100 problems are
generated on the basis of distributions of strategies A and B.

Step 2: The order of percentages of correct answers of 100
problems in two strategies is manipulated.

Step 3: On the basis of percentages of correct answers, the
outcomes of inference for 100 group members using a strategy is
generated.

Step 4: Each group member is allocated an inference strategy
and makes inferences individually for 100 problems.

Step 5: Collective decision making is performed under the
simple majority rule.

Step 6: Return to Step 4. Steps 4-5 are repeated 100 times.

Step 7: Return to Step 2. Steps 2-6 are repeated until all
patterns of manipulation are examined.

Step 8: Return to Step 1. Steps 1-7 are repeated 1000 times.

Table 2 Behavioural data in Honda et al. (2017)

Difficult list Easy list

FA SK FA SK
M 60.24 57.73 65.55 70.29
c 17.43 10.47 13.98 14.14
Correlation 0.91 0.67

In Step 2, we manipulated the order of the percentages of
correct answers in two strategies: (1) we sorted them in ascending
order, and (2) for strategy A, we additionally manipulated the
order according to the order pattern (Table 1) and recorded the
correlations (Spearman’s rank correlation coefficient). In Steps
4-5, the accuracy of all group types (Diverse group and Non-
diverse groups) was recorded.

Assumptions in Study 2. In order to conduct the simulations, in
Step 1, if the percentage of correct answers was over 100 or under
0, we converted it to 100 or 0, respectively (see ‘Information
excluded by the assumptions in Study 2 and additional simula-
tions in Study 1" and Figs. S6, 7 of SI for more details). For
simplicity, in Step 4, we assumed that the outcome of an inference
by an individual was classified as correct or incorrect. In Step 5, if
half of the group members inferred correctly while the other half
did so incorrectly, we assumed that the group made a random
choice, as in Study 1.

This study included neither ethical approval nor informed
consent since only computer simulations were conducted and no
behavioural experiments were carried out.

Discussion

In the present study, we examined how the diversity of inference
strategies used by group members affects the group performance.
Through two simulation studies, we found that the diversity of
strategies could enhance the wisdom-of-crowds effect when the
bias in a single strategy was partly cancelled out by another
strategy. Previous studies on inference have mainly focused on
individuals and discussed topics such as bias (Kahneman, 2011)
as well as the adaptive nature (Gigerenzer et al., 1999) of heur-
istics. In contrast, the present study and that of Fujisaki et al.
(2017) clarify that investigation at the group level can also offer
insights into the nature of human inference. Moreover, this study
makes a novel contribution to the literature on the wisdom-of-
crowds in that it demonstrates the efficacy of the diversity of
strategies on the wisdom-of-crowds. As mentioned in the Intro-
duction, many previous studies have also pointed out the
important role of diversity in the wisdom-of-crowds, but the
definitions of diversity were apparently different from in our
study, focusing as they did on the diversity of estimated values
among group members for numerical estimation tasks (Galton,
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1907; Lorenz et al., 2011; Krause et al., 2011; Mavrodiev et al.,
2013; Jonsson et al., 2015), the diversity of range of information
searched by group members (Luan et al., 2012), the diversity of
goals across individuals (Conradt et al., 2013), and the diversity in
cue beliefs (Tump et al., 2018). To the best of our knowledge, the
present study is the first to show that the diversity of inference

Fig. 8 Results of additional simulation in Study 1. Each panel shows the
relationship between the obtained accuracy in the Diverse group and a the
correlation, b Dif-M (the differences in M from the default value in the Easy
list), and (c) Dif-o (the differences in ¢ from the default value in the Easy
list). The red dashed lines indicate the value in the Easy list. For factors that
were not the focus of analysis, values were fixed to those in the Easy list. In
b and ¢, ‘High' (Low) indicates the strategy whose accuracy was high (low)
at the individual level, and for the correlation, we considered trials in which
the correlation value was within 0.1 from the correlation value in the Easy
list (=0.67). a For simplicity, the correlation values were categorized into
10 levels from -1 to 1into 10 (in increments of 0.2). Blue dashed line
indicates the values of the obtained accuracy in the Diverse group when the
correlation value corresponded to the default value in the Easy list
(indicated by the red line). The lower the correlation, the higher the
obtained accuracy in the Diverse group. b The obtained accuracy of the
Diverse group reached its peak when Dif-M for Low was 5 and that for High
was 0. ¢ The obtained accuracy in the Diverse group became higher—albeit
slightly—when Dif-6 for Low became -5 and Dif-¢ for High was -5 or O

strategies could play a critical role in the wisdom-of-crowds.
Moreover, our study is one of the few studies on the wisdom-of-
crowds that has examined the cognitive process, in contrast to
many previous studies that focused on its output (e.g., estimated
values).

Implications for real-world collective decision making. As
discussed in the Introduction, Honda et al. (2017) showed that
people use different inference strategies depending on the situa-
tion: they tend to use simple heuristics (especially FA) for difficult
problems and knowledge-based inference (SK) for easy problems.
However, Honda et al. (2017) also reported that people have a
certain degree of diversity in inference strategies. In the Difficult
list, approximately 25% of the participants used SK, while in the
Easy list, approximately 25% used a simple heuristic (especially
the familiarity heuristic, FA). What implications does this mod-
erate diversity have in real-world collective decision making? We
now compare the results reported in Honda et al. (2017) study
with the results of Study 1. In the Difficult list, it seems these
minority SK users may play a role in improving the accuracy of
collective decision making, as the accuracy increases when the
proportion of SK users increases. Similarly, in the Easy list, the
minority FA users may play a role in enhancing the wisdom-of-
crowds effect because the accuracy reached its peak for large
groups when the proportion of FA users was moderate (i.e., 2/6),
so we speculate that our moderate diversity of inference strategies
may work adaptively in real-world collective decision making.

Additional simulations in Study 1. In Study 1, the diversity of
inference strategies improved the group accuracy by up to 2% in
the Easy list: when the group size was 90, the accuracy for 2/6 FA
users reached its peak, which was about 0.90 (heterogeneous
strategy), while when there were no FA users (homogeneous
strategy), the accuracy was about 0.88. Then, in which conditions
would the diversity further improve the group performance? In
this additional study, we analysed the effect on inference strategy
of three factors: (a) correlation between the accuracy of the
strategies, (b) the mean percentage of correct answer rates across
the problems for an individual (M), and (c) o. For this study, we
modified the simulation settings in Study 2 concerning M and o.
First, we set two strategies whose M and ¢ corresponded to those
in the Easy list (see Table 2). We defined the strategy whose
accuracy was high (low) at the individual level as ‘High’ (Low).
Second, for the set of simulations, we manipulated the factor that
was the focus of analysis so that its value differed from the default
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one in the Easy list: for (b), the differences in M from the default
value (Dif-M) were set to —-10, -5, +0, +5, and +10 and for (c),
the differences in o from the default value (Dif-0) were set to -10,
-5, £0, +5, and +10. For factors that were not the focus of
analysis, values were fixed to those in the Easy list. For example,
in (b), os from behavioural data = + 0. That is, we conducted the
simulation procedure in Study 2 for all 25 combinations (=5 x 5)
of Ms in (b) and os in (c). Note that in (a), both Dif-Ms and Dif-
os=1=0. As an index of how much the diversity improved the
group performance, we considered ‘obtained accuracy of the
Diverse group’, which was calculated by subtracting the accuracy
of the Non-diverse group (in particular, the more accurate group
of the two) from that of the Diverse group.

Figure 8 shows the results of these simulations. Red dashed
lines indicate the value in the Easy list. On the basis of this, the
condition in which the diversity should improve the accuracy
more than the results of Study 1 can be predicted. In (a), we can
see that for further improvement, the correlation value should be
lower. In (b), the obtained accuracy in the Diverse group tended
to be higher when Dif-M for Low became higher. In particular,
the obtained accuracy of the Diverse group reached its peak when
Dif-M for Low (the strategy with low accuracy) was 5 and that for
High (the strategy with high accuracy) was 0. In (c), although the
effect was slight, the obtained accuracy of the Diverse group
became higher when Dif-o for Low became -5 and Dif-o for High
was -5 or 0.

Diversity of inference strategies in other environments. In
Study 2, we examined multiple environments (including those
from Study 1) and found that the diversity of inference strategies
could also enhance the wisdom-of-crowds effect in other envir-
onments: for example, in the wicked environment, where indi-
viduals tend to give the wrong answer (Laan et al, 2017).
Moreover, we clarified the condition in which diversity improves
the group performance: in the wicked environment, the correla-
tion of the accuracy between the two strategies should be strongly
positive and both strategies need to have a high o. Thus, the
findings of Study 2 help predict cases in which the diversity of
strategies can improve the accuracy beyond the environment in
Study 1. Further experimental studies are needed to clarify this.

Related studies. We can connect the findings of the present study
to those in other fields such as evolutionary game theory,
although in this work we did not consider any interaction
between agents. First, experimental (Isaac et al., 1994) and the-
oretical (Szolnoki and Prec, 2011) studies have shown that the
evolution of cooperation is promoted in large groups, especially
those above 40 (Group-size effects). In this respect, the present
study also reported that in large groups (e.g., above 30 in Study 1
on the Easy list), diversity plays a positive role in the group. Thus,
the present study sheds light on the intriguing nature of large
groups. Second, some previous studies (Zhao et al., 2011; Szolnoki
et al., 2012; Szolnoki and Perc, 2015) have examined the rela-
tionship between group performance and the diversity of beha-
vioural strategies. These studies have defined the degree of
diversity as the proportion of agents who do not imitate others’
behaviours, such as cooperation, and examined the effect of the
degree of diversity on group performance. In this respect, the
present study addressed this issue from the perspective of infer-
ence strategies.

Future studies. We suggest two directions for future studies. One
path is to examine the effect of strategy selection. In the present
study, an individual was allocated a single strategy across all
problems. However, previous studies have shown that there is

variability in selecting inference strategies (Rieskamp and Otto,
2006) and people adapt their strategies to the structure of the
environment (Payne et al., 1986; Pachur et al.,, 2011). How the
diversity of strategies is moderated should be further studied by
considering strategy selection and how the group performance
consequently changes. Another path is to examine whether one
can experimentally control the diversity of inference strategies
and leverage it to improve the group performance. We presume
that the two strategies examined in this study, familiarity heuristic
and knowledge-based inference, essentially correspond to Systems
1 and 2 (Kahneman, 2011), respectively. Therefore, one could
manipulate the inference strategies people use by providing them
with an instruction to think quickly or slowly. Consequently, a
group provided with diverse instructions (e.g., to think quickly for
half of the members and to think slowly for the rest) may perform
better than groups provided with homogeneous instructions (i.e.,
to think either quickly or slowly for all members). Experimental
studies that examine the relationship between thinking styles and
group performance at the collective level are needed.
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