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a b s t r a c t
An experience sampling method (ESM) study on 40 volunteers was conducted to explore
the environmental factors and psychological conditions related to involuntary musical
imagery (INMI) in everyday life. Participants reported 6 times per day for one week on their
INMI experiences, relevant contextual information and associated environmental
conditions. The resulting data was modeled with Bayesian networks and led to insights
into the interplay of factors related to INMI experiences. The activity that a person is
engaged was found to play an important role in the experience of mind wandering, which
in turn enables the experience of INMI. INMI occurrence is independent of the time of the
day while the INMI trigger affects the subjective evaluation of the INMI experience. The
results are compared to ﬁndings from earlier studies based on retrospective surveys and
questionnaires and highlight the advantage of ESM techniques in research on spontaneous
experiences like INMI.
Ó 2015 Elsevier Inc. All rights reserved.

1. Introduction
Involuntary cognitions, in the form of memories, thoughts and future planning, constitute a signiﬁcant fraction of mental
activity in people’s everyday lives (Killingsworth & Gilbert, 2010; Kvavilashvili & Mandler, 2004). One type of involuntary
cognition that is fairly prevalent in Western populations (Liikkanen, 2012; Williamson et al., 2012) takes the form of music
and is referred to as ‘involuntary musical imagery’ (INMI, or an ‘‘earworm’’ as it is commonly known). INMI is a short section
of music that comes to the mind spontaneously without effort and then goes on repeating itself without conscious control.
Despite the fact that research on INMI only begun fairly recently (Brown, 2006; Kellaris, 2001), a considerable number of
studies during the past few years have produced a range of signiﬁcant results which now allow the construction of a theoretical framework as well as the reﬁnement of research methods which help to further investigate this by deﬁnition very
inaccessible phenomenon. Thus, research ﬁndings to date have provided information on a range of environmental factors
and psychological conditions that contribute and affect the experience of INMI. We will summarize these ﬁndings ﬁrst before
laying out the rationale and motivation for the current study. In this brief summary of the literature, we focus on transient
momentary conditions and states rather than on personal traits and stable individual differences that have been covered
elsewhere (Beaman & Williams, 2013; Müllensiefen et al., 2014).
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1.1. Mental and environmental phenomena related to INMI
1.1.1. Triggers
Both INMI and non-musical involuntary memories (Berntsen, 1996, 2001; Rasmussen & Berntsen, 2009) are generally
assumed to be triggered by external or internal cues, with the major difference that in the case of involuntary semantic
memories (ISM) the majority of the people (63% according to Kvavilashvili & Mandler, 2004) are not able to report what preceded them, whereas in the case of INMI, triggers can be identiﬁed most of the time. A study by Williamson et al. (2012)
investigated cues that precede and ultimately trigger INMI. The study identiﬁed several different such triggers, which can
be categorized in 4 dominant themes, namely exposure to music, memory triggers, affective states and low attention states.
The ﬁrst two themes (recent exposure to music and memory triggers) have also been conﬁrmed by Hyman et al. (2013) and
are supported by ISM literature (Kvavilashvili & Mandler, 2004).
1.1.2. Mind wandering
Mind wandering is one of the low-attention states that Williamson et al. (2012) found to be associated with subsequent
INMI experiences. Mind wandering is characterized by a shift of attention from a main task that the individual is engaged in
toward internal information such as the processing of memories (Smallwood, Baracaia, Lowe, & Obonsawin, 2003; Christoff,
Ream, & Gabrieli, 2004; Smallwood, O’Connor, Sudberry, & Ballantyre, 2004; Smallwood, Obonsawin, & Heim, 2003;
Smallwood and Schooler, 2006; Smallwood et al., 2004). Different terms have been used to describe this phenomenon,
including task-unrelated thought (Smallwood, Davies, et al., 2004), stimulus-independent thought (Antrobus, 1968;
Teasdale, Lloyd, Proctor, & Baddeley, 1993), mind pops (Kvavilashvili & Mandler, 2004), and zone outs (Schooler, 2002;
Schooler, Reichle, & Halpern, 2005). There are minor differences between the exact meaning of these terms but all of them
generally characterize a process of self-generated thought. The association between mind wandering and INMI reported by
Williamson et al. (2012) supports ﬁndings from early INMI research, such as those of Bennett (2002) who suggested that the
appearance of INMI is always associated with a lack of focus and relaxed states in which the brain is in a condition of break or
distraction. This is also in line with Kellaris (2001) assertion that «earworms eat idle brains».
1.1.3. Concurrent activities
In addition to mind wandering and low-attention states, mental or physical activities that are concurrent to the appearance of INMI are assumed to be a key feature for understanding the latter’s etiology. From the data of a large survey of
retrospective reports, Liikkanen (2012) concluded that INMI appear most frequently when individuals are working alone,
traveling or exercising. He also found that they occur least during activities requiring auditory engagement (e.g. conversing,
which was mentioned by only 10.9% of the participants of his survey). However, the same study also reported that watching
TV and listening to music was the ﬁfth most common situation (42.3%) to be associated with INMI, even though they also
require auditory engagement. The apparent contradiction implied by these two ﬁndings is one of the topics addressed by
the current study.
In a study on both, voluntary and involuntary musical imagery, Bailes (2006) reported that socializing was the most frequent activity in the context of which musical imagery tend to appear, a result which conﬂicts with Liikkanen’s ﬁndings
(2012) described above. Other activities associated with INMI occurrence, as reported by Bailes (2006), are working and traveling as well as waiting and getting up in the morning, while INMI was reported less commonly during audio/visual activities like watching TV and listening to music.
A more recent study by Hyman et al. (2013) showed that the activities which tend to be associated with INMI can be
characterized by low but also by high cognitive load (‘‘cognitive load continuum’’).
Taken together, ﬁndings to date suggest that INMI tend to occur more frequently when the activity that a person is
engaged in is not demanding, is associated with low cognitive load and tends to be monotonous and automatic. These conditions are generally also associated with mind wandering (Schooler, 2002; Smallwood & Schooler, 2006).
1.1.4. Time of the day
Findings about the relationship between time of the day and likelihood of INMI occurrence are mixed. Halpern and
Bartlett (2011) found that mornings (34%) favor INMI appearances, followed by the afternoon (20%), evening (20%) and night
(10%) On the other hand, in Bailes’ study (2007) the musical imagery (voluntary and involuntary) rate was found to be almost
constant throughout the day, dropping to half during the night. Byron and Fowles (2013) found no signiﬁcant difference
between the frequencies of INMI occurrence at different times of the day. They argued that the contradiction between these
ﬁndings with those of previous studies could be due to chance or – in the case of Bailes’ study – the inclusion of voluntary
imagery in the observations.
1.1.5. Factors affecting subjective evaluation
Although common belief has it that INMI is mostly evaluated as a negative experience, studies so far have shown that
evaluations of INMI experiences can vary greatly between individuals. Several studies show that the experience of INMI
is predominantly considered as pleasant (Beaman & Williams, 2010; Halpern & Bartlett, 2011; Hyman et al., 2013) while
others report negative evaluations (Floridou, Williamson, Stewart & Müllensiefen, in press; Hemming, 2009; Williamson
et al., 2014). Thus it is not yet clear which are the factors that modulate the evaluation of INMI experiences and, for this
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reason, one aim of this study is to identify contextual as well as psychological factors that account for differences in subjective evaluations.
1.1.6. Mood
Although the occurrence as well as the subjective evaluations of INMI may possibly also connected to the momentary
concurrent mood state of the individual, the relationship of INMI with mood states has not yet been fully explored and
the evidence remains sketchy at best. One relevant ﬁnding comes from Williamson et al. (2012) who found that affective
states, including the current mood state, are generally associated with the onset of INMI. However no details of the particular
moods involved are provided by that study. Two experience sampling method (ESM) studies (Bailes, 2007; Beaty et al., 2013)
on musical imagery (voluntary and involuntary) provide some more speciﬁc information about the role of mood states. The
ﬁndings presented in Bailes (2007) indicate an association between positive mood (happy and relaxed) and high arousal
(alert and energetic), on one hand, and the appearance of musical imagery on the other. This is not fully congruent with
the results from Beaty et al. (2013) who reported that people experienced musical imagery when they were happy or worried. However, the fact that both of these studies did not distinguish between voluntary and involuntary musical imagery
means that their results can only serve to generate hypotheses regarding the impact of mood states on INMI experience that
still need to be tested.
1.2. Scope of the present study
Motivated by recent ﬁndings on the environmental factors and psychological conditions that seem to cause INMI experiences and interactions with other relevant INMI factors, this paper explores the relationships and interplay between INMI
and mind wandering and aims to construct a common framework which facilitates the description of the relationships
between these mental phenomena.
Previous studies on INMI have made use primarily of retrospective reports via surveys (Liikkanen, 2012; Williamson et al.,
2012) and, to a smaller extent, data from behavioral experiments (Byron & Fowles, 2013; Floridou, Williamson, &
Müllensiefen, 2012; Hyman et al., 2013) and diary studies (Beaman & Williams, 2010; Halpern & Bartlett, 2011). In the present
study we make use of the experience sampling method (ESM) approach which has been used for the exploration of everyday
occurrences (Csikzentmihalyi & Larson, 1987; Kubey, Larson, & Csikszentmihalyi, 1996; Reason & Mycielska, 1984) and can
provide rich data regarding the experiential nature and causes of INMI as and when they occur in everyday life as well as
on situations where they do not occur. Thus, the ESM data from the present study can complement the ﬁndings of previous
studies that used other data gathering methods. Data on INMI experiences can be easily collected via ESM, given that such
experiences constitute a ubiquitous phenomenon experienced by more than 90% of people at least once per week and by
33.2% everyday (Liikkanen, 2012). A second novel methodological aspect of the present study is the use of Bayesian networks
as a data analysis technique. This technique offers the possibility to construct network models of causative associations
between relevant environmental and psychological variables around the INMI experience, which make it possible to understand the potentially complex interactions between different factors leading to the INMI experience and mind wandering.
2. Methods
2.1. Participants
A total of 40 individuals (24 females), 18–72 years of age, were recruited from the ‘‘Goldsmiths Earwormery
Questionnaire’’ (http://earwormery.com/) database. Of these, 20 had previously declared experiencing INMI frequently
(more than once a day) while the other 20 participants had claimed to experience INMI rarely (less than once per month
or never). Two of the participants were discarded because the either did not complete the required forms or completed them
hours later than when contacted, leaving a total of 38 participants.
2.2. Materials
Participation in the study required the use of a mobile phone, which individuals had to carry with them all the time, and
an Experience Sampling Booklet (ESB). The ESB was sent to the participants along with a consent form, which they were
asked to complete and return, and an information/instruction sheet about the study. This sheet also contained the deﬁnitions
of INMI (‘‘An earworm refers to the experience whereby a tune comes to your mind unbidden and repeats itself (i.e. it gets
stuck in your mind) without your conscious control’’) and mind wandering (‘‘Mind wandering describes the experience of
the mind drifting away from a person’s main activity at the time to other «internal» things such as memories, feelings, inner
thoughts and fantasies. An example of mind wandering is when we are reading a book and, after a couple of pages, we realize
that we cannot really say what the story is about because while we were reading we had something else on our mind’’) so as
to help the participants to identify these phenomena when they occurred.
The ESB contained 42 Experience Sampling Forms to be completed (ESF; 6 per day, for one week). Each ESF (see Appendix
A) contained slots for the following information: date, time when message was received and time when the form was
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completed. Two sections followed. Section A contained information items that had to be provided at all times regardless of
whether or not the participants were experiencing INMI at the time of the prompt (when they would receive the text message). If they experienced INMI they would continue to Section B, otherwise they would stop after completing Section A.
Section A asked for the following information: Occurrence or not of INMI and mind wandering episodes at the time of
the prompt, current activity the participant was engaged in (12 categories: housework, getting dressed, in the bath, traveling,
working, studying, reading a book, shopping, exercising, socializing, listening to music, other) and rating of 6 bipolar items
for the assessment of the current mood state using a 7-point rating scale (see Sloboda, O’Neill, & Ivaldi, 2001). If the participants did not experience INMI but did experience mind wandering, then they would complete the questions related to mind
wandering as well as the rest of the general questions of Section A.
Section B of the ESF asked for details of the INMI experience, including the title and artist of the music piece involved in
the INMI, the subjective pleasantness of the experience as rated on a 11-point rating scale 0–10 (Not at all pleasant-Love it)
and the participant’s suggestions of potential triggers of the INMI experience based on the trigger themes proposed by
Williamson et al. (2012) (11 categories: Recent Music Exposure, Association, Person, Association, Sound, Association,
Word, Recent/Upcoming event, Dreams, Current thoughts, Other). If mind wandering was experienced at the time of the
prompt, then ﬁve items about the mind wandering content (taken from the mind wandering inventory by McVay, Kane,
& Kwapil, 2009) had to be rated on a 7-point rating scale (1 = not at all, 4 moderately, 7 = very much): (1) I was aware
my mind was wandering in the moments before the beep, (2) I allowed my thoughts to wander on purpose, (3) I was thinking about personal concerns or things I need to do, (4) I was daydreaming or fantasizing about something, (5) I was worrying
about something). Two additional items were included in order to check the mind wandering content: (6) I was remembering something, (7) My mind was occupied only by the earworm.
2.3. Procedure
During the observation period (Monday–Sunday, 8 am–11 pm), participants were contacted, by text message via an online
messaging service (www.fastsms.co.uk), on six occasions per day at random times. As soon as they were contacted they had to
complete one ESF from the booklet. The completion of an ESF took between 3 and 5 min, depending on whether INMI was
experienced and the level of detail the participant was able to convey about the musical piece and potential triggers.
2.4. Data analysis
Data was obtained for 1374 out of the total of 1596 prompts (86% compliance). We employed Bayesian networks for the
analysis of the 14 variables from the ESFs. The Bayesian network approach (e.g. Korb & Nicholson, 2011) enables the identiﬁcation of dependencies and inﬂuences within a potentially large set of variables. Bayesian networks combine principles
from graph theory, probability theory, computer science and statistics. They are graphical models, which encode probabilistic relationships between the variables of interest using nodes and edges as graphical elements. The nodes in the graph
represent random variables and the edges connecting the nodes represent probabilistic dependencies between the variables.
The graph represents the qualitative (or structural) part of the model while the quantitative parameters are given by the
conditional probability distribution in additional Tables that hold the local probabilities for the conditional dependencies
between nodes that are connected. One important aspect of Bayesian networks is that they encode information about the
dependence/independence of pairs of variables, conditional on sets of other variables. In highly multivariate datasets, where
large sets of variables appear to be related to each other, identifying the conditional independence structure can greatly simplify the network of related variables and help to identify important causal relationships.
Due to the logical dependencies between questions, the data was divided into three sets for which separate networks
were constructed. The ﬁrst dataset included all 1374 episodes, regardless of whether or not INMI or mind wandering had
occurred. The second dataset included only the 644 episodes were INMI was experienced and the third network included
only the 335 episodes where mind wandering was experienced. The data was analyzed using the R software environment
for statistical computing (R Core team, 2013) and the bnlearn package (Nagarajan, Lebre, & Scutari, 2013; Scutari, 2010).
The networks were constructed in three stages. In the ﬁrst stage cross-validation was used to identify the optimal combination of the components of the network learning algorithm (i.e. goodness-of-ﬁt criterion, type of learning algorithm, criterion
for model selection). In the second stage the structure of the network was learned using the combination of components identiﬁed in the ﬁrst stage. Finally in the third stage the parameters of the local distributions were computed from the network
structure identiﬁed in the second stage. This generated the model-based contingency tables for all variables in the network.
3. Results
An initial analysis of the dependent variable ‘INMI occurrence’, which represented the occurrence of INMI during the ESM
study, showed that those participants who had indicated on the Earwormery database that they experience INMI either
never or not very often reported in the context of the current study INMI frequencies in the range of 3–35 episodes per week,
a range comparable to that reported by participants who had indicated that they experience INMI always (range: 16–38). A
chi square test was performed to determine if there was a difference between the people who frequently experience INMI
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and those who do not in relation to the total number of INMI experienced during the ESM. The total number of INMI was
equally distributed: v2(1, N = 3) = .33, p > .05, indicating that there was not a signiﬁcant difference between the two groups.
This might indicate a key difference between self-report data from retrospective questionnaires and reports prompted via
the ESM. Based on this ﬁnding, all participants and their INMI episodes were treated as a single group.
An independent sample t-test was performed to compare the subjective pleasantness associated with INMI in the high
(M = 5.6, SD = 2.7) and the low INMI frequency (M = 5.9, SD = 2.7) group. The result indicated that there was no signiﬁcant
difference between the two groups of participants in terms of subjective pleasantness of their INMI experiences,
t(642) = 1.3, p = .2.
3.1. Data pre-processing
Continuous variables were discretized into categorical variables because the particular class of Bayesian networks
employed here requires the exclusive use of either categorical or continuous variables.
The 6 mood variables were transformed into one categorical variable mood state, with 4 discrete categories coding distinct
mood states. We used model-based cluster analysis (Mclust package for R, Fraley, Raftery, Murphy, & Scrucca, 2012) to group
the mood ratings into 4 discrete categories. The clustering model with the best model ﬁt (according to the Bayesian
Information Criterion, BIC, used as ﬁt index) was identiﬁed from among models having one to 9 clusters and allowing for
all ten possible covariance structures. The clustering model with the best ﬁt comprised 4 clusters with an identical covariance structure and ellipsoidal distributions. The means and standard deviations of mood scales for the four clusters are given
in Table 1. A simple characterization of these four mood states can be done by the attributes they are most strongly associated with relative to the other clusters: For Cluster 1 these are Drowsy, Lonely, Tired, Bored; Cluster 2: Relaxed, (Happy);
Cluster 3: Sad, Tense; Cluster 4: Alert, Happy, Interested, Energetic, Connected.
In addition, we discretized the items INMI pleasantness and the 7 variables measuring mind wandering content on rating
scales using Hartemink’s Information Preserving Discretization method (Hartemink, 2001). Pleasantness resulted in three
categories: 0–4, 5–7, 8–10, based on the initial 10-point Likert scale and mind wandering content in two categories for each
variable (1–3, 4–7; 1–2, 3–7). The variables ‘‘activity’’ and ‘‘INMI trigger’’ were regrouped into new categories, larger than the
ones provided in the booklet. This was done either because the category ‘‘Other’’ was used frequently or because some of the
categories were listed only infrequently. As a result the variable describing the activity that participants were engaged in at
the time of the prompt comprised the following nine categories: (1) working, (2) socializing, (3) grooming, (4) audio/visual, (5)
traveling, (6) physical movement, (7) low cognitive load activities, (8) computer/leisure, and (9) high cognitive load activities.
For INMI triggers the following categories were identiﬁed: (1) Music Exposure, (2) Association with a Person, (3) Association
with a Sound, (4) Association with a Word/Image, (5) Recent/Upcoming event, (6) Thoughts/Dreams, (7) Not aware of trigger,
(8) the same as the previous INMI, (9) Default INMI (an earworm that is experienced quite frequently), (10) Memory. Finally
the time of the day when the ESF was completed was divided into 3 categories: 8 am-1 pm, 1:01–6 pm, 6:01–11 pm).
3.2. Descriptive statistics
3.2.1. Overall INMI rate, percentages of INMI triggers and average pleasantness
The INMI frequency rate was calculated based on the total INMI episodes divided by the total number of surveys completed and resulted in an overall rate of 47% over a week.
In terms of the INMI triggers reported by the participants, the most frequent trigger was ‘‘exposure to music’’ (33.1%),
followed by ‘‘not aware of trigger’’ (18.7%). The frequencies of the other triggers can be seen in Fig. 1. The percentage frequency of all identiﬁable triggers (except for ‘‘not aware of the trigger’’, ‘‘same INMI’’, ‘‘default INMI’’) combined is 62.3%.
The average pleasantness based on the data before the discretization is M = 5.76 (SD = 2.91) on the 0–10 scale, indicating
that on average INMI experiences were rated as slightly pleasant.
3.3. Bayesian network models
3.3.1. INMI and mind wandering network
The ﬁrst network included the ﬁve variables that were ﬁlled out regardless of whether or not INMI and/or mind wandering
had occurred: INMI occurrence, mind wandering occurrence, time of the day, activity and mood state. The network was
Table 1
Means and SDs of mood variables for the 4 different mood states.
Mood pairs
Alert-Drowsy
Happy-Sad
Tense-Relaxed
Interested-Bored
Energetic-Tired
Lonely-Connected

Mood state 1, (527 episodes)
Mean [SD]
4.04
4.61
3.31
4.24
3.35
3.66

[1.60]
[1.25]
[1.46]
[1.16]
[1.39]
[1.07]

Mood state 2, (330 episodes)
Mean [SD]

Mood state 3, (273 episodes)
Mean [SD]

Mood state 4, (208 episodes)
Mean [SD]

5.86 [.62]
5.76 [.68]
2.16 [.73]
5.64 [.81]
4.17 [1.25]
2.91 [1.19]

6.04 [.66]
4.51 [1.38]
4.34 [1.28]
5.58 [.91]
4.15 [1.45]
3.24 [1.22]

6.33 [.60]
6.17 [.59]
2.54 [1.20]
6.32 [.61]
5.72 [.80]
1.53 [.53]
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Fig. 1. INMI triggers percentages.

constructed from 1374 observations. The best network was generated by the tabu algorithm (Glover, 1986), a Bayesian ﬁtting
criterion and the Bayesian-Dirichlet equivalence (bde) score. The structure of the network is graphically depicted in Fig. 2.
The network shows that time of the day determines the activity that the person is engaged in, then the activity can cause
the appearance of mind wandering and, in turn, mind wandering can cause the appearance of INMI. Mind wandering also
affects the mood state but the network does not indicate a direct effect of INMI on mood. From the contingency table of mind
wandering vs activity (Table 4) we can see that activities that are associated with mind wandering occurrence are those
characterized by low cognitive load (conditional probability of mind wandering to occur is .46), traveling (.39) grooming
(.36), and physical activities (.30), while those that prevent mind wandering are socializing (.90), activities characterized
by high cognitive load (.85), audio visual activities (.85) working (.79) and computer/leisure activities (.78).
Mood is inﬂuenced by mind wandering, with mind wandering leading to a mood state characterized by high happiness,
relaxation, interest, tiring and connection (.49) (see conditional probabilities in Table 2).

Fig. 2. General INMI/mind wandering Bayesian network.
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Table 2
Conditional probabilities of mind wandering and mood.
Mood

1.
2.
3.
4.

Mind wandering
0 (No)

1 (Yes)

.36
.26
.20
.17

.49
.20
.20
.11

Drowsy, Lonely, Tired, Bored
Relaxed, (Happy)
Sad, Tense
Alert, Happy, Interested, Energetic, Connected

Table 3
Conditional probabilities of mind wandering and INMI.
INMI

0 (No)
1 (Yes)

Mind wandering
0 (No)

1 (Yes)

.56
.44

.20
.80

Table 4
Conditional probabilities of mind wandering and activity.
Activity

Working
Socializing
Grooming
Audio/Visual
Traveling
Physical movement
Low cognitive load
Computer/Leisure
High cognitive load

Mind wandering
1 (Yes)

0 (No)

.21
.10
.36
.15
.39
.30
.46
.22
.15

.79
.90
.64
.85
.61
.70
.53
.78
.85

The mind wandering experience plays a key role by affecting the initiation or not of the INMI experience (.80 on 278 episodes and .20 respectively on 70 episodes; Table 3).
The network also indicates that there is no direct inﬂuence of time of day on mind wandering or INMI. The remaining of
the conditional probability tables can be found in the Appendix A.
3.3.2. INMI episodes network
For the second part of the analysis, observations from only the instances where the INMI occurrence was reported
(n = 644) were included, along with mind wandering occurrence or not, time of the day, activity, INMI pleasantness and
INMI triggers. We constructed the network to include the structural connections identiﬁed in the ﬁrst network. After cross
validation, the best network was obtained with the tabu algorithm using the bde score and the maximum likelihood ﬁtting
method and is depicted in Fig. 3.
Table 5 shows that INMI is experienced as more pleasant when it is triggered by a speciﬁc memory (.67), when it has been
associated with a sound (.50), the person has been recently exposed to the music (.41) and when a recent/upcoming event is
being contemplated (.38). INMI is experienced as least pleasant when the person cannot identify what triggered it (.65),
when the same INMI content (i.e. song) is experienced more than once throughout the day (.61) and when the default
INMI of the individual is experienced (.49).
3.3.3. Mind wandering episodes network
The third part of the analysis was constructed only on the basis of those instances were mind wandering was reported
(n = 335). It included the variables: INMI occurrence or not, time of the day, activity, mood and the mind wandering content
questions. The best resulting network was generated by a combination of the max–min hill-climbing algorithm, the bde
score and the Bayesian ﬁtting method, and is given in Fig. 4.
The network contains several new relationships: The experience of INMI can lead to the suppression of any other mind
wandering contents when only INMI is experienced (.52). Awareness of a current mind wandering experience can lead to a
conscious decision to allow the mind to wander (.61). Thinking about personal concerns can cause daydreaming (.21) and
also start worries (.60). Mood state and the engaging with memories during mind wandering episode were found to be
independent from the rest of the variables in the network.
Fig. 5 represents an attempt to depict the structural connections from all three networks in a single graph.
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Fig. 3. INMI episodes Bayesian network.

Table 5
Conditional probabilities of INMI triggers and pleasantness.
INMI trigger

Music exposure
Association; Person
Association; Sound
Association; Word/Image
Recent/Upcoming event
Thoughts/Dreams
No idea
Same INMI
Default INMI
Memory

Pleasantness
Low (0–5)

Middle (5–7)

High (7–10)

.36
.49
.40
.44
.47
.39
.15
.64
.61
.17

.23
.23
.10
.22
.18
.40
.47
.22
.26
.17

.41
.29
.50
.33
.35
.22
.38
.13
.13
.67

4. Conclusions and discussion
The aim of this study was to examine the role of environmental conditions and psychological states of the individual in
relation to the INMI experience. The study speciﬁcally looked at interactions and causal relationships between these conditions and also investigated the relationship between INMI experiences and mind wandering.
This study used the ESM technique to study INMI experiences in real-life situations. An important ﬁnding is the discrepancy of the frequency of INMI experiences as obtained via ESM sampling in comparison with that obtained via retrospective
estimates from the same individuals. Kvavilashvili and Mandler (2004) reported a similar discrepancy between the two different measures for the same participants in relation to ISM frequency. This suggests that, at least for certain individuals,
retrospective meta-memory for involuntary semantic memories may be less accurate than measures obtained from experience sampling. A tentative explanation for this discrepancy, given by Kvavilashvili and Mandler, is that some people who do
experience involuntary semantic memories may not be paying attention to them and thus may tend to assume that they
never experienced them (p. 73). Our ﬁnding is particularly important for future studies based on retrospective questionnaire
reports for e.g. INMI frequency and other factors of interest, where poor meta-memory for INMI experience could distort
empirical results.
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Fig. 4. Mind wandering network.

Fig. 5. All networks combined together.

The overall frequency of INMI reported in our study was 47% over the course of a week. This rate is substantially greater
than that reported in previous ESM studies on musical imagery, with Bailes (2006) reporting a 32% INMI rate and Beaty et al.
(2013) reporting a frequency of 17%. This difference could be the result of the selection criteria of the different studies. The
higher overall frequency we observed in this sample could be due to a selection bias, as participants were recruited among
people who had completed the earwormery survey and thus it is possible that our participants were more familiar, interested and maybe more aware of this phenomenon.
The results suggested by the network models indicate that the activity that a person is engaged in plays the key role for
the appearance of mind wandering, which in turn enables the appearance of INMI. Conditional on the activity, INMI occurrences are independent of time of the day, a result that agrees with Byron and Fowles (2013) and resolves previous
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conﬂicting ﬁndings in the literature (Bailes, 2007; Halpern & Bartlett, 2011). Thus, according to our results it is the activity
that the person engages in that causes mind wandering and, in turn, the activity is constrained by the time of the day.
Generally, activities found to favor mind wandering, and subsequently INMI appearance, are characterized by low cognitive load (e.g. just woke up, going to sleep), traveling (conﬁrming the ﬁndings of Liikkanen, 2012), housework and physical
movement. On the other hand, activities that make the appearance of mind wandering and INMI less likely are socializing, a
ﬁnding that conﬁrms the ﬁnding of Liikkanen (2012) but is in conﬂict to that of Bailes (2006). However one has to bear in
mind that the latter study also included voluntary musical imagery episodes in which the participants might purposely have
imagined the music in their heads.
Audio/visual activities were found to reduce the likelihood of mind wandering experiences and subsequently INMI. This
ﬁnding is in contrast with a result from a study (Liikkanen, 2012) which was based on retrospective reports. Both, socializing
and audio/visual activities, involve auditory engagement. Neuroimaging ﬁndings (Kraemer, Macrae, Green, & Kelley, 2005;
Zatorre & Halpern, 2005) show that the auditory cortex is activated in voluntary but also involuntary musical imagery activities. Taking this into consideration, it seems possible that INMI may compete for the same auditory processing resources that
are engaged during socializing and audio/visual activities. This could provide an explanation for why involuntary musical
imagery appearance is less likely when individuals are engaged in concurrent activities that require auditory processing.
Activities described by high cognitive load such as reading, playing Sudoku, and school homework, but also working and
computer/leisure activities, seem to discourage INMI. This ﬁnding is at odds with the conclusion by Hyman et al. (2013) that
appearance of INMI is favored by activities at both ends of the cognitive load continuum. To resolve these conﬂicting ﬁndings, more experimental studies based on the systematic manipulation of the amount of cognitive load, are required.
With regard to the inﬂuence of mood on INMI, the picture emerging from the data of this study is quite clear. The networks described above show that mood is independent of INMI but is affected by the occurrence of mind wandering, which
in turn enables INMI occurrence. In other words, mind wandering is a common cause of both INMI and the affective quality
of a mood state. The distribution of mood states in all the networks shows that the participants were most often in a calm
and happy mood and least likely to be in an energetic mood. This result agrees with the ﬁndings by Ruby, Smallwood, Engen,
and Singer (2013) that self-generated thought (mind wandering) can temporally precede positive mood. It is also in accordance with musical imagery ﬁndings by Bailes (2007) and Beaty et al. (2013) regarding the quality of mood states.
The data of this study also provide a tentative explanation for the observation that the subjective evaluation of INMI episodes can be highly variable (Beaman & Williams, 2010; Liikkanen, 2012; Halpern & Bartlett, 2011; Hemming, 2009).
According to the output of the second network, the participant’s opinion about what triggered their INMI seems to determine
how pleasant an INMI experience is perceived to be. Memory-associated triggers and music exposure increase INMI pleasantness. This could be explained by the fact that people listen to and are more exposed to music that they like and enjoy
(North & Hargreaves, 2003; North, Hargreaves, & Hargreaves, 2004). Therefore, there is a higher likelihood of INMI triggers
related recent exposure to songs that are perceived as pleasant. However, when the person cannot identify the trigger,
experiences an INMI more than once in a day and/or experiences his/her default INMI (i.e. INMI that reoccurs frequently),
then the pleasantness of the INMI experience decreases. This could be because of the repetitive quality of INMI that can lead
to negative evaluation of the experience. The individual initially enjoys the INMI but ﬁnds it unpleasant when this experience occurs and reoccurs. It could also be explained by the ﬁndings of Müllensiefen et al. (2014) that individual differences in
obsessive compulsive trait – which is characterized by repetitive thought patterns – partially inﬂuence INMI valence
(unpleasantness).
The relative frequencies of INMI triggers found in this study conﬁrm ﬁndings by Williamson et al. (2012) but also allow
direct comparisons with triggers of involuntary semantic memories. A key characteristic of ISMs, in comparison to IAMs, is
that identiﬁcation of the ISM trigger is not easily traceable. In our study INMI triggers could be identiﬁed in 62.3% of the
instances. Kvavilashvili and Mandler (2004) reported ISMs triggers for 37% of the cases, which is approximately half the proportion reported by our participants. This difference might suggest that INMI triggers are more identiﬁable than triggers of
other ISMs because of their persistence that could give more time to the person to identify them.
Finally turning to the relationship between INMI and mind wandering, all the networks derived in the present study
reveal interesting relationships. Mind wandering often seems to be the cause of INMI that follows its occurrence, i.e. it
appears that the mind starts to wonder and subsequently it enables the appearance of INMI. This ﬁnding is in accordance
with mind wandering literature where a big portion of its content is reported as musical imagery (Delamillieure et al., 2010)
In summary, this study has demonstrated the advantages of the ESM approach for the study of conditions surrounding the
occurrence of INMI and allows a comparison to data from retrospective self-reports. One interpretation of the discrepancy
between the results from the two data collection methods suggests that retrospective self-reports can suffer from memory
bias. Using Bayesian Networks as an analysis technique, it was found that INMI triggers determine whether INMI is experienced as pleasant or not. Also that INMI does not affect mood directly, but that mind wandering is a common cause behind
the two. INMI occurrence is independent of the time of day but activity is a causal link between the two. Finally, low cognitive load activities favor mind wandering occurrence and subsequently INMI appearance.
This paper provides new insights into the contextual and psychological conditions that affect the occurrence and experiential quality of INMI. It uses a data collection method that is highly suited for observing these real-world contexts and a
modeling approach that is suitable for identifying complex networks of interacting variables as well as causal mechanisms.
The Bayesian network modeling approach appears to be appropriate for the analysis of this type of data because, as previous
literature has shown, the conditions which govern INMI experiences are highly complex.
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Appendix A
A.1. Experience Sampling Form

Date:

Time when message was received:

am/pm

Time when form was filled:

am/pm

A. At the time of the beep (when the text message came in)
1) I was experiencing an earworm(s)

YES/NO

2) My mind had wandered to something other than what I was doing.

YES/NO

If NO, go to question 10; if YES, how would you rate the following statements? (1=not at all, 4 moderately, 7=very
much)
3) I was aware my mind was wandering in the moments before the beep
4) I allowed my thoughts to wander on purpose
5) I was thinking about personal concerns or things I need to do
6) I was daydreaming or fantasizing about something
7) I was worrying about something
8) I was remembering something
9) My mind was occupied only by the earworm

1
1
1
1
1
1
1

2
2
2
2
2
2
2

3
3
3
3
3
3
3

4
4
4
4
4
4
4

5
5
5
5
5
5
5

6
6
6
6
6
6
6

7
7
7
7
7
7
7

10) What were you doing? (PLEASE UNDERLINE)
Housework, getting dressed, in the bath, travelling, working, studying, reading a book, shopping, exercising,
socializing, listening to music, other (please specify) _____________________
11) How would you rate the way you were feeling (tick in the Table below)?
Very

Quite

Somewhat

Neither

Somewhat

Quite

Very

Alert

Drowsy

Happy

Sad

Tense
Interested

Relaxed
Bored

Energetic

Tired

Lonely

Connected

If you’re not experiencing an earworm (if you replied NO to question 1) then do not answer section B.

B.
12) Can you name the title and the artist of your earworm tune?
Title

____________________________________

Artist

YES/NO
_________________________________

13) How would you rate the pleasantness of the earworm? 0-10 (0=not at all pleasant, 10= love it) ___________
14) Can you give a possible explanation of how the earworm was triggered?
I heard it recently (Please specify by circling: private music (e.g. home/car), public music (e.g. restaurant,
shop), radio, live music, ringtone, contagion, learning, other_______)
I saw a person that reminded me of it

I heard a sound that reminded me of it

A word that I saw or heard was somehow connected with the earworm
An recent or upcoming event made me think of it

A dream that I had is connected with the tune

It expresses my current thoughts at this moment/period
Other (please specify) ___________________________________
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A.2. Conditional probabilities of all the networks
1. Conditional probabilities of the First Network

INMI

Mind wandering
0 (No)

1 (Yes)

.56
.44

.20
.80

0 (No)
1 (Yes)

Activity

1.
2.
3.
4.
5.
6.
7.
8.
9.

Working
Socializing
Grooming
Audio/Visual
Traveling
Physical movement
Low Cognitive Load
Computer/Leisure
High cognitive load

Time of the day
8:00 am–1:00 pm

1:01–6:00 pm

6:01–11:00 pm

.28
.06
.26
.07
.09
.06
.06
.06
.05

.32
.10
.16
.09
.10
.07
.02
.08
.05

.04
.16
.20
.21
.08
.05
.06
.09
.10

Mood

Mind wandering

1.Drowsy, Lonely, Tired, Bored
2. Relaxed, (Happy)
3. Sad, Tense
4. Alert, Happy, Interested, Energetic, Connected

0 (No)

1 (Yes)

.36
.26
.20
.17

.49
.20
.20
.11

2. Conditional Probabilities of the Second Network

Activity

1.
2.
3.
4.
5.
6.
7.
8.
9.

Working
Socializing
Grooming
Audio/Visual
Traveling
Physical Movement
Low Cognitive Load
Computer/Leisure
High Cognitive Load

Mind wandering
0 (No)

1 (Yes)

.70
.75
.58
.64
.54
.60
.37
.68
.74

.30
.25
.42
.36
.46
.40
.63
.32
.26
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Activity

1.
2.
3.
4.
5.
6.
7.
8.
9.

Working
Socializing
Grooming
Audio/Visual
Traveling
Physical Movement
Low Cognitive Load
Computer/Leisure
High Cognitive Load

Time of the day
8:00 am–1:00 pm

1:01–6:00 pm

6:01–11:00 pm

.26
.049
.28
.06
.10
.06
.08
.06
.05

.33
.06
.20
.05
.14
.08
.03
.06
.05

.02
.10
.28
.10
.12
.06
.09
.09
.13

Mood

1.
2.
3.
4.

Mind wandering

Drowsy, Lonely, Tired, Bored
Relaxed, (Happy)
Sad, Tense
Alert, Happy, Interested, Energetic, Connected

INMI trigger

0 (No)

1 (Yes)

.39
.25
.20
.16

.52
.18
.20
.11

Pleasantness

Music Exposure
Association; Person
Association; Sound
Association; Word/Image
Recent/Upcoming Event
Thoughts/Dreams
No Idea
Same INMI
Default INMI
Memory

0–4

5–7

8–10

.36
.49
.40
.44
.47
.39
.15
.64
.61
.17

.23
.23
.10
.22
.18
.40
.47
.22
.26
.17

.41
.29
.50
.33
.35
.22
.38
.13
.13
.67

3. Conditional Probabilities of the Third Network

Activity

1.
2.
3.
4.
5.
6.
7.
8.
9.

Working
Socializing
Grooming
Audio/Visual
Traveling
Physical Movement
Low Cognitive Load
Computer/Leisure
High Cognitive Load

Time of the day
8:00 am–1:00 pm

1:01–6:00 pm

6:01–11:00 pm

.19
.04
.32
.03
.11
.07
.13
.06
.03

.28
.04
.20
.08
.21
.09
.03
.06
.02

.03
.05
.36
.14
.10
.06
.10
.08
.08
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Mind wandering; allowance

1–3
4–7

Mind wandering; daydreaming

Mind wandering; awareness
1–4

5–7

.70
.30

.39
.61

Mind wandering; personal concerns
1–4

5–7

.46
.54

.79
.21

1–2
3–7

Mind wandering: worries

Mind wandering: personal concerns
1–4

5–7

1
2–7

.62
.38

.40
.60

Mind wandering: Only INMI

1
2–7

INMI
0 (No)

1 (Yes)

.99
.01

.52
.48
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