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a b s t r a c t

How do perceivers apply knowledge to instances they have never
experienced before? On one hand, listeners might use idealized
representations that do not contain specific details. On the other,
they might recognize and process information based on more
detailed memory representations. The current study examined
the latter possibility with respect to musical meter perception,
previously thought to be computed based on highly-idealized
(isochronous) internal representations. In six experiments, listen-
ers heard sets of metrically-ambiguous melodies. Each melody
was played in a simultaneous musical context with unambiguous
metrical cues (3/4 or 6/8). Cross-melody similarity was manipu-
lated by pairing certain cues—timbre (musical instrument) and
motif content (2–6-note patterns)—with each meter, or distribut-
ing cues across meters. After multiple exposures, listeners heard
each melody without context, and judged metrical continuations
(all Experiments) or familiarity (Experiments 5–6). Responses were
assessed for ‘‘metrical restoration’’—the tendency to make metrical
judgments that fit the melody’s previously-heard metrical context.
Cross-melody similarity affected the presence and degree of metri-
cal restoration, and timbre affected familiarity. Results suggest that
metrical processing may be calculated based on fairly detailed rep-
resentations rather than idealized isochronous pulses, and is disso-
ciated somewhat from familiarity judgments. Implications for
theories of meter perception are discussed.
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1. Introduction

A major problem in perception and recognition is understanding how learners apply their knowl-
edge to new instances. For example, how do we recognize a familiar song from the radio when we hear
it whistled by a stranger walking down the street? Two major classes of solutions have been proposed.
One is that learners determine the meaningful variation in their input and discard extraneous detail,
leaving idealized representations that best capture the category. A second solution to recognition of
new instances is that detail is preserved in memory, and recognition is computed based on partial acti-
vation of detailed representations. On this account, idealized representations do not exist as separate
entities but emerge from consistent, recurrent patterns among experienced information. In ambiguous
circumstances, consistent patterns can be filled into the perceptual experience. A variety of models
exhibit this sort of pattern-completion or fill-in behavior, including neural networks (e.g. Elman &
McClelland, 1988; McClelland & Elman, 1986), exemplar-style models (Goldinger, 1998; Hintzman,
1986), and Hebbian cell assemblies (Hebb, 1949). The crucial point is that, rather than an idealized
representation shaping recognition and processing, multiple memories shape recognition and process-
ing of the incoming percept in proportion to their similarity to the input.

The aim of the current study is to explore whether similarity-based processing of musical informa-
tion influences percepts of musical meter, currently thought to be calculated based on highly-ideal-
ized internal representations (e.g. Large & Jones, 1999). This expands on earlier work by Creel
(2011), who found that listeners hearing metrically-ambiguous melodies made metrical judgments
that were consistent with the metrical contexts they had heard the melody in previously. The studies
here provide a plausibility argument that meter is an emergent property of an aggregation of percep-
tual representations. This work also expands on demonstrations of highly-specific musical memory
(e.g. Palmer, Jungers, & Jusczyk, 2001; Schellenberg & Trehub, 2003). More broadly, this study suggests
a purpose for these specific memory representations: facilitating processing as accurately as possible.

1.1. Idealized vs. specific representations in language

Research in the domain of speech processing provides evidence both for idealized representations and
for specific memories. For example, Sumner and Samuel (2005) showed that, while listeners recognized
words containing non-standard (casual) pronunciations of the phoneme /t/, only words containing stan-
dard versions of /t/ showed long-term phonological priming (see also McLennan, Luce, & Charles-Luce,
2003). Relatedly, McLennan and Luce (2005) found that listeners were only sensitive to talker properties
in a long-term priming experiment when their decisions were measured late in processing, implying that
talker information is not central to word representations. These studies suggest that listeners possess
idealized representations of speech sounds, and that non-ideal percepts feed into these representations.

Other studies, though, suggest that perceptual details are important. For instance, a memory of a
particular talker saying a particular word facilitates recognition of the word (e.g. Church & Schacter,
1994; Creel, Aslin, & Tanenhaus, 2008; Creel & Tumlin, 2011; Goldinger, 1996, 1998; Palmeri, Golding-
er, & Pisoni, 1993; Schacter & Church, 1992). In some studies of adaptation to atypical speech sounds,
the adaptation does not transfer from one talker to another (Eisner & McQueen, 2005; Kraljic & Sam-
uel, 2005), implying that listeners have learned talker-specific representations of these speech sounds.
Lively, Logan, and Pisoni (1993; Logan, Lively, & Pisoni, 1991) find better learning of second-language
speech sounds when sounds are presented from multiple talkers, suggesting that too-narrow (single-
talker) representations are not sufficient for generalization (see also Clopper and Pisoni (2004) for re-
lated effects on regional-accent recognition). These studies together imply that the acoustic specifics
of speech may be stored rather than discarded.1

1 In addition to research in language, there is ample evidence that listeners store rich visual perceptual information (e.g. Brady,
Konkle, Alvarez, & Oliva, 2008; Standing, 1973). Color plays a similar role in visual object recognition to talker information in word
recognition: while a more classical approach suggests that achromatic edges are key to recognition (e.g. Biederman & Ju, 1988),
recent work (Goffaux et al., 2005; Oliva & Schyns, 2000; Tanaka & Presnell, 1999) suggests that color facilitates recognition when it
is highly diagnostic of the category. Further, Mitterer and De Ruiter (2008) have shown that object identity influences color
identification. These studies are consistent with storage of detailed visual memories, with idealized object representations
emerging out of the structure of the input.

322 S.C. Creel / Cognitive Psychology 65 (2012) 321–351



Author's personal copy

1.2. Idealized vs. specific representations in music

A similar range of questions has been asked about music processing: are representations idealized
or highly specific? On the one hand, listeners can identify the important pitch structures (Castellano,
Bharucha, & Krumhansl, 1984; Krumhansl, Louhivuori, Toiviainen, Järvinen, & Eerola, 1999; Krumh-
ansl et al., 2000) or metrical patterns (e.g. Ellis & Jones, 2009; Hannon, Snyder, Eerola, & Krumhansl,
2004) in unfamiliar pieces of music. That is, listeners can hear a song they have not heard before and
recognize that it is in a major key. They can also recognize a familiar piece of music performed in an
unfamiliar timbre, such as Happy Birthday being meowed by cats. Timbre encompasses static and dy-
namic acoustic attributes aside from fundamental frequency (Iverson & Krumhansl, 1993), and is not
typically considered as central to musical representations as pitch or rhythm (Patel, 2008). These data
are consistent with idealized representations of musical keys, meters, or melodies.

On the other hand, listeners show detailed knowledge of familiar music in terms of pitch (Levitin,
1994; Schellenberg & Trehub, 2003; Smith & Schmuckler, 2008), tempo or timing (Levitin, 1996;
Palmer et al., 2001), and timbre (Gjerdingen & Perrott, 2008; Halpern & Müllensiefen, 2007;
Krumhansl, 2010; Peretz, Gaudreau, & Bonnel, 1998; Poulin-Charronnat et al., 2011; Schellenberg,
Iverson, & McKinnon, 1999). This sensitivity to detail raises two questions. First, does detail shape
processing, or is it merely epiphenomenal? And further, if listeners have such specific knowledge,
what allows them to generalize across it? The answer considered here is that similarity relationships
among learned musical pieces are important in shaping processing.

1.3. Representations underlying meter perception

Musical meter—the underlying ‘‘beat’’ of a piece of music—is a particularly interesting case for
examining similarity-based activation because meter is currently thought to be computed by compar-
ing an incoming musical signal to relatively abstract or simple representations—internal periodic
expectations. Large and Jones (1999), for example, describe meter as a periodic attentional pulse,
allowing internal, periodic attending rhythms to entrain to external rhythms (see also Jones, 1976;
Jones, Moynihan, Mackenzie, & Puente, 2002). Neuroimaging evidence supports activation of attend-
ing rhythms: electroencephalographic (Snyder & Large, 2005) and magnetoencephalographic (Iversen,
Repp, & Patel, 2009) power oscillations are generated in certain frequency bands for musical beats that
are not physically present, suggesting that listeners are implicitly predicting a metrical continuation—
the next ‘‘beat.’’ Many authors have assessed the role of various factors in the musical surface which
activate idealized metrical representations, including temporal accents (note duration) and melodic
accents (changes in pitch direction; Ellis & Jones, 2009; Essens & Povel, 1985; Hannon et al., 2004;
Povel & Essens, 1985).

Is there a strong role for detailed memory in meter perception? On the one hand, perhaps not—per-
haps humans are simply biased to attend to periodicity, as it is so basic to biologically-generated
events (e.g. Cummins & Port, 1998; Cutler & Butterfield, 1992; Dilley & McAuley, 2008; Saygin, Driver,
& de Sa, 2008). Further, current approaches (discussed above) make a strong case that surface cues
activate very basic internal representations to generate meter perception. Nonetheless, different expe-
riences shape meter perception. Adults exposed to different musical cultures interpret metrical pat-
terns differently (Hannon & Trehub, 2005a), and only Western 12-month-olds—not Western
adults—can process culturally-unfamiliar metrical patterns after just 2 weeks of exposure (Hannon
& Trehub, 2005b). Language or culture differences influence interpretation of ambiguous strong–
weak/weak–strong beat patterns (Iversen, Patel, & Ohgushi, 2008; Yoshida et al., 2010). Finally, move-
ment experience may shift interpretation of an ambiguous meter in infants and adults (Phillips-Silver
& Trainor, 2005, 2007, 2008).2 These studies together suggest that meter may rely upon perceptual rep-
resentations, possibly accumulated over a lengthy time span, that are more detailed than isochronous
pulses.

2 However, McAuley (2011) and McAuley, Henry, Rajarajan, and Nave (2011) make a strong case that the effect is not about
rhythm perception but about participants’ interpretations of the experimenter’s expectations.
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There are several ways in which memory representations more specific than periodic oscillations
might provide a broader explanatory framework for metrical processing. First, a memory-based expla-
nation may provide a better account of ‘‘complex’’ (non-isochronous) meters (Hannon & Trehub, 2005a,
2005b) found in a number of cultures. Such meters are easily recognized and processed by enculturated
listeners (Hannon & Trehub, 2005a). Periodic oscillators (Large & Jones, 1999) would have difficulty
capturing this behavior (see London (1995) for supporting arguments). If oscillators were replaced with
not-necessarily-isochronous memory patterns, then coactivated similar memories (in enculturated
listeners) would simply ‘‘play along’’ with the percept, providing support for the metrical pattern.

Second, specific memories might aid in recognition (e.g. Gjerdingen & Perrott, 2008; Krumhansl,
2010) and processing of differing musical styles. For instance, Western classical music and American
jazz music contain different timbres, melodic figures, harmonic progressions, and metrical or rhyth-
mic patterns. Classical music rarely employs the alto saxophone or swing rhythms (George Gershwin
notwithstanding), but jazz music regularly employs both. If hearing an alto saxophone or a jazz-typ-
ical chord selectively activated ‘‘swing’’ rhythm representations more than classical-music rhythm
representations, processing of the swing rhythm would be facilitated.3 Current models of metrical pro-
cessing do not incorporate this information, and thus cannot benefit from it.

Finally, influences of similarity-based memory activation on meter constitute an argument about
the nature of meter itself: perhaps it is not the simple recognition of isochrony, but the coactivation
of similar memory representations. The assertion of the current study is that previous accounts of me-
ter are incomplete without taking into account activation of more detailed memory information. Spe-
cifically, I argue that meter perception is an interaction between surface cues in the immediate percept
and multiple activated memories of similar musical information.

1.4. The current study

The current study asked whether similarity across melodies influences metrical processing, and
what counts as similar. Effects of cross-melody similarity on metrical restoration make a plausibility
case that musical processing arises out of an aggregate of musical memories, rather than from ideal-
ized representations. To examine this possibility, the study manipulates participants’ percepts of the
3/4–6/8 metrical ambiguity. This ambiguity might be thought of as a ‘‘Necker cube’’ of event timing
(Fig. 1): it can be organized as three groups of two sub-beats, or as two groups of three sub-beats
(see Handel & Lawson, 1983; Hannon et al., 2004). Many artists have played on this ambiguity, includ-
ing Antonín Dvořák (Slavonic Dances), Johannes Brahms (Symphony No. 3), and Tears for Fears (‘‘Every-
body Wants to Rule the World’’). Metrical importance in Fig. 1 is marked as x’s, following Lerdahl and
Jackendoff’s (1983) metrical grid. The onset of each group of two or three (the second level of �’s in
Fig. 1) is the tactus—the ‘‘beat,’’ the frequency at which listeners would tap their feet or clap their
hands in time to the music. Onset events are perceived as stronger than the other sub-beat events.

Recently, Creel (2011) demonstrated that melodies are stored along with metrical information in
memory, referred to in the current paper as ‘‘metrical restoration:’’ listeners form specific memories
of melodies that shape processing of meter when the melodies are heard later. This is perhaps most
analogous to continuity phenomena such as the phonemic restoration effect (Samuel, 1981; Warren,
1970), where, on a word-specific basis, listeners perceive the presence of a phoneme (or tone; DeWitt &
Samuel, 1990) that has been completely replaced by noise (as in dino⁄aur). Illusory metrical patterns
have been noted in musical (Brochard, Abecasis, Potter, Ragot, & Drake, 2003; Iversen et al., 2008) and
linguistic (Pitt & Samuel, 1990) meter previously, suggesting that perception of loudness alternation or
emphasis alternation is subject to noise within the perceptual system or in memory. However, these
previous metrical demonstrations were not shown on an instance-specific basis.4

In Creel’s (2011) Experiment 2, listeners heard melodies that were ambiguous between 3/4 meters
and 6/8 meters. Listeners heard an exposure phase and a following probe (test) phase. In exposure, a

3 This is perhaps even more true of traditional musical systems across cultures.
4 Further analogies include top-down perception phenomena such as sine-wave speech analogs, which listeners perceive and

understand as speech when informed as to its nature (Remez, Rubin, Pisoni, & Carrell, 1981), and recognition of melodies with
notes’ octaves changed when informed as to the melody’s identity (Deutsch, 1972).
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clear sense of the beat for each melody was provided by context instruments that played simulta-
neously with the ambiguous melody. After multiple in-context exposures, listeners proceeded to
the probe phase where they heard the melodies out of context, and judged how well 3/4 vs. 6/8 met-
rical probes fit those melodies. Listeners preferred the meter they had heard with that melody during
exposure, implying that hearing the melody alone reactivated metrical properties of the original con-
text. Thus an exact replication of a melody, preserving timbre, pitch, and timing, resulted in metrical
restoration. However, it was not clear how, or even if, these effects might generalize to new musical
material, or how they might reflect the nature of musical knowledge as a whole.

The current study used Creel’s (2011) paradigm, but manipulated similarity amongst the melodies
heard by a given listener, to assess the effects of cross-melody similarity on metrical processing. The
question throughout is whether metrical restoration of one melody is strengthened by similar melodies
having the same meter, or weakened by similar melodies having different meters. Experiments were
divided into two major sections. In Part I, timbre similarity across melodies was manipulated to deter-
mine the influence of timbre on similarity-based activation in metrical restoration. Would a change in
timbre at test result in loss of the metrical restoration effect? Further, was metrical restoration stron-
ger when each meter had a consistent timbre? In Part II, an additional element of similarity was
added: motifs. Listeners were exposed to non-identical melodies composed of two different sets of
motifs—pitch-and-rhythm ‘‘chunks.’’ Do non-identical melodies composed of identical motifs
coactivate each other in memory, such that metrical restoration of one melody is stronger when other
melodies with the same motifs have the same meter, and weaker when melodies with those motifs
have different meters? And is metrical restoration predicted simply by recognizing the melody, or
by activation of similar melodies apart from explicit recognition?

2. Part I

2.1. Experiment 1: pairing timbre with meter (A)

This initial experiment explored metrical restoration when listeners were exposed to melodies that
were fairly similar to one another. This replicated Creel’s (2011) earlier study by verifying whether
listeners were able to form melody-specific knowledge of meter, and extended it by examining the

Fig. 1. Example of alternative groupings of isochronous pulses (black dots): into three groups of two (3/4 meter, top line); or
two groups of three (6/8 m, bottom line). �’s mark a metrical grid (Lerdahl & Jackendoff, 1983), with more x’s having greater
emphasis.
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effects of inter-melody similarity. While Creel used melodies that varied widely in timbre, presenta-
tion rate, and pitch collections, the current set of melodies were matched on presentation rate and
pitch collections, with only two timbres used. For a given listener, each timbre was paired with just
one meter—for instance, all saxophone melodies were heard in 3/4 contexts, and all French horn mel-
odies, in 6/8. After exposure to melodies in metrically-clear contexts, listeners then heard melodies
without their contexts, followed by metrical probes in 3/4 or in 6/8.

On an idealized-meter-representations account, meter perception for contextless melodies would
be driven only by cues in the melodies themselves (and listeners’ own idiosyncratic biases), not by
previous listening experiences. Thus, no effects of pre-exposure on metrical processing should be evi-
dent. However, on a similarity-based learning account, timbre should influence grouping of traces in
memory: hearing all saxophone melodies presented in (for example) 3/4 meters should create strong
associations between the saxophone timbre and 3/4 meters. Thus, when a saxophone melody was
heard alone, listeners should restore the 3/4 meters readily (and vice versa for French horn melodies
and 6/8 meters). What about the same melody with a change in timbre? If timbre was strongly asso-
ciated with the meter, then when a familiarized saxophone melody was heard in a different timbre,
the 3/4 metrical preference should weaken, or even reverse if it is heard in the timbre associated with
6/8 meters.

2.1.1. Method
2.1.1.1. Participants. N = 36 college-aged participants from the UCSD psychology participant pool re-
ceived course credit for participation. None in any experiment reported hearing problems. Seven addi-
tional participants were replaced due to a programming error which resulted in the loss of 40–85% of
test trials. Three of the included participants were also affected by this error, but their data were re-
tained as they were mostly intact (13% or fewer trials lost). In this and following experiments, incom-
plete adherence to lab procedure meant that music background data were not collected from a
minority of participants (about one in five). Generally speaking, the sample was quite varied in musi-
cal sophistication, both in terms of playing music and taking music coursework. Effects of music expe-
rience, reported in Appendix A, on the experimental manipulations were small and usually not
statistically significant.

2.1.1.2. Stimuli. Eighteen major-key melodies (Fig. 2) were composed in Finale 2009.r2 for Macintosh
(2008, MakeMusic Inc.). Melodies were composed using a limited vocabulary of what the author
judged to be moderately-metrically-ambiguous measure-long rhythmic patterns (Appendix B). Each
melody was roughly eight measures in length plus a final note, with an eighth-note (sub-beat) dura-
tion of 250 ms. They were distributed across a variety of different keys (Ab major, Bb major, C major, D
major, E major, F# major), so that three melodies each were in the same key. The two timbres (se-
lected from Finale’s SmartMusic SoftSynth MIDI collection) were soprano saxophone with harp
accompanying, and French horn with accordion and acoustic grand piano accompaniment. The accom-
panying contexts (hereafter, just contexts) were composed so as to be metrically unambiguous. Met-
rical clarity was achieved by placing more note onsets on strong beats in 3/4 or 6/8 than on weak beats
(as in Fig. 2a), by presenting pattern repetitions (see Hannon et al., 2004) at the length of a beat (as in
Fig. 2b), or both. In-context and isolated melodies were exported as .aiff files, and were edited in Praat
(Boersma & Weenink, 2007) to equalize loudness to 70 dB SPL.

2.1.1.3. Procedure. The experiment had an exposure phase followed by a probe phase. In exposure, each
listener heard 12 of the 18 melodies. Six melodies were heard in one timbre + meter combination, and
six others were heard in another timbre + meter combination. Each melody was heard six times each,
for a total of 72 exposure trials. Each melody was equally likely to occur in each of the four tim-
bre + meter combinations, though a given participant would only hear that particular melody in
one of them (see Table 1 for counterbalancing details). So as not to alert listeners to the nature of
the upcoming task, they were simply asked to rate liking and emotional valence (happy/sad) for each
occurrence of each melody, as in Creel (2011).

In the probe phase, all participants heard the same materials, meaning that different responding
could only be due to prior exposure (and, as in any experiment, participant-specific idiosyncrasies).
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Each melody was stripped of its context and was presented in one of three timbres (saxophone, French
horn, or a completely new timbre, the dulcimer). Each melody was followed by one of two probes (3/4
metrical probe or 6/8 metrical probe). Each probe consisted of four measures of beats after the end of
the melody, plus the first beat of the fifth measure, and were played in a woodblock timbre. Thus, each
of the 18 melodies was heard 6 times (3 timbres � 2 probes), for a total of 108 test trials. This meant
that each listener heard:

� the 12 familiar melodies in the original timbre;
� the 12 familiar melodies, switched to the other exposed timbre;
� the 12 familiar melodies, switched to the completely-novel timbre;

Fig. 2. Example of a melody used in Part I (Experiments 1–3). (a) in a 3/4 context, and (b) in a 6/8 context. Metrical grids for
each context are marked in x’s below the lower staff.

Table 1
Experiments 1–2, counterbalancing of melody exposure. There were 12 lists total. Lists 7–12 were identical to Lists 1–6 except that
timbres were reversed.

Melody List 1 List 2 List 3 List 4 List 5 List 6

6 Hn, 3/4 . Sx, 6/8 Sx, 6/8 . Hn, 3/4
8 Hn, 3/4 . Sx, 6/8 Sx, 6/8 . Hn, 3/4

18 Hn, 3/4 . Sx, 6/8 Sx, 6/8 . Hn, 3/4
14 Sx, 6/8 Hn, 3/4 . Hn, 3/4 Sx, 6/8 .
12 Sx, 6/8 Hn, 3/4 . Hn, 3/4 Sx, 6/8 .
10 Sx, 6/8 Hn, 3/4 . Hn, 3/4 Sx, 6/8 .
16 . Sx, 6/8 Hn, 3/4 . Hn, 3/4 Sx, 6/8

2 . Sx, 6/8 Hn, 3/4 . Hn, 3/4 Sx, 6/8
4 . Sx, 6/8 Hn, 3/4 . Hn, 3/4 Sx, 6/8

11 Hn, 3/4 . Sx, 6/8 Sx, 6/8 . Hn, 3/4
5 Hn, 3/4 . Sx, 6/8 Sx, 6/8 . Hn, 3/4

13 Hn, 3/4 . Sx, 6/8 Sx, 6/8 . Hn, 3/4
9 Sx, 6/8 Hn, 3/4 . Hn, 3/4 Sx, 6/8 .
3 Sx, 6/8 Hn, 3/4 . Hn, 3/4 Sx, 6/8 .
7 Sx, 6/8 Hn, 3/4 . Hn, 3/4 Sx, 6/8 .

17 . Sx, 6/8 Hn, 3/4 . Hn, 3/4 Sx, 6/8
1 . Sx, 6/8 Hn, 3/4 . Hn, 3/4 Sx, 6/8

15 . Sx, 6/8 Hn, 3/4 . Hn, 3/4 Sx, 6/8

Note. Hn = French horn; Sx = soprano saxophone; . = did not hear the melody during exposure.
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� the 600 melodies in the 3/4-associated timbre;
� the 600 melodies in the 6/8-associated timbre;
� the 600 melodies in the novel timbre.

On each test trial, the listener saw a 400-pixel-wide ruler, which was labeled ‘‘Bad fit’’ on the left
end, ‘‘Okay’’ in the center, and ‘‘Good fit’’ on the right end. They were told ‘‘After each song, you will
hear some drumbeats. Your job is to judge, on the ‘ruler’ below, how well the drumbeats went with the
previous song. Just click on the point on the ruler that seems to best describe how well it fit. Try to use
the whole range of the ruler.’’ After reading the instructions, they were allowed to click on-screen but-
tons to play four examples: one phrase (four measures) of Happy Birthday (which is in 3/4 time) fol-
lowed by ‘‘good drumbeats’’ (in 3/4); one phrase Happy Birthday followed by ‘‘bad drumbeats’’ (in 6/
8); one phrase of Greensleeves (which is in 6/8 time) followed by ‘‘good drumbeats’’ (6/8); and one
phrase of Greensleeves followed by ‘‘bad drumbeats’’ (3/4). The x-coordinate of each response click
was transformed so that responses ranged from �1 to +1.

2.1.2. Results
Metrical probe ratings (Fig. 3a) suggested that exposed melodies showed metrical restoration ef-

fects when presented in the original timbre. Specifically, when listeners heard melodies presented
in their original timbres (left four bars of Fig. 3a), ratings of 3/4 metrical probes were much higher than
ratings of 6/8 probes for 3/4-exposed melodies, but 3/4 ratings were not higher than 6/8 ratings for 6/
8-exposed melodies. An ANOVA on probe ratings for exposed melodies was conducted with Learned
On (horn = 3/4/sax = 6/8, sax = 3/4/horn = 6/8) as a between-participants factor, and Exposure Meter
(exposed 3/4, exposed 6/8), Probe Meter (3/4 probe, 6/8 probe), and Timbre Match (original, other
[switched timbre], novel) as within-participants and within-items factors. Effect size is reported as
generalized eta squared (g2

G; Bakeman, 2005; Olejnik & Algina, 2003), which is preferable to partial
eta squared because it is comparable across between-participants and within-participants designs.

If metrical restoration occurred, as in Creel (2011, Experiment 2), there should be a significant
interaction between Exposure Meter and Probe Meter. This would indicate that listeners rated the
two probe meters differently depending upon the exposure meter. In the current experiment, the
Exposure Meter � Probe Meter interaction was significant (F1(1,34) = 7.99, p = .008; F2(1,17) = 3.22,
p = .09; g2

G ¼ :35): listeners preferred metrical probes that matched the contexts they had previously
heard with particular melodies. There was also an effect of Timbre Match � Probe Meter
(F1(2,68) = 3.62, p = .03; F2(2,34) = 4.15, p = .02; g2

G ¼ :10), resulting from similar 6/8 probe ratings
across timbre match conditions, but differing 3/4 ratings, with the largest in the novel timbre case.
No other effects or interactions approached significance, including a Timbre Match � Exposure Me-
ter � Probe Meter interaction, which would have indicated differing patterns of meter preference
across changes in timbre (F1(2,68) = 1.96, p = .15; F2(2,34) = 2.01, p = .15; g2

G ¼ :07).
Planned analyses of each level of Timbre Match examined the Exposure Meter � Probe Meter inter-

action. Only the original-timbre trials showed the signature interaction pattern (F1(1,35) = 12.11,
p = .001; F2(1,17) = 6.26, p = .02; g2

G ¼ :59), while the changed-timbre trials (F1(1,35) = 1.36, p = .26;
F2(1,17) = 1.86, p = .19; g2

G ¼ :17) and the novel-timbre trials (F1(1,35) = 1.78, p = .19; F2 < 1;
g2

G ¼ :16) did not. Note that a simpler way to depict the results is to plot the difference between
matched probes and mismatched probes: (exposed 3/4, 3/4 probe + exposed 6/8, 6/8 probe)/2 � (ex-
posed 3/4, 6/8 probe + exposed 6/8, 3/4 probe)/2, as in Fig. 3c. This is directly proportional to the inter-
action score: (exposed 3/4, 3/4 probe � exposed 3/4, 6/8 probe) � (exposed 6/8, 3/4 probe � exposed
6/8, 6/8 probe). When this difference score is zero, there is no metrical restoration; when it is greater
than zero, there is metrical restoration. For ease of interpretation, results for following experiments
are plotted in this way. Means for individual probe meter � exposure meter cells are provided in Ap-
pendix C (Tables C1–C6).

To see if timbre-related meter preferences carried over to unheard melodies (Fig. 3b), ANOVAs
were conducted with Learned On, Exposure Meter (timbre heard with 3/4 during exposure, timbre
heard with 6/8 during exposure) and Probe Meter as within-participants and within-items factors.
There was an effect of Probe Meter (F1(1,34) = 4.61, p = .04; F2(1,17) = 13.55, p = .002; g2

G ¼ :75), sug-
gesting an overall preference for 3/4 probes, but no other effects approached significance. There was
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no strong prediction for novel-timbre unheard melodies; analysis suggested a strong 3/4 preference
(t1(35) = 2.81, p = .008; t2(17) = 4.21, p = .0006; 3/4: M = .20 ± .32; 6/8: M = �.06 ± .33).

2.1.3. Discussion
This initial experiment explored whether cross-melody similarity in timbre influenced metrical

restoration. Listeners heard sets of melodies with distinct timbre and meter combinations. Listeners
showed melody-specific learning effects for meter, and these effects were strongest when the melody
was heard in its original timbre. However, there was not a statistical interaction of Timbre � Exposure
Meter � Probe Meter, making it difficult to conclude whether timbre truly mattered for metrical
restoration.

In addition to the metrical learning effect, there was a bias toward 3/4 probes. This was observed in
Creel’s (2011, Experiment 2) control condition: without exposure, listeners strongly preferred to inter-
pret ambiguous melodies as being in 3/4. In particular, the cases in the current experiment where the
strongest 3/4 biases were observed were those least similar to the exposure (novel melodies, esp.
when played by the novel instrument). This suggests that learning effects interact with preexisting
biases, such as preferences for certain tempos (e.g. London, 1995).
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Fig. 3. Experiment 1, results for (a) familiar-melody trials and (b) novel-melody trials; (c) simplified display of the data in (a)
and (b), as a difference score between exposure matching-probes vs. exposure-mismatching probes (see text for details).
Throughout, error bars are standard errors.
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Interestingly, the magnitude of the metrical-restoration effect—a rating difference between expo-
sure-matching and exposure mismatching meters—is only .12 (SD = .20), even in the original-timbre
condition. This is much smaller than that observed in Creel (2011), with a rating difference of .56
(SD = .43). This may be due to the tighter similarity structure among the current set of melodies, which
had two timbres (Creel used 6), a single rate of presentation (Creel used 3), and a single pitch collec-
tion (major-key; Creel used four different scales). A reduction in the metrical restoration effect as mu-
sical memories become more similar is consistent with a similarity-based memory account, as more
similar memories will interfere more with each other.

Effects in the current experiment may also have been weakened by the lengthy probe portion of the
experiment: at 108 trials, it lasted longer than the exposure phase (72 trials), which may have diluted
the short-term learning during exposure. Given that Experiment 1 hinted at timbre-specificity of met-
rical restoration, the next experiment replicated it, but with a more sensitive (shorter) test phase.

2.2. Experiment 2: pairing timbre with meter (B)

2.2.1. Method
2.2.1.1. Participants. N = 36 new participants from the same pool as in Experiment 1 took part.

2.2.1.2. Stimuli and Procedure. These were the same as in Experiment 1, except that novel-timbre ver-
sions of melodies were removed from the probe phase.

2.2.2. Results
With a smaller number of trials, the suggestion of timbre-specific meter learning in Experiment 1

was replicated with a significant Timbre Match � Exposure Meter � Probe Meter interaction (Fig. 4;
note qualitative similarity to Fig. 3c). An ANOVA was conducted on metrical probe ratings with Expo-
sure Meter, Probe Meter, and Timbre Match as within-participants factors, and Learned On as a be-
tween-participants factor. The interaction of Exposure Meter � Probe Meter was significant
(F1(1,34) = 9.03, p = .005; F2(1,17) = 7.26, p = .02; g2

G ¼ :38), suggesting that 3/4 probes were rated
higher after 3/4-exposed melodies than after 6/8-melodies, and vice versa. There was also an interac-
tion of Timbre Match � Exposure Meter � Probe Meter (F1(1,34) = 15.08, p = .0005; F2(1,17) = 16.45,
p = .0008; g2

G ¼ :32). Simple ANOVAs showed that only original-timbre trials showed the Exposure
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Fig. 4. Experiment 2, metrical fit ratings plotted as match–mismatch difference scores to better illustrate degree of metrical
restoration.
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Meter � Probe Meter interaction (F1(1,35) = 18.2, p = .0001; F2(1,17) = 20.57, p = .0003; g2
G ¼ :67),

while other-timbre trials did not (F < 1; F2 < 1; g2
G ¼ :008).

For unheard melodies, ANOVAs were conducted with Learned On, Timbre (timbre with 3/4 expo-
sure, timbre with 6/8 exposure) and Probe Meter as within-participants and within-items factors.
No effects approached significance, including the Timbre � Probe Meter interaction (F1(1,34) = 2.45,
p = .13; F2(1,17) = 1.99, p = .18; g2

G ¼ :13), suggesting that metrical preferences did not strongly trans-
fer to new melodies based on timbre similarity.

2.2.3. Discussion
Listeners were shifted toward metrical fit judgments of melodies that matched with their experi-

ence of those melodies and their specific timbres. These data suggest that listeners group musical
information in memory by timbral similarity: the consistent linkage between timbre and meter
strengthened timbre–meter connections, such that metrical restoration only occurred for a melody
heard in its original timbre. This bolsters the equivocal evidence for timbre specificity in Experiment
1: timbre similarity does influence metrical restoration. Like Experiment 1, this did not transfer to no-
vel melodies in the exposed timbres.

This experiment suggests that coherence amongst multiple representations in timbre and meter
leads to timbre-specific restoration of metrical information. However, there is an alternative explana-
tion, which has nothing to do with timbre similarity across melodies: listeners may simply be storing
each melody in timbre-specific form, without any interaction in memory between same-timbre melo-
dies. If that is the case, then metrical preferences for individual melodies should show timbre-speci-
ficity—a drop in metrical restoration when the melody’s timbre changes at test—even if there is no
experiment-wide consistency in timbre–meter mapping. This was tested in Experiment 3.

2.3. Experiment 3: timbre associated with melodies but not meters

2.3.1. Method
2.3.1.1. Participants. N = 36 new participants from the same pool as in Experiments 1 and 2 took part.

2.3.1.2. Stimuli and procedure. These were the same as the two previous experiments, except that
exposure for each participant was rearranged (Table 2) such that each person heard three melodies
each with French horn +3/4, French horn +6/8, saxophone +3/4, and saxophone +6/8, for a total of
12 exposure melodies.

2.3.2. Results
Listeners showed melody-specific meter preferences, but these preferences generalized across

changes in timbre (Fig. 5). An ANOVA on metrical fit ratings was conducted with Exposure Meter,
Probe Meter, and Timbre Match (original, other) as within-participants factors. Probe Meter was sig-
nificant (F1(1,35) = 5.64, p = .02; F2(1,17) = 10.28, p = .005; g2

G ¼ :78), indicating an overall preference
for 3/4 probes. The Exposure Meter � Probe Meter interaction was also significant (F1(1,35) = 13.12,
p = .0009; F2(1,17) = 4.86, p = .04; g2

G ¼ :51), indicating that listeners rated probes higher when they
matched the previously-heard context’s meter. However, the higher-level interaction of Timbre
Match � Exposure Meter � Probe Meter (F1 < 1; F2 < 1; g2

G ¼ :01) was not significant, suggesting that
effects of metrical exposure were similar regardless of whether the melody was played in the original
timbre or the other timbre. Novel melodies showed a marginal trend toward preference of 3/4 probes
(t1(35) = 1.77, p = .09; t2(17) = 1.58, p = .13).

2.3.3. Discussion
Listeners in Experiment 3 heard melodies of two different timbres, but the timbres did not map to

particular meters. The listeners showed a metrical restoration effect, but, unlike the first two experi-
ments, they did not show timbre-specific metrical knowledge. That is, metrical restoration was tied to
each melody, but not to timbre. This means that timbre-specific metrical restoration in Experiments 1
and 2 cannot be explained as resulting from individual-melody knowledge. Instead, listeners in the
first two experiments seem to have formed memory collections that linked together melodies of
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the same timbre. It also suggests that, when not consistently associated with meter, timbre plays little
role in activating metrical memory information.

2.4. Interim summary

Listeners are sensitive to timbre–meter coherence in their musical experiences. Specifically, listen-
ers show metrical restoration effects for previously-heard melodies when they hear the melodies
again in the original timbre, but not when they hear them in a different timbre. When timbres are
equally likely to occur with either meter, listeners still show metrical restoration, but timbre does

Table 2
Experiment 3, counterbalancing of melody exposure. There were 18 lists total. Lists 10–18 were identical to Lists 1–9 except that
timbres were reversed.

Melody List 1 List 2 List 3 List 4 List 5 List 6 List 7 List 8 List 9

6 Hn, 3/4 . Sx, 6/8 Sx, 3/4 . Hn, 6/8 Sx, 6/8 . Hn, 3/4
8 Hn, 6/8 . Sx, 3/4 Sx, 6/8 . Hn, 3/4 Sx, 6/8 . Hn, 3/4

18 Hn, 3/4 . Sx, 6/8 Sx, 6/8 . Hn, 3/4 Sx, 3/4 . Hn, 6/8
14 Sx, 6/8 Hn, 3/4 . Hn, 6/8 Sx, 3/4 . Hn, 3/4 Sx, 6/8 .
12 Sx, 3/4 Hn, 6/8 . Hn, 3/4 Sx, 6/8 . Hn, 3/4 Sx, 6/8 .
10 Sx, 6/8 Hn, 3/4 . Hn, 3/4 Sx, 6/8 . Hn, 6/8 Sx, 3/4 .
16 . Sx, 6/8 Hn, 3/4 . Hn, 6/8 Sx, 3/4 . Hn, 3/4 Sx, 6/8

2 . Sx, 3/4 Hn, 6/8 . Hn, 3/4 Sx, 6/8 . Hn, 3/4 Sx, 6/8
4 . Sx, 6/8 Hn, 3/4 . Hn, 3/4 Sx, 6/8 . Hn, 6/8 Sx, 3/4

11 Hn, 6/8 . Sx, 3/4 Sx, 6/8 . Hn, 3/4 Sx, 3/4 . Hn, 6/8
5 Hn, 3/4 . Sx, 6/8 Sx, 3/4 . Hn, 6/8 Sx, 3/4 . Hn, 6/8

13 Hn, 6/8 . Sx, 3/4 Sx, 3/4 . Hn, 6/8 Sx, 6/8 . Hn, 3/4
9 Sx, 3/4 Hn, 6/8 . Hn, 3/4 Sx, 6/8 . Hn, 6/8 Sx, 3/4 .
3 Sx, 6/8 Hn, 3/4 . Hn, 6/8 Sx, 3/4 . Hn, 6/8 Sx, 3/4 .
7 Sx, 3/4 Hn, 6/8 . Hn, 6/8 Sx, 3/4 . Hn, 3/4 Sx, 6/8 .

17 . Sx, 3/4 Hn, 6/8 . Hn, 3/4 Sx, 6/8 . Hn, 6/8 Sx, 3/4
1 . Sx, 6/8 Hn, 3/4 . Hn, 6/8 Sx, 3/4 . Hn, 6/8 Sx, 3/4

15 . Sx, 3/4 Hn, 6/8 . Hn, 6/8 Sx, 3/4 . Hn, 3/4 Sx, 6/8

Note. Hn = French horn; Sx = soprano saxophone; . = did not hear the melody during exposure.
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Fig. 5. Experiment 3, metrical fit ratings plotted as match–mismatch difference scores.
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not matter. Results do not suggest a simple association between timbre and meter—if that were the
case, then listeners in Experiments 1–2 should have preferred a particular meter for all melodies of
one timbre—both familiarized and novel ones—not just the familiar melodies. What the results sug-
gest instead is that similar memories bolster each other. This suggests not only that listeners recognize
music based on timbral detail (Halpern & Müllensiefen, 2007; Schellenberg et al., 1999), but that tim-
bre similarity across multiple melodies can influence their perception of the music’s meter. This is
interesting in that timbre is often construed as a less-structurally-essential property of music than
pitch or rhythm (Patel, 2008). However, as noted in the Introduction, different musical styles utilize
both characteristic metrical patterns and characteristic instrumental timbres, and such a timbre-spe-
cific memory activation mechanism might facilitate recognition and metrical processing in a variety of
styles.

These experiments leave certain questions unanswered, such as why listeners do not extend met-
rical restoration to novel melodies with the trained timbres. This raises the related question of what
properties of the melodies contribute to metrical restoration. Must listeners recognize the melody in
order to restore meter, with timbre match increasing the likelihood of recognition? If so, then the
strength of metrical restoration should vary directly with familiarity. On the other hand, listeners
may not be remembering melody–meter pairings wholesale, but may instead be attaching metrical
information to subparts of the melodies. The latter would predict that rearranging motifs from a vari-
ety of 3/4-exposed melodies would result in a 3/4-like percept, even if the melody is not recognized as
familiar. Broadly speaking, a motif is a brief, recurring ‘‘chunk’’ (two or more notes, but rarely an entire
musical phrase) used throughout a musical composition (Randel, 1986). If listeners are storing metri-
cal information in relation to some melodic subpart, motifs are a likely candidate. Part II explores the
influence of motif content in metrical restoration.

3. Part II

For the second set of studies, two new sets of melodies were constructed from two sets of eight
measure-long motifs (Appendix D). Motifs were randomly assigned to the two sets. Each motif was
a rhythmic pattern with a particular contour (patterns of ups and downs in pitch). However, the exact
size of pitch changes between successive notes in a given motif was allowed to vary. Each melody was
a unique ordering of the eight motifs in its set. Note that there is some rhythmic similarity within the
motifs in a set (e.g. Set B has three 1 1 1 1 1 1 rhythms), but there is also similarity in motifs across sets
(both Set A and Set B have 3 1 2 rhythms and 3 1 1 1 rhythms). Sets of motifs are nearly identical in
average number of notes per motif (Set A: 4.13; Set B: 4.25). The reader may observe that Part I also
used a small set of rhythms. However, counting these using the definition of motif employed in Part II
shows 54 distinct rhythm + contour patterns, far more than the 16 used in Part II. Thus, Part II melo-
dies have tighter similarity structures. On a similarity-based memory activation account, this tighter
similarity structure may both create stronger metrical restoration effects, and interfere with metrical
restoration if motifs are scattered across meters. As before, timbre match was also manipulated.

3.1. Experiment 4: probing initial metrical experiences

Before describing manipulations of timbre and motifs in learning, naïve responding is character-
ized. Without hearing an exposure phase, listeners were presented with a probe phase and asked to
judge metrical fit. Some listeners heard all melodies in all possible meter and timbre contexts, to judge
the effectiveness of contexts at eliciting the intended metrical percept at the time of first hearing.
Other listeners heard all melodies in both timbres, but without context, to judge the baseline metrical
percepts of melodies. These data established baseline outcomes for the melodies used in Part II.

3.1.1. Method
3.1.1.1. Participants. There were N = 36 participants from the same pool as previous experiments.
Three more participants (in-context condition) were replaced due to failure to complete the experi-
ment in the time allotted.
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3.1.1.2. Stimuli. Melodies in Set A were composed of eight measure-long motifs, and in set B were com-
posed of eight other motifs, using Finale software as in Part I. Motifs were arranged in a Latin square
(Table 3) so that no bigrams (two motifs in a particular order) were shared across melodies. The excep-
tion to this last point was that each melody repeated once to give listeners more exposure, so that
there was one extra motif conjunction. This means that a novel melody created from familiar motifs
should contain at most a two-measure (two-motif) sequence that had occurred in an exposure mel-
ody. The two timbres were clarinet with harp accompaniment, and piano with plucked string accom-
paniment. Timbres were changed from Part I (saxophone and French horn, both wind instruments) to
instruments that were more timbrally dissimilar (clarinet and piano, one a wind instrument and the
other a percussive keyboard instrument). Presentation rate was set so that eighth-notes (sub-beats)
were 200 ms—somewhat faster than in Part I, in an attempt to balance 3/4 and 6/8 biases.

3.1.1.3. Procedure. There was no exposure phase, only a probe phase. Half of participants (n = 18) heard
each melody including context, followed by a metrical probe. These participants heard all melodies in
all contexts (e.g. a given melody was heard with clarinet-3/4, clarinet-6/8, piano-3/4, and piano-6/8).
This assessed the effectiveness of the contexts in producing a particular metrical interpretation. The
remaining 18 participants heard all melodies without any context, followed by a metrical probe, just
like the probe phases of following experiments. This assessed baseline preferences for each metrical
probe.

3.1.2. Results
The contexts effectively elicited the desired meters, and the contextless meters produced a bias for

3/4 interpretation, much like Creel (2011, Experiment 2). For ‘‘context’’ listeners (Fig. 6a), an ANOVA
was conducted on metrical-fit ratings with Context Meter (3/4 or 6/8), Probe Meter (3/4 or 6/8), Tim-
bre (clarinet, piano), and Melody Set (A or B) as within-participants factors. There was a significant
interaction of Context Meter � Probe Meter (F1(1,17) = 14.35, p = .001; F2(1,14) = 95.60, p < .0001;
g2

G ¼ :69), such that listeners provided higher ratings for 3/4 probes in 3/4 contexts than in 6/8 con-
texts, and vice versa. The only other interaction approaching significance was Probe Instru-
ment � Context Meter � Probe Meter (F1(1,17) = 3.13, p = .095; F2(1,14) = 2.94, p = .11; g2

G ¼ :04),
indicating marginally greater sensitivity to the context meter for piano probes than clarinet probes.
No other effects or interactions reached significance, suggesting no fundamental differences between
the two timbres or motif sets.

For ‘‘no-context’’ listeners (Fig. 6b), an ANOVA was conducted on metrical-fit ratings with Timbre
(clarinet, piano), Melody Set (A or B), and Probe Meter (3/4 or 6/8) as factors. There was an effect of
Probe Meter (F1(1,17) = 21.47, p = .0002; F2(1,14) = 648.79, p < .0001; g2

G ¼ :94), indicating that listen-
ers provided higher ratings overall for 3/4 metrical probes. There was also a small but significant inter-
action of Timbre �Melody Set � Probe Meter (F1(1,17) = 4.48, p = .049; F2(1,14) = 4.80, p = .046;
g2

G ¼ :07). This apparently resulted from a somewhat larger 3/4 rating for clarinet-melody-set-A
probes than for any of the other conditions (a rating difference of .74 relative to differences of .57,
.59. and .60 in the other instrument-melody set cells). No other effects reached significance.

Table 3
Experiments 4–6, Latin square orderings of motifs in each melody. Each lowercase letter
refers to a single measure-long motif.

Set A Set B

1 abcdefgh 1 ijklmnop

2 behfcadg 2 jmpnkilo

3 chdbgeaf 3 kpljomin

4 dfbhagce 4 lnjpiokm

5 ecgahbfd 5 mkoipjnl

6 faegbdhc 6 nimojlpk

7 gdacfheb 7 oliknpmj

8 hgfedcba 8 ponmlkji
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One post hoc observation is worth mentioning as it bears on the issue of context: in both sets of
data, there was evidence of carry-over effects from the metrical probe on the preceding trial. For
in-context listeners, if the probe meter on the previous trial matched the context meter on the current
trial, ratings of the current probe were boosted (right two bars of Fig. 6a). For instance, hearing a 3/4
probe, and then a melody in 3/4 context, led to higher metrical-fit ratings for 3/4 probes than when the
preceding probe was 6/8. An ANOVA on in-context ratings with Context Meter, Probe Meter, and
Preceding Probe5 (matches current context, mismatches current context) showed a significant interac-
tion of Context Meter � Probe Meter � Preceding Probe (F1(1,17) = 16.56, uncorrected p = .0008;
F2(1,15) = 14.79, uncorrected p = .002; g2

G ¼ :22). This interaction resulted from a stronger interaction
of Context Meter � Probe Meter when the probe meter on the immediately preceding trial matched
the current context meter. For no-context listeners, ratings were higher when the preceding probe
matched the current one. An ANOVA with Probe Meter and Preceding Probe as factors yielded an effect
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Fig. 6. Experiment 4, metrical fit ratings of melodies heard (a) in context, plotted as match–mismatch difference scores; and (b)
without context, plotted as actual ratings. In (a), y-axis labels are in bold italic to indicate that the scale differs from earlier and
later figures depicting the metrical-restoration effect—specifically, the range is almost twice the size of that in other figures (0–
.5 rather than �.5 to .25, reflecting that metrical fit judgments are stronger when made immediately after hearing the meter-
inducing context.

5 Each participant’s very first trial was omitted in this analysis.
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of Preceding Probe (F1(1,17) = 15.31, uncorrected p = .001; F2(1,15) = 15.47, uncorrected p = .001;
g2

G ¼ :36): ratings were higher when the preceding probe meter was the same as the current probe meter.
These patterns suggest sequential-context effects in meter perception, such that the probe on the preced-
ing trial tinged immediate perception of meter on the current trial, even if there was a metrical context
present.

3.1.3. Discussion
In this experiment, listeners who were not pre-exposed to the melodies gauged the fit of metrical

probes, following either melodies-in-context or melodies-out-of-context. Results suggested that the
contexts elicited the intended meters, and that effects were similar for the two timbre types and
for the two sets of motifs. Additionally, listeners showed a strong preference for the 3/4 probe after
no-context melodies. This is consistent with results in the first three experiments, which showed
some evidence of a 3/4 bias. Finally, listeners’ metrical judgments seemed to be affected by the pre-
ceding metrical probe, such that that probe provided additional metrical context that modulated
the following probe judgment.

Having established the suitability of the experimental materials, the next two experiments ex-
plored how timbre and motif structure in combination affect learned metrical preferences. Experiment
5 examined a case where timbre, motifs, and meter pattern together. Experiment 6 distributed motifs
across meters, leaving timbre–meter patterning intact.

3.2. Experiment 5: consistent timbre–meter–motif mapping

In this experiment, the effects of consistent grouping of melodies in terms of timbres, motifs, and
meter were examined. Listeners were exposed to eight melodies—four each with a characteristic tim-
bre, motif set, and meter—and then either rated metrical probes or melody familiarity. Like Experi-
ments 1 and 2, listeners might form timbre-specific memories of meter. Unlike Experiments 1 and
2, there was an additional component that might bolster similarity-based processing: motif content.
Comparison with familiarity ratings allowed assessment of the relationship between melody recogni-
tion and metrical restoration.

3.2.1. Method
3.2.1.1. Participants. N = 48 participants judged metrical probes, and N = 32 judged familiarity. One
additional participant in the metrical-judgment task was replaced because they responded identically
on almost every trial, clicking at the center of the rating scale.

3.2.1.2. Stimuli. The stimuli consisted of the Part II melodies.

3.2.1.3. Procedure. Like Experiments 1–3, there was an exposure phase followed by a probe phase. In
the exposure phase, each listener heard 8 of the 16 melodies. For a given listener, there were four mel-
odies from Set A with one timbre and meter, and four from Set B with the other timbre and meter.
Each of the eight melodies was presented six times, for a total of 48 exposure trials per listener. Tim-
bre, meter, and motif set were counterbalanced across participants so that each melody occurred
equally often in each cell of the design (Table 4). In the probe phase, all listeners heard all melodies,
without context. For metrical-probe listeners, each melody was followed by each of the two metrical
probes. For familiarity-rating listeners, melodies were not followed by metrical probes but instead a
prompt to judge the familiarity of the melody. Listeners indicated familiarity ratings by clicking at
a location on a 400-pixel-wide ruler, which was labeled ‘‘Definitely heard’’ on the left end and ‘‘Def-
initely didn’t’’ on the right end. Note that this meant high familiarity corresponded to a low x-coordi-
nate value, so when familiarity ratings were transformed to a�1 to +1 range, the sign was flipped such
that a high value corresponded to high familiarity.

3.2.2. Results
Metrical restoration generalized across timbre for the exposed melodies, and generalized to new

melodies with the original timbre–motif mappings (Fig. 7a). An ANOVA was conducted on metrical
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fit ratings with Learned On (clarinet = 3/4/piano = 6/8, piano = 3/4/clarinet = 6/8) as a between-partic-
ipants factor, and Exposure Meter, Probe Meter, Timbre Match, and Novelty (exposed melody, new
melody) as within-participants factors. There was a four-way interaction of Timbre Match � Nov-
elty � Exposure Meter � Probe Meter (F1(1,46) = 4.74, p = .03; F2(1,15) = 3.00, p = .10; g2

G ¼ :08). AN-
OVAs on Timbre Match, Exposure Meter, and Probe Meter were conducted at each level of novelty. For
familiar melodies, only the Exposure Meter � Probe Meter interaction was significant
(F1(1,47) = 12.45, p = .0009; F2(1,15) = 10.65, p = .005; g2

G ¼ :65), suggesting that listeners inferred
the exposure meter even when the timbre changed. However, for novel melodies, the Timbre
Match � Exposure Meter � Probe Meter interaction was significant (F1(1,47) = 4.98, p = .03;
F2(1,15) = 11.24, p = .004; g2

G ¼ :26). This occurred because only original-timbre trials showed the
Exposure Meter � Probe Meter interaction (F1(1,47) = 6.89, p = .01; F2(1,15) = 5.19, p = .038;
g2

G ¼ :56), while other-timbre trials did not (F1 < 1; F2 < 1). It is worth noting that the effects on probe
judgments of metrical restoration (Fig. 7a) are smaller than the effects of actually hearing the melodies
in context in Experiment 4. This is consistent with weaker activation of meter by the melody alone
than by the full melody-in-context, implying an interaction between memory cues and surface cues.

Now familiarity ratings are considered. If familiarity predicted metrical restoration, then familiarity
ratings should be high for exposed melodies regardless of timbre, but should only be high for novel
melodies heard in the timbre originally paired with its motifs. However, familiarity ratings (Fig. 7b)
did not bear this out: listeners showed a timbre-match effect for familiar melodies, but not for novel
melodies. An ANOVA with Learned On, Exposure Meter, Timbre Match, and Novelty as within-partic-
ipants factors was conducted on familiarity ratings. There was an effect of Novelty (F1(1,30) = 80.51,
p < .0001; F2(1,15) = 221.55, p < .0001, g2

G ¼ :95), with higher familiarity ratings for exposed melodies
than for novel melodies. This was qualified by an interaction of Learned On � Novelty (F1(1,30) = 4.98,
p = .03; F2(1,15) = 14.91, p = .002, g2

G ¼ :56), which resulted from a smaller effect of novelty (still sig-
nificant: t1(15) = 7.42, p < .0001; t2(15) = 7.71, p < .0001) for listeners who heard clarinet = 6/8/pia-
no = 3/4. An effect of Timbre Match (F1(1,30) = 15.10, p = .0005; F2(1,15) = 6.96, p = .019, g2

G ¼ :33)
was qualified by a Timbre Match � Novelty interaction (F1(1,30) = 10.42, p = .003; F2(1,15) = 11.11,
p = .005, g2

G ¼ :24). This resulted from higher ratings of original-timbre than other-timbre for exposed
melodies (t1(31) = 5.09, p < .0001; t2(15) = 4.86, p = .0002), but no difference for novel melodies
(t1(31) = .54, p = .59; t2(15) = .38, p = .71). No other effects reached significance.

Table 4
Experiment 5, counterbalancing of melody exposure. There were 16 lists total. Lists 9–16 were identical to Lists 1–8 except that
timbres were reversed.

Set Mel. List 1 List 2 List 3 List 4 List 5 List 6 List 7 List 8

A melodies
7 Cl, 3/4 . Cl, 6/8 . Cl, 3/4 . Cl, 6/8 .
8 Cl, 3/4 . Cl, 6/8 . Cl, 3/4 . Cl, 6/8 .
1 Cl, 3/4 . Cl, 6/8 . . Cl, 3/4 . Cl, 6/8
3 Cl, 3/4 . Cl, 6/8 . . Cl, 3/4 . Cl, 6/8
2 . Cl, 3/4 . Cl, 6/8 . Cl, 3/4 . Cl, 6/8
6 . Cl, 3/4 . Cl, 6/8 . Cl, 3/4 . Cl, 6/8
4 . Cl, 3/4 . Cl, 6/8 Cl, 3/4 . Cl, 6/8 .
5 . Cl, 3/4 . Cl, 6/8 Cl, 3/4 . Cl, 6/8 .

B melodies
7 . Pno, 6/8 . Pno, 3/4 Pno, 6/8 . Pno, 3/4 .
1 . Pno, 6/8 . Pno, 3/4 Pno, 6/8 . Pno, 3/4 .
6 . Pno, 6/8 . Pno, 3/4 . Pno, 6/8 . Pno, 3/4
3 . Pno, 6/8 . Pno, 3/4 . Pno, 6/8 . Pno, 3/4
2 Pno, 6/8 . Pno, 3/4 . . Pno, 6/8 . Pno, 3/4
4 Pno, 6/8 . Pno, 3/4 . . Pno, 6/8 . Pno, 3/4
8 Pno, 6/8 . Pno, 3/4 . Pno, 6/8 . Pno, 3/4 .
5 Pno, 6/8 . Pno, 3/4 . Pno, 6/8 . Pno, 3/4 .

Note: Cl = Clarinet, Pno = piano, . = did not hear melody during exposure.
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3.2.3. Discussion
Listeners were exposed to two sets of melodies, each with a particular timbre, motif set, and meter.

They restored metrical information for exposed melodies regardless of timbre. They also generalized
meter preferences to new melodies, but only when melodies had both the original timbre and motif set
of a particular meter. This is similar to the experiments in Part I in that an effect of timbre specificity
was observed. However, this effect was seen only in novel melodies, which did not show metrical res-
toration based on timbre in Experiments 1–2. One explanation of this new pattern of generalization is
that the motifs impose a tighter similarity structure than the previous melody sets in Part I—novel
melodies are more similar to exposed melodies.

Interestingly, the familiarity ratings did not fully explain this pattern of results. Listeners readily
distinguished familiar (exposed) melodies from unfamiliar (novel) melodies, but, unlike metrical res-
toration, the familiarity ratings were sensitive to timbre for the exposed melodies—where a timbre-
specific meter effect was not seen—but not for the novel melodies—where a timbre-specific meter ef-
fect was seen. This suggests that whole-melody familiarity may not be what is driving timbre-specific
metrical restoration.

One thing that seems clear is that motifs are an important element in musical similarity—which
would not surprise many music theorists or music historians. However, motif structure was not the
only difference between this experiment and Experiment 2: for instance, melodies were heard more
often in the current experiment (six times, which was really 12 times because each melody contained
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Fig. 7. Experiment 5, (a) metrical fit ratings plotted as match–mismatch difference scores, and (b) familiarity ratings.
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two exact repetitions) than in Experiment 2 (six times without repetitions). Thus, greater amounts of
exposure could be driving the effects, rather than motifs truly being a major factor in similarity struc-
ture. The next experiment eliminates motifs as a predictor of meter, to determine how important mo-
tifs are in determining metrical structure.

3.3. Experiment 6: consistent timbre, inconsistent motifs

How crucial were motifs to metrical restoration in Experiment 5? The current experiment asked
what happened when motifs did not pattern with meter, though timbre still did. Exposure melodies
were rearranged so that motifs were equally likely in either meter. It was in some ways equivalent
to Experiment 2, where timbre also patterned with meter. However, in the current experiment, the
similarity structure among melodies of different meters was much tighter due to shared motifs. Thus,
motif content might interfere with timbre–meter learning in the current experiment, leading to weak-
er metrical restoration.

3.3.1. Method
3.3.1.1. Participants. N = 48 participants rated metrical probes, and N = 32 rated familiarity.

3.3.1.2. Stimuli and Procedure. These were the same as in Experiments 4–5, except that each listener
heard a set of melodies in which timbre and meter were consistently paired, but each motif set was
equally likely to occur with either timbre and either meter. Across participants, each melody occurred
equally often in each condition (Table 5).

3.3.2. Results
Metrical probe ratings showed little evidence of metrical restoration (Fig. 8a). An ANOVA on met-

rical fit ratings was conducted with Exposure Meter, Probe Meter, Timbre Match, and Learned On
(clarinet = 6/8/piano = 3/4; clarinet = 3/4/piano = 6/8) as factors. The Exposure Meter � Probe Meter
interaction did not quite reach significance (F1(1,46) = 2.82, p = .10; F2 < 1; g2

G ¼ :09), suggesting weak
if any learning. The Learned On � Probe Meter interaction was significant (F1(1,46) = 4.57, p = .04;
F2(1,15) = 37.66, p < .0001; g2

G ¼ :74), reflecting that listeners who learned on clarinet = 6/8/pia-
no = 3/4 gave higher ratings to 3/4 probes, while the clarinet = 3/4/piano = 6/8 other group gave higher
ratings for 6/8 probes. The Timbre Match � Probe Meter interaction was also significant
(F1(1,46) = 5.78, p = .02; F2(1,15) = 6.72, p = .02; g2

G ¼ :19), reflecting that, though there were higher

Table 5
Experiment 6, counterbalancing of melody exposure. There were 16 lists total. Lists 9–16 were identical to Lists 1–8 except that
timbres were reversed.

Set Mel. List 1 List 2 List 3 List 4 List 5 List 6 List 7 List 8

A melodies
7 Cl, 3/4 . Pno, 6/8 . Pno, 6/8 . Cl, 3/4 .
8 Cl, 3/4 . Pno, 6/8 . Pno, 6/8 . Cl, 3/4 .
1 Pno, 6/8 . Cl, 3/4 . . Cl, 3/4 . Pno, 6/8
3 Pno, 6/8 . Cl, 3/4 . . Cl, 3/4 . Pno, 6/8
2 . Cl, 3/4 . Pno, 6/8 . Pno, 6/8 . Cl, 3/4
6 . Cl, 3/4 . Pno, 6/8 . Pno, 6/8 . Cl, 3/4
4 . Pno, 6/8 . Cl, 3/4 Cl, 3/4 . Pno, 6/8 .
5 . Pno, 6/8 . Cl, 3/4 Cl, 3/4 . Pno, 6/8 .

B melodies
7 . Pno, 6/8 . Cl, 3/4 Cl, 3/4 . Pno, 6/8 .
1 . Pno, 6/8 . Cl, 3/4 Cl, 3/4 . Pno, 6/8 .
6 . Cl, 3/4 . Pno, 6/8 . Pno, 6/8 . Cl, 3/4
3 . Cl, 3/4 . Pno, 6/8 . Pno, 6/8 . Cl, 3/4
2 Pno, 6/8 . Cl, 3/4 . . Cl, 3/4 . Pno, 6/8
4 Pno, 6/8 . Cl, 3/4 . . Cl, 3/4 . Pno, 6/8
8 Cl, 3/4 . Pno, 6/8 . Pno, 6/8 . Cl, 3/4 .
5 Cl, 3/4 . Pno, 6/8 . Pno, 6/8 . Cl, 3/4 .
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6/8 ratings for both original-timbre and other-timbre probes, the effect was much larger for original-
timbre probes. It is not clear why there was a preference for 6/8 rather than 3/4, as in preceding exper-
iments, but may be due to preexisting individual preferences for one of the two tempos, observed in
previous experiments (note the wide variability in preferences in Fig. 8c).

For novel melody metrical probes, an ANOVA was conducted with Learned On, Exposure Meter, and
Probe Meter. No effects approached significance in both analyses, though the Exposure Meter � Probe
Meter interaction was highly significant by items (F1(1,46) = 2.59, p = .12; F2(1,15) = 37.23, p < .0001;
g2

G ¼ :62). However, this was due to a very small effect in the wrong direction (Fig. 8a, right).
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Fig. 8. Experiment 6, (a) metrical fit ratings by timbre match, plotted as match–mismatch difference scores, (b) familiarity
ratings, and (c) 3/4 and 6/8 preferences by participant.
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While metrical probe ratings showed little encoding of meter, familiarity ratings (Fig. 8b) suggested
excellent recognition. Planned comparisons suggested that, overall, there were higher familiarity rat-
ings for exposed melodies than for novel melodies (t1(31) = 9.02, p < .0001; t2(15) = 17.12, p < .0001).
Exposed-melody familiarity ratings were analyzed in an ANOVA with Learned On (between partici-
pants), Original Timbre (clarinet, piano), and Timbre Match (original, other) as factors. There was a
main effect of Timbre Match (F1(1,30) = 12.95, p = .001; F2(1,15) = 21.64, p = .0003, g2

G ¼ :59), but it
was qualified by a Learned On � Original Timbre � Timbre Match interaction (F1(1,30) = 5.41,
p = .03; F2(1,15) = 7.68, p = .01, g2

G ¼ :41). This resulted from a significant Original Timbre � Timbre
Match interaction in the clarinet = 3/4/piano = 6/8 condition (F1(1,15) = 4.84, p = .04;
F2(1,15) = 16.71, p = .0001, g2

G ¼ :42), with a very strong timbre-match effect for piano melodies
(t1(15) = 4.88, p = .0002; t2(15) = 5.25, p < .0001; mean difference = .25), but not for clarinet melodies
(t1(15) = .51, p = .61; t2(15) = .94, p = .36; mean difference = .03). However, there was no effect of Tim-
bre Match (F1(1,15) = 2.02, p = .18; F2(1,15) = 7.22, p = .02, g2

G ¼ :25; mean difference = .07) or interac-
tion for clarinet = 6/8/piano = 3/4 melodies (F1 < 1; F2 < 1). It is not clear why there was an interaction
with Learned On, but given excellent overall distinction between exposed and novel melodies, famil-
iarity cannot explain the lack of metrical restoration.

3.3.3. Discussion
In this experiment, where motifs were distributed across meters, the metrical restoration effect

was small and only marginally statistically significant. This occurred despite the pairing of timbre
and meter—contrasting markedly with Experiment 5, which had motif consistency as well as timbre
consistency, and showed robust metrical restoration. It also contrasts with Experiment 2, where tim-
bre was consistent and there was no motif structure—in that experiment, listeners learned timbre-
specific metrical information. This pattern of results suggests that the inconsistency of motif content
impaired encoding or activation of metrical information, implying that motif structure is a strong
determinant of metrical restoration. In terms of similarity-based activation, instances of the same mo-
tif in both meters would cause each motif to activate both metrical patterns, resulting in unclear met-
rical percepts.

Given the robust metrical-restoration effects in all preceding experiments, one might wonder
whether this particular set of listeners was simply unusually inattentive. If this were the case, then
listeners would presumably show a very simple response pattern (e.g., the same response repeatedly)
or a thoroughly random response pattern. A quick examination of the data rules out the simple-re-
sponse pattern. Another observation rules out the random-response pattern: if listeners were
responding randomly, they should show no consistency in simple preferences for 3/4 vs. 6/8. However,
they do: there was a strong inverse relationship between listeners’ 3/4 ratings and their 6/8 ratings
(Fig. 8c; r = �.60, t(46) = 5.05, p < .0001), suggesting consistent preferences for 3/4 vs. 6/8 for a partic-
ular participant. Additionally, there was a probe meter ‘‘bleedover’’ effect like that found in Experi-
ment 4, where the previous probe interacted with judgment of the current probe (interaction of
Exposure Meter � Probe Meter � Preceding Probe: F1(1,47) = 63.26, p < .0001, uncorrected;
F2(1,15) = 66.85, p < .0001, uncorrected; g2

G ¼ :60). This bleedover effect suggests that listeners were
responding contingent on their recent experience—they were paying attention. Nonetheless, they
did not show metrical restoration for the tested melodies.

4. General discussion

In the Introduction, questions were raised as to whether metrical processing relies on activation of
multiple similar memories rather than idealized isochronous representations, and what might count
as ‘‘similar.’’ A series of six experiments demonstrated that cross-melody similarity indeed influences
metrical restoration, and that two relevant aspects of similarity are timbre and motif content. In Part
I, when timbre and meter covaried—for instance, saxophone melodies always had 3/4 meter and French
horn melodies always had 6/8 meters—listeners showed timbre-specific metrical restoration for famil-
iar melodies (Experiments 1–2). However, when each timbre occurred equally often with both meters,
listeners showed melody-specific but not timbre-specific metrical restoration (Experiment 3). In Part II,
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when both motifs and timbre were paired with meter (Experiment 5), listeners showed timbre-general
metrical restoration for familiar melodies, and timbre-specific generalization to novel melodies contain-
ing the motifs. However, when timbre was paired with meter and motifs varied freely (Experiment 6),
metrical learning was not observed, despite attentive participants and excellent recognition accuracy.
Simple recognition of melodies (Experiments 5–6) did not predict patterns of metrical restoration.

This series of experiments shows that the similarity structure within a listener’s musical memories
can shape metrical processing and musical recognition. Consistent with previous research (Halpern &
Müllensiefen, 2007; Peretz et al., 1998; Poulin-Charronnat et al., 2011), familiarity judgments showed
effects of timbre. The more novel results are that multiple musical memories seem to shape processing
depending on the timbre and motif characteristics of listeners’ exposure, and that simple recognition
does not predict metrical restoration. This result expands Creel’s (2011) finding of melody-specific
metrical restoration to suggest a rich, similarity-based representational system (e.g. Hintzman,
1986; Pearce & Wiggins, 2004, 2006) which actively shapes metrical processing, and possibly process-
ing of timing generally. This type of memory organization could support processing and generation of
differential expectations in diverse musical styles.

The finding that timbre shapes musical memory activation is intriguing, since timbre is sometimes
construed as less central to musical representations than pitch or meter. This is similar to the role talk-
er information in word recognition (Creel et al., 2008; Goldinger 1996, 1998; Palmeri et al., 1993) or
color information in object recognition (Goffaux et al., 2005; Mitterer & De Ruiter, 2008; Oliva &
Schyns, 2000; Tanaka & Presnell, 1999). The current study suggests that the importance of timbre
to metrical information is determined by the structure of the listener’s musical similarity space.
Shared motif content contributed to similarity as well, in that motifs seemed to allow metrical resto-
ration to generalize to new melodies, and also blocked metrical restoration when motifs occurred in
both meters. This is consistent with each motif activating whichever meter(s) it is associated with. If it
is associated with one meter, that meter is activated strongly, but if it is associated with two meters,
they must compete for activation, with neither dominating perception.

This study also suggests a non-obvious relationship between familiarity and metrical processing.
Good (or poor) melody recognition does not cleanly predict whether metrical restoration will (or will
not) occur. Familiarity seems to reflect properties of whole melodies, while metrical restoration seems
to reflect similarity-based activation of melody subcomponents. For instance, familiarity ratings are
influenced by timbre similarity. However, metrical activation seems to operate by a somewhat-differ-
ent set of rules: it can happen when whole-melody familiarity is low (Experiment 5), and it can be
absent when whole-melody familiarity is high (Experiment 6). Without making strong claims about
nature of the processing going on, it is interesting to note that this dissociation mirrors Church and
Schacter’s (1994; Schacter & Church, 1992) implicit/explicit dissociation of talker specificity on word
processing.6 They found that performance on implicit tasks—stem completion (Schacter and Church) and
identification of low-pass-filtered words (Church &and Schacter)—was aided by same-talker presenta-
tion, while overt recognition was not. Here, motif similarity influenced metrical restoration but not
familiarity. This raises the possibility that metrical restoration is calculated on a more implicit basis than
recognition. Proving this definitively would require different tasks than the ones used here, such as
showing different responses of familiarity judgments and meter judgments to a levels-of-processing
manipulation, suggesting interesting directions for future work.

4.1. Implications for learning about temporal events

One interpretation of these results is that periodicity is not calculated based solely on the external
signal; it is calculated based on the signal itself in combination with activated memories. This means
that listeners can fill in periodic activity from an ambiguous stimulus—a melody heard out of context,
a spoken sentence that is not truly isochronous (see Pitt and Samuel (1990) for a demonstration of
this), even an ambulating predator (or prey) partially obscured by foliage. Rather than assuming some
cognitive predisposition to detect periodicity, some types of periodicity detection might be more suc-
cinctly ascribed to memory activation. Memories, in turn, may tend toward periodicity due to the pre-

6 Thanks to Arty Samuel for pointing out this connection.
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ponderance of (quasi-)periodic environmental events (see Schwartz, Howe, and Purves (2003) for a
similar argument that perception of musical consonance might stem from exposure to periodic stimuli
[speech] in the environment).

Ascribing periodicity to memory rather than (or in addition) to some intrinsic property of the mind/
brain has the potential to explain periodic perceptual phenomena that are not currently understood.
For instance, why do listeners perceive spoken language to be isochronous when it demonstrably is
not (e.g. Cummins & Port, 1998)? It may be that the sum of activated memories of spoken language
generate a metrical ‘‘echo’’ (Hintzman, 1986) or resonance (Carpenter, Grossberg, & Rosen, 1991) in
recognition, shaping the listener’s phenomenal experience. As noted in the introduction, there is
not a good periodicity explanation of non-isochronous or ‘‘complex’’ meters, which rarely occur in
Western music but are common in other musical cultures (West African, Indian, Eastern European;
see London (1995) for discussion).7 A memory-based account of meter, rather than an account focusing
exclusively on entrainment to isochrony, may be a more effective explanation for perception of complex
(non-isochronous) meters. That is, when hearing music in a non-isochronous meter, memories of similar
non-isochronous melodies or melodic chunks are activated, supporting processing of the meter.

Finally, similarity-based metrical restoration may contribute to phenomena like the illusory
perception of amplitude or length differences in repeating auditory patterns (Brochard et al., 2003;
Iversen et al., 2009). Listeners may simply be coactivating memory traces that ‘‘fill in’’ a metrical
percept, either musical traces which fill in a strong–weak pattern (Brochard et al.), or, perhaps,
spoken-language traces which fill in an iambic pattern for listeners in one language vs. a trochaic
pattern for listeners in another language (Iversen et al., 2008). Put more simply, perhaps what the
brain is doing in a variety of metrical entrainment studies is perceptual restoration: it is coactivating
or simulating the original conditions in which similar events have been experienced.

4.2. Limitations

The account given in this study is that metrical restoration effects are sensitive to coherence among
multiple memory representations. However, the reader should keep in mind a few limitations or alter-
ative explanations of these patterns of results. The most powerful alternative hypothesis is that listen-
ers are detecting patterns in the exposure phase, and are responding based on strategy rather than
implicit memory activation. For instance, in Experiment 1, listeners might notice that the saxophone
melodies are all in 3/4 and French horn melodies are all in 6/8. The listener might thus give saxophone
melodies high 3/4 ratings and low 6/8 ratings at test (and the reverse for French horn melodies).
Though this cannot be definitively disproven, it seems quite unlikely. First, listeners were not alerted
to attend to any aspect of the music in particular until after the end of the exposure phase. Second, if
listeners did use a strategy based on timbre–meter patterning, they would presumably have applied
the strategy to both old and new melodies with the same timbre, which they did not (Experiments 1–
2). Third, if listeners used a timbre–meter patterning strategy, they presumably would not be misled
by ambiguous motif structure, which they were (Experiment 6). Thus, it seems unlikely that listeners’
metrical judgments result from strategic processing.

A second limitation is that this study does not distinguish between rhythm and meter. That is, lis-
teners could be storing the rhythms of the accompanying contexts—the exact durations of succeeding
notes—rather than truly metrical information, the repeating pattern of strong and weak beats.8 This
seems plausible, and such a result would be consistent with the construal of meter suggested here: that

7 Note that these meters do possess isochrony at the sub-beat level, but not at the level of the tactus, where one would clap or
step in time.

8 Yet another possibility, raised by a reviewer, is that listeners are simply counting number of events per bar, and matching
memories of higher note counts to the 3/4 metrical probes (three events per bar) and lower counts to 6/8 metrical probes (2 events
per bar). To check whether this was a possible counter explanation, onsets were counted for all stimuli. In all cases, note counts
were nearly the same in 3/4 vs. 6/8 contexts, and all of the very small differences were in the wrong direction. For instance, for Part
1 stimuli, 3/4 contexts had on average 4.03 onsets per bar (SD = 1.06), while 6/8 had on average 4.17 (SD = 1.31) onsets per bar. The
pattern was identical regardless of whether the melody and context were counted together or separately, both for Part I and Part II
stimuli. Thus, metrical restoration results could not have occurred based on listeners matching smaller note counts to 6/8 metrical
probes.
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meter itself is an emergent property, a composite, of numerous rhythmic experiences. It would be inter-
esting to know whether consistent but non-isochronous rhythmic contexts presented as probes would
receive higher probe ratings than metrical probes. This would be consistent with the meter-as-emer-
gent-rhythmic-property account.

Relatedly, this study does not distinguish between tempo—the absolute inter-beat interval—and
meter—how the tactus lines up with the subbeats of the melody. That is, the two meters in each exper-
iment were also two different rates. This would be seemingly easy to test: if, say, a melody previously
presented in a 6/8 context were sped up to the inter-beat interval of a 3/4 melody, and then a 6/8
probe is given, that probe will be a better tempo match for the 3/4 melody, but a better meter match
for the 6/8 melody. My suspicion is that the results would actually be somewhat complex, reflecting a
combination of metrical match, preexisting preferences, and degree of match to the original tempo
(presentation rate). While this is an interesting task for future exploration, is beyond the scope of
the present study.

A third limitation is that an alternative associative explanation is not ruled out—that listeners are
simply associating correlated elements in memory, rather than specifically encoding metrical informa-
tion. For instance, listeners might verbally label each melody they hear (explicitly or implicitly) as
‘‘saxophone, fast beat rate’’ or ‘‘French horn, slow beat rate.’’ They then make probe matches based
on these verbally-encoded cues, though such cues must be bolstered by recognition of the melody it-
self as familiar (given that they do not make timbre-based metrical probe matches to unfamiliar mel-
odies in Experiments 1–2). This would predict that an exposure phase that gave only verbal
information about timbre and meter might generate the same test results, or that less-labelable stim-
uli would show weaker effects. While this explanation cannot be ruled out completely based on the
current data, it seems unlikely, given that simple meter-timbre associations (‘‘saxophone = 3/4’’) are
ruled out by lack of results on novel melodies in Experiments 1–2, and given that timbre–meter asso-
ciations appeared not to be effective when motifs conflicted (Experiment 6). Relatedly, the study can-
not demonstrate for certain that listeners truly experience the meters as being 3/4-like or 6/8-like
depending on filled-in context. This would be more effectively addressed with an overt metrical pro-
duction task, or a brain-response paradigm such as that used by Brochard et al. (2003).

Finally, a remaining question is how memory specificity effects in metrical perception might change
over time. Do timbre-specific memory representations persist for the long term, or do they disappear
after a few hours or after sleep consolidation? Do motif-specific representations persist for longer than
timbre-specific ones? Further, does the metrical restoration effect at all endure after sleep consolidation,
or do memories become so strongly integrated with listeners’ existing musical knowledge—akin to
Gaskell and Dumay (2003) findings of integration of word representations into the lexicon—that the ef-
fect of specific exposure weakens or disappears? These are interesting questions for future research.

5. Conclusion

The current study demonstrates that meter perception, previously thought to be determined from
idealized underlying representations, is influenced by multiple memory representations. Both timbre
and motif content shape metrical restoration, and metrical restoration is not directly tied to melody
familiarity. These results together suggest that musical memory is complex, acoustically-detailed,
and highly interactive, consistent with similarity-based models of recognition (Goldinger, 1998;
Hintzman, 1986; Pearce & Wiggins, 2004, 2006). This adds to the growing, if controversial, literature
suggesting that many properties of perceptual objects such as color in vision (Goffaux et al., 2005; Oli-
va & Schyns, 2000) or talker information in speech (Creel et al., 2008; Goldinger, 1996, 1998; Palmeri
et al., 1993) can facilitate recognition. Further, this work suggests that previous demonstrations of
highly-specific memory representations are not just isolated impressive feats of memory, but serve
the function of facilitating context-specific processing.
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Appendix A

Music background of participants and correlations of music experience with observed experimen-
tal effects.

Experiment Data
available

Years playing an
instrument

Took coursesa rb p

% n/N M SD Range

1 86 31/36 5.3 4.4 0–16 5 �.06 (fam. timb.) .77
2 72 26/36 5.8 4.4 0–14 3 .07 (fam. timb.) .75
3 86 31/36 3.3 4.2 0–16 5 .24 .18
4, Context 72 13/18 4.9 5.3 0–14 3 .13 .67
4, No context

(3/4 pref.)
50 9/18 5.0 5.9 0–13 3 .87 .002

5, Meter 85 41/48 4.9 4.3 0–14 5 .37 (fam. mels.)c .02
.20 (nov. mels.) .21

5, Recog. 84 27/32 6.5 5.1 0–17 8 .16 .42
6, Meter 85 41/48 3.5 4.0 0–12 5 .14 .17
6, Recog. 88 28/32 4.3 5.1 0–18 3 .52d .005

Note. Fam. = familiar, timb. = timbre, pref. = preference, mels. = melodies, recog. = recognition.
a Courses in music theory or music composition.
b Correlation between years of music experience and metrical restoration effect magnitude, or between years experience and

familiar–unfamiliar ratings.
c This seems to be carried by two very high music experience participants, who produced metrical restoration scores more

than two SDs above other participants.
d Despite this correlation, 27/28 participants gave higher familiar ratings to previously-heard melodies than to unheard

melodies, suggesting that even musical novices recognized melodies above chance. The one participant who showed a famil-
iarity-rating difference two SDs above the mean also had the most music experience (18 years of playing an instrument).

Appendix B

Rhythmic patterns used in Part I (Experiments 1–3).

Musical notation Note durations (subbeats)

6

4 1 1

3 1 2

3 1 1 1

2 1 1 2

2 1 1 1 1

1 1 1 1 2

1 1 1 1 1 1

Note. While there were just 8 rhythms, if contour is taken into account, there were 54 different rhythm + contour combinations
(like the 16 motifs in Part II).
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Appendix C

Table C1
Metrical fit ratings by condition in Experiment 1.

Melodies Timbre Probe presented

34 Probe 68 Probe

Mean SD Mean SD

Exposure melodies Original timbre
Expose 34 0.214 0.294 �0.017 0.296
Expose 68 0.063 0.306 0.073 0.351
Other timbre
Expose 34 0.107 0.369 0.007 0.297
Expose 68 0.051 0.290 0.042 0.311
Novel timbre
Expose 34 0.202 0.312 �0.007 0.298
Expose 68 0.139 0.296 0.017 0.327

Novel melodies Timbre 34 0.147 0.327 0.007 0.306
Timbre 68 0.121 0.313 �0.024 0.277
Novel timbre 0.173 0.345 �0.084 0.333

Table C2
Metrical fit ratings by condition in Experiment 2.

Melodies Timbre Probe presented

34 Probe 68 Probe

Mean SD Mean SD

Exposure melodies Original timbre
Expose 34 0.240 0.356 �0.056 0.360
Expose 68 0.073 0.364 0.127 0.359

Other timbre
Expose 34 0.167 0.325 0.072 0.402
Expose 68 0.153 0.350 0.079 0.278

Novel melodies Timbre 34 0.145 0.145 0.362 �0.005
Timbre 68 0.106 0.320 0.044 0.332

Table C3
Metrical fit ratings by condition in Experiment 3.

Melodies Timbre Probe presented

34 Probe 68 Probe

Mean SD Mean SD

Exposure melodies Original timbre
Expose 34 0.205 0.317 0.115 0.323
Expose 68 �0.066 0.316 0.051 0.272

Other timbre
Expose 34 0.237 0.298 0.111 0.306
Expose 68 �0.053 0.295 0.003 0.324

Novel melodies 0.090 0.349 �0.019 0.311
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Table C4
Metrical fit ratings by condition in Experiment 4.

Melodies Timbre Probe presented

34 Probe 68 Probe

Mean SD Mean SD

Clarinet and harp Context 34 0.354 0.418 �0.078 0.377
Context 68 0.084 0.425 0.264 0.332
No context 0.368 0.343 �0.299 0.271

Piano and plucked strings Context 34 0.416 0.380 �0.129 0.376
Context 68 0.037 0.451 0.272 0.384
No context 0.318 0.340 �0.269 0.312

Motifs Set A Context 34 0.387 0.390 �0.088 0.374
Context 68 0.031 0.443 0.249 0.357
No context 0.371 0.369 �0.286 0.293

Motifs Set B Context 34 0.382 0.421 �0.120 0.372
Context 68 0.090 0.437 0.287 0.340
No context 0.315 0.313 �0.281 0.288

Previous probe 34 Context 34 0.436 0.376 �0.121 0.388
Context 68 0.124 0.440 0.218 0.371
No context 0.411 0.349 �0.338 0.267

Previous probe 68 Context 34 0.340 0.430 �0.090 0.378
Context 68 0.009 0.459 0.320 0.336
No context 0.291 0.348 �0.220 0.333

Table C5
Metrical fit ratings by condition in Experiment 5.

Melodies Timbre Probe presented

34 Probe 68 Probe

Mean SD Mean SD

Exposure melodies Original timbre
Expose 34 0.216 0.424 �0.084 0.350
Expose 68 0.013 0.382 0.043 0.377

Other timbre
Expose 34 0.197 0.425 �0.123 0.382
Expose 68 0.043 0.473 0.042 0.412

Novel melodies Original timbre
Motifs 34 0.169 0.384 �0.072 0.380
Motifs 68 0.046 0.415 0.066 0.393

Other timbre
Motifs 34 0.083 0.382 �0.030 0.386
Motifs 68 0.079 0.442 �0.057 0.374

Table C6
Metrical fit ratings by condition in Experiment 6.

Melodies Timbre Probe presented

34 Probe 68 Probe

Mean SD Mean SD

Exposure melodies Original timbre
Expose 34 �0.077 0.416 0.000 0.399
Expose 68 �0.102 0.441 0.075 0.386

Other timbre
Expose 34 0.007 0.415 �0.003 0.378
Expose 68 0.007 0.438 0.043 0.376

Novel melodies Timbre 34
Timbre 68 �0.046 0.383 0.042 0.377

�0.003 0.400 0.005 0.358
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Appendix D

Motifs used in Part II (Experiments 4–6).

Set A Set B

Notationa Durationsb Contoursc Notationa Durationsb Contoursc

2 1 1 2 UDD 4 1 1 DU

2 1 1 1 1 DDUU 1 1 1 1 1 1 UUUDD

2 1 1 2 DUU 4 1 1 UD

3 1 2 DU 3 1 2 UD

3 1 1 1 DUD 3 1 2 UU

2 1 1 1 1 UUDD 3 1 1 1 DUU

2 1 1 2 UUU 1 1 1 1 1 1 DUDUD

3 1 1 1 UDD 1 1 1 1 1 1 DDDUU

Total 33 U = 13, D = 12 Total 34 U = 14, D = 12

a Melodic contours are only specified at the note-to-note level—pitch direction between note n and note n + 2, for example,
was free to vary.

b Durations are in sub-beat (200 ms) units.
c Contours indicate pitch direction between adjacent notes; U = up, D = down.
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