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Structural balance theory is a foundational theory of social network research. Despite enduring interest in
seeking network evidence for the theory, the fundamental question of why people care about structural (im)
balance has received relatively little attention. The original answer to the question, dating back to Heider’s work
six decades ago, is that structural imbalance causes a person to experience cognitive dissonance and sentimental
disturbance. In this paper, we used a state-of-the-art neuroimaging technique to test the argument. Our study
shows that individuals’ psychological states, evidenced by the activation of brain areas, are different when they
are situated in unbalanced rather than balanced triads. More specifically, the differences in the brain activation
between triadic imbalance and balance were found in brain regions known for processing cognitive dissonance,
as discovered by previous research. Our study provides novel brain evidence in support of Heider’s original
account for the psychological and biological foundations of structural balance theory in the formation of social
networks.

1. Introduction
Structural balance theory, a foundational theory of social network
research, explains how signed networks are formed and how they
evolve. Despite some evidence of balanced structures in social networks
(White, 1977; Doreian and Krackhardt, 2001; Maoz, 2009; Leskovec
et al., 2010; Szell et al., 2010; Ilany et al., 2013; Yap and Harrigan,
2015; Lerner, 2016; Rawlings and Friedkin, 2017), we know little at the
individual level about how people respond to structural imbalance. The
original account of the theory, dating back to Heider’s work (1946;
1958), linked structural (im)balance to the psychology of cognitive
dissonance (Festinger, 1957). Heider argued that, for example, “a balanced state is meant a harmonious state, one in which the entities comprising the situation and the feelings about them fit together without stress”
(Heider, 1958, p.180); “the state of imbalance will produce tension” (p.
201); and “a feeling of disturbance becomes relieved only when a state of
balanced is achieved” (p. 180). While the psychological motive of
structural balance was discussed more than six decades ago, it was only
briefly tested during the early years after the theory was proposed
(Harari, 1967; Gerard and Fleischer, 1967; Insko and Schopler, 1967;

Miller and Geller, 1972; Brickman and Horn, 1973; Crano and Cooper,
1973). Since then, discussion of the psychological foundation of the
theory has almost disappeared from mainstream social network research. Yet, as empirical evidence for structural balance is accumulating in the literature, it is important that we revisit the psychological
mechanism of structural balance to have a better understanding of why
structural balance makes sense in the formation of social networks.
We present novel evidence of the neural mechanism that underlies
humans’ reaction to structural imbalance in triadic networks. Drawing
on the social dilemma paradigm (Kollock, 1998; Raub et al., 2013), we
design a behavioral experiment to test how people cooperate with a
person of the same and a rival country in triadic networks. Viewing
cooperation as a positive and defection as a negative relationship between two persons, we manipulate different combinations of positive
and negative relationships in triadic networks to examine how people
behave, and in particular, how their brains function in response to
varying triadic networks in the experiment. The neuroimaging data
show that people’s brain activate differently when they are situated in
unbalanced rather than balanced networks. More importantly, the differences in brain activation were found in the brain regions implicated
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in cognitive dissonance studied by previous research. Our study thus
provides novel brain evidence to support Heider’s original account for
the psychological foundation of structural balance theory. It also demonstrates the potential for using state-of-the-art neuroimaging techniques to unpack deeper psychological mechanisms that underlie the
formation of social networks—a groundbreaking line of research
(Zerubavel et al., 2015; Parkinson et al., 2017).

(Gawronski et al., 2005).
Why does structural balance theory receive mixed support? To answer this question, we suggest revisiting the psychological foundation
of the theory to understand the fundamental question of “why people
care about structural balance.” In Heider’s original account (1958),
relational imbalance disturbs a person’s holistic view of the three relationships in a triad. This disturbance could occur at the cognitive as
well as the affective level. People may feel cognitively dissonant and
affectively disturbed when the relational structure is unbalanced. More
importantly, the extents to which people perceive the disturbance could
vary across different triadic patterns. Knowing how cognitive dissonance and affective uneasiness arise in triadic imbalance may provide
insights into the circumstances under which people would care about
structural balance.
While cognitive dissonance has been cited as the psychological
foundation of structural balance theory (Heider, 1958; Zajonc, 1960),
its validity was tested earlier only in studies drawing on people’s selfreports of sentiments experienced in varying triadic relations manipulated in the experiment. Self-reports of sentiments, however, are limited
in the extent to which they can detect deeper psychological mechanisms
of people’s intentions and behaviors (Greenwald et al., 2002; Bell et al.,
2018). Exactly how cognitive dissonance arises and whether additional
psychological mechanisms are involved in the responses to structural
imbalance remain open questions. We found that the recent development of social (network) neuroscience provides a promising tool to
solve the puzzle. The advancement of brain-scanning techniques and
their application to cognitive and behavioral sciences have contributed
to our understanding of the biological mechanisms of human behavior.
Neuroimaging data not only help neuroscientists identify the brain
areas associated with a certain behavior in question; more importantly
to social scientists, such data make it possible for researchers to take a
bottom-up approach to understanding what underlies the social behavior that has been observed in the laboratory or in the field. In this
paper, we propose a behavioral experiment, coupled with neuroimaging records, to understand the psychology of structural imbalance in
triadic interactions. To our best knowledge, this is the first attempt to
identify the brain areas associated with people’s responses to structural
(in)balance in social networks.

2. Background
Micro sociologists hold the view that dyadic relationships between
two persons are embedded in broader interaction structures, such as a
triad. Inspired by the seminal work of Simmel (1950), scholars have
investigated how the presence of a third party influences the interaction
of two persons. They show that the third party works to promote
knowledge innovation (Tortoriello and Krackhardt, 2010), facilitate
collective consensus (Krackhardt and Kilduff, 2002), and consolidate
group cohesion (Yoon et al., 2013). Moreover, research shows that
differences in people’s behaviors are more profound between dyads and
triads than between triads and larger groups (Moreland, 2010), suggesting that the triad is a transitional point separating dyads from social
interaction on a greater scale.
Not only might the addition of a third party influence the interaction of two persons, but in a triad, one relationship could affect the
status of the other two. For instance, a person’s relationships with two
friends could become unstable if the two friends are in a fight. As well,
the existence of two relationships could influence the formation of the
third relationship. Triadic transitivity—a well-noted network mechanism—expresses how two persons are likely to become friends if they
have a mutual friend. These examples show that the three relationships
in a triad are mutually dependent. Understanding how such dependency determines the stability of a group is an important topic in
social network research (Doreian and Krackhardt, 2001; Deng and
Abell, 2010).
Dating back to Heider’s work (1946; 1958), structural balance
theory has inspired longtime interests in the formation and stability of
signed networks. According to the theory, a triad is balanced if the
product of the valence of the three relationships is positive and the triad
is unbalanced if it is negative. The theory contends that people prefer
balanced to unbalanced structures and that they would change the signs
of the relationships to turn the triad from unbalanced to balanced. One
consequence of structural balance is group division: Cartwright and
Harary (1956) mathematically prove that in a balanced state, the population will be split into two groups, wherein all intergroup ties are
negative and all intragroup ties are positive. Whether the equilibrium of
a balanced state can be reached dynamically remains a topic of debate,
however (Hummon and Doreian, 2004; Marvel et al., 2011).
In past decades, structural balance theory has been empirically
tested along two different directions. On the one hand, social psychologists have studied individuals’ responses to various triadic patterns manipulated in the experiment (Harari, 1967; Gerard and
Fleischer, 1967; Insko and Schopler, 1967; Miller and Geller, 1972;
Brickman and Horn, 1973; Crano and Cooper, 1973). On the other,
researchers have collected network data of different domains to assess
the prevalence of balanced structures in networks (Doreian and
Krackhardt, 2001; Maoz, 2009; Leskovec et al., 2010; Szell et al., 2010;
Ilany et al., 2013; Yap and Harrigan, 2015; Lerner, 2016; Rawlings and
Friedkin, 2017). Empirical evidence for structural balance is mixed,
however. Sociological research, for example, has found that while some
balanced structures, such as “friend’s friend is a friend,” are widely seen
in social networks, while others, such as “enemy’s enemy is a friend,”
are relatively uncommon (Leskovec et al., 2010; Szell et al., 2010;
Rawlings and Friedkin, 2017). In psychological studies, research has
shown that structural balance is context dependent. For example, the
sequential order of the formation of the three relationships would make
a difference in determining the extent to which a triad is balanced

3. Theory and hypotheses
Cartwright and Harary (1956) show that one consequence of
structural balance is group division: “if we regard the s-graph as representing Heider's L-relation in a group, then the structure theorem tells us
that the group is necessarily decomposed into two subgroups (cliques) within
which the relationships that occur are positive and between which they are
negative” (p. 286). Thus, if one would like to simulate balanced and
unbalanced triads in laboratory experiments, intergroup relations
would be a natural scenario to study. In fact, in social psychology, the
phenomenon of ingroup-love and outgroup-hostility is a well-established research topic that echoes Cartwright and Harary’s theorem.
Previous research has shown that people are kinder to, more cooperative with, and more trusting in people of the same group than
people of a different group (Hewstone et al., 2002; Balliet et al., 2014).
In contrast, people are more unfriendly to and discriminative against
people of the outgroup than people of the ingroup.
In an experiment, researchers can divide subjects into different
groups based on their social preferences—the minimal group paradigm
that has been conveniently used by social psychologists to study intergroup relations (Tajfel, 1970). To be more stringent, researchers can
draw on social identities of real life, such as national and ethnic identities, to stimulate and study intergroup relations. We chose the latter
approach in the study.
The valances of relationships can be characterized by many forms.
In this paper, we use cooperation and defection to represent positive
and negative relationships, respectively, for the following reasons. First,
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cooperation is a social good and key to the success of collective action
(Oliver et al., 1985; Kollock, 1998; Simpson and Willer, 2015). By cooperation, it means that people withhold the pursuit of self-interest to
achieve a better benefit for the other, in the meantime hoping and
trusting that the other would do likewise for him/her. In other words,
cooperation engages self-sacrifice as well as trust in the relationship.
Defection, on the other hand, represents the opposite side of the relationship. The contrast between cooperation and defection thus provides a proper example to represent positive and negative interpersonal
relationships.
Second, the cooperation dilemma not only has been studied across
the social sciences (Ostrom, 1999; Tomasello and Vaish, 2013; Simpson
and Willer, 2015), but it also has been increasingly applied to neurosciences (Rilling et al., 2002; Rilling and Sanfey, 2011). Thus, framing
positive and negative relationships as facing a cooperation dilemma in
an experiment allows us to compare our work to previous studies using
the same behavioral paradigm in social neuroscience.
In the current study, we conducted a behavioral experiment in
which people decided whether to cooperate or defect with an ingroup
and an outgroup person, respectively. According to social psychological
research, we suspect that people are more likely to cooperate with an ingroup than an outgroup person in the experiment—hypothesis #1, for at
least three reasons. First, due to frequent interaction there is more information available to judge the cooperativeness of an ingroup than an
outgroup person—the social learning mechanism (Buskens and Raub,
2002). Second, a sanctioning mechanism, in case of defection, is imposed more easily on an ingroup than an outgroup person (Buskens and
Raub, 2002). Thirdly, motivated by concern of reciprocity people seem
to care more about their reputation when interacting with an ingroup
than an outgroup person (Yamagishi and Mifune, 2009). Although all of
these mechanisms are built on the assumption of repeated interactions
in real life, researchers argue that they can be easily primed even in a
one-shot interaction in an experiment (Henrich et al., 2005). Therefore,
we follow the framework of past research to induce intergroup relationship in the one-shot game context.
Note that hypothesis #1 stated here is used for manipulation check
only; it is not our main focus in the study. Given the strong empirical
evidence in social psychological research for hypothesis #1 (see Balliet
et al., 2014 for a review), it helps ensure that the participants recruited
to the experiment would behave as normally as we would expect.
Now consider a three-person interaction structure as follows. A
person (called ego) is facing an ingroup and an outgroup person (called
alters) illustrated in Fig. 1. The structure of Fig. 1a–c is a triple (in the
absence the third relationship). While past research argues that ego is
more likely to cooperate with the ingroup than the outgroup alter, as
shown by Fig. 1a, we argue that the dyadic relationship could change
when the third relationship between the two alters is taken into consideration, as illustrated in Fig. 1d–g.
To be more specific, conditioned on the valence of the relationships
of ego with the two alters, the third tie between the two alters would
determine whether or not the triad is balanced. Structural balance
theory contends that peoples’ psychological states are different depending on whether the triad is unbalanced or balanced. In particular,
people would feel more disturbed and stressed in unbalanced than
balanced structures. Boiled down to the brain level, this suggests that
the brain regions implicated in cognitive dissonance and sentimental disturbance are expected to be more active when people are situated in unbalanced than balanced structures—hypothesis #2. Furthermore, the
theory argues that to mitigate the psychological disturbance, people are
more likely to choose balanced than unbalanced triads—hypothesis #3.
Numerous researchers have studied how the human brain responds
to cognitive dissonance. Previous studies have stimulated cognitive
dissonance in various ways. For example, researchers have compared
people’s ratings of an item, such as food and art work, before and after
they chose it (Izuma et al., 2010; Jarcho et al., 2011; Qin et al., 2011).
The argument is that to mitigate cognitive dissonance, people are more

likely to rate a chosen item more highly than before it had been chosen.
Through brain scanning data, researchers then studied how the human
brain processes cognitive dissonance. Using a different method, cognitive dissonance can be primed by asking people to recall their decisionmaking in daily life that runs counter to the social values they embrace
(de Vries et al., 2015). Finally, the study by Silani et al. (2013) tests the
nature (pleasant vs. unpleasant) of the objects that participants and
their partners possessed. Incongruence occurs when one person holds a
pleasant object, such as cotton, while the other person holds an unpleasant object, such as a spider, or the other way around. Although the
studies mentioned above present different ways to stimulate cognitive
dissonance, they found a common set of brain areas, such as anterior
cingulum (Jarcho et al., 2011; van Veen et al., 2009; Izuma et al., 2010),
inferior orbital frontal gyrus (Jarcho et al., 2011; de Vries et al., 2015),
insula (van Veen et al., 2009; Jarcho et al., 2011), precuneus (Jarcho
et al., 2011; de Vries et al., 2015), superior medial frontal gyrus (Jarcho
et al., 2011), and supramarginal gyrus (Silani et al., 2013) that were
actively responsive to cognitive dissonance in the experiments. We
expect that cognitive dissonance induced by structural imbalance stimulated in our experiment would activate a set of brain areas similar to
that of previous research.
4. The experiment
4.1. Design
We created a series of three-person interaction scenarios, as illustrated in Fig. 1, to study how a person (ego) interacts with two other
persons (alters)—one of the same and the other of a rival nationality.2
Ego was instructed to play the “prisoner dilemma game” (PD game
henceforth) with the two alters separately. In the PD game, ego was
given 10 points and decided whether to give the points to alter. The
game was incentivized: The points accumulated at the end of the experiment were exchangeable for a monetary payout. Ego had two
choices: (1) keep the points to him/herself, or (2) give the points to
alter. If ego gave the points, the 10 points would be doubled and the
alter would receive 20 points. Ego was told that alter was making the
same decision that s/he was making.3 In the PD game, it is socially
optimal if both ego and alter give the points to each other, so that both
will receive double what they have. It is in ego’s self-interest to keep the
points, however, regardless of whether the alter gives or not—and thus
this is the cooperation dilemma (Macy, 1991).
The main goal of our experiment was to compare people’s responses
and choices in the PD game with the two alters when they knew versus
when they did not know the relationship (mutually cooperative or
mutually defective) between the two alters in the triadic PD game
context. As noted, we see cooperation as a positive and defection as a
negative relationship between two persons. Accordingly, manipulation
of the relationships among the three persons allowed us to check how
ego reacts to balanced and unbalanced triads.
We generated a series of triadic patterns for participants to view. In
2
To increase the salience of the ingroup-outgroup contrast, we chose a nationality for the outgroup known for being a longtime rival in international
sport competitions against the nation of the participants.
3
The PD game requires simultaneous decision-making so players will not
know how alter behaves before making their decision. However, decades of
research on the cooperation dilemma have suggested that people are more
likely to mentally interpret the PD game as a coordination game (Snidal, 1985;
Sally, 1995; Skyrms, 2004)—If you cooperate, it is optimal for me to cooperate,
and vice versa. Thus, we believe that bilateral cooperation/defection is what
players are more likely to expect in the relationship with the alters. Even unilateral cooperation/defection, in case it occurs, fits the criteria of structural
balance theory. For instance, Hummon and Doreian (2003) analyzed (the dynamics of) structural balance of directed graphs, where relationships could be
unilateral.
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Fig. 1. Illustration of the experiment design of triples and triads. Case a is for conceptual illustration only, while case b to g are used as stimuli in the experiment.

each triad, ego’s decision to the two alters was set to be cooperative or
defective. Moreover, the relationship between the two alters was set to
be unknown, mutually cooperative, or mutually defective. Thus, there are
a total of 2 × 3 = 6 combinations of triadic patterns (Fig. 1b–g).
Furthermore, to ensure that participants’ brain activities were not influenced by a specific stimulus position on the left or the right side of
the monitor, we counterbalanced the position of the ingroup and the
outgroup alters in the graph. Thus, a total of 6 × 2 = 12 triadic scenarios were tested in the experiment. Furthermore, in neuroscientific
research, a scenario is usually repeated multiple times to increase the
signal-to-noise ratio of brain activities for statistical analysis. Thus, each
scenario was repeated for 18 trials. Overall, each participant underwent
a total of 12 × 18 = 216 trials in the experiment.
Although, due to time constraints, our experiment could show only
four of the eight possible balanced and unbalanced triads as stimuli in
the experiment, as will be noted in the next subsection, participants in
fact viewed a triadic scenario first and then made a decision whether to
modify the given scenario. Thus, participants’ final decisions could reveal more information about what kinds of triadic patterns they preferred.
To sum up, our main focus was to compare people’s decisionmaking and brain responses in the following three categories of patterns
(called treatments here): (1) triples (Fig. 1b and c), (2) balanced triads
(Fig. 1d and e), and (3) unbalanced triads (Fig. 1f and g).

authors (#AS-IRB01-16021), and all participants provided signed informed consent before participating in the experiment.
In addition to the 40 participants recruited to take the role as Ego in
the behavioral experiment and fMRI test, we also recruited an extra 21
Taiwanese and 29 Korean college students to play the role as Alters in
the triadic interaction. However, these extra participants did not play
the game with the Ego participants in real time, due to the availability
of only one MRI machine in the lab.4 Instead, we elicited their decisions
in the PD game in advance. For both the Taiwanese and Korean Alter
participants, we asked whether they would keep or give the points they
received when they were paired up with a Taiwanese and a Korean
college student respectively. Their decisions were then randomly matched with Ego’s decisions in the experiment to calculate Ego’s payout
specified by an experiment trial.
4.2.2. Process
Participants underwent some preparatory sessions before the formal
experiment began. First, they read the rules of the PD game on the
instruction sheet (sample instruction can be found in the appendix).
Participants’ comprehension of the rules of the game was checked by a
few questions we set in advance. They needed to answer all of the
questions correctly before formally taking part in the experiment.
Second, they were presented with graphic examples of the illustrations
they would encounter in the experiment. They understood, for example,
that in the graphic illustration, the mark of a check (✓) represents
cooperation and a cross (x) represents defection (see Fig. 2 below).
Finally, they were taught how to use the control panel linked to the MRI
machine to input their decisions (for acceptance or modification of the
given triad) in the experiment.

4.2. Procedure
4.2.1. Participants
We recruited a total of 40 participants (20 males, mean age: 26.83
y/o, s.d. 5.86 y/o) from a large public university in Taiwan to our
functional magnetic resonance imaging (fMRI) study. The number of 40
subjects is a normal sample size in neuroscientific experiments. Among
the 40 participants, 10 were excluded from the neuroimaging analyses
due to severe head motion artifacts (head motion in any of the three
orientation [x, y, z] that exceeded the size of a voxel [3 mm ✗ 3 mm ✗ 4
mm]) in the MRI recording process. All protocols were approved by the
biomedical research ethic review committee of the institution of the

4
As far as the fMRI technique is concerned, at present it is very rare to
connect more than two MRI machines to conduct a real-time experiment among
multiple persons (the so-called hyperscanning approach) due to the costly
setup. With an emphasis to participants that the experiment was conducted for
real (in terms of the matching of players and payoff), our study suffices to induce real intergroup decision-making, even though the interaction was not
conducted simultaneously.
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Fig. 2. The sequence of a typical trial for the triadic PD game. Each 6-second trial consisted of an information phase (4 s) in which a given triadic scenario would be
displayed and a response phase (2 s) in which a participant could make a decision to either keep or change the predefined decision (here we show an example of a
“change” response that results in cooperation with the in-group member and defection toward the outgroup member).

In the experiment, each trial consisted of an information phase (4 s)
and a response phase (2 s), illustrated in Fig. 2. In the information
phase, a pre-specified triad scenario was presented, in which participants’ decisions (cooperate or defect) to the two alters—one ingroup
(same country) and one outgroup (rival country)—were given. The
image was displayed for 4 s. Then in the response phase, participants
decided whether to modify the assigned decisions to the two alters
within 2 s. Even when participants decided to accept the assigned decisions displayed on the screen, they still needed to press a button in the
MRI machine to accept it. In addition, we inserted an interval of 0∼6 s
between trials to increase the variability of hemodynamic response
onsets that would facilitate the fMRI signal modeling. The presentation
order of the triadic scenarios was randomized.

UK) was used for image processing (Penny et al., 2007). The first four
volumes of each functional session were discarded to allow for T1
equilibration effects. The remaining images underwent the preprocessing pipeline, including reorientation, slice-timing correction, head
motion correction, coregistration, segmentation, normalization to the
EPI template with a resampled voxel size of 2 × 2 × 2 mm, and
smoothing with an isotropic 8-mm full-width half-maximum Gaussian
kernel.
5. Analyses
5.1. Searching for the brain regions involved in different triadic treatments
Statistical analyses of the fMRI data were performed using SPM12
(Wellcome Department of Imaging Neuroscience, London, UK). A twostage general linear model was used to examine the effect of each
treatment. At the first level of analysis—within subjects, a voxel-byvoxel multiple regression analysis of expected brain response (blood
oxygen-level dependent [BOLD] signal) during the decision phase was
performed based on canonical hemodynamic response function models
for all three treatments (i.e. triples, balanced triads, and unbalanced
triads, respectively). Linear contrasts were applied to derive the parameter estimates. Then, each effect of treatment was tested across all
participants. The data were high-pass filtered, with a frequency cut-off
at 128 s.
At the second level of analysis, we performed a pair-wise t-test to
investigate the following two main questions: (1) Which brain regions
were more activated when participants viewed a triad compared to a

4.2.3. MRI data acquisition and preprocessing
Structural and functional MRI imaging data were acquired on a 3 T
MR scanner (MAGNETOM Prisma; Siemens, Erlangen, Germany). Tight
but comfortable foam padding was used to minimize head motion, and
ear plugs were used to reduce scanner noise. The scanning protocol
included the acquisition of structural MR images (MPRAGE sequence,
FoV = 240 × 240 mm, matrix = 256 × 256, TR = 2000 ms, TE = 2.3
ms, flip angle = 8°, slice thickness = 0.93 mm, no gap) and functional
images (gradient echo-planar imaging [EPI] sequence, FoV = 192 ×
192 mm, matrix = 64 × 64, TR = 2000 ms, TE =30 ms, flip angle =
87°, 36 slices/slab covering the whole brain, slice thickness = 4 mm, no
gap). For each functional run, a total of 190 EPI volume images were
acquired along the AC-PC plane.
SPM12 (Wellcome Department of Imaging Neuroscience, London,
84
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triple? (2) Which brain regions were more activated when participants
viewed an unbalanced than a balanced triad? We used a corrected
statistical threshold of p < .05 achieved by a voxel-wise p < .005 and
an extent threshold of k > 59 voxels (using a cluster extent thresholding algorithm developed by Slotnick et al., 2003) for all of the whole
brain analyses. In essence, these tests, standardized in neuroscientific
research, were used to assess differences in the intensity of activation of
brain regions across experiment treatments.

Table 1
Participants’ decisions of triads given a specific initial triadic scenario.

5.2. The correlation between brain responses and behavioral decisions

Decision
Stimuli

Balanced Triads

Unbalanced Triads

Balanced Triads (N = 2083)
Unbalanced Triads (N = 2042)

1470 (71 %)
721 (35 %)

613 (29 %)
1321 (65 %)

6. Results

0.0001), though the probability of choosing balanced triads (95 %
confidence interval= (0.52, 0.55)) is only slightly higher than 0.5.
We also ran McNemar’s test on Table 1 as an alternative test to
assess whether people settled on balanced triads more than unbalanced
ones. The test result shows a significant difference in the probability
that people adjusted to a balanced triad given an unbalanced triad than
the other way around (χ2 = 8.58, df = 1, p = 0.003). Similarly, to
address the repeated measure issue, we ran a logistic regression on the
final choice of a balanced or an unbalanced triad by whether the initial
state was a balanced or unbalanced triad. The result is similar: the effect
of the initial state makes a difference (p = 0.007). Based on the regression coefficient, we found that the probability of settling in a balanced triad given an initial state of a balanced triad is 0.71, while the
probability of ending up in an unbalanced triad given an initial state of
an unbalanced triad is 0.65. The probability of settling in balanced
triads is a bit stronger than unbalanced ones. Overall, the findings
support hypothesis #3 that balanced triads is (a bit) more preferred
than unbalanced triads.

6.1. Behavioral results

6.2. fMRI results

We first tested whether participants show ingroup biases, as the
literature suggests. We found that in 61 % of the trials, participants
chose to cooperate with alters of the same country, while they cooperated with alters of the rival country in only 39 % of the trials. Using
the paired t-test, we found strong evidence that people cooperated with
the ingroup members more than the outgroup ones (p<10−15). To
address the repeated-measure issue, we also ran a logistic regression on
participants’ choice of cooperation or defection by a dummy variable of
whether alter is an ingroup or an outgroup person. We then clustered
the standard errors of the regression coefficients within participants
using a conventional econometrics method (Wooldridge 2003; Arai
2009). The result is similar: A person is more likely to cooperate with an
ingroup alter (probability = 0.62) than an outgroup one (probability =
0.34). The effect of the distinction of an ingroup and an outgroup alter
is statistically significant (p<10-4). Hypothesis #1 is supported.
Second, we examined people’s preferences of structural balance.
Table 1 presents the results over the trials.5 The results show that seeing
a balanced triad, 71 % of the time participants chose to stay in balanced
triads, while in the remaining 29 % of the trials they changed to unbalanced triads. In contrast, seeing an unbalanced triad, 35 % of the
times participants changed to balanced triads, while the remaining 65
% of the time they stayed in unbalanced triads.6 Breakdowns of the
more specific balanced or unbalanced triads participants chose were
reported in Appendix B.
Comparing the frequency of the choices of balanced (= 2191) and
unbalanced (= 1934) triads, the Binomial test shows that people tend
to settle on balanced triads more often than unbalanced ones (p <

6.2.1. Whole brain analysis
First, we found that the left temporoparietal junction (TPJ, x = -42,
y = -60, z = 34) and part of the right cerebellum were more activated
when people saw a triad (balanced or unbalanced) than a triple (shown
in Fig. 3). The left TPJ often has been reported to be involved in processing “theory of mind,” a type of social cognition that is critical for
mentalizing others’ intentions or thoughts (e.g., Gallagher and Frith,
2003; Freeman et al., 2010; Rilling and Sanfey, 2011). The differential
activation reflects the complexity increase of the interaction when the
third relationship between the two alters was added in (i.e., a triad). In
other words, the addition of information from the third relation within
the triadic interaction raised an extra ‘mentalization’ challenge in decision making. The brain evidence echoes Simmel’s classical argument
of how the mentality is different when the third party or the third relationship is taken into account into the original dyadic interaction.
Second, our results further revealed that quite a few brain regions
were more activated when viewing unbalanced triads than balanced
triads, mapped out in Fig. 4 and summarized in more details in Appendix C. Among these regions, several areas including left precuneus (x
= -8, y = -50, z = 50), right insula (x = 40, y = 2, z = -16), left inferior
orbital frontal gyrus (x = -38, y = 34, z = -10), and left superior medial
frontal gyrus (x = -4, y = 30, z = 60), all of which had been reported to
be linked to the mental process in the context of cognitive dissonance
(van Veen et al., 2009; Jarcho et al., 2011; Quin et al., 2011; de Vries
et al., 2015). Moreover, the activation of the area of anterior cingulum in
our finding shows that unbalanced triads not only causes cognitive
dissonance, but also aversive sentiments, as was found by previous
research (Izuma and Adolph, 2013). In contrast, no brain regions were
found to be more activated when facing a balanced rather than an
unbalanced triad. In general, the neuroimaging results lend support for
hypothesis #2 that unbalanced triads are related to the occurrence of
cognitive dissonance and sentimental disturbance.
While we found a difference in brain activity between unbalanced
and balanced triads, would there be a further difference between the
two unbalanced triads and between the two balanced triads? We ran an

In addition to the whole brain analysis, we also performed a typical
region of interest (ROI) analysis to further investigate if activities of
certain brain regions were correlated with participants’ final decisions
of balanced or unbalanced triads. The ROI analysis was conducted at
the individual level. For each participant, we first computed the probability that s/he settled on an unbalanced triad in the trial. We then
correlated the probability of unbalance with the estimated activation
strength of a brain area of the participant, derived from the regression
coefficients of the second-level (whole brain) analyses outlined in section 5.1. The brain areas selected for the ROI analysis were chosen from
the whole brain analysis, where we found a significant contrast in activation between viewing an unbalanced and a balanced triad. The ROI
test would tell how the activeness of a brain area is related to a person’s
decision of triadic imbalance.

5
We deleted cases with missing values (4.5% of the total) in which participants failed to input their decisions within the time limits in a trial.
6
Note that “staying in unbalanced (or balanced) triads” does not necessarily
mean that participants accepted the given triadic scenario. It could happen that
given an unbalanced (or balanced) triad, a participant decided to modify the
assigned decisions, but the triadic pattern after modification was still unbalanced (or balanced).
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Fig. 3. Brain regions that responded differently between a triple vs. a triadic scenarios. Two brain regions (render view) were more activated when people saw a triad
(balanced or unbalanced) than a triple: left temporoparietal junction (TPJ, x = -42, y = -60, z = 34) and part of the right cerebellum.

additional neuroimaging analysis to address the question.7 We found a
statistically significant difference in brain responses between the two
unbalanced triads, but not between the two balanced triads. More
specifically, there is more brain activation in response to the type of
unbalanced triad where the focal player was assigned to cooperate with
the two alters while the two alters defect with each other (Fig. 1f) than
the other type of unbalanced triad where the three relations are all

uncooperative (Fig. 1g). The contrast of brain activity is illustrated in
Fig. 5 and reported in more details in Table S2 in Appendix D.
As to what the contrast of brain activity between the two unbalanced triads suggests, since extant structural balance theory does not
make a further distinction among the balanced and unbalanced triads
respectively, without the guidance of a theory it is premature to draw
inferences about what the brain evidence implies. However, it does
suggest that people’s mental state seems to work differently when they
encounter two different triads despite that they are both structurally
unbalanced. We will address the issue again in the discussion section.

7
We thank a reviewer for suggesting us to conduct analysis along this direction.

86

Social Networks 63 (2020) 80–90

Y.-S. Chiang, et al.

Fig. 4. Brain regions that were sensitive to the structural imbalance in a triadic scenario. Here we show transaxial views of brain regions that are more activated
when viewing unbalanced triads than balanced triads. The number of a given brain slice indicates its Z coordinate in the standardized MNI space. Note: dmPFC,
dorsomedial prefrontal cortex; IOFG, inferior orbital frontal gyrus; LG, lingual gyrus; ITFG, inferior triangular frontal gyrus; MCG, middle cingulate gyrus; MTG,
middle temporal gyrus; Postcentral, postcentral gyrus; SMG, supramarginal Gyrus; STG, superior temporal gyrus; SMFG, superior medial frontal gyrus.

6.2.2. Region of interest (ROI) analysis
Among the active brain areas reported in the whole brain analysis in
the contrast between unbalanced and balanced triads, we found that
two of them were significantly correlated with participants’ probability
of settling on unbalanced triads: the left superior frontal gyrus (x = -12, y
= 54, z = 28) and the right supramarginal gyrus (x = 52, y = -24, z =
26). The Pearson correlation coefficients were r = 0.45 (p < 0.05) and
r = 0.37 (p < 0.05) for the two brain areas, respectively. The positive

correlations show that the intensity of activation of the two brain areas
in unbalanced triads is even stronger for people who have stronger
preferences for structural imbalance. The result suggests not only that
cognitive dissonance occurs when people are confronted with structural
imbalance, but also that it intensifies when people choose to settle on
structural imbalance.
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Fig. 5. Brain regions activated in response to different unbalanced triadic scenarios. Here we show transaxial views of brain regions that are more activated when
viewing the type of unbalanced triads (Fig. 1f) than another type of unbalanced triads (Fig. 1g). The number of a given brain slice indicates its Z coordinate in the
standardized MNI space. Note: IOFG, inferior orbital frontal gyrus; IFG, inferior frontal gyrus; IOG, inferior occipital gyrus; mFG, medial frontal gyrus; MFG, middle
frontal gyrus; MOG, middle occipital gyrus; MTG, middle temporal gyrus; SMFG, superior medial frontal gyrus; SPL, superior parietal lobe.

7. Discussion

neuroimaging technique, we derive novel brain evidence that lends
support for the theory. We found a sharp contrast in brain responses
when people are situated in unbalanced as compared with balanced
triadic interactions. More specifically, the difference in the activeness of
the brain areas are implicated in processing cognitive dissonance, thus
echoing Heider’s original thought for the theory. Our study suggests
that examining the validity of structural balance theory can go beyond
evidence of whether or not the formed network is balanced; the

Over the past six decades, structural balance theory has inspired
enduring interests in the prevalence and stability of signed networks in
social network research. Yet, the very foundation of the theory—the
argument about the psychological tension and disturbance caused by
structural imbalance—has only been tested in a limited way (i.e., with
self-reports) since the theory was proposed. Using a modern
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psychological state that underlies actors’ decision-making in the social
relationships should also be taken into consideration. Thus, while
structural balance theory does not receive universal support in empirical social network research, the absence of balanced networks in the
data cannot completely rule out how structural balance influences the
mental state of people’s decision-making in the formation of social
networks.
While our study shows that the brain responds to triadic imbalance
more strongly than balance, it does not answer the question of why
there was still a substantial proportion of trials (45 %) in which people
chose to settle on unbalanced triads. Thus, people’s psychological reaction is one thing, yet their final decision could be another. What
makes people decide to accept structural imbalance despite the presence of cognitive dissonance and affective disturbance? Would more
decision time mitigate or exacerbate the psychological state caused by
structural imbalance? Would the financial incentive involved in the
game experiment make a difference? Future studies can explore these
questions to generate more understanding of the underlying psychological processes that lead to the formation of signed networks.
Our study revealed an interesting finding that there is a difference in
brain activity between the two unbalanced triads. We believe the
finding provides new insights into the debate about the empirical evidence of structural balance theory. Heider’s original idea to divide the
eight triads into two categories (balanced and unbalanced), though
elegant, perhaps is too coarse, so that researchers found that some types
of balanced triads received more empirical supports than other balanced ones, and same for unbalanced triads (Rawlings and Friedkin,
2017). Perhaps it is about time that we ponder how to further refine the
categories of the eight triads originally proposed by Heider. We believe
that in addition to the traditional approach of observations of real
world network data and behavioral experiments, neuroscience can be
added to the toolbox to provide novel empirical evidence to the refinement of the categorization of balanced or unbalanced networks.
In our current experiment, we drew on intergroup relation and the
cooperation dilemma to manipulate structural (im)balance, not only
because intergroup relations are related to structural balance, but also
because the cooperation dilemma paradigm has been increasingly studied in social neurosciences, allowing us to compare our findings with
those of previous research. One might question whether the brain responses that participants exhibited in the experiment were not related
to structural balance, or that they may pertain more to the cooperation
dilemma or intergroup relationship. There are two arguments to mitigate the concern. First, all of the brain evidence is derived from a
contrast of the activation of brain regions across treatments, holding
other things constant. Thus, while people process in their minds the
cooperation dilemma and intergroup relationships in the experiment,
because all of the treatments feature the same process, these effects
would be naturally cancelled out when we compare the results across
treatments. Second, we compare the significant contrasts of brain areas
between balanced and unbalanced triads with the brain regions known
for processing the cooperation dilemma game in studies conducted by
researchers summarized in a review paper (Rilling and Sanfey, 2011).
We found limited overlap of the brain areas, however.
That being said, our study does suffer from a limitation. As noted
previously, considering the discomfort of participants locked in the MRI
machine and the requirement of multiple trials for the same treatment
for fMRI analysis, we were not allowed enough time to generate all of
the eight balanced and unbalanced triads as stimulus in the experiment.
It is questionable that the contrast of the two balanced and the two
unbalanced triads in our experiment simply reflects a difference of
whether the third tie between the two alters is positive (cooperative) or
negative (defective). That is, the third tie could entail some effect of
social influence (Lin et al., 2018). Although this is a limitation, our ROI
analysis, which was derived from participants’ final decisions that included more diverse triads they preferred than the four triads we set in
advance as stimuli, does provide some evidence to the association of

structural imbalance with cognitive dissonance and sentimental disturbance. Still, we cannot rule out that there would be an alternative
mechanism at work in driving people’s reaction and decision-making in
the experiment. However, to tell one mechanism from another requires
a more systematic experiment design that allows us to check one effect
in the absence of the other. It also requires that the experiment be
conducted on the same participants. We will leave it for future study to
incorporate the other four balanced and unbalanced triads in the experiment to check whether the neural evidence we found in the current
experiment is robust to alternative triadic patterns.
We also suggest that future research could turn to more diverse
methods to further test how the human brain processes structural imbalance in social networks. In fact, an earlier study by Izuma and
Adolphs (2013) had adopted a different approach to studying the neural
foundations of cognitive imbalance, which is bit different but related to
the concept of structural balance discussed here. Alternatively, researchers can draw on real life friendship networks, demonstrated by
the recent work by Zerubavel et al. (2015) and Parkinson et al. (2017),
to continue the line of research.
The neuroscience of social network is a new research area that has
started to attract interdisciplinary attention (Curley and Ochsner, 2017;
Falk and Bassett, 2018; Weaverdyck and Parkinson, 2017). For social
network researchers, understanding how the internal brain network
and the external social networks influence each other is an exciting
research topic for future study.
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