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ABSTRACT

ARTICLE HISTORY

A series of experiments demonstrated novel effects of amplitude envelope on
associative memory, with tones exhibiting naturally decaying amplitude envelopes
(e.g., those made by two wine glasses clinking) better associated with target
objects than amplitude-invariant tones. In Experiment 1 participants learned
associations between household objects and 4-note tone sequences constructed of
spectrally matched pure tones with either “ﬂat” or “percussive” amplitude
envelopes. Those hearing percussive tones correctly recalled signiﬁcantly more
sequence–object associations. Experiment 2 demonstrated that participants hearing
percussive tones learned the associations more quickly. Experiment 3 used “reverse
percussive” tones (percussive tones played backwards) to test whether differences
in overall energy might account for this effect, ﬁnding they did not lead to the
same level of performance as percussive tones. Experiment 4 varied the envelope
at encoding and retrieval to determine which stage of the task was most affected
by the envelope manipulation. Participants hearing percussive tones at both
encoding and retrieval performed signiﬁcantly better than the other three groups
(i.e., ﬂat at encoding/percussive at retrieval, etc.). We conclude that amplitude
envelope plays an important role in learning and memory, a ﬁnding with relevance
to psychological research on audition and associative memory, as well as practical
relevance for improving human–computer interface design.
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Whether identifying unseen events by ear, enjoying
sound effects during a movie, or visualizing the
motions of friends talking over the phone, we frequently draw upon a lifetime of learned associations
between sounds and objects. Despite the importance
of these associations in our everyday experiences,
studies of associative memory typically employ
word–word (Paivio, Walsh, & Bons, 1994; Walker &
Hulme, 1999), rather than sound–object pairings. Of
the studies involving sound, most examine associations with verbal labels (Bower & Holyoak, 1973;
Edworthy & Hards, 1999; Keller & Stevens, 2004;
Rogers, 2005; Stephan, Smith, Martin, Parker, & McAnally, 2006) rather than objects. Consequently, although
the encoding and retention of sound–object associations are both important and ubiquitous in our everyday experience, it has not yet received commensurate
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experimental study.1 Nonetheless, such associations
are commonly exploited for commercial purposes, as
seen in advertising (i.e., the three-note “NBC theme,”
jingles associated with various consumer products,
etc.).
Here we introduce a novel series of experiments
documenting the role of an important acoustic property not previously explored in the context of associative memory. This property is known as “amplitude
envelope”—changes in the amplitude of a sound
over time. We investigate this issue using tones synthesized with either abruptly ending offsets (similar
to those in an emergency broadcast system “test
tone”), or tones synthesized with the decaying
offsets characteristic of impact sounds common in
our everyday listening—such as the sound of two
wine glasses clinking (Figure 1). Although amplitude
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Figure 1. Sample percussive (left), ﬂat (centre), and reverse-percussive (right) tones used in these experiments. Each panel depicts the tone’s
amplitude (y-axis) over time (x-axis). Note the contrast between the gradual decay of the percussive tone, which begins immediately after
tone onset, and the abrupt decay in the ﬂat and reverse-percussive tone, which begins just before tone completion.

envelope can affect numerous aspects of perception
(for a review see Olsen, 2014), it has not previously
been recognized as inﬂuencing associative memory.
Consequently this work will inform efforts to use
sounds more effectively in the context of auditory
alarm associations, a promising area of applied
research albeit one that has been hampered by challenges with designing alarms easily associated with
intended messages/states (Edworthy, 2011).

Dynamically changing amplitude envelopes
The property of amplitude relates to a sound’s energy
and generally predicts our perception of loudness
(Stecker & Hafter, 2000). “Amplitude envelope” refers
to changes in a sound’s energy, which can be useful
in predicting changes in perceived loudness (Bach,
Neuhoff, Perrig, & Seifritz, 2009; Neuhoff, 1998).
However, under some circumstances amplitude envelope also affects our perception of timbre—an important yet difﬁcult-to-quantify property encapsulating
subjective differences between sounds beyond those
attributable to pitch and loudness. Although multiple
acoustic features including amplitude envelope (henceforth referred to as “envelope”2) affect timbre,
envelope alone plays a crucial role. For example,
tones synthesized with ramped envelopes rising exponentially have a clearer “tonal quality” than reversed
sounds with damped envelopes decaying exponentially (Irino & Patterson, 1996), despite having more
focused spectral peaks (Patterson, 1994). This rising/
falling distinction can also be seen with musical instruments—piano tones played backwards (a simple
transformation illustrated in the right panel of Figure
1) have an “organ like quality” (Houtsma, Rossing, &
Wagennars, 1987). This shift in timbre is intriguing,
given that it preserves many of the tones’ acoustic
characteristics (i.e., spectral relationships, peak amplitude, fundamental frequency).

The dynamic changes found in natural sounds’
envelopes afford not only the perception of rich
timbres, but also an understanding of the objects
and events producing the acoustic information. Consequently, envelope can be used to classify and
organize a wide range of environmental sounds
(Gygi, Kidd, & Watson, 2004). For example, envelope
is a salient cue for determining whether a dropped
bottle bounced or broke (Warren & Verbrugge,
1984). It can also help listeners discern the physical
properties of a struck material (Lutﬁ, 2001), identify
the hardness of a striking object (Freed, 1990; Giordano, Rocchesso, & McAdams, 2010), and detect the
materials involved (Klatzky, Pai, & Krotkov, 2000).
Envelope also plays a crucial role in speech perception
tasks, such as differentiating between consonants/
vowels (Drullman, Festen, & Plomp, 1994) as well as
segmenting and recognizing phonemes (Moore,
1997). Deﬁcits in sensitivity to envelope may have signiﬁcant clinical implications, as individuals with dyslexia can exhibit impairments in the processing of
tone onset (Goswami et al., 2002). The importance of
envelope in both speech and music suggests that
these two domains employ shared neural mechanisms
(Patel, 2011).

Amplitude envelope’s role in audio-visual
integration
Our interest in envelope stems from a previous ﬁnding
that theories derived from tones with ﬂat envelopes
do not generalize to the perception of sounds with
natural envelopes. It emerged in part from a line of
research designed to answer a practical question
related to music performance—resolving long-standing debate over whether physical gesture length
affects musical note length (percussionists produce
notes using discrete impact events rather than sustained excitation from a bow or column of air). To
explore this issue, an internationally acclaimed
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musician previously attempted to create long and
short notes on the marimba—a tuned, wooden bar
instrument similar to the xylophone. Analysis of
those attempts revealed important insight into a
useful musical “trick” used by expert performers.
Although some percussionists believe that striking
gesture length affects acoustic note length, these gestures are in fact acoustically inconsequential. Instead,
they create an illusion in which a note’s perceived duration shifts as a result of the percussionists’ visible
movements (Schutz & Lipscomb, 2007).
Musical implications of this illusion aside (Schutz,
2008), inﬂuence of gestures on the perception of
note duration is surprising given signiﬁcant documentation that vision does not inﬂuence audition in temporal tasks such as judging event duration (Fendrich
& Corballis, 2001; Walker & Scott, 1981; Welch &
Warren, 1980). The marimba notes used in that illusion
differ in many ways from the “tone beeps” common in
audio-visual integration research, a ﬁnding that raised
questions regarding the relative importance of different acoustic aspects of natural sounds and beeps.
Amplitude envelope ultimately proved to be the
crucial difference between the sounds used in the
marimba illusion and those traditionally employed in
audio-visual integration research. Impact gestures
integrated with sounds exhibiting decaying envelopes
(i.e., piano notes, produced from the impact of a
hammer on string), but failed to integrate with the sustained tones produced by the clarinet or French horn
(Schutz & Kubovy, 2009). As the clarinet differs in
many properties from the marimba and piano, a
direct test of envelope using pure tones (i.e., sine
waves) shaped with exponentially decaying percussive envelopes versus amplitude-invariant ﬂat envelopes proved crucial. That work demonstrated that
visual information depicting striking movements integrates with percussive but not ﬂat tones (Schutz,
2009).
One potential explanation of percussive tones’
selective integration was that ambiguity in the typically dominant modality shifts normative integration
patterns (Alais & Burr, 2004; Ernst & Banks, 2002).
Although the gradual decay of percussive tones
made identifying their moment of completion challenging, the “ambiguity hypothesis” ultimately failed to
explain the selective integration found with percussive versus ﬂat tones. Impact sounds integrating
with striking gestures were no more ambiguous in
duration than those produced by the clarinet or
French horn (Schutz & Kubovy, 2009). Similarly, pure
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tones were no more ambiguous in duration when
shaped with decaying versus ﬂat envelopes (Schutz,
2009). Instead, envelope’s role in explaining the conﬂict between vision’s strong effect on auditory judgments of duration when using percussive sounds
versus its widely noted lack of integration in previous
research using ﬂat tones (Walker & Scott, 1981; Welch
& Warren, 1980) reﬂects the importance of causal links
between modalities (Kubovy & Schutz, 2010; Schutz &
Kubovy, 2009). Impact gestures produce sounds with
decaying envelopes, triggering perceptual integration
when paired with striking movements.
This novel visual inﬂuence on sounds with dynamically varying amplitudes contrasts with the lack of
visual inﬂuence on amplitude-invariant tones, which
is thought provoking given that “almost all realworld sounds are dynamic, with continuous changes
in acoustic and perceptual parameters” (Olsen, 2014,
p. 159). Although interest in the perception of dynamically varying percussive versus amplitude-invariant ﬂat
tones represents a relatively new topic, previous work
on differences in our perception of sounds with
dynamic envelopes that either rise or fall provides a
helpful context.
In the audiovisual bounce effect (ABE), two circles
approach one another, overlap, and then move to
their original starting point. This ambiguous display
can be seen as depicting circles either overlapping
or “bouncing” off one another. Although tones coincident with the moment of overlap induce more bouncing percepts (Sekuler, Sekuler, & Lau, 1997), the tone’s
envelope can modulate this integration. Sounds synthesized with decaying envelopes mimicking impact
events trigger signiﬁcantly more bounce percepts
than their mirror images (Grassi & Casco, 2009). This
paradigm provides a rich framework for examining
multi-modal integration and can be useful in exploring
underlying mechanisms and explanations (Grassi &
Casco, 2012). For example, one variation using
bounce-congruent sounds (i.e., billiard balls) as well
as bounce-incongruent sounds (a drop of water, a ﬁrework) found greater integration when using the
impact-congruent (billiard ball) than when using
impact-incongruent sounds (Grassi & Casco, 2010).
As these sounds differed in a number of dimensions
(i.e., their amplitude envelopes as well as spectral
envelopes), this study indicates that integration is
broadly affected by timbre. That result parallels the
effects of pairing striking gestures with impact
versus sustained tones when assessing event duration
(Schutz & Kubovy, 2009) as well as temporal order
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judgment tasks involving speech (Vatakis & Spence,
2007) and musical sounds (Chuen & Schutz, in
press). The perception of timbre is a complex issue
affected by numerous factors—particularly an envelope’s rise time (McAdams, Winsberg, Donnadieu, De
Soete, & Krimphoff, 1995). However, together these
ﬁndings demonstrate that amplitude envelope by
itself can exert signiﬁcant inﬂuence on our perceptual
processing.

Asymmetries in the perception of
amplitude-varying tones
The rising/falling asymmetries discussed in audiovisual integration within the ABE (Grassi & Casco,
2009) complement those found in studies of basic
auditory perception. Explorations involving short
250-ms tones illustrate that increasing tones sound
louder than mirror-reversed decreasing tones
(Stecker & Hafter, 2000), a ﬁnding later replicated
with longer tones 2 s in duration (Ponsot, Susini, &
Meunier, 2015). These differences in the perception
of loudness parallel differences in the perception of
loudness change. For example, a 15-dB increase in
tone intensity over 1.8 s sounds “more different”
than a parallel decrease (Neuhoff, 1998)—a ﬁnding
replicated using longer, 3.6-s vowel-like spectral information (Olsen & Stevens, 2012).
This so called “looming bias” has attracted signiﬁcant research interest, with studies of both its neural
basis as well as its perceptual consequences (Hall &
Moore, 2003). Although it appears when using envelopes ﬁlled with sounds giving rise to the perception
of pitch, it does not occur when using envelopes
ﬁlled with white noise (Neuhoff, 1998). The looming
effect is larger in females than in males, which may
indicate gender-differentiated sensitivity to approaching biological sources (Neuhoff, Planisek, & Seifritz,
2009) related to the survival beneﬁts of attending to
approaching animals (Bach et al., 2009). This asymmetry may be explained in part by differences in the end
levels of rising and falling sounds. One exploration
used sounds with matched 60-dB endpoints, either
rising from an initial value of 40 dB or falling from
an initial value of 80 dB. Matched endpoints
removed the looming bias (Olsen & Stevens, 2012),
suggesting that end-level may play a crucial role in
this phenomenon. However, the relationship
between end-level and perceived loudness is
complex and is affected by issues of adaptation
(Teghtsoonian, Teghtsoonian, & Canévet, 2000) as

well as the speciﬁc assessment procedures involved
(Teghtsoonian, Teghtsoonian, & Canévet, 2005).
In addition to loudness (and loudness change),
rising and falling tones differ in perceived duration.
Falling tones sound shorter than rising despite equal
acoustic durations (Grassi & Darwin, 2006; Schlauch,
Ries, & DiGiovanni, 2001), with this asymmetry again
accentuated in females (Grassi, 2010). Falling tones
also have earlier perceived onset times than rising
tones, presumably reﬂecting relative differences in
the temporal location of amplitude peaks at the
tones’ beginnings and ends (Vos & Rasch, 1981).
There are multiple potential explanations for
asymmetries in our perception of rising/falling
sounds. The ﬁrst stems from Patterson’s Auditory
Image Model (AIM), which makes two key predictions: (a) There will be greater suppression of amplitude at the onset than at the offset of a sound,
reducing the perceived loudness of decaying
versus rising sound; and (b) the abrupt offset of
rising sounds could lead to “ringing” in the ﬁltering
process, extending their perceived duration (Patterson & Allerhand, 1995; Patterson & Irino, 1998).
Alternatively, these asymmetries may reﬂect
interpretation of gradual decays as resulting from
environmental reverberation rather than the
source itself (Stecker & Hafter, 2000). In this view,
decaying sounds are perceived as shorter because
they are interpreted as reﬂecting echoes extending
the acoustic duration of a sound-producing event,
rather than as part of the sound-producing event
itself. For example, listening to forwards versus
backwards recordings of a brick struck in a reverberant environment illustrates the degree to which
reverberation may be discounted when listening
to natural impacts (Houtsma et al., 1987).

Dynamic amplitude envelopes and auditory
perception
We have summarized research on amplitude-varying
sounds providing context for this study of differences
in the perception of tones with naturally decaying
versus abruptly ending envelopes. However, this
focus on dynamically varying amplitudes is not
necessarily indicative of auditory research as a
whole. Amplitude-invariant ﬂat sounds provide a
high degree of methodological control, precision,
and consistency, making them useful as (and consequently widely used for) auditory stimuli. Yet they
differ in many ways from natural sounds, a potentially
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problematic point noted previously (Gaver, 1993;
Neuhoff, 2004).
To empirically explore the prevalence of amplitude-invariant tones in hearing research, Schutz and
Vaisberg (2014) surveyed the sounds used in 222
experiments published in the journal Music Perception.
Curiously, 35% of the stimuli left amplitude envelope
undeﬁned, despite high rates of deﬁnition for other
properties such as spectral structure, duration, and
the exact model of headphones used. A preliminary
survey of Attention, Perception & Psychophysics
suggests similar lack of concern for this property.
More important than this lack of deﬁnition however,
is the fact that the vast majority of experiments in
this survey use only sounds with “ﬂat” envelopes
(Gillard & Schutz, 2013). This disproportionate focus
on ﬂat sounds helps explain the surprising nature of
the previously discussed musical illusion in which
visual information selectively integrates with decaying
sounds (Schutz, 2009), as most previous research has
employed ﬂat tones—including research on audiovisual integration. These differences are not conﬁned
to multisensory perception—a subsequent experiment found evidence that the durations of tones
with decaying envelopes may be understood using
fundamentally different processes than those used
for tones with ﬂat sustain periods and abruptly
ending offsets (Vallet, Shore, & Schutz, 2014).
Our motivation for the following experiments
stems from a desire to broaden our understanding
of amplitude envelope’s role in auditory perception.
Demonstrations of novel audio-visual integration
(Schutz, 2009; Schutz & Kubovy, 2009) and duration
assessment (Vallet et al., 2014) ﬁndings for percussive
tones, combined with documentation of a disproportionate use of ﬂat tones in auditory research (Schutz
& Vaisberg, 2014), raise a number of intriguing questions. In particular, it is important to ask whether theories and models derived from experiments using ﬂat
tones generalize to natural sounds—sounds that typically exhibit continuously changing envelopes (Gaver,
1993; Olsen, 2014). Additionally, experiments using
natural sounds with similar envelopes can suggest
theories that do not generalize to sounds with different envelopes (Chuen & Schutz, in press).
In expanding on previous research on the role of
amplitude envelope, we also provide data useful in
answering previous requests for research involving
sounds with amplitude envelopes “closer to realworld tasks faced by the auditory system” (Joris,
Schreiner, & Rees, 2004, p. 570). Associative memory
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is a valuable domain for this exploration, as it is both
ubiquitous in our everyday experience and historically
signiﬁcant in the ﬁeld of cognitive psychology.
Additionally, the association of sight and sound
holds important practical implications for human–
computer interface design.
Auditory interfaces rely on associations between
sounds and an electronic device’s commands/states
(i.e., “you’ve got mail”). Consequently, associations
involving sound hold potential implications for the
design of auditory interfaces—particularly auditory
alarms. These alarms are of great interest to the
medical ﬁeld, where they are used to convey information about changes in patients’ health in a
language-neutral manner (Edworthy, 2011; Sanderson,
Liu, & Jenkins, 2009). In practice, however, difﬁculties
surrounding their implementation currently prevent
realization of their potential (Borowski et al., 2011).
Part of this problem stems from challenges in learning
and retaining associations between alarms and their
intended messages (Sanderson, Wee, & Lacherez,
2006; Wee & Sanderson, 2008). Although many
factors play a role in these challenges (Edworthy &
Hellier, 2006; Phansalkar et al., 2010), here we note
that current industry practices (i.e., the International
Electrotechnic Commission 60601-1-8 standard) call
for the exclusive use of ﬂat amplitude tones. Consequently, it would be helpful for sound designers to
know whether other envelope shapes might be
better suited for their purposes.

THE CURRENT EXPERIMENTS
Here, we directly compared performance on a learned
associative memory task when using percussive
versus ﬂat tones. All aspects of the stimuli (i.e., the
spectral structure of individual tones, pitch relationships within each tone sequence, etc.) were identical
with the exception of the envelopes of individual
tones. In order to keep the stimuli as controlled as
possible, we based them on spectrally simple sounds
—pure tones (i.e., a sine waves), which are common
in auditory perception research. This design afforded
assessment of (a) differences in the learning of percussive versus ﬂat tone sequences, (b) differences in the
learning of novel associations between tone
sequences and objects, and (c) the relative contributions of encoding versus retrieval in our sequence–
object association task. This series of studies complements previous associative memory research focusing on word–word pairings by contributing new
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experiments devoted to a type of associative memory
(sound–object) common in our everyday listening
experience. Additionally, it extends previous work
demonstrating that envelope plays a role in perceptual
processing by exploring its effect on a cognitive task.

General method
Overview
In the following experiments, we used a modiﬁed old–
new recognition paradigm (Mandler, 1980; Tulving,
1985) combined with a paired-associates paradigm
to assess (a) recognition memory for tone sequences,
and (b) recall of the learned associations between
sequences of tones and everyday household objects.

Stimuli
We generated tones for Experiments 1, 2, and 4 using
one of two envelopes: “percussive” (exponentially
decaying) and “ﬂat” (a sharp attack, ﬂat sustain, and
abrupt offset). We applied these envelopes to 13
pure tones (i.e., single frequency sine waves), ensuring
that they were spectrally identical and therefore differed only in their amplitude envelope. The pitches
of the individual tones were drawn from chromatic
(i.e., adjacent on the piano) notes from the Western
12-tone scale: A3 (220 Hz) to A4 (440 Hz). Pure tones
corresponding to these 13 pitches were shaped with
one of the two envelopes using SuperCollider (2007)
software, producing 13 percussive and 13 ﬂat tones
(26 unique frequency–envelope tone combinations).
Because percussive tones are perceived as shorter
than ﬂat tones of equivalent duration (Grassi &
Darwin, 2006; Schutz, 2009), we used slightly longer
percussive tone durations (∼790 ms) than ﬂat (750
ms).3 Both tones used 45-ms onsets, with percussive
tones decaying to half their peak value in approximately 126 ms (the precise moment for crossing this
threshold varies slightly based on the period of the
tone’s fundamental frequency). We also created a set
of “reverse percussive” tones for Experiment 3, the
details of which are discussed in that experiment).
We created 20 “base sequences”, with four tones
each, by iteratively selecting individual pitches
(with replacement) from the set of 13, and then
used Audacity (2007) to create instantiations of
these sequences. For example, we implemented the
sequence 311 Hz (D#) 392 Hz (G) 370 Hz (F#) and
349 Hz (F) twice: once with percussive tones and
again with ﬂat tones (Table 1 lists all of the sequences
used). The percussive and ﬂat sequences differed only

in the amplitude envelopes of their individual tones,
as they were matched with respect to the speciﬁc
pitch sequences employed. We randomized the pairings of melodies and objects anew for each participant, with each randomized ordering applied to one
participant per condition (i.e., each sequence object
pairing was presented to one participant in the percussive condition and one in the ﬂat condition). This
also avoided potential confounds related to tonal
structure as well as speciﬁc sequence/object biases
that might prove problematic.
Listening to differences in the ﬂat and percussive
sequences during preparation led to a desire to
roughly equate the perceptual distance between
tones. After informal experimentation, we settled
upon using a 10-ms separation between percussive
tones, but 200 ms between ﬂat tones. We chose a
larger separation for ﬂat tones as the percussive
were naturally more separated (staccato in musical
terms).4 We then divided the sequences into two
sets: A (Sequences 1–10) and B (Sequences 11–20).
For half of the participants, Set A served as the training
or “old” sequences, and Set B served as the “new”
sequences. For the other half, the opposite was true.

Materials
Ten household objects (cell phone, laser distance
metre, CD case, digital clock, keys, calculator,
remote control, jewellery box, Blockbuster card, and
camera) were arranged on a table in front of the
seated participant. The 10 objects served as the
associated response for each of the 10 stimulus melodies, as well as the speakers playing the tone
sequences. For example, participants heard one
sequence and were told to remember its association
with an object, such as the “cell phone”. We randomized the order of presentation, but matched them
across conditions (i.e., we randomized pairings of
tone sequences with objects, then used each
sequence–object pairing for both the percussive
and ﬂat conditions). Different object and tone
sequence pairings were randomly chosen for each
“set” of percussive and ﬂat participants.

Procedure
We asked participants to learn the tone sequences as
well as the sequence–object pairings for a subsequent
memory test. The experimenter selected an object
and placed it in front of the participant, played the
randomly assigned sequence three times (see Experiment 2 for a change to this procedure), and then
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Table 1. Two groups of tone sequences
Sequence
Group 1
1
D#4
311
A#3
233
A#3
233
D#4
311
2
D#4
311
G4
392
F#4
370
F4
349
3
C#4
277
D4
294
C#4
277
C#4
277
4
F#4
370
G4
392
F#4
370
F4
349
5
A4
440
G#4
415
A3
220
A3
220
6
C4
261
D#4
311
G4
392
G4
392
7
F#4
370
G#4
415
F#4
370
A3
220
8
B3
247
B3
247
A#3
233
B3
247
9
A3
220
C#3
277
E3
329
A4
440
10
A3
220
A4
440
G#4
415
E4
329
Group 2
11
A2
220
B3
247
D4
294
D4
294
12
A4
440
C#3
277
A4
440
A3
220
13
F4
349
A4
440
C4
261
A#3
233
14
C#3
277
D4
294
G#4
415
G4
392
15
F4
349
G#4
415
A#3
233
G4
392
16
D4
294
D4
294
A4
440
A4
440
17
A3
220
A4
440
E3
329
D4
294
18
G#4
415
G4
392
F#4
370
G#4
415
19
A4
440
E3
329
F4
349
A3
220
20
F#4
370
F4
349
E3
329
D#4
311
Note: Each row represents the pitches used in one 4-tone sequence.
The musical names for each appear in bold, followed by the corresponding frequency in Hertz. Sequences were divided into two
groups, with half of the participants hearing Group 1 during training,
and half Group 2. All participants heard all 20 sequences during the
test phase, when they were asked to make judgments about
whether sequences were “old” or “new”. Additionally, they were
asked to identify objects paired with sequences they identiﬁed as
“old”.

moved the object back to its original position. The
order of presentation of the sequence–object pairings
was randomized as well. Participants were not allowed
to rearrange objects, but could pick up/touch the
target object while listening to its associated
sequence (although all 10 objects were visible
throughout the entire study phase, participants
rarely picked them up). We repeated this procedure
for each tone sequence–object pairing. The experimenter told participants that they would be evaluated after a short break, during which time they
were allowed to play computer games (either minesweeper or solitaire). The experimenter left the room
during this time, returning approximately 6 min
later. The objects remained on the table next to the
participant. The experimenter controlling the playback
of tone sequences sat at a different table from the one
holding the target objects. When asking participants
whether they recognized the sequences and to
name the associated objects, the experimenter was
angled slightly away from the participant. They
neither gestured towards objects nor interacted with
them during this portion of the experiment, but
merely coded the participants’ verbal responses.
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After the break, participants heard 20 sequences in
random order: 10 “old” sequences from the study
phase and 10 “new” not previously heard. For each
sequence, the participant decided whether it was
“old” or “new” and indicated their conﬁdence on a
scale from 1 (“not at all conﬁdent”) to 6 (“very conﬁdent”). We also asked participants to identify the
associated object for each sequence they recognized
as “old” and to rate their conﬁdence (using the same
1–6 scale). We repeated this procedure without feedback for all 20 sequences, which took approximately
10 minutes. To control for potential experimenter
bias, the speakers were placed on the experimental
table in front of participants (but behind the
objects). When participants were asked to recognize/
recall the sequences, the experimenter was seated at
another table and did not make eye contact with participants while they responded whether they had
heard the sequence previously and, if so, with which
object it was associated.

EXPERIMENT 1
Method
Participants
Twenty-two (14 female) undergraduate students participated for course credit.

Procedure
Participants were randomly assigned to either the percussive or the ﬂat condition.

Results
Recognition
We assessed the accuracy of sequence recognition in
two ways. First, we performed a univariate analysis of
variance (ANOVA), using the percentage of correctly
recognized “old” sequences as the dependent variable
and condition (percussive vs. ﬂat) as the independent
variable.5 Envelope did not signiﬁcantly affect recognition (percussive M = 70.9%, SD = 10.4%; ﬂat M =
68.2%, SD = 12.5%), F(1, 20) = 0.31, p = .59. Second,
we used a d′ analysis balancing hits and false alarms
as described by Snodgrass and Corwin (1988), which
indicated that sensitivity did not differ across conditions (percussive M = 1.00, SD = 0.81; ﬂat M = 0.88,
SD = 0.80), t(20) = 0.38, p = .15 (see Figure 2, left
panel). Therefore we conclude that envelope had no
effect on sequence recognition (details of hit and
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false-alarm rates appear in Table 2, summarizing this
information for all four experiments).

Recall
We assessed recall with a univariate ANOVA using
the percentage of correct associations between
sequences and objects6 as the dependent variable
and condition as the independent variable. Participants in the percussive condition recalled a signiﬁcantly higher percentage of associated objects (M
= 52.9%, SD = 25.94%) than those in the ﬂat condition (M = 32.67%, SD = 11.98%), F(1, 20) = 6.51, p
= .02, h2p = .25. Therefore, even though the percussive sequences themselves were no more likely to
be recognized correctly, they were associated signiﬁcantly better with target objects (Figure 2, right
panel).

Conﬁdence ratings
To compare potential differences in conﬁdence
between conditions, we used both sets of conﬁdence ratings from the accurate trials (i.e., one
rating for conﬁdence of correctly recognized old
sequences; another for conﬁdence of correctly
recalled sequence–object associations). Ratings

differed between conditions neither for recognition
of sequences, F(1, 20) = 0.14, p = .72, nor for recall of
sequence–object associations, F(1, 20) = 0.58, p
= .46. A Pearson’s two-tailed correlation revealed
that across conditions, conﬁdence ratings for recognition and recall were positively correlated (r = .46,
p = .03). However, recognition conﬁdence did not
correlate with recognition performance, (r = .34, p
= .13), nor did recall conﬁdence correlate with
recall performance (r = .11, p = .64).

Discussion
Together, these results indicate superior performance in associating percussive sequences with
target objects. Curiously, recognition of “old”
versus “new” sequences did not differ between
envelope conditions. This suggests that superior
performance may be due to better association of
the percussive sequences with objects, rather than
better recognition of percussive sequences themselves. This performance difference between
sequences cannot be explained by any melodic
property of the sequences as both conditions used
the same four-note pitch sequences. In other
words, each of the sequences appearing in Table 1

Figure 2. Although sensitivity to the tone sequences themselves did not differ between envelope conditions (left panel), the participants hearing
percussive tones correctly recalled signiﬁcantly more of the associated objects (right panel). Error bars represent ± standard error about the mean.
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Table 2. Summary of hit and false-alarm rates and d′ for sequence
recognition in all four experiments
Experiment

Condition

Hit
rate

False-alarm
rate

d′
(adjusted)

n

Exp. 1

Perc.
Flat
Perc.
Flat
Perc.
Flat
Reverse
Perc.–perc.
Flat–ﬂat
Perc.–ﬂat
Flat–perc.

.7091
.6818
.8667
.8800
.7824
.7588
.7412
.7600
.7450
.7300
.6800

.3182
.3364
.2333
.1533
.2588
.3529
.3412
.2000
.3200
.3550
.3600

1.010
0.8807
1.808
2.119
1.356
1.073
0.9980
1.553
1.168
0.9505
0.8210

11
11
15
15
17
17
17
20
20
20
20

Exp. 2
Exp. 3
Exp. 4

Note: False alarm rates out of 1.
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the association after their response, providing feedback regarding the correct object when the participant was incorrect. We repeated this procedure for
all 10 sequences and their associated objects. Those
unable to correctly recall at least 7 of the 10 associations received additional training blocks as needed.
After meeting this criterion the procedure was identical to that of Experiment 1. Our main question of interest was whether we would ﬁnd differences in the
number of learning blocks required.

Results
Encoding (training blocks)

was used in both percussive and ﬂat conditions.
Additionally, performance differences cannot be
explained by differences in conﬁdence. Consequently these results raise several questions
addressed in three subsequent experiments.

EXPERIMENT 2
Our second experiment clariﬁed the results of the ﬁrst
by exploring whether associations between percussive sequences and objects are better encoded or
better retained. To separate these aspects, we used a
variable length sequence–object association training
phase (with feedback) rather than presenting all participants with the same number of exposures. Here
participants repeated each block until able to correctly
identify 70% of the associations.7 In all other respects,
this experiment was identical to the ﬁrst.

Method
Participants
Thirty (16 female) undergraduates participated to
either fulﬁl a course requirement or receive payment
($5).

Procedure
This procedure was identical to that of Experiment 1
with the following exception: We began assessing
learning immediately after completion of the ﬁrst
presentation of pairings (10 trials, covering each of
the sequence–object associations). We performed
this assessment by asking participants to specify the
associated target object for each of the 10 tone
sequences (presented sequentially in a randomized
order). We played the sequence again to reinforce

We performed a univariate ANOVA on the number of
training blocks required to reach the 70% criterion,
ﬁnding that participants in the percussive condition
required signiﬁcantly fewer (M = 1.67, SD = 0.98) than
those in the ﬂat (M = 2.87, SD = 1.60), F(1, 28) = 6.16,
p = .02, h2p = .18 (see Figure 3, right panel). This
suggests that associations involving percussive
sequences are encoded more easily than those involving ﬂat sequences.

Recognition
As in Experiment 1, recognition of “old” versus “new”
sequences did not differ between the conditions, F(1,
28) = 0.11, p = .72 (Figure 3, left panel). Similarly, we
did not observe differences in sequence sensitivity
as measured by d′ values of those in the percussive
(M = 2.12, SD = 0.84) and ﬂat (M = 1.81, SD = 0.81)
conditions, F(1, 28) = 1.07, p = .76. Information on
hit and false-alarm rates for this experiment
appears in Table 2.

Recall
Here, we found no difference in the recall of
sequence–object associations between the percussive
(M = 60.42%, SD = 27.37%) and ﬂat (M = 58.0%, SD =
21.17%) conditions, F(1, 28) = 0.07, p = .79 (Figure 3,
middle panel). This demonstrates that shorter training
for participants in the percussive condition did not
lead to decreases in performance. Consequently, this
second experiment complements the ﬁrst (ﬁnding
better sequence–object associations for percussive
tones) by implicating differences in the encoding of
associations when using ﬂat versus percussive tones.
It suggests that recall of these associations is equivalent once encoded, as performance in the ﬁnal assessment did not differ when additional training blocks
equated sequence–object association encoding.
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Figure 3. Participants who heard percussive sequences required signiﬁcantly fewer blocks of training in Experiment 2 (right panel). However,
their performance at test differed neither for sensitivity to the sequences themselves (left panel) nor for sequence–object recall (middle panel).
Error bars represent ± standard error about the mean.

Conﬁdence ratings
Analysis of the average conﬁdence ratings for correct
recognition revealed that participants in the percussive condition were slightly more conﬁdent in their
recognition of the sequences, F(1, 28) = 4.37, p = .05,
h2p = .14. The conﬁdence ratings for correct recall
approached signiﬁcance, with percussive participants
slightly more conﬁdent, F(1, 28) = 3.21, p = .08,
h2p = .10. Conﬁdence ratings were highly correlated
across condition, for the correct recall and recognition
trials (r = .69, p < .0001). However recognition conﬁdence did not correlate with recognition performance
(p = .11), nor did recall conﬁdence correlate with recall
performance (p = .56). Participants in the percussive
condition did no worse on the ﬁnal evaluation
despite receiving 58% fewer learning trials, and they
were slightly more conﬁdent in their responses.

Discussion
These ﬁndings suggest that the ﬁrst experiment
reﬂects better encoding of associations between
objects and percussive versus ﬂat sequences. When
participants in the ﬂat condition learned the associations to an equivalent degree (through exposure to
additional learning trials when listening to ﬂat
sequences), performance on the ﬁnal sequence–
object association task did not differ. This complements our previous results indicating that participants hearing percussive sequences better retained

sequence–object associations when given equal
exposure. Finally, we note that the additional learning
trials given to participants in the ﬂat envelope condition did not lead to any differences in memory
and/or conﬁdence. Together these ﬁndings extend
Experiment 1 by suggesting that better encoding
explains the percussive group’s superior performance.

EXPERIMENT 3
This experiment explored two differences between
percussive and ﬂat tones that could be driving
superior performance with percussive tones: (a) ecological validity, and (b) degrees of change over time.
With respect to ecological validity, Nairne and Pandeirada (2008) found that when words were processed by
assessing their usefulness in a survival situation, maintenance of information was signiﬁcantly higher when
compared to imagery or self-referential techniques.
Kang, McDermott, and Cohen (2008) replicated this
effect even when adding an additional control group
(processing words based on their relevance to executing a bank robbery) to match arousal level and
novelty. These results suggest that ﬁtness-relevant
information is preferentially remembered. If this is
the case, then sounds with naturally decaying offsets
may be recalled more easily because they are more
ecological (and/or were prevalent during our phylogenetic development) than amplitude invariant ﬂat
tones.
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Another factor that might play a role in our previous results is that percussive and ﬂat tones differ in
their temporal dynamics—the degree to which they
change over time. Because the offset period of percussive tones begins immediately after onset, they are
decreasing in amplitude over the majority of their duration, in contrast to ﬂat tones, which exhibit changes
in amplitude over only relatively brief segments (see
Figure 1). Previous work demonstrates that tones
with fast-varying envelopes can lead to superior performance (speciﬁcally faster reaction times and lower
error rates) than tones with slow-varying envelopes
(Brancucci & San Martini, 2003).
To explore these issues we introduced a new envelope to our paradigm, referred to as “percussivereverse” because it is a mirror image of the percussive
tones. This envelope is characterized by a gradual,
exponentially rising onset and a sharp, sudden offset
(see Figure 1). If ecological validity plays a role in the
percussive sequence advantage for recall, we would
expect this advantage to disappear when the envelopes are manipulated to render them non-ecological
(we clarify important distinctions between these
reverse-percussive tones and the “rising” tones used
in previous studies later in our Discussion section).
Much as reversing a piano note categorically
changes our perception of the instrument producing
it, reversing percussive tones renders them out of
step with sounds produced by natural events. If ecological familiarity explains the superior performance
of percussive versus ﬂat tones, we would expect to
again ﬁnd superior performance for percussive
versus reverse percussive tones. However, if differences in amplitude change over time explain our previous results, we would expect similar performance in
the percussive and percussive-reverse conditions, as
they are identical in this respect.
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of individual tones while retaining the order of the individual pitches in each of the four-note sequences (see
Figure 1 for a sample reverse tone).
We introduced a small change to our percussive
sequences here in order to address a potential confound. When building the percussive sequences
used in the ﬁrst two experiments, we used larger
note-to-note separations between individual tones
for percussive sequences, resulting in a slightly
slower rate of progression for the ﬂat sequences
than for the percussive sequences. To explore
whether this difference in sequence timing played a
role in the ﬁrst experiment, we altered the timing of
the percussive sequences to match the note onset
rate used for the ﬂat tones, equalizing the durations
all sequences in the ﬁnal two experiments.

Procedure
Participants were randomly assigned to the percussive, ﬂat, or reverse condition and were trained and
tested as in Experiment 1.

Results
Recognition

Participants

We performed a univariate ANOVA using percentage
of accurate recognition (i.e., identifying old sequences
as “old”) as the dependent variable and condition as
the independent variable. Again, envelope did not
affect sequence recognition (percussive M = 78.2%,
SD = 11.3%; reverse M = 74.1%, SD = 9.4%, ﬂat M =
76.7%, SD = 13.3%), F(2, 49) = 0.56, p = .58 (Figure 4,
left panel). A d′ analysis balancing hits and false
alarms revealed that envelope did not affect sequence
sensitivity (percussive M = 1.36, SD = 0.49, reverse M =
0.99, SD = 0.57, ﬂat M = 1.05, SD = 0.83), F(2, 49) = 1.51,
p = .23, when assessed using a multivariate ANOVA
(MANOVA). Therefore, we conclude that recognition
accuracy was unaffected by envelope. Information
on hit and false-alarm rates for this experiment
appears in Table 2.

Fifty-two (22 male, 30 female) undergraduate students
participated for course credit.

Recall

Method

Stimuli
The reversed sequences were based on the original
percussive sequences but with each individual tone
reversed. We created these tones by manually applying the “reverse” feature of the Amadeus (2007)
sound editor to each of the four tones within each
of the 20 tone sequences. This reversed the envelope

As in Experiment 1, we assessed recall with a univariate ANOVA using the percentage of accurate recall
as the dependent variable and condition as the independent variable. The number of retained sequence–
object associations differed signiﬁcantly across conditions, F(2, 49) = 3.32, p = .05, h2p = .11 (Figure 4,
right panel). As hypothesized, participants hearing
percussive tones (M = 53.23%, SD = 23.24%) recalled
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Figure 4. Although sensitivity to the tone sequences themselves did not differ between envelope conditions (left panel), participants hearing
percussive tones recalled signiﬁcantly more of the associated objects than those hearing reverse-percussive tones in Experiment 3 (right panel).
Error bars represent ± standard error about the mean.

a signiﬁcantly higher percentage of sequence–object
associations than those hearing reverse tones (M =
38.37%, SD = 13.18%, p = .01). However, they did not
recall signiﬁcantly more associations than those in
the ﬂat condition (M = 45.54%, SD = 12.02%, p = .18).
Participants in the ﬂat and reverse conditions did
not differ in their recall performance (p = .21).

Conﬁdence ratings
A Pearson’s two-tailed correlation revealed that across
conditions, recognition conﬁdence correlated positively with the number of sequences correctly recognized (r = .27, p = .05), but not with the percentage
of sequence–object associations recalled (r = .16, p
= .25). A MANOVA using conﬁdence ratings for
correct recognition and recall as the dependent variables and condition as the independent variable indicated that condition affected conﬁdence for neither
sequence recognition, F(2, 49) = 0.77, p = .47, nor
sequence–object recall, F(2, 49) = 1.75, p = .19.

Discussion
This experiment suggests that the superior performance observed when using percussive tones is not
the result of differences in the amount of change
over time presented in the stimulus itself. The
reverse tones contained identical contours, merely

presented in a non-ecological manner (natural
sounds’ decays are often much longer than their
onsets; however, their onsets are rarely longer than
their decays). Although future research is needed to
fully explore this issue, these results are consistent
with the idea that percussive tones may improve
object–tone associations because of their ecological
realism.
It bears mentioning that, curiously, this study did not
replicate the difference between percussive and ﬂat
tones observed in Experiment 1. Performance in the
percussive conditions was similar (53% correct associations in both Experiment 1 and Experiment 3), but in
this experiment participants in the ﬂat condition performed better than in Experiment 1 (45% vs. 33%).
Given that the ﬂat tone sequences in this experiment
are identical to those in Experiment 1 (we slightly
altered the timing of our percussive sequences but
did not change the ﬂat) and were presented in a
between-subjects design, we ﬁnd this outcome puzzling. Nonetheless, our primary goal was to explore
the effect of reversing the percussive envelope, which
clearly led to worse performance than when using percussive tones. Therefore, we conclude that the previously observed differences in performance for the
percussive and ﬂat tones cannot be explained by the
greater amount of change in amplitude over time
found in percussive rather than ﬂat tones.
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EXPERIMENT 4
In previous experiments, envelope inﬂuenced the
recall of object–tone associations (Experiment 1) and
affected the learning of sequence–object associations
(Experiment 2), possibly due to differences in ecological familiarity (Experiment 3). Although sequence–
object associations were encoded more quickly when
using percussive tones in Experiment 2, it is unclear
whether they are then required at retrieval. Given
that our percussive and ﬂat sequences used identical
pitches, we wondered whether participants training
on percussive tones but tested on ﬂat would display
any beneﬁts of encoding the sequences using percussive tones. Previous research and theoretical frameworks on encoding speciﬁcity (Thomson & Tulving,
1970; Tulving & Thomson, 1973) would predict that
the superior performance observed in previous conditions would not extend to participants in this experiment training on percussive tones but testing on ﬂat.
Furthermore, this manipulation is particularly relevant
given that Baddeley, Lewis, Eldridge, and Thomson
(1984) previously reported asymmetrical effects of
divided attention on encoding and retrieval. To
explore this issue, we placed participants in one of
four conditions: (a) training and testing with percussive envelopes, (b) training and testing with ﬂat envelopes, (c) training with percussive envelopes, but
testing with ﬂat envelopes, or (d) training with ﬂat
envelopes, but testing with percussive envelopes.

Method
Participants
Eighty (49 female) undergraduate students participated for either introductory psychology course
credit or $5 payment.

Procedure
We randomly assigned participants to one of four conditions (n = 20). Half trained and tested with congruent envelopes—either percussive–percussive or ﬂat–
ﬂat. The other half trained and tested with incongruent envelopes—either percussive–ﬂat or ﬂat–percussive. Here, we retained the slightly altered sequences
from our third experiment equating inter-onset time.
We instructed all participants to respond to the
sequences rather than the envelopes of individual
tones, as half of the participants were tested on
sequences with envelopes incongruent with those
heard at training (tones within a four-note sequence
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always shared the same envelope). As an added precaution against potential bias from the experimenters,
here the research assistant playing the sounds
oriented themselves with their backs towards the participants so that they could not see their movements.

Results
Recognition
A multivariate 2 (training: percussive or ﬂat) × 2
(testing: percussive or ﬂat) ANOVA on correct recognition of old sequences (percussive training–percussive testing M = 76.0%, SD = 15.4%; ﬂat training–ﬂat
testing M = 74.5%, SD = 16.7%; percussive training–
ﬂat testing M = 73.0%, SD = 13.8%; ﬂat training–percussive testing M = 68.0%, SD = 14.7%) found no
main effect of training condition, F(1, 76) = 0.92, p
= .34, or testing condition, F(1, 76) = 0.27, p = .61, and
no signiﬁcant interaction between training and
testing conditions, F(1, 76) = 1.96, p = .17 (see Figure
5, left panel). However, in contrast to previous experiments, a d′ analysis balancing hits and false alarms
indicated that sensitivity differed across conditions
(percussive training–percussive testing, M = 1.55, SD
= 0.78, percussive training–ﬂat testing M = 0.95, SD =
0.57, ﬂat training–percussive testing M = 0.82, SD =
0.65, ﬂat–ﬂat M = 1.17, SD = 0.99). No main effects for
training or testing (Fs < 2.29, ps > .14) were found,
but a signiﬁcant interaction between training and
testing, F(1, 76) = 7.80, p = .007, h2p = .10, was
revealed. Further examination of the interaction
showed that participants in the percussive–percussive
condition differed signiﬁcantly from those in the percussive–ﬂat (p = .01) and the ﬂat–percussive (p
= .003) conditions. However, percussive–percussive
performance did not differ from ﬂat–ﬂat performance
(p = .11), and ﬂat–ﬂat performance differed neither
from percussive–ﬂat (p = .37), nor from ﬂat–percussive
conditions (p = .15; see Figure 5).
These analyses suggest that recognition accuracy
was affected by envelope type at encoding and retrieval; however, this was mostly driven by better performance in the percussive–percussive than in the two
incongruent conditions. This outcome is consistent
with long-standing theoretical frameworks (Tulving &
Thomson, 1973) and recent empirical ﬁndings
(Dewhurst & Knott, 2010; Hannon & Daneman, 2007)
supporting the encoding speciﬁcity hypothesis. This
is, in fact, consistent with ﬁnding superior performance
for participants in percussive versus ﬂat sequences in
earlier experiments. We interpret the inferior
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performance in the ﬂat–ﬂat condition to indicate that
the relatively weak encoding during training led to
poorer performance at test—even though envelope
matched at training and test. Information on hit and
false-alarm rates for all four conditions in this experiment appears in Table 2.

Recall
We also assessed recall with a 2 (training: percussive vs.
ﬂat) × 2 (testing: percussive vs. ﬂat) univariate ANOVA
using the percentage of accurate recall as the dependent
variable. There was no main effect of training, F(1, 76) =
2.73, p = .10, and no main effect of testing, F(1, 76) = 1.26,
p = .27, but there was a signiﬁcant interaction between
training and testing, F(1, 76) = 4.75, p = .03 (Figure 5,
right panel). Participants in the percussive condition at
both training and test correctly recalled a signiﬁcantly
higher percentage of pairs (M = 52.84%, SD = 28.97%)
than participants in all three other conditions (ﬂat at
training and test M = 38.44%, SD = 22.46%; percussive
training–ﬂat test M = 35.84%, SD = 19.68%; ﬂat training–percussive test M = 35.36%, SD = 14.79%).

Conﬁdence ratings
Using a Pearson’s two-tailed correlation, we found that
conﬁdence ratings correlated positively with performance
for both recognition (r = .28, p = .013) and recall (r = .43,
p= .001). However, a 2 × 2 multivariate ANOVA revealed

no main effect of training for recognition conﬁdence
levels, F(1, 76) = 0.92, p = .34, and no main effect for
testing for recognition conﬁdence levels, F(1, 76) = 0.04,
p = .85. The interaction between training and testing for
recognition conﬁdence levels was marginally signiﬁcant,
F(1, 76) = 3.19, p = .08 (percussive training–percussive
test M = 4.40, SD = 0.83; ﬂat training–ﬂat test M = 4.17,
SD = 0.85; percussive training–ﬂat test M = 4.01, SD =
0.72; ﬂat training–percussive test M = 3.86, SD = 1.04).
The same pattern of results emerged for recall conﬁdence
ratings (except for the trend in the interaction). There was
no main effect of training, F(1, 76) = 0.002, p = .96, no signiﬁcant main effect of testing, F(1, 76) = 0.04, p = .84, and
no signiﬁcant interaction between training and testing for
recognition conﬁdence levels, F(1, 76) = 0.51, p = .48 (percussive–percussive M = 3.90, SD = 1.15; ﬂat–ﬂat M = 3.97,
SD = 1.49; percussive–ﬂat M = 3.74, SD = 1.60; ﬂat–percussive M = 3.69, SD = 1.15).

Discussion
This fourth experiment both replicates and extends the
previous three. Once again, participants who heard percussive sequences during training and test performed
better than those who heard ﬂat sequences during
training and test. The percussive–ﬂat and percussive–
percussive conditions demonstrate that the memory
beneﬁts arising from faster learning with percussive
tones are not realized when tested with ﬂat, consistent

Figure 5. Sensitivity to the sequences themselves did not differ between the percussive–percussive and ﬂat–ﬂat conditions (left panel; although
both of the mixed conditions were worse than the percussive–percussive condition). However, participants hearing percussive sequences at training and test performed better than other groups (right panel). Error bars represent ± standard error about the mean.
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with previous research on encoding speciﬁcity
(Thomson & Tulving, 1970; Tulving & Thomson, 1973).
However, we note that in this context, support for the
encoding speciﬁcity hypothesis was limited to the
beneﬁt of percussive tones rather the beneﬁt of congruency per se. The congruent ﬂat group did not outperform the incongruent groups (i.e., ﬂat–percussive;
percussive–ﬂat) merely as a result of congruency. Similarly, participants training on ﬂat sequences performed
no better when tested with percussive than those
tested with ﬂat. This clariﬁes the results of Experiment
2 (showing faster learning when training with percussive sequences) by illustrating that the beneﬁts of
faster learning with percussive sequences are insufﬁcient in and of themselves to enhance performance
(i.e., they do not appear when participants are subsequently tested with ﬂat tones).
The use of sequences with equal durations (created
for Experiment 3) clariﬁes that the inter-onset-interval
differences between the sequences in Experiments 1
and 2 cannot explain those outcomes. Finally, given
the surprising lack of distinction between ﬂat and percussive sequences in Experiment 3, it is worth noting
that this ﬁnal experiment replicated the ﬁrst by
again ﬁnding superior performance on the object–
sequence association task in the percussive (percussive–percussive) versus ﬂat (ﬂat–ﬂat) conditions.

Exploring a trend towards differences in
sequence recognition
Although we did not observe a signiﬁcant effect of
envelope in sequence recognition for any of the four
experiments individually, participants in the percussive
condition exhibited a slight trend towards superior
sequence recognition. This raises the possibility that a
difference does exist, but went unnoticed due to
issues of sample size. For the sake of thoroughness, we
pooled 126 recognition scores8 (63 each for percussive
and ﬂat) from the four experiments. Although marginal,
a paired-samples t test again failed to reach statistical
signiﬁcance: t(2, 122) = 1.9168, p = .0576.9 Therefore, we
conclude that any such effect is unlikely to explain the
primary issue of interest—differences in performance
on the sequence–object association task.

GENERAL DISCUSSION
Previous research has documented the importance of
amplitude envelope in judgments of loudness (Ponsot
et al., 2015; Stecker & Hafter, 2000), loudness change
(Canévet & Scharf, 1990; Neuhoff, 1998), and timbre
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(Irino & Patterson, 1996). Although envelope is
known to play a role in audio-visual integration
(Grassi & Casco, 2010; Schutz, 2009), to the best of
our knowledge this series of studies represents the
ﬁrst demonstration of its importance in associative
memory. Our ﬁndings hold important practical implications, given the potential of auditory alarms to aid
human computer interfaces—particularly those involving medical devices—which to date have met with
challenges related to learning/retention (Edworthy,
2011).
Here we showed that sequences of percussive
tones are associated with target objects more effectively than ﬂat, leading to a 62% increase in the
number of items correctly recalled in Experiment
1. This effect appears to be related to the encoding
of sequence–object associations, as participants
hearing percussive sequences required 58% fewer
learning trials in Experiment 2. However, as shown
by Experiment 3, this superior performance for percussive tones cannot be attributed merely to differential
amounts of change over time relative to ﬂat. Participants performed signiﬁcantly worse when hearing
sequences of percussive-reverse tones (a transformation preserving their change over time) rather than
sequences of percussive tones in their natural form.
Finally, Experiment 4 extends Experiment 2 by documenting that differences in encoding of the
sequence–object associations alone cannot fully
account for superior sequence–object recall. Participants trained and tested on percussive sequences performed signiﬁcantly better than those trained on
percussive but tested on ﬂat (who performed no
better than those both trained and tested on ﬂat).
This clariﬁes the outcome of Experiment 2 by demonstrating that the percussive beneﬁt for encoding
cannot be realized unless percussive tones are also
presented at test.
We note that sequence–object association performance was stable for percussive tones across the
three comparable experiments (Experiment 2 involved
different amounts of training), with participants in
each experiment consistently identifying 53% of the
associated objects. However, performance varied
more in the ﬂat condition, ranging from 33% (Experiment 1) up to 45% (Experiment 3) and back down
to 38% (Experiment 4). We suspect that the elevated
performance observed in the ﬂat condition of Experiment 3 probably represents a high sampling of
what might be obtained over many observations
(the average performance using ﬂat tones across the
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three experiments was decidedly less than the 53%
average performance with percussive tones).
We consistently found that percussive tones led to
superior performance on the sequence–object association task, but not on the old/new judgments of the
sequences themselves. This suggests that the beneﬁts
of percussive tones might be conﬁned to aiding
associative memory, rather than sequence recognition. Turning to the literature on associative
memory for context, we note that enhanced attention
during encoding can affect later retrieval (Beck &
Kastner, 2008; Postman, Jenkins, & Postman, 1948;
Uncapher & Wagner, 2009). However, this effect of
attention on encoding seems to be more reliable in
free- and cued-recall paradigms than in recognition
paradigms (Baddeley et al., 1984; Craik, Govoni,
Naveh-Benjamin, & Andeson, 1996). For example, Baddeley et al. (1984) gave participants either a high or
low load attention task while asking them to encode
and recall information and found that dividing attention during encoding had a much larger effect on
recall than dividing attention at retrieval. Interestingly,
they found that recognition memory was unaffected
by the divided attention task. It should be noted
that the claims about attention affecting both recall
and recognition have been mixed (Hicks & Marsh,
2000), and other factors may play a role such as the
processes or representations taxed by the concurrent
attention task, the context for memory retrieval, and
the level of processing required to encode the to-beremembered information (i.e., shallow or deep, etc.).
Consequently, future explorations are needed to
explore differences in the level of attention required
for percussive versus ﬂat tones, as well as attention’s
effect on building and retrieving associations.
Finally, we note that percussive tones are generally
perceived as shorter than ﬂat tones of the same acoustic duration, raising potential questions about whether
perceived duration (rather than envelope per se)
explains the performance differences between percussive and ﬂat sequences. Although further research is
needed to fully explore this issue, Experiment 3 offers
some useful insight. Reverse-percussive are perceived
as shorter than ﬂat tones (Grassi & Darwin, 2006),
affording direct assessment of the role of perceived
duration in this paradigm. As shown in Figure 4, the
shorter-sounding reverse-percussive tones led to nominally worse sequence–object recall (38%) than the
longer sounding ﬂat tones (46%). This is inconsistent
with the view that perceived duration could account
for differences observed between percussive and ﬂat

tone sequences, suggesting that these effects reﬂect
differences in the processing of tones with ﬂat versus
percussive envelopes.

Possible explanations for observed percussive
beneﬁts
Although the effects of envelope on associative
memory are clear, understanding the underlying
mechanisms giving rise to these beneﬁts is less transparent. However, for the sake of completeness we
offer three potential explanations that may help
guide future explorations. The ﬁrst relates to differences with respect to ecological familiarity. Although
our environment contains many sounds with decaying
envelopes, it is “[not] replete with examples of naturally occurring auditory pedestals [i.e., ﬂat amplitude
envelopes]” (Phillips, Hall, & Boehnke, 2002). Gaver
(1993) has previously argued that the auditory
system has evolved to identify events (i.e., “two wine
glasses clinking together”) rather than properties (i.e.,
“a spectrally pure sound with a decaying envelope”).
Consequently, ﬂat tones lacking environmental referents are likely to be processed differently than sounds
resulting from natural events. Our documentation of
superior performance in associating percussive tone
sequences with objects over ﬂat or reverse percussive
tones is consistent with this framework, as well as previous evidence for greater attention to survival relevant
stimuli (Grassi, 2010; Nairne & Pandeirada, 2008;
Neuhoff, 1998; Neuhoff et al., 2009).
A second potential explanation relates to the echo
suppression view of decaying sounds’ offsets. Short
sounds in a reverberant environment will be followed
by a “tail” that is indicative of the space in which the
sound is heard, rather than the event producing the
sound itself. Consequently the perceptual system
might disregard the tail of sounds with decays. This
view is consistent with evidence that our perception
of decaying sounds is both softer (Ponsot et al., 2015;
Stecker & Hafter, 2000) and shorter (Grassi & Darwin,
2006; Schlauch et al., 2001) than time-reversed, rising,
versions. This lack of attention to decay may play a
role in our experiments, as it could in theory free cognitive resources for building sequence object associations
when listening to decaying percussive tones.
Finally, a third potential explanation might be that
the lawful decays of percussive tones preserve attention by allowing listeners to “predict” duration prior
to acoustic completion. Previous studies of audiovisual integration comparing either wind versus
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percussive instruments (Schutz & Kubovy, 2009) or
sine waves shaped with either ﬂat versus percussive
envelopes (Schutz, 2009) have found that gradually
decaying percussive sounds are no more ambiguous
in duration than sustained/ﬂat tones with more
clearly demarcated offsets. This suggests that percussive tones’ decay affords prediction of their durations
prior to completion, contrasting with the indeﬁnite
sustain periods of ﬂat tones necessitating constant
monitoring. Duration assessment of ﬂat tones in this
context would require a different strategy involving
“calculating” the difference in onset and offset times
of the ﬂat tones, consistent with existing timing frameworks (Gibbon, 1977; Wearden, 2003). To test this “prediction hypothesis”, experimenters previously asked
participants to judge the relative durations of homogenous percussive/percussive and ﬂat/ﬂat pairs, as
well as heterogeneous percussive/ﬂat and ﬂat/percussive pairs. The key manipulation in this context was
that the experiments’ blocking structure either (a)
afforded the ability to use either the prediction or calculation strategy or (b) forced exclusive use of the calculation strategy. Participants performed equally well
on percussive and ﬂat tones when the blocking structure afforded selection of the most appropriate listening strategy. However, they performed worse on
percussive tones when forced to use the calculation
strategy (ill suited to dynamically changing sounds)
for both types of tones (Vallet et al., 2014).

Theoretical implications and connections with
the literature
Although explorations of associations have proven a
useful paradigm, they have generally focused on
associations involving words—paired either with
other words or with verbal labels. Here we complement that work by exploring associations involving
sounds, ﬁnding that tones with natural amplitudes
are more quickly and strongly associated with arbitrarily chosen objects. Percussive sounds are environmentally common, and the ability to recall events
producing them (i.e., who is making footsteps/what
types of materials just impacted and with how much
force) is useful. Experiment 3 used reverse-percussive
sounds to control for energy change while manipulating ecological connection. Although these reversepercussive tones exhibit increases in amplitude
similar to the rising tones used in documenting the
“looming bias” (Neuhoff, 1998), they share an important distinction. Those longer tones mimic sustained
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sources moving either away from (receding/falling)
or towards (looming/rising) listeners. Our shorter percussive and reverse-percussive sounds share no such
reciprocal relationship. Percussive sounds emanate
from stationary impact events, yet reverse-percussive
sounds lack a clear ecological referent (for further discussion of this issue see Schutz, in press).
Beyond its relevance for discussions of associative
memory, we see our ﬁndings as part of a larger
effort to explore the role of envelope in a broad
range of perceptual processes. This complements
existing literature focused on asymmetries in rising/
falling tones by exploring the role of sounds that
decay naturally versus end abruptly. Consequently
these results build upon previous work showing categorically different patterns of processing for percussive and ﬂat tones in audio-visual integration tasks
(Grassi & Darwin, 2006; Schutz, 2009) and provide
novel evidence for the unity assumption beyond
speech sounds (Chuen & Schutz, in press). The prevalence of percussive tones in everyday listening (Gaver,
1993) raises interesting questions about the degree to
which natural sounds will lead to experimental outcomes differing from those observed using artiﬁcial
ﬂat tones—particularly given the high degree of
attention to ﬂat tones in auditory research (Gillard &
Schutz, 2013; Schutz & Vaisberg, 2014).
Finally, we note that the non-signiﬁcant difference
in sequence recognition performance is intriguing
considering the non-signiﬁcant differences in conﬁdence ratings for recognition across all experiments.
Participants hearing ﬂat tones were equally conﬁdent
in their recognition judgments, suggesting feelings of
familiarity—a process thought to underlie recognition
tasks in contrast to recall tasks (Jacoby, 1991; Tulving,
1985). This suggests that amplitude envelope may
affect memory processes that involve recollection
more than those that involve only feelings of familiarity (Tulving, 1985; Yonelinas, 2002).

Implications for human–computer interface
design
This research holds the potential to aid ongoing
efforts to design more effective auditory human–computer interfaces. Many devices attempt to use sounds
to inform users that a “menu is now open” or that
“you’ve got mail”. If our results can be applied to
such domains, they could lead to shorter learning
curves and improved usability. Given our sensitivity
to envelope and the fact that it has not been widely
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recognized/explored as a useful parameter, there is
great potential to use it as a nuanced communicative
tool. For example, auditory alarms are highly valued in
medical devices as they offer a language-independent
“code” for communicating important information. This
is useful in hospital settings where medical professionals need to care for multiple patients in real
time whose medical conditions change independently. In recognition of their importance for this
task, the International Electrotechnical Commission
(IEC) designed a standardized set of melodic auditory
alarms for use in hospitals (i.e., the IEC 60601-1-8 standard) (Thompson, 2016). These alarms consist of threeor ﬁve-note sequences signalling patient-related and
machine-related issues to medical practitioners.
Unfortunately the IEC alarms require extensive
exposure to learn (Sanderson et al., 2006; Wee & Sanderson, 2008), are poorly retained (Edworthy & Hellier,
2006; Sanderson et al., 2006), and are frequently confused with one another (Edworthy & Hellier, 2005;
Lacherez, Seah, & Sanderson, 2007; Sanderson et al.,
2006; Wee & Sanderson, 2008). Therefore, despite
their potential, design challenges have precluded
effective use. Consequently, our ﬁnding that the use
of ecologically familiar decaying envelopes aids the
learning and retention of sequence–object associations holds potentially important implications for
the design of auditory alarms, which are currently
based on ﬂat tones. Although the IEC alarm tones
are shorter than those used here, at a minimum
varying envelopes of individual tones can increase
alarm heterogeneity—a factor suggested by leading
auditory ergonomics professionals to increase their
efﬁcacy (Edworthy, Hellier, Titchener, Naweed, &
Roels, 2011; Phansalkar et al., 2010). These results
offer useful insights to a wide community involved
with human factors, given that: (a) the acoustic manipulations required to generate percussive tones are
simple from a signal processing perspective, and (b)
the implications for improving human–computer
interactions are signiﬁcant.

Final thoughts
In conclusion, we frequently draw upon learned
associations between sounds and objects in our everyday experience. Without such abilities, seemingly
simple acts such as recognizing the sound of an
approaching car or identifying a friend by the sound
of their voice would be impossible. Although associative memory has been well studied with word–word

pairings, research involving auditory associations is
much less common and generally involves associating
sounds with verbal labels rather than objects.
Although amplitude envelope is known to play a
meaningful role in tasks such as classifying environmental sounds (Gygi et al., 2004) and understanding
impact events (Lutﬁ, 2001), to the best of our knowledge this is the ﬁrst investigation of its role in associative memory. Therefore we offer these four
experiments as a novel contribution to a widely
studied topic. As these ﬁndings complement a
growing body of research illustrating the signiﬁcance
of envelope in perceptual tasks (Schutz, 2009; Vallet
et al., 2014), we believe that amplitude envelope is a
property with great potential for intriguing future
research and discovery.

Notes
1. However, studies have shown that music can aid memory
(Simmons-Stern, Budson, & Ally, 2010; Wallace, 1994).
2. As our research in this paper is focused exclusively on
amplitude envelope (rather than spectral envelope), for
the sake of brevity we often use the term “envelope”
for compactness.
3. Informal listening illustrated that percussive tones
sounded shorter than ﬂat tones of the same acoustic duration. A research assistant chose these values based on a
desire to balance tone spacing, duration, and tempo in a
“musical manner”.
4. In subsequent experiments we altered this approach
using equal spacing between notes, demonstrating that
differences in onset rate did not confound our results
5. Chance performance on old/new sequence recognition is
50%.
6. Dividing the number of correct sequence–object associations by the number of correctly recognized “old”
sequences. With 10 objects, chance performance on the
sequence–object association question is 10%
7. We chose a criterion of 70% based in part on the widely
recognized limits in memory capacity with respect to the
“magic number 7” (Miller, 1956). Had our goal been only
to assess sequence object recall performance, a higher
criterion for learning sequence–object associations—
such as 100%— may have been preferable. However,
this approach would be problematic for our goal of
obtaining reliable measures of both sequence recognition
as well as sequence–object recall. Even with only one
exposure in the ﬁrst experiment, performance on the
sequence recognition task was around 70% for both conditions—after the distractor task. Requiring 100% performance on the sequence–object association task
would have surely led to ceiling effects when assessing
sequence recognition—undermining our ability to
explore any potential differences in performance
between the two measures across the four experiments.
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8. This analysis used all 52 participants from the ﬁrst two
experiments, 34 from the third experiment (those in the
percussive and ﬂat conditions), and 40 from the fourth
experiment (those in the percussive–percussive and
ﬂat–ﬂat conditions).
9. A power analysis using the R package pwr reveals that
given the effect size across these four experiments (d =
0.342), it would be necessary to run 270 participants to
obtain 80% power for detecting an effect of envelope
on sequence recognition.
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