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Abstract
Although psychology is greatly preoccupied by the tight link between the way that individuals
perceive the world and their intelligent, creative behavior, there is little experimental work on the
relationship between individual differences in perception and cognitive ability in healthy populations.
Here, individual differences in problem solving ability were examined in relation to multisensory perception as measured by tolerance for temporal asynchrony between auditory and visual inputs, i.e.,
the multisensory temporal binding window. The results demonstrated that enhanced performance in
both verbal and nonverbal problem solving tasks (the Remote Associates Test and Raven’s Advanced
Progressive Matrices Task) is predicted by a narrower audio-visual temporal binding window, which
reflects greater sensitivity to subtle discrepancies in sensory inputs. This suggests that the precision of
individuals’ temporal window of multisensory integration might mirror their capacities for complex
reasoning and thus the precision of their thoughts.
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1. Introduction
There is a curious yet striking disconnect in the psychological literature between investigations into individual differences in high-level cognitive abili*
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ties such as problem solving, creative thinking, and decision-making, and discussions of individual differences in low-level perceptual processes. Although
there is a robust understanding that subtle characteristics of one’s elementary
perception should shape general sophisticated behavior, there is a surprising
absence of studies that truly connect the two. In particular, effective integration of multisensory information has been shown to be a critical mechanism for
shaping how organisms perceive and interact with a dynamic, noisy, stimulirich environment (Bishop and Miller, 2009; Girin et al., 2001; Grant et al.,
1998; Stevenson and James, 2009; Sumby and Pollack, 1954; see reviews by:
Calvert and Thesen, 2004; King and Calvert, 2001). The advantageous effects
of binding multisensory cues on behavior include faster responses (Diederich
and Colonius, 2015; Gondan et al., 2005; Hershenson, 1962; Molholm et al.,
2002), greater accuracy in localization (Hairston et al., 2003), and higher detection rates (Lovelace et al., 2003). As pointed out by Wallace and Stevenson
(2014), since sensory and multisensory mechanisms serve as essential foundations for the formation of perceptual and cognitive representations, the integrity of these multisensory integration systems is likely to affect high-level
cognition such as executive function, attention, social cognition, communication, and language (Bahrick, 2010; Bahrick and Lickliter, 2000, 2012, 2014;
Stevenson et al., 2014a; Vaillant-Molina and Bahrick, 2012). Indeed, looking
at the literature of the psychology of atypical populations, the dysfunctions
in high-level cognitive capacities that are often exhibited tend to be accompanied by impairments in multisensory perception. Examples can be found in
autism (De Boer-Schellekens et al., 2013; Donohue et al., 2012; Mongillo et
al., 2008; Russo et al., 2010; Stevenson et al., 2014b, 2014c, in press; Woynaroski et al., 2013; Zmigrod et al., 2013), dyslexia (Bastien-Toniazzo et al.,
2009; Hairston et al., 2005), and schizophrenia (de Gelder et al., 2003, 2005;
De Jong et al., 2009; Foucher et al., 2007; Pearl et al., 2009; Ross et al., 2007;
Szycik et al., 2009), hinting at links between their atypical multisensory perception and atypical behavioral characteristics (for review see: Wallace and
Stevenson, 2014). Although reliable individual differences in the functioning
of the multisensory integration system have been documented in healthy populations (Donohue et al., 2010; Stevenson et al., 2012; Stone et al., 2001), the
relationship between individual differences in multisensory processing and in
higher-order cognition has rarely been empirically explored in typical populations.
Perceiving multisensory stimuli in terms of coherent, unified events is contingent upon the experience of sensory inputs as temporally and spatially
synchronous. Temporal simultaneity has been identified as particularly important in order for the brain to discriminate between single and multiple perceptual events (De Gelder and Bertelson, 2003; Sekuler et al., 1997; Vatakis
and Spence, 2010; Vroomen and Keetels, 2010). Consequently, multisensory
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perception is facilitated by the existence of a temporal window that accommodates a limited range of temporal asynchronies between inputs arriving from
different modalities (Diederich and Colonius, 2009; Dixon and Spitz, 1980;
King, 2005; Spence and Squire, 2003). Studies have demonstrated that simultaneity can still be perceived between bimodal inputs when these are separated
by 200 ms (Van Wassenhove et al., 2007), and audio-visual bindings can continue to occur when participants are exposed to temporal asynchrony between
auditory and visual stimuli of up to 350 ms (Zmigrod and Hommel, 2011). The
size of the temporal window is also dependent on factors such as the duration
and intensity of the multisensory inputs (Boenke et al., 2009), the spatial separation of the signals (Zampini et al., 2003, 2005), the sensory pairings being
combined (Fujisaki and Nishida, 2009), and the stimulus complexity (Stevenson and Wallace, 2013; Van Eijk et al., 2008; Van Wassenhove et al., 2007;
Vatakis and Spence, 2006). Across the lifespan, there is a gradual narrowing of the audio-visual TBW from infancy to adulthood (Hillock et al., 2011;
Hillock-Dunn and Wallace, 2012; Lewkowicz, 1996, 2010; Lewkowicz and
Flom, 2014) followed by a widening in elderly individuals (Diederich et al.,
2008), which might reflect the age-related enhancement and decline in perceptual and cognitive abilities. A wider audio-visual TBW has been documented
in atypical populations such as in individuals with autistic spectrum disorders
(Bebko et al., 2006; De Boer-Schellekens et al., 2013; Foss-Feig et al., 2010;
Kwakye et al., 2011; Stevenson et al., 2014c; however for opposite finding see:
Van der Smagt et al., 2007; for a recent review see: Wallace and Stevenson,
2014), suggesting that individual differences in the precision of multisensory
perception could reveal important underpinnings in the precision of cognition.
The multisensory temporal binding window (TBW) serves as a filter, such
that there is a greater likelihood that information originating from diverse
senses are bound together to form a unitary multisensory percept within the
TBW, in spite of temporal discrepancies that occur due to inherent differences in physical and neural transmission times of information arriving at
different sensory organs (Conrey and Pisoni, 2006; Van Eijk et al., 2008;
van Wassenhove et al., 2007; Vroomen and Keetels, 2010). As a filter, the
TBW can be thought of as an index of an individual’s sensitivity to multisensory asynchrony and indeed Stevenson and colleagues (2012) have shown that
individuals with a narrower TBW have an enhanced capacity to distinguish between asynchronous audio-visual inputs, and therefore are less likely to bind
asynchronous stimuli and more likely to bind synchronous stimuli into a singular percept, suggesting that the TBW is linked to the accuracy and strength of
multisensory integration. Accordingly, video game players exhibit more precise multisensory temporal processing abilities than average (Donohue et al.,
2010), highlighting the role of perceptual experience in shaping multisensory
discrimination ability. The notion that an altered experience of simultaneity
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reflects an altered integration of previous and present events and therefore a
different structure to conscious experience (Husserl, 1991), as emphasized by
Vatakis and Bakou (2015), underscores the relevance of the TBW to all levels
of experience beyond multisensory perception itself. Given the variation in the
width of the TBW in the healthy population (Donohue et al., 2010; Stevenson
et al., 2012; Stone et al., 2001), these findings can be extended further into the
question of whether the accuracy of this sensory process is related to accuracy
in other realms of cognition.
The present study examines the manner in which high-level problem solving can be understood in terms of its underpinnings in the perceptual system
and the way this system binds multisensory information. Problem solving is
a particularly interesting facet of cognition not only due to its relevance to
daily human activity (Berg et al., 1998; Ohlsson, 2012) but also because of its
integrative nature; in the same way that multisensory perception requires the
effective amalgamation of multiple inputs to produce a coherent percept, problem solving entails the combination of perceptual and conceptual information
in order to generate a correct, appropriate solution. While this is the first study
to connect multisensory processing and problem solving, problem solving has
been previously related to perception and attention in other paradigms. In the
context of diagram-based problem solving, visual attention measured by eye
movements has been linked to insightful problem solving (Grant and Spivey,
2003; Knoblich et al., 2001; Thomas and Lleras, 2007) as well as geometric
reasoning (Epelboim and Suppes, 1997) and strategies in mental rotation problems (Just and Carpenter, 1985). Furthermore, attentional global-local biases
have been demonstrated to predict performance on a divergent thinking task
(the Alternate Uses Task), suggesting that flexibility in generating multiple
solutions to a given problem might be facilitated by visual-attentional biases
to information about the ‘bigger picture’ at the global level (Zmigrod et al.,
2015). Investigations have also recently emerged regarding the relationship
between creativity and sensory gating (Zabelina et al., 2015a) and attention
(Zabelina and Beeman, 2013; Zabelina et al., 2015b).
In order to assess individual differences in cognitive ability, two measures
were used to tap into individuals’ capacity to solve complex problems in accurate and adaptive ways. These tests were chosen for their established nature in
the literature, and because together they provide a window into both verbal and
nonverbal pattern-finding ability. The Raven’s Advanced Progressive Matrices
(APM; Raven, 1965) is a nonverbal test of novel problem solving, often taken
as a measure of general intelligence, problem solving, and reasoning (DeShon
et al., 1995; Dillon et al., 1981; Spearman and Wynn-Jones, 1951). In addition, Mednick’s (1962) Remote Associates Test (RAT) is a valuable verbal
measure of convergent thinking — the process by which individuals generate
a single possible solution to a particular problem. The RAT has been consisDownloaded from Brill.com10/03/2019 11:25:34AM
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tently used as a form of creative linguistic problem solving (Ansburg and Hill,
2003; Beeman and Bowden, 2000; Bowden and Jung-Beeman, 2003; Dorfman et al., 1996; Schooler and Melcher, 1995). Indeed, RAT performance
reliably correlates with successful performance on classic insight problems
(Schooler and Melcher, 1995), and performances on the RAT and the APM
is positively correlated (Akbari Chermahini and Hommel, 2010; Zmigrod et
al., 2015), suggesting that both tasks might tap into similar general cognitive
and pattern-finding abilities. Furthermore, in the spirit of multisensory integration, both problem solving tasks require some form of binding together of
information in order to identify patterns; in Raven’s APM, this information is
explicitly perceptual, and in the RAT, the information is nonvisual and conceptual.
The overarching research question that guided the present study was
whether the brain that deals effectively with the challenges of coherent multisensory perception by accurately detecting asynchrony of inputs is also a
brain that detects perceptual and conceptual patterns. A narrower TBW, measured via enhanced detection of asynchrony between auditory and visual
features, would imply lower tolerance for subtle sensory discrepancies and
thus enhanced temporal precision of perception. Given the tight links between
sensory, attentional, and cognitive processes, it is hypothesized that greater
perceptual precision (a narrower TBW) might be related to enhanced ability to
complete patterns. A narrower temporal binding window implies that the individual is more accurate at identifying relevance and irrelevance, i.e., detecting
sensory inputs that are relevant (synchronous) or irrelevant (asynchronous) to
the event. Therefore, it might be that ability to detect such relevance and irrelevance at the multisensory perceptual level is correlated with a capacity to
ascertain which pieces of information are relevant or irrelevant to the pattern
problems of the Raven’s APM and RAT.
2. Materials and Methods
2.1. Participants
In total, 124 native Dutch Leiden University students (60 men; mean age =
20 years; SD = 2.3; age range: 17–28 years) took part in the study for course
credits or a financial reward. Six participants were excluded from the analysis due to deviation of more than 2 SD from the mean in their performances.
All participants were right-handed with normal or corrected-to-normal vision.
Exclusion criteria included: a history of psychiatric disorders, drug abuse, and
active medication. Participants gave their written informed consent to participate in the study.
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2.2. Stimuli and Procedure
2.2.1. Simultaneity Judgment Task
The audio-visual simultaneity judgment task was based on a design by
Zmigrod and Hommel (2011), where participants perform a two-alternative
forced-choice task in which they indicate whether they perceived the presented
auditory and visual features as occurring simultaneously or as two separate
events. The bimodal stimuli were composed of pure tones with 1000 Hz or
3000 Hz (duration 50 ms) presented at approximately 70 dB SPL, and accompanied by a colored circle which was presented randomly with the following
colors: red, blue, green, brown, yellow, black, purple, or pink. The sound preceded the color at the stimulus onset asynchronies (SOAs) of 150, 250, or
350 ms. The SOAs were used as the independent variable in relation to subjects’ judgment of simultaneity between the sound and color. The order of
the trials was randomized. The participants were instructed to judge whether
the sound and color appeared ‘at the same time (together)’ and then press ‘Z’
(corresponding to the Dutch word ‘same’; ‘zelfde’) or ‘not at the same time
(separately)’ and press on the ‘N’ key (for the Dutch word ‘not the same’; ‘niet
hetzelfde’). The task consisted of 144 trials and lasted a total of 15 min. The
use of two tones and eight colors creates 16 possible combinations presented
randomly to the participant, thus preventing habituation to the stimuli.
2.2.2. Raven’s Advanced Progressive Matrices Task (Raven’s APM)
The Raven’s Advanced Progressive Matrices task (APM; Raven, 1965) was
used to assess nonverbal novel problem solving ability. This task is often used
to estimate fluid intelligence and Spearman’s g. Participants are provided with
a series of pictorial designs with a missing element that completes the pattern,
and are requested to select the correct element out of a number of six possible answers. In this task, we used 30 items that progressively increased in
difficulty over the 20 min during which the APM was administered.
2.2.3. Remote Associates Task (RAT)
In order to assess verbal problem solving and convergent thinking, a computerized Dutch version of the Remote Associates Task (RAT) was adapted
from Akbari Chermahini and colleagues (2012), and comprised of 30 problems (Cronbach’s alpha = 0.85). In the RAT, each item entails three words
(such as: boot, summer, ground), all of which may be related to a fourth word
via the formation of compound words or the identification of a semantic associate (camp). The participants are asked to provide an answer for any given
item within 30 s.
2.3. Procedure
The participants read and signed the informed consent form before the beginning of the experiment. All the participants completed the simultaneity
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judgment task, the RAT, and the Raven’s APM task. The order of the tasks
was counterbalanced between participants. The study conformed to the ethical standards of the Declaration of Helsinki and was approved by the Ethical
Committee of Leiden University.
2.4. Data Analysis
In order to analyze audiovisual synchrony perception and the temporal binding
window, two methods were used. Firstly, simultaneity judgment was calculated as the percentage of responses whereby subjects indicated the stimuli
occurred at ‘the same time’ for each of the SOAs (150, 250, 350 ms). And
secondly, responses from the simultaneity judgment task were used to compute the width of the audio-visual TBW for each participant, in accordance
with methods typically used in the field (Hillock et al., 2011; Hillock-Dunn
and Wallace, 2012; Powers et al., 2009; Schall and Hanes, 1993; Stevenson
et al., 2011). In order to do this, the percentage of synchrony judgment was
calculated for each SOA per participant, and a psychometric sigmoid function was fitted to these rates of perceived simultaneity in MATLAB. Since
the three SOAs that were investigated in the present study did not include
SOA = 0 ms, it was assumed that at SOA = 0 ms the participant’s rate of
perceived synchrony would be 100% (meaning that the individual would not
report asynchrony when the auditory and visual features were presented with
exact simultaneity). In addition, in order to ensure that the sigmoid curve was
representative of the auditory-leading TBW, it was also assumed that at SOA =
600 ms the probability of simultaneity report equaled 0%. This is based on
previous literature indicating that beyond SOAs of 500 ms, perceived synchrony in healthy adults is effectively zero (e.g., Hillock-Dunn and Wallace,
2012; Massaro et al., 1996). In order to derive a TBW score, each subject’s
audio-visual TBW was estimated at the SOA where the y-value of the best-fit
sigmoid was equal to a 50% rate of synchrony perception. A statistical criterion level of 50% was chosen based on prior research (as used in Stevenson
and Wallace (2013), Stevenson and colleagues (2011, 2012)).
3. Results
3.1. Simultaneity Judgment and Temporal Binding Window Effects
The audio-visual temporal binding window was analyzed in two ways; first,
computing the average rate of simultaneity judgment per SOA, and second,
deriving a unitary TBW score by fitting the data to a sigmoid function and calculating the width of each participant’s audio-visual TBW at the point where
the function estimates their synchrony perception to be equal to 50%. Descriptive statistics regarding average simultaneity judgment and the calculated
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Table 1.
Descriptive statistics of the average synchrony judgment at
each SOA, and the computed TBW score
Mean (SD)
Synchrony judgment
SOA = 150 ms
SOA = 250 ms
SOA = 350 ms
TBW score

80.4% (14.2)
42.9% (19.1)
15.5% (11.9)
229.73 ms (44.97)

Notes. N = 118. SOA = stimuli onset asynchrony.

Figure 1. Percentage of synchrony judgment with error bars as a function of stimuli onset
asynchronies (SOAs). ∗ p < 0.001.

TBW score are provided in Table 1. As depicted in Fig. 1, people report subjective synchrony perception of the auditory and visual features despite the
fact that all the stimuli had a stimulus onset asynchrony (SOAs) of either 150,
250 or 350 ms, suggesting the existence of a temporal binding window (TBW)
in multisensory perception, replicating previous findings (e.g., Van Wassenhove et al., 2007; Zmigrod and Hommel, 2011). This subjective perception
of synchrony was reduced as the SOA between the features increased, as
can be observed from the main effect of SOA in repeated measures ANOVA
(Fig. 1), F (2, 234) = 935.065, p < 0.0001, ηp2 = 0.889. Post-hoc Bonferroni
confirmed significant differences between all the SOAs, all p < 0.0001.
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3.2. Complex Problem Solving Performances
The RAT and Raven’s APM scores were measured in terms of the number of
correct items. Furthermore, replicating previous findings (Akbari Chermahini
and Hommel, 2010; Zmigrod et al., 2015), there was a positive correlation
between the performances in the RAT and the performances in Raven’s APM,
r = 0.223, p < 0.05.
3.3. Relationship Between Synchrony Judgment and Problem Solving
Table 2 shows the correlations between performance on the two problem solving tasks and synchrony judgment. RAT scores were significantly negatively
correlated with SOAs of 150, 250, and 350 ms as well as with the computed
TBW score. In addition, Raven’s APM scores were negatively correlated with
SOAs of 250 and 350 ms, and with the TBW score.
In order to evaluate whether the synchrony judgment of multisensory stimuli with different SOAs between the auditory and the visual features can predict problem solving performances in verbal (RAT) and nonverbal (Raven’s
APM) tasks, two multiple linear regression analyses were conducted. So as
to ensure that age and gender did not contribute to the individual differences
predicting the RAT and the Raven’s APM scores, a two-stage liner regression
was performed with age and gender in the first step and synchrony judgments
in the second step (Table 3).
The hierarchical linear regression analyses revealed that synchrony judgment at SOA of 350 ms can significantly predict the participants’ performance
on the RAT and the Raven’s APM task (Table 3). Age and gender did not significantly contribute to the prediction. As is evident from Fig. 2, the higher
the synchrony judgment at SOA 350 ms (reflecting a wider temporal binding
window), the poorer the performances on the verbal and nonverbal problem
solving tasks. These findings show a link between low-level perceptual processes and high-level cognitive functions.
Table 2.
Correlations between age, gender, synchrony judgment for SOAs 150, 250, 350 ms and performance in problem solving in verbal (RAT) and nonverbal (Raven’s APM) tasks
Stimuli onset asynchronies (SOAs)

RAT scores
Raven’s APM scores

150 ms

250 ms

350 ms

−0.191∗
−0.031

−0.165∗
−0.253∗∗

−0.238∗∗
−0.354∗∗

Derived TBW
score
−0.226∗
−0.258∗∗

Notes. N = 118. ∗ p < 0.05; ∗∗ p < 0.005.
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Table 3.
Results of multiple linear regression analyses for RAT scores and Raven’s APM scores as the
dependent variables with age and gender as first step of the linear regression and synchrony
judgment (SOAs: 150, 250, 350) as the second step of the linear regression
RAT scores
B (SE B)

Raven’s APM scores

β

t

B (SE B)

β

t

Step 1
Age
Gender

0.025 (0.15)
0.170
−0.44 (0.69) −0.065

1.679
−0.641

−0.028 (0.12)
−0.43 (0.56)

−0.023 −0.225
−0.078 −0.760

Step 2
Age
Gender

0.26 (0.15)
−0.13 (0.68)

1.768
−0.190

0.003 (0.12)
−0.058 (0.54)

0.003 0.029
−0.011 −0.107

Synchrony
judgment
SOA: 150 ms −4.66 (2.47)
SOA: 250 ms 2.91 (2.59)
SOA: 350 ms −9.17 (3.77)

0.174
−0.019

−0.193 −1.884
0.61 (1.97)
0.0162 1.121 −0.29 (2.06)
−0.319 −2.432∗ −7.85 (3.00)

Step 1: R 2 = 0.043,
F (2, 115) = 2.57, NS;
Step 2: R 2 = 0.123,
F (5, 112) = 3.15, p < 0.01

0.031 0.308
−0.021 −0.143
−0.342 −2.62∗∗

Step 1: R 2 = 0.005,
F (2, 115) = 0.296, NS;
Step 2: R 2 = 0.126,
F (5, 112) = 3.23, p < 0.01

Notes. N = 118. ∗ p < 0.05; ∗∗ p < 0.01.

Figure 2. Scatter plot depicting the correlations between the synchrony judgment at SOA of
350 ms and the scores from both the verbal problem solving task (RAT) and the nonverbal
problem solving task (Raven’s APM).
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Figure 3. Scatter plot depicting the correlations between the TBW in milliseconds and the
scores from both the verbal problem solving task (RAT) and the nonverbal problem solving
task (Raven’s APM).

Table 4.
Results of multiple linear regression analyses for RAT scores and Raven’s APM scores as the
dependent variables with age and gender as first step of the linear regression and TBW as the
second step of the linear regression
RAT scores
B (SE B)

Raven’s APM scores

β

t

B (SE B)

β

t

Step 1
Age
Gender

0.25 (0.15)
−0.44 (0.69)

0.170
−0.065

1.68
−0.065

−0.028 (0.12)
−0.43 (0.56)

−0.023
−0.078

−0.225
−0.760

Step 2
Age
Gender
TBW

0.24 (0.15)
−0.24 (0.69)
−0.016 (0.007)

0.162
−0.035
−0.203

1.768
−1.90
−2.231∗

−0.040 (0.12)
−0.222 (0.55)
−0.016 (0.006)

−0.034
−0.041
−0.255

0.336
−0.402
−2.780∗∗

Step 1: R 2 = 0.043,
F (2, 115) = 2.57, NS;
Step 2: R 2 = 0.083,
F (3, 114) = 3.431, p < 0.05

Step 1: R 2 = 0.005,
F (2, 115) = 0.296, NS;
Step 2: R 2 = 0.068,
F (3, 114) = 2.785, p < 0.05

Notes. N = 118. ∗ p < 0.05; ∗∗ p < 0.01.

In addition, this pattern of results was also evident when examining the relationship between the TBW score and the problem solving tasks (see Fig. 3).
Two-stage linear regression analyses were conducted with age and gender in
the first step and TBW score in the second step, demonstrating that a smaller
TBW score is predictive of performance on the RAT and Raven’s APM (Table 4).
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Figure 4. Percentage of synchrony judgment at SOA = 350 ms (with error bars) as a function of
high scores and low scores for verbal (RAT) and nonverbal (Raven’s APM) complex problems.
∗ p < 0.05.

In order to further investigate these relationships, the participants were split
along the performances median into ‘high performers’ and ‘low performers’
for both the RAT and Raven’s APM. As is demonstrated in Fig. 4, t-test analyses revealed significant differences between the groups in synchrony judgment
at SOA 350 ms, both in the verbal task (RAT): t (116) = 2.06, p < 0.05, and
in the nonverbal task (Raven’s APM): t (116) = 2.40, p < 0.05.
3.4. Gender Effect
Interestingly, in terms of gender differences, there was a significant difference
in the simultaneity judgment of SOA 250 ms between males (N = 59) and females (N = 59), F (1, 116) = 4.104, p < 0.05, and close to significant in SOA
350 ms, F (1, 116) = 3.211, p = 0.076, as is depicted in Fig. 5. Additionally, the difference in the calculated TBW score between males (M = 222.29,
SD = 48.5) and females (M = 237.16, SD = 40.2) was close to statistical significance, F (1, 116) = 3.289, p = 0.072. This suggests that a narrower TBW
might be present in males compared to females (Fig. 5). Note that there was no
gender difference in the performance of the problem solving tasks, p > 0.1.
4. Discussion
The present study is the first to examine the relationship between multisensory
integration and problem solving in the healthy population. The study demonstrated the presence of a temporal binding window (TBW) in multisensory
perception, replicating previous work (Conrey and Pisoni, 2006; Diederich
and Colonius, 2015; Dixon and Spitz, 1980; Spence and Squire, 2003; Van
Wassenhove et al., 2007; Zmigrod and Hommel, 2011; for review: Vroomen
and Keetels, 2010), as well as individual differences in multisensory simultaneity judgment, implying the existence of variation in the extent to which
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Figure 5. Percentage of synchrony judgment as a function of stimulus onset asynchronies
(SOAs) and calculated temporal binding window (TBW) of males and females with error bars.
∗ p < 0.05.

individuals are sensitive to asynchrony between inputs originating from different sensory modalities (Donohue et al., 2010; Stevenson et al., 2012; Stone
et al., 2001). This was illustrated through simultaneity judgment scores as well
as via the computation of a TBW score, in accordance with previous work in
the field (Hillock et al., 2011; Hillock-Dunn and Wallace, 2012; Powers et
al., 2009; Schall and Hanes, 1993; Stevenson et al., 2011, 2012, 2013). Moreover, an interesting finding emerging from the data is a gender difference in
simultaneity judgment, whereby males tend to exhibit a narrower TBW than
females (Fig. 5). This intriguing pattern requires further empirical exploration.
With regards to the administered problem solving tasks, there was a correlation
between performance on the Raven’s APM and the RAT, replicating previous
findings (Akbari Chermahini and Hommel, 2010; Zmigrod et al., 2015). Notably, there was no gender difference in performance on the Raven’s APM or
the RAT. Most interestingly for the aims of this study, significant correlations
were found between audio-visual simultaneity judgment and performance on
the problem solving tasks, as well as between the derived TBW score and
problem solving ability; the results demonstrate that better performance in
verbal and nonverbal problem solving tasks is related to and may be predicted
by a narrower multisensory temporal binding window (Figs 2, 3 and 4). A narrower TBW indicates greater sensitivity to stimulus onset asynchrony between
auditory and visual features, and reflects increased accuracy and strength of
multisensory integration (Stevenson et al., 2012). Thus, individuals who displayed greater sensitivity and precision in detecting audio-visual asynchrony
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were also more likely to perform well on tasks requiring detection of complex
patterns.
It is striking that performance on both the verbal and nonverbal tasks
was related to the width of the audio-visual TBW, especially given that
neither task is multisensory in nature. Interestingly, the pattern of the relationship between audio-visual temporal integration and task performance
was similar for both the verbal and nonverbal tasks, as evident in Figs 2
and 3. Additionally, while the simultaneity judgment task is one that taps
into perception of the temporal structure of audiovisual stimuli (Stevenson
and Wallace, 2013; Van Eijk et al., 2008; Vroomen and Keetels, 2010), the
problem solving tasks did not involve any temporally sequential presentation of information. This might suggest that the link between multisensory
perception and complex cognition does not merely lie in the direct reliance
of cognitive processes on sensory input — there might be some core precision or sensitivity that is present at multiple perceptual levels and timescales
and which also facilitates accurate and sophisticated higher-level behavior.
It is also interesting to note that whereas the items of the Raven’s APM offer the correct solution in a visible format to the participant, and so entail
problem solving via selection of the answer, the RAT involves generation
of an idea from related but indirect cues. Therefore, the finding that performance on both of these measures is predicted by audio-visual simultaneity
judgment might demonstrate that this perceptual precision is related to multiple facets of the problem solving process. Moreover, it is vital to consider
that while problem solving is generally considered to be, at least in part,
a conscious, deliberative, resource-intensive activity (Dorfman et al., 1996),
the detection of multisensory simultaneity reflects a more sub-conscious, automatic processing and integration of inputs (Shams, 2002; Zmigrod and
Hommel, 2011). In conjunction with the present results, one could postulate that there may be a domain-general trait-level sharpness, which permeates perceptual and cognitive processes across multiple levels of awareness.
Previous research has demonstrated that the multisensory TBW has a dynamic, flexible nature both between and within individuals. In infants and
adults, the audiovisual temporal binding window can extend and recalibrate
in relation to the temporal statistics of the environment (Fujisaki et al., 2004;
Keetels and Vroomen, 2007, 2008; Lewkowicz, 2010; Navarra et al., 2005;
Vroomen et al., 2004), and perceptual training has been shown to reduce the
width of the TBW (Powers et al., 2009, 2012; Stevenson et al., 2013). Furthermore, specific task demands can influence the malleability of the boundaries of individuals’ TBW (Mégevand et al., 2013), signifying that adaptive
recalibration of the width of the TBW can take place in order to optimize
performance (Diederich and Colonius, 2015). Additionally, work using nonDownloaded from Brill.com10/03/2019 11:25:34AM
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invasive brain stimulation techniques has revealed that anodal transcranial
direct current stimulation (tDCS) over the right posterior parietal cortex can
significantly shrink the audiovisual temporal binding window (Zmigrod and
Zmigrod, 2015).
In conjunction with these demonstrations of how the width of the TBW
can be modified temporarily, the present findings might possess clinical implications for populations such as autistic or elderly individuals, who tend to
experience an abnormally wide temporal binding window (Foss-Feig et al.,
2010; Hillock et al., 2011; Kwakye et al., 2011). In particular, autism spectrum disorders (ASD) have been linked to atypical sensory processing (Cascio
et al., 2012; Foss-Feig et al., 2012; Kujala et al., 2013; Visser et al., 2013),
and recent work is indicating the presence of deficits in binding of sensory
information across modalities (Stevenson et al., 2014b), as evident in audiovisual processing (Bebko et al., 2014; De Gelder et al., 1991; Irwin et al., 2011;
Mongillo et al., 2008), audiotactile processing (Russo et al., 2010), visuohaptic processing (Cascio et al., 2012), and stimulus–response binding (Zmigrod
et al., 2013). Given the findings of the present study — that multisensory function is associated with performance on higher cognitive domains — it will
therefore be interesting to explore whether using perceptual training (Powers
et al., 2009) or brain stimulation techniques (Zmigrod and Zmigrod, 2015)
to narrow the TBW will have positive effects on behavioral outcomes that
transcend multisensory processing. This is especially relevant to populations
with a wider TBW, as studies have demonstrated that the greatest benefit from
perceptual training aimed at narrowing the width of the TBW is experienced
by those with the widest initial TBW (Powers et al., 2009; Stevenson et al.,
2013). Future studies that experimentally manipulate the TBW should examine whether there are associated alterations in higher-order cognitive capacities
such as problem solving, pattern finding, and reasoning.
By demonstrating that individual differences in multisensory integration
can predict performance on verbal and nonverbal problem solving tasks, the
present study emphasizes the tight link between the unique, subtle way that
individuals perceive the world and their intelligent, creative behavior. Since
the precision with which multisensory information is integrated serves to
amplify the salience of biologically meaningful events (Stein and Stanford,
2008), lower tolerance for asynchrony allows for perceptual acuity that is then
translated into behavioral acuity. Future research should be directed at further
investigating the links between low-level perceptual processing abilities and
how these might relate to higher-level cognitive abilities such as reasoning,
decision making, and creativity. Multisensory paradigms such as temporal order judgment (Spence et al., 2003; Vatakis et al., 2008; Vroomen et al., 2004;
Zampini et al., 2003) and perceptual illusions such as the McGurk effect (e.g.,
Bebko et al., 2014; Irwin et al., 2011) might be worthwhile to explore in this
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context, as well as other forms of higher cognition such as decision making
and social cognition. The present study can also be extended by investigating a wider range of SOAs, such that the point of subjective simultaneity can
be derived (e.g., as in Fujisaki et al., 2004; Noel et al., 2015). An individual
differences perspective is particularly valuable, not only because it helps to understand the general and idiosyncratic relations between low-level perception
and high-level cognition, but also because it emphasizes that the differences
between typical and atypical populations in terms of perceptual and behavioral tendencies are likely to lie along continua rather than dichotomies. When
the Irish poet W. B. Yeats claimed that “the world is full of magical things,
patiently waiting for our senses to grow sharper”, the Nobel laureate may not
have imagined that indeed the temporal sharpness of how our senses integrate
information is related to our capacity to solve and unravel puzzles. It thus
appears that the precision of individuals’ temporal window of multisensory
integration might mirror the precision of their thoughts.
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