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Abstract
Gaze control manifests from a dynamic integration of visual and auditory information, with sound providing important cues for
how a viewer should behave. Some past research suggests that music, even if entirely irrelevant to the current task demands, may
also sway the timing and frequency of fixations. The current work sought to further assess this idea as well as investigate whether
task-irrelevant music could also impact how gaze is spatially allocated. In preparation for a later memory test, participants studied
pictures of urban scenes in silence or while simultaneously listening to one of two types of music. Eye tracking was recorded, and
nine gaze behaviors were measured to characterize the temporal and spatial aspects of gaze control. Findings showed that while
these gaze behaviors changed over the course of viewing, music had no impact. Participants in the music conditions, however,
did show better memory performance than those who studied in silence. These findings are discussed within theories of
multimodal gaze control.
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Visual processing of the world unfolds across both space and
time. Viewing the environment in a piecemeal fashion, we
shift our high-fidelity foveal vision to various locations about
3–4 times per second. Spatially, where people look is based on
low-level visual information (e.g., Borji & Itti, 2013;
Parkhurst et al., 2002), momentary task goals (e.g., Land &
Lee, 1994; Yarbus, 1967), scene structure (e.g., Torralba et al.,
2006), and scene context (e.g., Shinoda et al., 2001; Võ &
Henderson, 2009), which all indicate where important visual
information is likely to be located. The time people spend
looking at these locations reflects the quality of the available
visual information (e.g., Najemnik&Geisler, 2005, 2009), the
ease with which objects can be recognized and understood in
context (e.g., Hollingworth, 2006), and the relevant goals and

strategies of the observer (e.g., Neider & Zelinsky, 2006).
Thus, these temporal properties are thought to be linked to
the amount of effort that is needed to understand fixated
information.

Most studies investigating the parameters of gaze control
are unimodal, focusing only on what can be seen. This under-
represents our multimodal environments, in which non-visual
information, such as sound, may further guide our gaze be-
haviors. For example, sound can provide a cue to the location
of important information that may improve understanding or
modify action (think of a baby crying, a horn blaring, or a dog
barking). In some ways, auditory-evoked saccades have dif-
ferent psychophysical properties than visually-evoked sac-
cades: saccades toward auditory targets tend to be longer in
duration, have lower peak velocities, and follow curved rather
than linear physical trajectories (see Frens et al., 1995). That
said, the two types of information can interact to drive gaze.
Saccade latencies toward visual-auditory bimodal targets are
shorter than those associated with unimodal targets (see
Colonius & Arndt, 2001), a result of multisensory integration
(Corneil et al., 2002). Further, while fixations can be biased
toward parts of a visual scene corresponding to the source of a
sound, this bias is dependent on visual scene properties, such
as visual salience (Quigley et al., 2008). Thus, the integration
of visual and auditory information is possible, with the
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properties of each stimulus affecting where and when ob-
servers move their eyes.

Music is a particularly frequent auditory stimulus that is en-
countered through much of our daily lives and can, like informa-
tion in the visual world, vary in its importance with respect to our
ongoing tasks and interests. In film, for example, music is used
intentionally to complement the storyline and affect viewer ex-
perience (see Cohen, 2014, for a review). Indeed, musical
soundtracks can influence the emotional impact, interpretation,
and remembering of visual information (e.g., Cohen, 2001) and
manipulations of film soundtracks can affect both saccade timing
and fixation placement. A variety of studies have shown, for
example, that saccadic frequency, fixation duration, spatial
spread of fixations, and scan paths across a scene are subject to
alteration by the accompanying musical soundtrack (Auer et al.,
2012; Coutrot et al., 2012; Mera & Stumpf, 2014;Wallengren &
Strukelj, 2015; but see Batten & Smith, 2018). Hence, in situa-
tions where music is task-related, it can interact with visual con-
tent to determine various aspects of gaze allocation.

In many real-world situations, however, the music we hear
is task irrelevant. Background music while driving or dining
in a restaurant are two common examples. One set of intrigu-
ing findings has suggested that even task-irrelevant music
may alter gaze control. Specifically, Schäfer and Fachner
(2015) presented participants with an image of a house by
the sea (45 s) or a short film clip (75 s) of a videotaped road
trip on an empty road through an open landscape. Participants
freely viewed their assigned stimulus in silence, while listen-
ing to an unknown instrumental composition, or while listen-
ing to their self-furnished favorite music. For both of the vi-
sual stimuli, longer fixations, fewer saccades, and more blinks
were observed among participants listening to music relative
to those engaged in silent viewing, but no reliable differences
in gaze behavior were observed between music types. These
findings seem inconsistent with a functional account of music
and gaze control, as the music was not specifically orchestrat-
ed to guide viewers’ gaze. The authors instead hypothesized
that listening to music, regardless of music preference, re-
duced eye movements during scene viewing due to an atten-
tional shift from perceiving the external environment to the
processing of inward cognitive and emotional experiences
elicited by the music (cf. Fachner, 2011; Herbert, 2011, 2012).

Standing in contrast to Schäfer and Fachner’s (2015) demon-
stration of a relationship between task-irrelevant music and the
temporal allocation of overt attention to a scene, Franěk, Šefara,
Petružálek,Mlejnek, and vanNoorden (2018) havemore recently
reported a failure to observe effects of music on fixation duration
and frequency in a free-viewing task. Our first goal in this report,
therefore, was to evaluate prior evidence that the presence of task-
irrelevant music can alter various aspects of gaze control timing
(i.e., number of fixations, fixation duration, number of saccades,
and saccade duration). Franěk and colleagues suggested the res-
olution of eye tracking equipment or specific experimental

proceduresmay be important factors to address in future research.
Hence, we revisited the temporal aspects of gaze control by using
eye tracking equipment with high temporal and spatial resolution
while employing a more defined memorization task.

Our second goal was to substantially expand upon prior work
by considering potential effects of music on overt gaze behaviors
that are linked to spatial selection. The temporal and spatial as-
pects of gaze control are intimately related, so much so that
saccade timing alone can successfully predict the locations in a
scene where people look (Tatler et al., 2017) and spatial fixation
probabilities can be used to predict fixation durations (Einhäuser
& Nuthmann, 2016). The systematic changes to saccade timing
that have been shown to occur when listening to music may
therefore be accompanied by alterations to the selection of fixa-
tion points. To evaluate this possibility, we first considered spa-
tial aspects of gaze that can be measured without reference to
underlying scene content—namely, saccade amplitude (the
subtended distance between two consecutive fixation points)
and fixation dispersion (a measure of the spatial extent or
“spread” of fixations). We then considered the potential effects
of music on spatial aspects of gaze in which the locus of each
fixation was considered with respect to the overlapping scene
content. For these analyses, we operationalized scene content in
terms of objective visual content as well as subjective informa-
tion value (see Methods for details). This allowed us to evaluate
the possibility that the visual system systematically changeswhat
visual information is sampled under different auditory conditions
and, by doing so, provide themost comprehensive analysis of the
effects of task-irrelevant music on gaze to date.

Method

Participants

Sample size was guided by Schäfer and Fachner (2015), who
reported relatively large effect sizes of music on gaze (aver-
aged across dependent measures, Cohen’s f = .42). With three
music conditions (described below), an a priori power analysis
indicated a sample of approximately 60 participants would
provide 80% power to detect similar sized effects of music
in our study. We oversampled this estimate and ultimately
recruited a group of 75 University of Notre Dame undergrad-
uates to participate in the study for monetary compensation
($5) or course credit (58 self-identified as female; 17 self-
identified as male; Mage = 19.9 years, SD = 1.6 years). No
inclusion or exclusion criteria were established with respect
to musical training or experience.1 Six participants were

1 Following the experiment, participants in the music conditions were asked to
self-report the extent of their formal training in classical music; 60% reported
no experience, 22% reported less than 3 years, and 18% reported more than 3
years.
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excluded from analysis after completing the study due to er-
rors in calibration and/or data loss from poor-quality eye
tracking. Informed consent was obtained from each partici-
pant, and the University of Notre Dame Institutional Review
Board approved all experimental procedures.

Stimuli and apparatus

The visual stimuli (see Appendix Fig. 6) consisted of 24 dig-
itized color photographs of real-world urban scenes displayed
either in full at a resolution of 800 × 600 pixels or in part by
extracting a smaller 200 × 200-pixel portion of the original
images (vignettes). The stimuli were presented in 32-bit color
on a 20-inch CRT monitor with a screen refresh rate of 85 Hz
and resolution of 1,024 × 768 pixels. Urban scenes were cho-
sen as stimuli because they tend to elicit more eye movement
activity than natural scenes (Berto et al., 2008; Franěk, Šefara,
Petružálek, Cabal, & Myška, 2018; Valtchanov & Ellard,
2015). The auditory stimuli consisted of twenty-four 75-sec-
ond excerpts of classical and modern-classical music. Twelve
of these excerpts were taken from three string quartets (Op. 33
No. 2, Op. 76 No. 3, and Op. 74 No. 4) by Joseph Haydn
(1732–1809). The remaining 12 excerpts were drawn from
two string quartets (No. 3 and No. 4) by Arnold Schoenberg
(1874–1951). The tempos of the Haydn excerpts (M = 147
bpm, SD = 32 bpm) and the Schoenberg excerpts (M = 136
bmp, SD = 16 bpm) did not differ (p = .30). Each excerpt was
also characterized by a similar degree of variety in dynamic
range (piano to forte). The Haydn quartets were performed by
the Kodály Quartet and produced by Naxos Records, and the
Schoenberg quartets were performed by the New Vienna
String Quartet and produced by Philips Records. A 7-second
fade-in and fade-out was used to avoid sudden starts and stops
of the music. Auditory stimulus volume was adjusted to pro-
vide each participant with a comfortable listening experience.

Participants’ eye movements were sampled at a rate of
1000 Hz using an EyeLink 2K tower mounted eye-tracking
system (SR Research, Inc.). A chin and forehead rest were
used to stabilize the head and to maintain a viewing distance
of 80 cm. The eye tracker was calibrated using a 9-point cal-
ibration at the beginning of the study. A 1-point calibration
was used before each trial to correct for drift in the eye tracker
signal relative to spatial position over time. Participants lis-
tened to the music excerpts through stereo headphones.

Design and procedure

The study was divided into two phases (see Fig. 1). First, in
the study phase, participants were shown photographs of 12
real-world scenes for 75 seconds each while their eye move-
ments were recorded. They were instructed to study each pic-
ture in preparation for a short test. They were told “the test will
quiz your ability to remember whole scenes as well as smaller

parts of the scenes, so study each picture carefully and try to
remember as much detail as possible” and that the scenes
would be presented “for approximately one minute each.”

The scenes were viewed individually in a randomized or-
der, separated by a 1-point calibration procedure to correct for
subtle drift in the eye tracker signal over time. As a between-
subjects manipulation, participants were randomly assigned to
1 of 3 possible between-subjects conditions. In the classical
music condition (n = 22), participants studied each scene
while simultaneously listening to a different excerpt of the
Hayden quartets. In the modern-classical music condition (n
= 23), participants listened to the excerpts from the
Schoenberg quartets. Including two different music conditions
enabled us to examine the robustness of the possible music
effect across different musical structures (in this case, tonal
and atonal; cf. Schäfer & Fachner, 2015). In both conditions,
the scene–music pairings were randomized across partici-
pants, so that the scenes shown and the clips of music played
were randomly combined for each participant. In the no music
condition (n = 24), participants studied the scenes without
corresponding music. For consistency in the participant expe-
rience, those in the no music condition also wore headphones
throughout the study phase, although no sound was emitted.

The study phase was immediately followed by the test
phase. Participants completed a self-paced old/new forced-
choice recognition task. Presented individually and in a ran-
dom order, participants viewed the 12 studied images, 12 un-
studied images (foils), 12 vignettes extracted from the studied
images, and 12 vignettes extracted from the foil images. The
foil images subjectively matched the studied images in terms
of location (e.g., city, architectural style), perspective (e.g.,
skylines, street views), and content (e.g., shop fronts, crowds,
roadways). On each trial participants made a yes/no decision
to one of two questions “Is this a picture you studied before?”
(when a full scene was presented) or “Is this a piece of a
picture you studied before?” (when a vignette was presented).
Eye movements were not recorded during the test phase.

Gaze-based dependent variables

Temporal measuresWhen considering the temporal aspects of
gaze control, we analyzed the relationship between various
measures of saccadic timing and the presence of music (cf.
Schäfer & Fachner, 2015). These measures included the aver-
age: number of fixations, fixation duration, number of sac-
cades, and saccade duration observed on a trial.2

2 Measures of frequency and duration are not orthogonal. For example, within
a given amount of time, an increase in fixation durations should correlate with
a decrease in the number of fixations observed. The measures do, however,
characterize gaze in different ways and consistency across non-orthogonal
measures enables stronger conclusions to be drawn from the data.

Psychon Bull Rev



Spatial measures Content-independent spatial aspects of
gaze were measured in terms of saccade amplitude and
fixation dispersion. Saccade amplitude is the average
subtended distance between any two consecutive

fixation points. Fixation dispersion is a measure of the
spatial extent or spread of fixations. It is computed as
the root mean square of the Euclidean distance from
each fixation to the average position of all fixations.

Fig. 1 Example trial sequences in the study phase and test phase. In the
study phase, participants viewed each full scene individually for 75 s
each. Scenes were presented in a different random order for each
participant. In the test phase, participants completed an old/new

recognition test by reporting whether or not a given full scene (as in
Trial 1 and 48) or a scene vignette (as in Trial 2) was previously seen
during the study phase
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Values are reported on a 0 –1 scale, with higher values
indicating greater dispersion of fixations across the
scenes.

Content measures

Content-dependent measures of gaze control consider the in-
formation available at each fixation point.We considered both
objective visual information and subjective semantic content.
Objective visual content was measured in terms of visual
salience. Visual salience computationally denotes the visual
distinctiveness of any given location relative to surrounding
locations among features such as luminance, contrast, color,
and edge orientation. Salience can be topographically repre-
sented by generating saliency maps that denote the salience of
every pixel in the image (see Fig. 2). Salience, however, is not
a singular construct and several different approaches have
been developed to formalize its computation (e.g., Borji &
Itti, 2013; Harel et al., 2007; Hou et al., 2012; Judd et al.,
2012; Riche et al., 2013; Walther & Koch, 2006). Here, we
chose to use the Adaptive Whitening Saliency model (AWS;
Garcia-Diaz et al., 2012).3 The AWS model is biologically
motivated by the idea that the nonlinear neural responses in
the visual cortex should be considered as collective neuron
populations rather than as single units (decorrelation of
neural responses; e.g., Olshausen & Field, 2005). It also as-
sumes that low-level information is carried by high-order sta-
tistical structures and adopts a hierarchical approach to statis-
tically whiten low-level features and remove second-order in-
formation (i.e., decorrelation and contrast normalization). The
AWS model uses L*a*b* color space, which reduces the cor-
relation between color components. Then log-Gabor filters are
used to transform luminance into multiscale and multioriented
representations, which are subsequently decorrelated using a
principal component analysis (PCA). The final saliency map
is computed by taking the sum of the squared norm vectors in
the final representation and normalizing it to the sum across all
pixels of the image. Thus, visual salience in the AWS repre-
sents a global decorrelation of the entire image.

Operationalizing the information content available in
a scene depends upon the acquisition of data regarding
people’s subjective interpretation of scene regions. The
subjective evaluation of scene content was approached
in two ways, each of which characterized the semantic
content of the scenes differently. Our first approach

employed meaning maps (Hayes & Henderson, 2019;
Henderson & Hayes, 2017, 2018) which reveal the de-
gree to which locally informative (i.e., recognizable)
information is present within small regions (patches) of
a scene independently of overall scene context. To gen-
erate these maps (see Fig. 2), third-party observers rate
how informative or recognizable information is within
small patches of the scene, and then patches are inter-
polated to produce a cohesive map so that each pixel
within a scene contains a semantic value. Following
procedures described by Hayes and Henderson (2019),
we decomposed each of our scenes into partially over-
lapping circular patches with 3° (“fine” patches) and 7°
(“coarse” patches) diameters. The full patch stimulus set
consisted of 3,600 unique fine patches and 960 course
patches for a total of 4,560 patches. Then, 150 volun-
teers from Amazon Mechanical Turk (MTurk) each
viewed 300 individual and randomly selected patches
(for a total of 40,500 ratings) and rated them in terms
of how informative or recognizable they were according
to a 6-point Likert scale (very low, low, somewhat low,
somewhat high, high, very high). Thus, these ratings
were made independently of overall scene context or
identity. The resulting values for each pixel at each
scale (fine and coarse) were averaged to produce a fine
and course rating map for each scene, which were then
averaged together into a single map. This map was
smoothed with a Gaussian filter (using the imgaussfilt
function in MATLAB; The MathWorks, Natick, MA)
and normalized so that the sum meaning score of all
pixels within each image was equal to 1.

Our second approach to operationalizing the subjective in-
terpretation of scenes is one which we will refer to as semantic
interest maps (Tatler et al., 2017). This approach (see Fig. 2)
identifies regions within a scene that are judged to be the most
semantically informative locations relative to the entire global
scene context. Here, third-party observers subjectively select a
set of the most semantically informative regions of a scene
while viewing the entire image. Following procedures
outlined by Tatler et al. (2017), raters viewed each full scene
and selected (with a mouse click) the five most semantically
informative locations, ignoring visual characteristics such as
color and brightness. Semantically informative locations were
defined as the locations that were the most “informative about
the meaning of the scene.” Data were collected from 31 un-
dergraduate students at the University of Notre Dame. Their
selections were used to create semantic interest maps—
centering Gaussians with full width at half maximum of two
degrees around each selected location. This approach comput-
ed an arbitrary value for each pixel of the image, with greater
values indicating greater semantic informativeness. As with
meaning maps, values were normalized so that the sum score
of all pixels was equal to 1 within each image.

3 Although we discuss one model of salience in depth, we also considered a
second model to ensure our conclusions were not biased by specific modeling
choices. The Graph Based Visual Salience model (GBVS; Harel et al., 2007)
computes, and then combines, multiscale feature maps (i.e., intensity, color,
and orientation) via linear center-surround computations that mimic human
visual receptive fields. The GBVS also promotes higher saliency values in the
center of the image to account for observers’ tendency to allocate fixations
toward the center of static images. The results obtained with both AWS and
GBVS were entirely consistent.
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Once salience maps, meaning maps, and semantic maps
were generated for each scene, (x, y) coordinates were extract-
ed for each fixation on each scene and these were overlayed
upon each map. An area subtending 2 deg of visual angle
(approximating high-fidelity foveal vision) around each fixa-
tion location was established and the mean salience and se-
mantic scores among the pixels within each of these areas
were calculated. Mean values were then centered and scaled
(z-scored) using the scale function in R (Becker et al., 1988).

Data trims

We established several a priori criteria for including gaze-
based data in our analyses. Fixations that occurred outside
the scene borders (8.0%), fixation durations under 50 milli-
seconds or over 2,000 milliseconds (6.2% of fixations), sac-
cade durations over 200 milliseconds (8.9% of saccades), and
saccade amplitudes over 20 degrees (<1% of saccades) were
excluded. Following these trims, 139,101 fixation samples
(87%) and 140,608 saccade samples (88%) were included in
the analyses.

Results

Differences in each dependent measure of gaze were consid-
ered across both trial viewing time and music conditions. To
do so, each trial was divided into 15 5-second time windows.
Within each window, average values for each gaze variable
were obtained. Gaze variables were then submitted to separate
3 (music condition) × 15 (time interval) mixed model analyses
of variance (ANOVA).4 Corresponding Bayesian ANOVAs

were also conducted to characterize the predictive accuracy of
the null and alternative hypotheses (e.g., Morey et al., 2016).

Temporal measures of gaze Data are illustrated in Fig. 3.
Table 1 summarizes the inferential statistics obtained from
the ANOVA analyses. Full model comparisons from the
Bayesian ANOVAs are reported in the Appendix. The
ANOVA revealed reliable effects of time for each gaze vari-
able. As time progressed into viewing, we observed fewer
fixations, longer fixation durations, fewer saccades, and
shorter saccade durations. In no case, however, were reliable
main effects or interactions involving music observed.
Furthermore, with respect to music, Bayes Factors indicated
substantial evidence for the null hypothesis for each depen-
dent variable (i.e., BF01 > 3; see Jeffreys, 1961; Raftery, 1995;
Wetzels et al., 2011). Thus, in contrast to prior demonstrations
(Schäfer & Fachner, 2015), the presence and type of music
played during viewing had no observable impact on temporal
measures of gaze behavior.

Spatial measures of gaze. Data are illustrated in Fig. 4.
Table 2 summarizes the inferential statistics obtained from
the ANOVA analyses, and full model comparisons from the
Bayesian ANOVAs are again reported in the Appendix. The
ANOVA revealed several reliable effects of time. As the trial
progressed, saccade amplitudes increased, and both the visual
salience and semantic informativeness associated with fixated
scene regions decreased. There was no main effect of time for
fixation dispersions. Further, as with the analysis of the tem-
poral measures of gaze behavior, there were no reliable main
effects or interactions observed for music. Additionally, with
the exception of saccade amplitude (where evidence for the
null hypothesis was modest), Bayes factors indicated substan-
tial evidence for the null hypothesis across all dependent mea-
sures (i.e., BF01 > 3). Thus, the presence and type of music
played during viewing had no observable impact on the selec-
tion of fixated scene regions.

Fig. 2 salience, meaning, and semantic interest maps for three stimuli

4 Collapsing the classical and modern-classical conditions into a single group
and conducting a 2 (nomusic vs. music) × 15 (time intervals) ANOVA yielded
consistent results.
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Fig. 3 Temporal aspects of gaze control by music condition plotted over time. Error bars depict +/- 1 standard error of the mean

Table 1 Summary of main effects and interactions for ANOVA analyses of temporal gaze measures, with music as a between-subjects factor and time
as a within-subjects factor

Gaze variable Effect Statistics (F, p, η2p )

Number of Fixations Music F(2, 66) = .001 p = .999 η2p = .000

Time F(14, 924) = 74.8 p < .001 η2
p = .531

Music × Time F(28, 924) = .765 p = .806 η2p = .023

Fixation Duration Music F(2, 66) = .073 p = .923 η2p = .002

Time F(14, 924) = 21.6 p < .001 η2
p = .246

Music × Time F(28, 924) = .728 p = .848 η2p = .022

Number of Saccades Music F(2, 66) = .135 p = .874 η2p = .004

Time F(14, 924) = 46.4 p < .001 η2
p = .413

Music × Time F(28, 924) = .995 p = .473 η2p = .029

Saccade Duration Music F(2, 66) = .023 p = .977 η2p = .001

Time F(14, 924) = 4.95 p < .001 η2
p = .070

Music × Time F(28, 924) = 1.02 p = .444 η2p = .030

Note. Statistically reliable effects (p < .05) are bolded
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Memory task performance

While the above analyses focused on gaze behavior during
the study phase, we also considered the potential effects of
music on memory performance on the old/new recognition
task used in the test phase of the study. Using a signal
detection theory framework to characterize memory, par-
ticipants’ responses were characterized in terms of hits
(defined here as correctly categorizing a studied stimulus
as ‘old’) and false alarms (defined here as incorrectly cat-
egorizing a novel stimulus as ‘old’). From the resulting
hit and false alarm rates, we calculated a', a measure of
participants’ ability to discriminate between the studied
and novel stimuli (in such analyses, an a' value of .5
indicates chance performance while perfect discrimina-
tion results in an a' value of 1).

In separate one-way ANOVAs with music condition
as a between-subjects factor, we considered participants’
ability to discriminate studied and novel scenes present-
ed in their entirety and their ability to discriminate

small vignettes extracted from both studied and novel
scenes. With respect to whole scenes, we observed a
small but reliable effect of condition, F(2, 66) = 3.31,
p = .043, η2p = .09. While memory was excellent in all

conditions, planned comparisons indicated that, together,
a small but significant scene memory advantage was
observed in the classical (a' = .989) and modern-
classical (a' = .990) music conditions relative to the
no music condition (a' = .968), t(66) = 2.57, p =
.012, Cohen’s d = 0.58. The classical and modern-
classical music conditions did not differ, t(66) = 1.09,
p = .914, Cohen’s d = 0.05. With respect to vignettes, a
similar numerical pattern was observed among the no
music (a' = .80), classical music (a' = .82), and
modern-classical music (a' = .83) conditions, but these
differences were not statistically reliable, F(2, 66) = .48,
p = .619, η2p = .01. Hence, our data provides some

evidence that listening to music during the study phase
may facilitate global scene memory.

Fig. 4 Spatial aspects of gaze control. Solid, dashed, and dotted lines correspond to the no-music, classical music, and modern-classical music
conditions, respectively. Error bars depict +/- 1 standard error of the mean
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Discussion

Our goal in this project was to first conceptually repli-
cate a prior demonstration that task-irrelevant music al-
ters temporal aspects of gaze control during natural
scene viewing and to then consider novel effects of
music on the spatial allocation of gaze. Observers mem-
orized images of urban scenes in silence or while lis-
tening to one of two types of instrumental music. Eye
movements were recorded to measure temporal aspects
of gaze control—including the number of fixations, fix-
ation duration, number of saccades, and saccade
duration—as well as spatial aspects of gaze control—
including saccade amplitude, fixation dispersion, and

the visual salience and semantic content of fixated loca-
tions. Our findings showed that, although the presence
of music improved scene memory, there was no evi-
dence that music presence or type affected any of these
measures of gaze control.

The first obvious contrast with our study and prior
work is our failure to replicate effects of music on some
temporal aspects of gaze control (Valtchanov & Ellard,
2015). Our experimental design was sensitive enough to
detect relatively subtle changes in gaze measures across
time, and our music manipulation was strong enough to
have an observable effect on memory performance.
Despite this, we could not detect music-related changes
in any of the temporal aspects of gaze control we

Table 2 Summary of main effects and interactions for ANOVA analyses of spatial gaze measures, with music as a between-subjects factor and time as
a within-subjects factor

Gaze variable Effect Statistics (F, p, η2p )

Fixation Dispersion Music F(2, 66) = .287 p = .751 η2p = .009

Time F(14, 924) = .883 p = .577 η2p = .013

Music × Time F(28, 924) = .945 p = .548 η2p = .028

Saccade Amplitude Music F(2, 66) = 1.61 p = .208 η2p = .046

Time F(14, 924) = 22.1 p < .001 η2
p = .251

Music × Time F(28, 924) = 1.23 p = .194 η2p = .036

Visual Salience Music F(2, 66) = .476 p = .624 η2p = .014

Time F(14, 924) = 9.15 p < .001 η2
p = .122

Music × Time F(28, 924) = 1.30 p = .136 η2p = .038

Semantic Interest Music F(2, 66) = .118 p = .889 η2p = .004

Time F(14, 924) = 36.7 p < .001 η2
p = .358

Music × Time F(28, 924) = .824 p = .728 η2p = .024

Semantic Meaning Music F(2, 66) = .106 p = .899 η2p = .003

Time F(14, 924) = 3.58 p < .001 η2
p = .051

Music × Time F(28, 924) = 1.11 p = .317 η2p = .033

Note. Statistically reliable effects (p < .05) are bolded

Table 3 Summary of descriptive (means and standard deviations) and inferential statistics related to postexperiment questionnaire items

Item Mean rating
no music

Mean rating
classical music

Meat rating
contemp. music

Statistic

This activity did not hold my attention at all. 3.04 (1.65) 2.91 (.921) 2.74 (.964) F(2, 66) = .352, p = .705

I felt like I had control over my thoughts 4.71 (1.54) 4.95 (1.40) 4.48 (.846) F(2, 66) = .754, p = .475

I allowed my thoughts to wander on purpose. 2.92 (1.82) 2.14 (1.17) 2.43 (1.27) F(2, 66) = 1.69, p = .193

I found my thoughts wandering
spontaneously.

4.54 (1.56) 4.22 (1.27) 4.09 (1.35) F(2, 66) = .650, p = .525

Note. For each item, participants were asked to provide a rating on a 7-point Likert scale. Higher values correspond to stronger endorsements. Data were
analyzed with separate one-way ANOVAs
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measured. Our null findings specifically related to fixa-
tion duration and saccade frequency seem to confirm
another recent failure to observe an effect of task-
irrelevant music on these aspects of gaze (Franěk,
Šefara, Petružálek, Mlejnek, & van Noorden, 2018).
The reasons for the divergent findings presented by
Schäfer and Fachner (2015) on the one hand, and
Franěk, Šefara, Petružálek, Mlejnek, and van Noorden
(2018) and the current study on the other hand are not
clear. Franěk, Šefara, Petružálek, Mlejnek, and van
Noorden (2018) postulated that their replication failure
may have stemmed from limitations of their eye track-
ing equipment or unknown variations in musical expe-
rience or preferences. The first of those possibilities
seems unlikely in light of our study which brought
faster temporal sampling (1000 Hz vs. 60 Hz) and spa-
tial accuracy (±.15 deg vs. ±.4 deg) to the recording of
eye movements, but the others remain viable options.
We think variations in listeners’ instructions or task
goals might be additional factors, but our study provides
consistency of findings across a memorization task and
a free-viewing task (Franěk, Šefara, Petružálek, Mlejnek,
& van Noorden, 2018).

Another intriguing possibility to consider is that task-
irrelevant music may not directly impact temporal as-
pects of gaze control. Schäfer and Fachner (2015) pro-
posed that music may encourage attention to perceptu-
ally decouple from external inputs and turn inward to-
ward internal experiences elicited by the music (cf.
F a chn e r , 2 011 ; He r b e r t , 2 0 11 , 2 012 ) . Th i s
deprioritization of external information may in turn

impact how gaze is allocated (Faber et al., 2020).
Interestingly, the findings from Schäfer and Fachner
(2015) are entirely consistent with those that have been
observed in studies of mind wandering—another percep-
tually decoupled state of attention (e.g., Kam & Handy,
2013; Schooler et al., 2011; Smallwood, 2013). That is,
mind wandering has been associated with fewer and
longer fixations as well as more frequent eyeblinks
(Krasich et al., 2018; Reichle et al., 2010; Smilek
et al., 2010; Uzzaman & Joordens, 2011; Zhang et al.,
2020). Further, it is possible that music actually encour-
ages mind wandering (cf. Koelsch et al., 2019; Taruffi
et al., 2017), which would account for the correlational
relationship between music and gaze observed in
Schäfer and Fachner (2015). We have no way of testing
this possibility here, but we suspect higher rates of
mind wandering in Schäfer and Fachner’s (2015) study
because they used a very simple stimulus set and a free-
viewing task. Comparatively, our task involved multiple
stimuli and was more cognitively demanding, as partic-
ipants had to memorize visually complex scenes for a
later test, and the rate of mind wandering is shown to
be inversely related to ongoing task demands
(Smallwood & Schooler, 2006). In a postexperiment
questionnaire, we did ask our participants to report on
their attentiveness during the study phase and observed
no differences across conditions (see Table 3). While
this is an admittedly insensitive approach to quantifying
mind wandering (Murray et al., 2020), these results do
suggest that the level of attentiveness was similar across
our groups, possibly explaining our failure to replicate

Fig. 5 Oculomotor aspects of gaze control associated with cognitive effort. Solid, dashed, and dotted lines correspond to the no-music, classical music,
and modern-classical music conditions, respectively. Error bars depict +/- 1 standard error of the mean
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the relationship between task-irrelevant music and tem-
poral aspects of gaze control.

While boundary conditions on the effect task-
irrelevant music on gaze have yet to be fully elucidated,
our findings suggest that music does not affect overt
visual attention automatically and the effects of task-
irrelevant music on gaze control may not be as robust
as when music (or an auditory stimulus more generally)
is task-relevant. Beyond the temporal aspects of gaze,
our findings further showed no observable influence on
the spatial allocation of gaze within scenes. This sug-
gests that gaze control mechanisms do not “rebalance”
salient and semantically informative information when
task-irrelevant music is present. This contrasts with sit-
uations in which music is integral to the viewing expe-
rience, as it is when watching films where music has
been shown to influence the content that is viewed
(Auer et al., 2012; Coutrot et al., 2012; Mera &
Stumpf, 2014; Wallengren & Strukelj, 2015). Thus,
our null findings are consistent with a functional ac-
count of music on gaze control: Task-relevant music
can direct where observers should look (Cohen, 2014),
whereas task-irrelevant music provides no such environ-
mental cues. Hence, while models of gaze control re-
quire a better integration of sound and vision, our re-
sults suggest it would be more fruitful to concentrate
this effort on auditory stimulation that is relevant to
an observer’s task. Our findings also suggest that the
effects of task-irrelevant music on cognitive processes,
such as time estimation (Cassidy & MacDonald, 2010),
skilled motor performance (e.g., Ünal et al., 2012), and
decision-making (e.g., Day et al., 2009), may be driven
by mechanisms related to motivation or emotion rather
than visual information acquisition.

Despite the clear absence of an effect of music on
any temporal or spatial components of gaze, we did
observe that participants who listened to music per-
formed slightly better on the memory test than those
who studied the scenes in silence. While the effects of
background music on memory are certainly equivocal
(see Kämpfe et al., 2011, for a meta-analysis), this dif-
ference in our study might suggest that the participants
in the two music conditions exerted more cognitive ef-
fort while studying than those who studied in silence.
Therefore, post hoc, we explored the possibility that the
presence of music affected two oculomotor components
of gaze that have been linked to cognitive effort and/or
load—namely, blink rate (e.g., Ranti et al., 2020; Shultz
et al., 2011) and saccade peak velocity (e.g., Di Stasi
et al., 2013). Illustrated in Fig. 5, our findings showed

that blinks decreased over viewing time, F(14, 924) =
6.17, p < .001, but no effect of music was observed,
F(14, 924) < 1, nor did these factors interact, F(14,
924) < 1. Peak velocity also decreased over time,
F(14, 924) = 19.2, p < .001, and a marginal effect of
music was observed, F(2, 66) = 2.54, p = .085, along
with a marginal interaction of these factors, F(14, 924)
= 1.37, p = .096. However, Bayesian ANOVAs did not
show strong evidence in favor of these effects (i.e.,
BF01 > 3). Hence, we conclude that, as with temporal
and spatial aspects of gaze, task-irrelevant music failed
to meaningfully alter oculomotor components of gaze
related to cognitive processing. Thus, the mechanism(s)
underlying the memory benefit associated with music in
our study appears to be independent of the gaze control
system.5

In summary, studies of gaze control often fail to ac-
count for the multimodal environments. While task-
relevant auditory stimuli, such as music, can be orches-
trated to guide viewers’ behaviors, task-irrelevant music
may also impact gaze (Schäfer & Fachner, 2015). The
current work, however, found no evidence that task-
irrelevant (“background”) music modified the temporal,
spatial, or oculomotor aspects of gaze control related to
cognition. These findings are consistent with functional
accounts of music on gaze control, but further work is
needed to establish the robustness of music’s effect on
gaze as well as possible underlying mechanisms that
may better characterize this relationship.

Author note Portions of this work constituted a senior
thesis by J.K. K.K., J.K., and J.R.B. conceived the
study. J.K., G.H., and A.L.K. programmed the study
and/or contributed methodological tools. J.K. and
A.L.K. collected the data. K.K., J.K., G.H., and J.R.B.
analyzed the data. K.K., J.K., and J.R.B. wrote the pa-
per. Address correspondence concerning this manuscript
to Kristina Krasich, Center for Cognitive Neuroscience,
Duke Institute for Brain Sciences, 308 Research Drive
Room C03E, LSRC, Durham, NC 27708, or via email
to kristina.krasich@duke.edu

5 In follow-up questionnaires, participants in the no music rated the task as
more “boring” (4.29 on a 7-point Likert scale where higher ratings indicate
higher levels of boredom) than participants in the classical music (3.41) and
modern-classical music (3.65) conditions, F(2, 66) = 3.14, p = .050.While this
difference was not associated with gaze, it is possible that differing levels of
experienced boredom underlies the differences in memory performance.
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Appendix 1

Fig. 6 The complete stimulus set. White boxes indicate the vignettes taken from each of the full scene photographs
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Appendix 2

All analyses were conducted with the software package JASP
(Version 0.14.1) using default priors. The models are ordered
by their predictive performance in reference to the best model.

Fixation count

Models P(M) P(M|data) BFM BF01 error %

Time .20 .784 14.54 1.00

Time + Condition .20 .216 1.10 3.64 8.14

Time + Condition + Time× Condition .20 2.75 e −4 .00 2847.14 48.51

Null model (incl. subject) .20 3.30 e−140 1.32 e−139 2.38 e+139 0.75

Condition .20 6.25 e−141 2.50 e−140 1.25 e+140 3.58

Note.All models include subject; P(M) = prior model probability, P(M|data) = posterior model probability; BFM = change from prior to posterior model
odds

Fixation duration

Models P(M) P(M|data) BF M BF 01 error %

Time .20 .87 26.20 1.00

Time + Condition .20 .132 .61 6.56 6.25

Time + Condition + Time× Condition .20 1.64 e−4 6.56 e −4 5289.12 38.03

Null model (incl. subject) .20 5.91 e−46 2.37 e−45 1.47 e+45 0.34

Condition .20 8.49 e−47 3.39 e−46 1.02 e+46 3.47

Note.All models include subject; P(M) = prior model probability, P(M|data) = posterior model probability; BFM = change from prior to posterior model
odds

Saccade count

Models P(M) P(M|data) BF M BF 01 error %

Time .20 0.78 13.881 1.000

Time + Condition .20 0.22 1.146 3.485 7.334

Time + Condition + Time× Condition .20 9.636 e−4 0.004 805.622 41.868

Null model (incl. subject) .20 2.361e−94 9.443e−94 3.288e+93 0.266

Condition .20 5.157e−95 2.063e−94 1.505e+94 3.498

Note.All models include subject; P(M) = prior model probability, P(M|data) = posterior model probability; BFM = change from prior to posterior model
odds
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Saccade duration

Models P(M) P(M|data) BF M BF 01 error %

Time .20 .781 14.29 1.00

Time + Condition .20 .218 1.11 3.59 8.95

Time + Condition + Time× Condition .20 8.96 e−4 .00 871.89 48.94

Null model (incl. subject) .20 1.11 e−6 4.45 e−6 702396.67 .20

Condition .20 3.06 e−7 1.22 e−6 2.56 e+6 3.65

Note.All models include subject; P(M) = prior model probability, P(M|data) = posterior model probability; BFM = change from prior to posterior model
odds

Saccade amplitude

Models P(M) P(M|data) BF M BF 01 error %

Time .20 .60 5.93 1.00

Time + Condition .20 .40 2.63 1.51 4.57

Time + Condition + Time× Condition .20 .01 .03 93.24 1.64

Null model (incl. subject) .20 4.48 e−46 1.79 e−45 1.33 e+45 .30

Condition .20 2.58 e−46 1.03 e−45 2.32 e+45 .97

Note.All models include subject; P(M) = prior model probability, P(M|data) = posterior model probability; BFM = change from prior to posterior model
odds

Fixation dispersion

Models P(M) P(M|data) BF M BF 01 error %

Null model (incl. subject) .20 .96 100.54 1.00

Condition .20 .04 .16 25.45 1.14

Time .20 4.55 e−4 .00 2114.83 .26

Time + Condition .20 1.77 e−5 7.09 e−5 54290.23 .79

Time + Condition + Time× Condition .20 5.72 e−8 2.29 e−7 1.68 e+7 .90

Note.All models include subject; P(M) = prior model probability, P(M|data) = posterior model probability; BFM = change from prior to posterior model
odds

Visual salience

Models P(M) P(M|data) BF M BF 01 error %

Time .20 .87 27.52 1.00

Time + Condition .20 .12 0.56 7.08 .55

Time + Condition + Time× Condition .20 .00 0.01 249.65 .59

Null model (incl. subject) .20 9.79 e−17 3.91 e−16 8.92 e+15 .23

Condition .20 1.27 e−17 5.08 e−17 6.87 e+16 .49

Note.All models include subject; P(M) = prior model probability, P(M|data) = posterior model probability; BFM = change from prior to posterior model
odds

Psychon Bull Rev



Semantic interest

Models P(M) P(M|data) BF M BF 01 error %

Time .20 .89 24.07 1.00

Time + Condition .20 .14 .66 6.02 6.67

Time + Condition + Time× Condition .20 1.10 e−4 4.40 e −4 7793.12 49.80

Null model (incl. subject) .20 4.44 e−77 1.78 e−76 1.9 e+76 .28

Condition .20 5.19 e−78 2.08 e−77 1.65 e+77 1.03

Note.All models include subject; P(M) = prior model probability, P(M|data) = posterior model probability; BFM = change from prior to posterior model
odds

Semantic meaning

Models P(M) P(M|data) BF M BF 01 error %

Time .20 .87 27.29 1.00

Time + Condition .20 .13 0.57 6.99 10.29

Time + Condition + Time× Condition .20 .00 .01 539.69 0.24

Null model (incl. subject) .20 .00 .01 730.05 31.86

Condition .20 2.45 e−4 9.81 e−4 3555.88 3.50

Note.All models include subject; P(M) = prior model probability, P(M|data) = posterior model probability; BFM = change from prior to posterior model
odds

Blink rate

Models P(M) P(M|data) BF M BF 01 error %

Time .20 .72 10.29 1.00

Time + Condition .20 .28 1.55 2.58 7.48

Time + Condition + Time× Condition .20 3.14 e −4 .00 2296.95 41.97

Null model (incl. subject) .20 7.81 e−10 3.12 e−9 9.23 e+8 .19

Condition .20 2.70 e−10 1.08 e−9 2.67 e+9 3.60

Note.All models include subject; P(M) = prior model probability, P(M|data) = posterior model probability; BFM = change from prior to posterior model
odds

Saccade peak velocity

Models P(M) P(M|data) BF M BF 01 error %

Time .20 .526 4.44 1.00

Time + Condition .20 .450 3.28 1.17 6.75

Time + Condition + Time× Condition .20 .023 .10 22.50 7.29

Null model (incl. subject) .20 1.58 e−39 6.31 e−39 3.34 e+38 7.25

Condition .20 1.40 e−39 5.59 e−39 3.77 e+38 6.75

Note.All models include subject; P(M) = prior model probability, P(M|data) = posterior model probability; BFM = change from prior to posterior model
odds
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