The Effect of Tempo and Musical
Experience on Perceived Beat

J. Devin McAuley
Bowling Creen State University

Peter Semple
The Universily of Queensland

This research investigated the effect of musical lempa an the thythmical interpretation of six temporal
pattemns of varying rhythmic complexity. For each pattem, listeners tapped at regular intervals in synchrony
with what they percetved to be the most natural placement of beats. Consistent with previous research, the
perceived Hme interval {period) of successive brats was at a lower metrical level at slow tempos than at fast
tempos, Tempo effects were dependent on musical experience, with musically trained participants demon-
strating a stronger tendency to perceive a different relative beat perind with changes in tewpo, thun were
musically unteained participants. Musically untrained participants tended to select the same relalive beat
period, independent of tempn. The prediclions of three models permit the observed differences to be inter-
preted in terms of the relative use of positive and negative evidence in assiguing beats to a thythmic pattern,
This explanation offers an alternative to preferred tempo hypotheses.

Twu [undamental characreristies ol the rhythmic organisa-
tion of music are the related concepls of beut and tempo.
The beat refers to a series ol accents heard at regular time
intervals in the music, while wmpo refers to the prevailing
pace (1.c., how fast or slow the music is). Most music evokes a
sense of the beat, Tt is what we dance o, tap along with, and so
on. However, it is clear from listening to music that there are
temporal limits to the range of Ume intervals {(tempos) over
which beats are felt. It a piece of music is performed lov
slowly, the beal cun disappear, while if it is performed too
quickly, successive beats become indistinguishable (Fraisse,
1682). The general yueslion addressed in this research is how
the tempoe of the music affects the perceived beul. There arc
three related components ol the pereeived beat to consider: the
ume interval of the beat (absolute beat pericd)y, the relative
relationship between the beat period and the rhythmic structure
of the music (relative beat period), and the specific alignment
ol beats with the patcern (phase). In this article, we examine the
first two ol these: the abselute beat period and the relative
beut period.

To clarity the use of the tenn relulive beat period, consider
musical notarion for a simple Waltz rhythm (shown in Figure
1. Musically, this Wuliz conlormus (o a 3/4 meter. This means
that the durarion of cach event, note (tone), or rest (silence} is
defined relative to a quarter nole (an abstract base time unit),
with successive quarter notes grouped by threes. Thus, for the
waltz excerpt, lthere ure two hicrarchically nested fime fevels
{the (uartcr-note level and the measure level). which share a
3:1 relationship. Morcover, all possihle notes in the music can
be related to the base time unit, as simple multiples or subdivi-
sions. For a picee of music, the parceived beat period wypically
corresponds to one of the time levels of the metric hicrarchy.
This time level can he expressed cither in musical tenms (e.g.,
quarter note, half note, dotted-budf) or as a ratio relative to the
base {ime unir (e.g., 1:1, 1:2, 1:3) We will use the two differ-
ent representations of the relative beat period interchangeabty.

Studics of rhythmic organisation have revealed lmportant
temporal constraints on pereeplion of the absolute and relative

hear periods. In the absolute sense of the beat, Fraisse (1982)
identifics 500 to 700 ms as the approximate range of preferred
time intervauly in rhythmic tapping. There is nor a clear upper
limit to rhythmic tapping, bul purceptlual studies suggest a
similar oprimal range of time intervals in duration/icmpo
discrimination, wirh shorter and longer time intervals over- and
under-estimuled, respectively (Drake & Hotte, 19937 Iraisse,
1978, McAuley & Kidd, 1998, Vos, Assen, & Franck. 1997:
Woodrow, 195]),

In the relative sense of the term, perceived beat has becn
examined several different ways. Some smdies have assessed
relative beat period by comparing tappiug variability lor repro-
duction tasks invelving simple and complex rhythmic pallerns
placed in different metrical contexts (Lssens, 1995: Essens &
Povel, 1985; Povel & Esscns, 1983). Others have used probe
tones to examine the perceptual sulicnce of dilferent relative
time levels within a particular metrical contexl (Palmer &
Krumhansl, 1990). Overall. these studies provide general
evidence that people structure the representation of rhythm
according to its meter. at least fur welers (ypically encouniered
i Western music. Recent studies by Handel qualily some of
this previous research, placing a greater emphasis on general
grouping principles in rhythmic interpretation (Llandel, 1992,
1993, 1998),

In this research, we focus on thase studies specifically inves-
Ligating the effect of 1empo on perceived beat. These have
mainly involved asking people to tap out the most salient metri-
cal level for simple und complex thythms presented at differant
tempos (Duke, 1989; Handel. 1984; Handel & Lawson, 1983;
Handel & Oshinsky, 1981, Oshinsky & Handel. 1978, Parncutd,
19943, Some of the carlicst research on rhythm (Bolton, 1894;
Woodrow, 1909} demonstraled subjective preferences for 122,
1:3, and 114 ratios (grouping tones by twos, threes, und [ours)
for simple isochronous sequences, such as the Pulse pattern in
Figure 1. In these cuses, the first tone of a group of two, three,
or four is typically perceived as uccented, with the time intervat
between groups subjectively lengthened.
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Musical notation for the six rhythmic patterns examined in
this study.

More recently, Duke (19893 examined the effect of tempo on
perceived beal lor ivelated isochronous sequences, asking
musically trained listeners to tap out what they perceived Lo be
regular aceenly at 15 different tempos ranging from fast to
slow. In the absence of any pattern-defined metrical struclure,
Duke reportod a tempo-depandent shitt in listencrs’ responses:
people marked out relatively higher time levels (n an implicd
meiric hierarchy) at [ast tempos than at slower tempos. This
corresponds o preferming large time units at fast fempos and
small time units at slow tempos, Specifically, listeners grouped
lunes in the sequence by twos, threes, and fours at fast tempos,
tapped in synchrony with each tone at intermediale wimpos. and
subdivided the inferval between tones at the slowest tempos.

Parncuit (1994: Exp. 1) found similar ctteets of tempo on
perceived beat using both simple and complex rhythms. Like
Duke (1989}, Pamcutt found that, with isochronous sequences,
listeners group by twos, threes and fours at fast tempos, but not
at stow lempos. For more complex rhythms, there was a clear
tendency Lo tap out higher time levels in the implied metric
hicrarchy at fast tempos than at siower tempos. In many cases,
at the faster tempos, many of the listeners tapped vnce with cach
reperition of the pattern (the highest level of the hierarchy).

In related rescurch, Handel and cotleagues (Handel, 1984:
Handel & Lawson. 1983: Handel & Oshinsky, 1981; Gshinsky
& Hundcel, 1978) had listcners tap in synchrony with what they
perceived to be the most natural placement of accents lor a
variety of constructed polyrhythms. Polyrhyvthms pit one
isochronous sequence ugainst another, and so naturally create
several possible rhythmic interpretations of the emerging
pultern. For u 3 x 4 polyrthythm, Oshinsky and Handel {1978)
observed three different responses. Listeners subdivided the
pallern into three equal time intervals, apping in synchrony
with the three-clement isochronous sequence, They subdivided
the pattern into four equal time intervals, tapping in synchrony
with the four-element isoclronous segquence. Or, they lapped
once every 12 elements when the two sequences coincided.
The most interesting aspeel of these data was that the preferred
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response depended on temwpo. Overall, listeners were more
likely to subdivide into three equal time intervals at fast
tempos than at slow tempos. Handel and colicagucs reported
similar effects of tempo for other polyrhythms. They inter-
preted these findings as a preference for large time units at fast
tempns. and a preference for small tinte units at slow tempos,

In sum, for 1sochronous patterns {Duke, 1989, for simple
and complex metrical patterns typical of Western music
(Parncutt, 1994), and for polyrhythmic patterns (Handel &
Lawson, 1983; Handel & Oshinsky, 1981; Oshinsky &
Handel, 1978), listeners” perceived beat tends to be at lower
metrical levels (e.g., quarter-note or 11 ratios) at slow tempos
than at fast tempos. One interpretation of these findings is that
there is un inleraction between preferred tempo and pattern
structure: a preferred tempo hypothesis. The rationale is that,
us the tempo of a pattern changes, the refative time level {e.g..
quarter note, half-note, whole-note) that is neurest an absolute
preferred time inrerval varies systematically, and thereby
affects its salience, The closer a metrical level is 1o the
preferred time interval. the more likely that level will be
perceived as the beal, Purncult (1994} supports this cxplana-
tion by proposing a formal model incorporating the notion of
preferred lempo. In this model, the strength of each merrical
level is scaled according its temporal distance from the
preferred time interval, For a preferred time interval of 714
ms, the proposed model provides a good quantitative explanu-
tion of listeners responses t0 the six patterns in Figure 1 tested
at six different tempos, ranging {rom [ust o slow. Below, we
will offer an alternative to the preferred-tempo hypothesis
based on the relative use of pusilive and negative evidence.

An additional consideration is the possible mediating eflect
ol musicul training. Notably, although Parncurt (1994: fxp. 1)
showed eftects of tempo on perceived beat that were consislent
wilh & preferred time interval, for listeners with 4 wide range of
musical experience, he chose to collapse across this variuble in
the presentation of the resnlis. It s unclear 1o whit extent the
responses of the musically trained und unlrained parlicipants
would be similar, and thux explainable by the same principles.

OVERVIEW

Our goals in this research are twotold. Most importantly. we
are interested in the effeet of empo on perceived heat. T'he
approach we have taken invelves comparing the predictions of
three models with data [tom listeners asked to perform a beart
perception task at different tempos. Collectively, the models
applied to the beat perceprion dara will be referred to as match-
ing models because they Involve generaling all possible beal
alignments to a pattern, and then picking the best match,
according to a heuristic, The instructive difference is the
nature of the heuristic. The three models exanined are the
Povel uud Essens™ (1985) clock model, which determines the
hest match based on counter (negative) evidence, and two
variations. The first is identical to clock model, except that it
uses positive evidence instead of negative evidence. The uther
15 4 hybrid madel that snhiracts negative evidence trom
positive cvidence to produce a combined measure (an H
score). We refer 1o these three models as P&E, ~P&E. and the
hybrid model (HM3, respectively.

A secondary geal is to consider the additional variable of
musicul eapericnee. This ests the generality of previons
tindings of the effect of tempo on perceived beat, reported by
Parncuti (1994} as well as others (Duke, 198Y; 1landel &
Lawson. 1983; Handel & Oshinsky, 1981 Oshinsky &
Handel. 1978). By comparing the model predictions with
listeners responses, the differing hewristics allow us to charac-
terise the exrent (o which musicians and nonmusicians weigh
positive and negative evidence in their pereeption of the beat
at dillerent tempos.




I 78 J. Devin McAuley and Peter Semple

Table |

Binary Notation for the Six Repeating Temporal Patterns: Pulse. March, Waltz, Swing, Skip, and Cross
i Pulse | | | | |

2. March | 0 | | |

3. Wall: | 0 | | 0

4. Swing | 0 0 | ¢

5. Slap | U] 0 | |

6. Cross | 0 ! | |

| | | | | |
0 | | | Q | 1
| 0 | | ¢ |
I 0 0 | 0 |
| 0 0 | | 0
| 0 | | | ¢

Note, The notation specifies a repeating sequence of elements marking out fixed inter-tone-onset-intervals equal to the base 1Ol (quarter-nete). For each
pattern, 12 elements are shown: 1s represent tones and 0s represent silences. There are six different base 1CIs: 100, 200, 300, 400, 500, and 600 ms.

PATTERNS

Figure 1 and Table 1 describe musical and binary notation,
respectively. tor the six rhythmie patterns investigated in this
study, These are identical o Parncuit (19045 Exp. 1), The first
pattern {Pulse) is an isochronous rhythm. The next three
(March. Waliz, and Swing) include silent elemeants. boi are
still retatively siple and metrically unwobiguous, o musical
terms, the March is in 440 the Waltz is in 3/4, and the Swing is
in 6/4 The lavt two patterns (Skip and Cross) are more
complex and metrically ambiguous. 1L is possible Lo hear cach
bar of cither pattern as twa groups of three. or three groups of
iwo. For the hinary represeniation of theve patterns, the g
abstructly correspond (o sounds and Os w silences. The ume
intervals between events (tones or silences) have a fixed
duration, which we will refer to as the base Inter-event-onset-
interval (I0Hy. The base 101 defines pattern fempo and, in
Tusica] s, is equal 1o g gquarier-nole,

THREE MATCHING MODELS

The models considered in this article are based on the assump-
tion that people perceive, raember, and reproduce eaporal
patterns by strircturing their representation according to an
internal clock (Povel & Exsens, 1985). The Pavel and Essens’
conception ol an nteroal Clock refers 1o a diserele series of
pulses (“ticks™) that oceur at regular Ume intervals, For our
purposes, the clock time intarval represents the beat period.
The asswnpiion is that the beal period eslablishes the time
level of & metric hierarchy that is used to efficiently code the
panticular sequence of 100s making up a pattern. Thus. some
rhythmic patterns should be casier to encode than othets,
because they afford more efficient descriptions, in lerms of
simple subdivisions ol the clock (Povel & Essens. 1985). Gur
particular interesr is the clock/beat induction process (1.e., what
beal perivd is most likely Tor a given lemporal patiern}.

The models share three stages. Firsl, each assigns subjective
accents fo the elements of a partern according, to purely rempao-
ral principles. Accents are assurued 10 oceur on (1) wemporally
isolated tenes. (b) the second in a group of two tones. and (¢}
the tirst and last tone in a run of three or more elements {Povel
& Essens, 1985; Povel & Okkerman, 1981). Sceond, all possi-
ble clocks ure generated, alHowing some restrictions on what
wounld be considered viable responses. Finally, in the “match-
ing” stage. rhe amounr of evidence afforded by the pattern 1s
calewdated Tor cach clock. The models differ by the heuristic
used to determine the clock with the best score.

The PEE model

The Povel und Essens (1983) mode! uses counter-eyvidence to
determine the best clock. The C score is determined by the
number ol clock pulses that must he aligned wirh silent
clements (8) and unaccented clements {u) aecording o the
tollowing formula:

C=({Ws)+u
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For W = |, silent elements contribute more strongly o the C
score than do unaccented clements. The clock with the
strongest induetion sirength (hest match} is the one with the
feast anount of counter-evidence (lowest C score),

The P& model has been used 1o genecrate pradictions about
pallern complesity (Essens, 19865 Essens, 1995, Essens &
Povel, 1983; Povel & Lssens, 1985). Parterns producing a low
counler-evidence scores ure predicted 10 be more casily repro-
duced and judged simpler than others, under the assumption
that the induced clock facilitutes w stronger coding of the
pattern, Correlations between C seores, performance variabil
iy, and complexity judgments provide some support for the
model, but the possible mediating effects of tempo were not
considered.

The ~P&E model
The proposed ~P&L model 15 identical to the P&L model in all
respeets, exeepl that it is based on posilive evidenee, insiead of
negative {counter) evidence. The analogous positive evidence
score, P 1y determined by the number ol ¢lock pulses (beats)
that align with accented elements (a) as opposed 10 sifent
clements (8). Tt is based on the same formula as the P&E
model. simply substituting a tor s:

P (Way+u

The number of aligned unaccented elements (u) plays the
same role in both models, The weight W is alsa the same,
permitling reasonable comparisens between i (wo nodels,
The clack with the strongest induction strength (best match) is
the one with the most positive-cvidence (largest P score),

The Hybrid Model
The praposed hybrid model 15 based on a lincar combination
of positive und negative evidence. The H score of each clock is
ohtained by snbtracting the CC score of the P& E model from the
P score of the ~P&E model:

H=w, P —w, C

The weights, w and w, in this fonnula, represent the
relative weighting of positive and negative evidence, respec-
lively. By making the assumption that the weights sum w 1.
the two weights eftectively collapse to a single free parameter:
w,= | —w. When w = w, positive cvidence contributes more
strongly to the H score than does negative evidence. [n
confrast, when w < w_, positive evidence contributes less
strongly than negative evidence 1o the H score. Thus, at ooe
extreme (w, = 1.U), the hybrid madel reduces to the ~P&IL
model, while at the other (w, = 0.0) it reduces w e PEE
model. The original weight W of the P&L and ~P&L model
clfeetively sculey the similarity ol the P oand C scores
contributing to the H score. Consider the limiting case when W
= {0 for this weight value, the P score 18 cqual to the T scorc
for each clock. and the associated H score is zero, As W
increazes, rthe predicrions of the three models become more
differentiated. For the hybrid model, the best clock is deter-
mined by the largest H score,
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Example of the Clock Induction Process for the Three Models Applied to the Swing Pattern: The P&E Model, the ~P&E Model,

and the Hybrid Model

Input 1galrarieglariooctolloclal
Add accemts 100EQ1IOCIO1IMO0IOIEOOIDI
Generate clacks Parind Phase A U
| 0] 8 4
2 0 4 ¢
2 | 4 4
3 0] 8 0
3 | 0 0
3 2 0 4
4 0 2 0
4 | 2 2
4 2 2 0
4 3 2 2
] 0 4 0
6 4 0 0
6 2 0 0
6 3 1 0
[ 4 g Y
3 5 0 4
8 0 | g
8 | | |
8 2 } 0
8 3 | |
a8 4 I 0
g 5 1 }
8 6 | o
8 7 | |

S C score P score H score
12 52 k! 0(-8)
8 32 16 0
4 20 20 [
v} C 32 16
8 32 0 0
4 20 4 0
4 & a 0
2 1G 10 0
4 16 8 0
2 10 10 0
0 0 I6 a
4 16 o 0
4 16 o 0
0 0 4 2
4 16 4} J
0 4 4 0
2 8 4 4
| 5 5 0
2 8 4 4
] 5 5 4]
2 g 4 4}
i 5 5 o
2 8 4 0
| 5 3 0

MNote, Evidence was considered for clocks with periods of |, 2, 3, 4, 6, ang & times the base QI, corresponding to six response categones: L, 112, 103,
I:4, 1:6, and |:8. Scores were based an four repetitions of the six-element pattern (24 elements} so that all clocks divided evenly into the pattern length.

An Example

Table 2 illustrates the clock-induction process for the three
models applied to four repetitions of the six-element repeating”
Swing pattern (100101). The model oulpuls are described al
each stage of the algorithm.

Stage I: Assign accents. n Stage |, accents are assigned
accordingly o the first elerment (e second of a group of two).
and the third element (an 1solated cvent having silent elemenis
hefore and after) of the input patiern.

Stage 2: Generate clocks. In Stage 2, all clocks are generated.
Fach clock is specified by its period (the duration between
clock pulses) and pluse (how the pulses are aligned with the
pattern). Periods and phases are restricted to multiples of the
base 1O, 'The following notation i used. A 1-clock meany ihat
the clock period is equal W the base TOL This is the minlmum
predicted beat pericd. Por the 1-clock, there 15 only one phase
alignment. referred to as Phase 0. For the 2-clock (one with a
beat period equal to twice the base 10T), clock pulses occur
cvery other element, and comsequently, there are two distinet
pliase alignments (Phases O and 1), In the present study,
evidence is considered for clocks that are 1. 2. 3.4, 6, and 8
multiples of the base-[CO. This corrcspondy o s1x response
calegories: 11, 1:2, 1:3, 1:4, 1:6, and 1.8,

Stage 3: Determine best match, In Stage 3, maiches are deter-
mincd according 1o the appropriale model-specilic heuristic,
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Four repetitions of (he six-clement patlern are used as input so
thial all clocks divide evenly into the pattern length. The P and
C scores are obtained by calculaling the amount of positive
and negative evidence, respectively, tor W = 4 (consisient with
the original Povel and Lissens model). The H score is obiained
for w, = w, = 0.5, These values were chosen in order 1o specili-
cally cxumine Lhe case weighing positive and negative
evidence equally. Negative H scores were set to zera {enfore
ing a lower limit).

The models make ditferant pradictions abourt the best clock.
Lior the F&E model, there are two best clocks, cach producing
zero counter-cvidence: the 3-clock al Phase 0, and (wo differ-
ent alignioents of the 6-cleck (Phases O and 3). For the hybrid
model, there is one best clock. the 3-clock. This clock affords
both a high P score and a low C score, producing the maximal
difference bhetween the two. I'or the ~P&I1 model, the hest
clock is the 1-clock.

Summary

In summary, the models we have described assume that the
mostly likely perceived beat for a rhythmic partern is based on
the best match of an internal clack. They differ according to
rhe nature of the evidencee used o determine the strenglh of the
match. The P&E maodel uses negative evidence to determing
the best malch, T consequently tends to favour high metrical
levels because thev afford less opportunity o oblain negative




I 80 ). Devin McAuley and Peter Semple

evidenee (c.g., the 6-clock in the Swing example), The ~P&E
model uses pasitive cvidence to determine the best match,
Hence, it 1ends to favour low metrical levels hecause they
afford more opportunity to obtain positive evidence (v.g., the
I-clock in the Swing example}. By subtracting negative
cvidenee from positive evidence, the hybrid mode? tends o
favour intermediute medrical levels. Those producing relative
high and low, P and C scores, respectively (c.g., the 3-clock in
the Swing example).

METHOD

None of the above three models predicts an effect of tempo on
perceived beat. However, il wmpo and/or musical experience
alfect the weighting of positive and negalive cvidence in the
induction of un internal clock, rhen we would expect a shifl in
the best fitting model with differcnees in pattern tempo tempos
and/or diffcrences in musical experience. This possibility was
investigated by having listeners (with a range of musical
experience) tap at periodic intervals in synchrony with what
they perccived (o be the most namral placement of accents for
the six rhythmical patterns in Tuble | presented ar six different
termpos, ranging from fast to slow. These were the same six
pattemns examined in Pameutt (1994: Hxp, 1). Fits of the P&E,
hybrid, and ~P&E models were then performed to the distribu-
tion of lisleners Tesponses, m order to categorise the relative
extent w0 which musicians and nonmusicians used positive and
negative cvidence in their assessment of the beal. The weight
Woof the P&E und ~P&E model was fixed at 4, and the
relative weighting parameter of the hybrid moedel was fixed at
0.5, in vrder o constder the case where positive and negative
evidence contribule cqually.

Participants

Twenly cight individuals in a first-year psychology course at
the University of Queensland participated in the experiment in
ceturn for course credit. The results for 5 panticipants had (o be
discarded due to equipment fuilure, an inability to comply with
the cxperimenter’s instructions, or incomplete data. Of the
remaining 23 parlicipants. 8 were male and 15 were female, 14
had considerable musical experience (> 5 years formal musical
training}), and the other 4 had no musical training,

Stimuli .

Stimuli comprised temporal patterns ol 40-ms 440-Hz sine
tenes. The six different thythmic patterns in Table 10 were
crossedd with six different tempos, defined by the base 101, The
base 1015 were 100, 200, 300, 400, 500, and 600 milliscconds.
‘The associated labels Pulse, Waltz, March, Swing, Skip, and
Cross were not told to participants. For the Pulse pattern, the
onset-to-vuscet time between two adjacent tones was alwuys
equzal 10 the base HOL The other {ive paiterns included silent
clements: thus, their construetion involved sitply removing
tones from the Pulse patlern. The resulting patterns comprised
repeating sequences of inter-onset-iniervaly that were always
multiples of the base 101 {e.g., 200 100-100 for the March
pattern). The number of I0Is in a cycle differed for each pattern.

Equipment

The stinmuli were gencrated on a PC and delivered via a set of
speakers positioned in front of each participant. The computer
controlled all aspeets of stimulus presentation and response
eodicction. Bach participant wore a loose-fitting wrist band
{with copper insert) that was attached by {lexibly insulated
wire to a response board with two copper response plates,
Respomses were collected when parlicipants tapped with their
dominani-hand index finger on the corresponding copper plate.
Tap ensets were recorded o the nearest miilisecond.
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Procedure

Purticipants were instructed to respond to each pallern by
tapping what they perceived to he the most natural placement
of accents (“beats”). They werce instructed to respond at a
conslant ratc and that ditferent responses were possible o cach
pattern. The Pulsc paticrn was then presented. as an example,
in order for participants to familiarise themselves with the
cquipment and rhe task. Testing began when the ¢xperimenter
wis certain thal the participant undersrood the task.

During a trial, participants (tested scparalcly) listened to one
of the six patterns played at one of the six tested lempos and
began tapping when they were ready. Listeners tapped out
what they perceived the beat (v be for 2( cycles (repetitions) of
the patterns. All six patterns were tested in a block with tempo
held constant. The preseniarion order of the blocks and of the
patierns within each block was counterbatanced between
participants. Three rest breaks were provided, each afier
approximalely 10 minutes of testing. There were 36 tota! triuls.

MODEL PREDICTIONS

There were six different ratios considerad as viable responses:

11, 1:2, 1:3. 14, 1:6. and 1:8. The rationale was 1o limit the

number of response categories o likely ratios, in order not to

artificially inflate the correlations between the predicted and
observed responses. The expected distributions of responses
for each pattern were caleulaled as follows. First, matching
strenglhy were generated for each response category iclock).

Clock scores were then collapsed across phase (in a winner-

take-ull fashion), in order to obluin unly a single score for each

category. ‘Tables 3a and 3b show the resulling matches accord-
ing to the three different heuristics: the P&E model (based on
negative evidence only), the ~P&E model (hased on positive

cvidence onty), and the hybrid model for w, = w_= 0.5

(positive and negative evidence weighted equally), The best

clocks are highlighted here in boid. Three general teatures of

these predictions are worth pointing oul;

. The P&E mode] predicts mare than one best response for
five out of six of the pallcrns. The mosr deamatic case is for
the I’nlse pattern, where it predicts (hat all responses
calegorics are equally fikely.

2. The predicted response for the ~I'&1i model is 1:1 jn all
cases,

3. The predicted response for the hybrid models varies with
pattern, and is uniquc for five out of six of the patterns.

To obtain a distribution of responsces w0 cach pattern and 1o

resolve the issue of having multiple “best” elocks, the match-

ing strengths M- for cuch clock C were converted to response

probabilities according to the Luce choice rule (Tuce, 196%):;
PrC) =cxptf M,/ X exp (E M)

In this equation, the probability of responding at a particular
clock interval C is determined by that clock’s matching score
M, relative to the sum ot the matching scores for all of the
clocks, Normalising by an exponential function guarantees ral
the sum of the response prububililies s 1.0, The parameter £ is
a scaling constant. These probabilities were then scaled
according Lo the numbers of musician and nonmusician partici-
pants to obtain model predictions about the cxpected number
of responses in cach category.

DATA ANALYSES
All inter-response-intervals (IR1s) devialing rom the mean 121
by less than or more than 504 were assumed to be tapping
crrors and were removed from subscquent data analysis
{Helmuth & Ivry, 1996; Wing & KristofTerson. 1973, Tapping
errars occurred for two readily Identifiable reasoms: insutfi-
cient contact with the response plate or accidental “double
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Clock-induction Strengths for the Pulse, March, and Walz Patterns for the P&E, ~P&E, and Hybrid Models

Table 3a
Ratio Pulse

P&E ~P&F HM P&E
i:1 0 24 12 30
12 0 12 [ 0
1:3 0 g8 4 16
1:4 1] [ 3
-4 i} 4 2 0
|:8 0 3 1.5 0

Note. The best clocks according to each model are highlighted in beld.

March Waltz

~P&E HM PE ~P&E HM
54 12 40 40
48 24 20 20
18 4 4] 32 16
24 12 10 10 ¢
16 8 1] I &6
12 6 5 5 0

Table 3b
Clock-induction Strengths for the Swing, Skip, and Cross Patterns for the P&E, ~P&E, and Hybrid Models
Ratio Swing
P&E ~P&E HM P&E
Il 52 3% 0' 52
12 20 20 0 6
1:3 0 2 16 4
|4 10 10 8
i:6 0 16 0
1-8 5 5 o 4

Skip Cross
~P&E HM PE ~P&E HM
36 o 36 52 8
32 0 48 24
20 4 20
& 4 0 24 12
14 6 0 16
8 2 [ 12

Nute. The best clocks are highlighted in bald. The asterisks mean that the H score is negative in these cases. but the reported value is bounded by a zero

minimurm.

taps™ (contacl with the response plate twice in quick succes-
sion). The adjusted meun inter-response-interval was then
roinded to the nearest multiple or subdivision of the base FOI
to obtain an estimate of the perceived beat period. Tn the
presentation of the resulls, we examined both the beul period
and response calegory (1:1. 1:2, 1:3, 1:4, 1:6, or 1:8}, but not
the phase of each responsc,'

RESULTS AND DISCUSSION
Most all of the responses fell into one of the six responses
culegorics (1:1, 12, 1:3 104, 1:6, and 1:8). Figure 2 plots the
mean beat period (collapsed across participants) as a function
the base IO1, for the six different rhythmic patterns, for the
musicians and nonmusicians, respectively. 'Tables 4 to 9 report
the number of participants responding in cuch catcgory for the
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o 3 .
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Musicrans {n = 14} MNon-rusicians {n = 9

Figure 2

Mean beat period in milliseconds (collapsed acrass partici-
pants} as a function the base 10|, for the six different rhyth-
mic patterns, for the musicians, and non-musicians,
repectively.
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six base IOIs (100 mx, 200 ms. 300 ms, 400 ms, 500 ms, and
600 ms), as well as the predicted number of responses according
lo the three models: P&L, ~P&E. and the hybrid model. Individ-
uval tables separate the responses for the different patterns and
also permit distinerions according to musical training.

There was a clear effect of wempo on absolute beat period:
longer beat perinds were observed at slower tempos. The mean
beat periods for the six base IOTs (collapsed across response
calegory, patrern, and musical training) were 449, 629, §15,
982, 1135, and 1.357 milliscconds.

As can he seen in Figure 2, tempo elfecls on absolute beat
period were medialed by hoth pattern and musical training.
Bear period lengthened more for the nonmusicians than for the
musicians, and more for the complex rhythmic patterns than for
the simple rhythmic patterns. An ANOVA revealed a signiti-
cant threc-way interaction between musical training, buse 101,
and pautern (p < 0.01). To further examine this interaction,
linear regressions were performed on the base 101 and the mean
heal period, collapsing across pallern o focus on the musical
trainiug distinction, and collapsing across musical training o
tocus on the pattern distingtion. All regressions were highly
significant (p < 0.001), with at least 80% of the variunce
accounted for in all cuses, The obtained slopes were larger for
the nonmusicians than for the musicians (2.75 versus 1.2), and
larger for the complex rhylthms (Swing 2.53, Skip 2.9, and
Cross 2.6} than for the simple rhythms {Pulse 0,55, March 1.5,
and Waltz 1.72), Nolice that the two highest slopes obtained for
the two ambiguous rhythms (Skip and Cross), indicating thar
the beat period lengthened the most for these patterns.

If people choose the same ratio {respunse calegory) indepen-
dent of tempuo, then we would necessarily expect a tengthening
of the heal period with base 101, with the slope of the linsar
relationship determined by the preferred ratio. However. close
inspection of the pattern of responses in Tables 4 to 9 reveals
that this is nut the case. Instead, consistent with previous
findings, the preferred ratio tends to shill towards lower levels
in anetric hicrarchy with slower tempos. especially with
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Table 4a
Pulse Data for the 14 Musicians: Predicted and Actual

100 ms

Ratic Predicted
P&E ~P&E HM

I:1 233 I1.74 726 0
1:2 233 .07 219 2
1:3 2.33 048 1.47 2
1:4 233 0.32 1.20 8
1:6 2.33 0.2 0.98 0
1:8 233 0.18 .89 2

_ Actual
200ms 300 ms 400 ms 500ms 600 ms
7 7 10 10 I
3 5 4 2 2
| 2 0 } 0
3 0 0 0 Q
0 0 0 o Q
o 0 4] o Q

Nate. For each base [O, the number of responses in each category is shown; 97.6% of the observed responses fit into one of the six categories. The two
exceplions were one participant whe selected the 135 category at the 500-ms base O, and ancther participant who chase ta subdivide the 600-ms basc

101 (tapping appreximately every 300 ms in 2 2:1 fashion).

Table 4b
Pulse Data far the % Nonmusicians

Ratio Predicted Actual
P&E ~P&E HM 100 ms 200ms 300 ms 400 ms 500 ms 600 ms

[ .67 7.55 467 | & 7 7 7 8

12 .67 0.68 |40 3 0 | 1 | |

13 |.67 031 0.94 | 0 o 0 0 0

I:4 |.67 0.21 077 | 2 a 1} 0 0

-6 .67 0.14 0.63 | 0 o 0 0 V]

118 1.67 011 057 | t ! g 0 o

Mote. 24.4% of the responses fit into one of the six cateécries. I he exceptions were a |:11 response at the 100-ms base 1Ol and two decisions to subdi-

vicle al the 400- and 500-ms base 1G5,

musicians. lxamination of the distribution of responses for all
six pallerns supporls an interaction herween rempo and
musical experience.

Pulse

The most striking feature of the Pulse data (Tubles 4a and 4b)
ix the relarively broad spread of different responses at the
fastest lempo, compared wirh the slower tempos. At the 100)-
ms base TOT, & (out of all 23} participants (mainly musicians)
grouped the tones by fours, 5 participants grouped by twos,
and 3 each grouped by threes and eights. However, as the
lempo stowed, the 1:1 category gradually became the
dominant response, For the 600-ms basc [OI, 19 out of the 23
participants tapped in a 1:1 fashion (i.e., reproducing the base
IOT). These results are consisient with those of Duke (1989)
and Parncuti (1994: Exp. 1), as well as carly studics by Bolton
(18943 and Woodrow (1209), who tound grouping by 1wos,
threes and fours ar fast tempos (with threes less commaoin than
twos or [uurs).

March

Consistent with a 4/4 meter, (he most commen responses to the
March patiern (Tables Sa and 5h) were 121, 122, 114, and 1:8,
replicating Parncutt {1994: Exp. 1), Overall, the musicians
preferred the 1:4 (measure-level) response at the 100-ms base
[OI, the 1:2 {half-note) response at the 200-, 300-, and 400-ms
base I0Is, and the 1:1 {guarler-nole} response at the 500- and
600-ms base 1OIs. The nonmusicians contrasted the perfor-
inance ol the musicians by preferring the 11 (measure level)
response at ull six lempos.

Waltz
Consistent with a 3/4 meter, the responses 1o the Waltz (Tables
Ga and Ob} were mainly 1:1 and 1:3, replicating Parncutt
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(1994; Exp, 1} Overall, the majoriiy of musicians selected the
1:3 (the measure level) response at the 100-, 200-, 30, and
400-ms base 10ls. However, at the 500 ms basc [OQL, they
distributed their respenses hetween 1:1 {quarter-note), 1:3
(dotted half-note), and 1:2 (hali-note). Al the 600-ms base 101,
they most selected the 1:1 {quarter-note) respense, The major-
ity of the nonmusicians, in comrast, selected the 1:3 (measure-
fevel) response, independent of tempo. The 112 response by
some of the muosiciuns al the 500-ms base 10T is somewhat
surprising, as it does not typically fit with a waltz rhyliun, and
requires alternating the placement of beats between bars.

Swing

Consistent with a 6/4 meter. the main responses 10 the Swing
pattern ('I'ables 7a and 7b) were 1:1, 1:2. 113, and 1:6. replicat-
ing Parncutt (1994: Exp. 1}. The most pronounced differences
were observed between the 100- and 200-ms base 10Ts. At the
100-ms base 101, 9 out of the 14 musicians and 5 of the 9
nonmusicians selecred the 1:6 (measure-level} response,
tapping once [or cach repetition of the pattern. At the 2{K)-ms
buse LOI (a small 100 ms per quarter-noie difference) only |
musician selected the same response. At the same time, the
numhecr of nonmusicians in the 1:6 (measure-level) category
rematned the same.

Skip

Most people found rhe Skip pattern to be the most ditficult one
o tap Lo, Common responscs shown in Tables 8a and b were
1:6, 1:3, and 1:1. These are similar in distribulion o thosc
reported by Parncutt (1994: Exp. 11 At the 100-ms base 101,
the majerity of listeners (19 ont of 23) preferred the 1:6
{measure-level) response. Similar to the results for the previ-
ous five patterns, the musicians tended (o swilch their prefer-
ences with changes in tempo, while the nonmusicians tended




Table 5a
March Data for the 14 Musicians

‘ Percewed Beat I83

Ratio Predicted : Actual

P&E ~P&E HM 100 ms 200 ms 300 ms 400 ms 500ms 600 ms
I:! Q.01 10.72 .00 0 | 3 & 5 10
[:2 3.38 323 11.04 0 é 9 7 7 3
13 044 0.0i 0.20 0 V] 0 0 0 0
b4 138 0.02 1.00 4 7 P | | f
16 338 0.01 0.45 0 0
1.8 338 0.00 0.30 0 0
Naote. 98.9% of the responses were |11, i12, o 1:4, One participant chose a 2:} response at the 500-ms base 101,
Table 5b
March Data for the 9 Nonmusicians
Ratio Predicted Acrual

P&E ~P&E HM 130 ms 200ms 300 ms 400 ms 500 ms 600 ms
1:] 0.01 6.90 .64 0 | | 2 2 4
1:2 2.18 .07 /.09 4 4 ! ) 0 3
1:3 0.29 0.01 0.13 | 0 0 0 0 0
14 218 0.02 0.64 & 3 7 5 7 2
(3] 218 0.00 029 0 0 0 a g g
1.8 2.18 a.00 0.19 | 0 0 0 0 0
Notc. 94.4% of the respanses were 101, 1:2, 133, 154, or |18 (a slightly broader range than obscrved for the musicians). The remaining responses were
I:14 at 100 ms, 1201 at 200 ms, and 2:1 at 400 ms.
Table 6a
Waltz Data for the 14 Musicians
Ratio Predicted Actual

P&E ~P&E HM 100 ms 200 ms 300 ms 400 ms 500 ms 600 ms
I:1 0.00 11386 0.42 0 3 2 4 5 7
i:2 a0 021 042 | f 3 3 4 3
13 5.55 229 10.26 10 10 9 7 5 4
f:4 0.75 0.03 0.42 | 0 0 0 0 0
-6 5.55 009 207 2 0 a 0 b} 0
1.g 2.04 0.01 042 a 0 Q 4] 0 0
Note. All of the ubiserved respenses could be dassified as 131, 1:2, 1:3, 1:4, or | 6.
Table &b
Wialrz Data for the 9 Nenmusicians
Ratio Predicted Actual

P&E ~P&E HM 100 ms 200ms 300 ms 400 ms 500 ms 600 ms
1:1 0.00 7.30 0327 0 o 0 3 4 2
12 0.07 0.13 0.27 0 0 0 0 4] 0
13 3.57 1.47 6.5% 5 ] 9 5 5 ]
1:4 0.48 0.02 027 | 4] o 0 0] 0
|6 157 006 f.33 2 2 D | 4] o
118 [.31 0.01 027 0 0 0 0 0 4]
Note. 34.4% of the observed responses were 121, 1:2, 133, {4, and |:6. The three exceptions ware a |24 response at the |00-ms base tempo, a 1212

responsc at the 200-ms base 101, and a 2:1 response (subdivision) at the 600-ms base 101,

to make the sumie choice (usually at the level of pattern repeti

tion} independent of icmpo. T'he musicians, in contrast, 1ended
o prefer the 1:3 (dotled hall-note) response at the 200-ms hase
[OI, the 1:2 thulf-note) response at the 300 |, 400-, and 500-ms
base TOL and the 11 (guarler-note) response at the 600-ms
base 101,
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Cross

‘The primary respunses o the Cross pattern (Tables 9a and 9h)
were L:i. 12, 104, and 1:6. This set of responses is also consistent
with that reported in Parnentt (1994 Exp. 1} For the Cross
patterit, the musicians preferred the [:4 or 1:6 response at 100 ms,
the 1:2 response between 200 and 500 ms, and the 1:] response ar
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Table 7a
Swing Data for the 14 Musicians

Ratin Predicted Actual

P&E ~P&E HM 100 ms 260 ms 300 ms 400 ms 500ms 600 ms
1:1 0.00 9.24 0.09 0 0 2 3 3 6
1:2 ol10 0.38 0.43 | ¢ { 2 4 5
f:3 5.55 4.15 10.51 4 13 9 2 5 2
|4 .75 0.05 043 0 0 0 0 Q 0
i:6 555 017 212 9 | 2 4] Q |
1:8 2.04 0.02 0.43 0 0 0 0 0 0
Nore. All of the responses could be classified as 1:1, 112, 113, or |:6. .
Table 7b
Swing Data for the 9 Nonmusicians
Ratio Predicted Actual

P&E ~P&E HM F00 ms 200ms 300 ms 400 ms 50 ms 600 ms
Il 0.00 5.94 0.06 0 0 2 2 3 3
1:2 007 024 0.28 Q 2 0 0 | 0
1:3 157 267 675 2 2 3 2 0 |
1:4 0.48 0.03 028 0 o ¢ W] 0 0
16 1587 ol 1.36 5 5 4 5 5 5
f:8 1.31 0.0l 0.28 Q 0 0 0 ] 0
Naote. 98.3% of the rcspcr;s.es wera I:1, 1:2, I:3,. ot 1:6, Two participant.s. c-.hcse a |:12 respanse at the |Q0-ms ba.si:. IOI._ B
Table Ba
Skip Data for the 14 Musicians
Ratic Predicted Actual

P&E ~P&E MM 100 ms 200ms 300 ms 400 ms 500 ms 600 ms
I 0.00 9.15 015 0 0 | 5 5 6
1:2 027 4.1 169 4 2 8 7 & 4
1:3 2.94 0.37 3.69 2 7 3 | 2 3
14 1.32 0.7 1.66 0 4 ) O g 0]
1:6 6.54 0.17 3.6% 12 i | f 1 |
|-8 294 9.03 1.1 0 0 0 4] 4] o
Mote. All of the responses fic ir';to o"ne of the six respﬁnse categories. . - .
Table 8b
Skip Data for the 9 Nonmusicians
Ratio Predicted Actual

P&E ~P&E HM 10G ms 200ms 300 ms 400 ms 500ms 600 ms
Il 0.00 5.88 0.10 0 2 [ 0 [ 0
12 Q17 2.64 2.37 | 0 4 2 1 2
1:3 1.89 0.24 237 ¢ 0 0 4] 0 Q
1:4 0.85 o 1.07 [+ o 0 0 0 0
1:6 420 0.4 237 7 7 4 5 4 5
1:8 .89 0.02 0.71 0 0 ] 0 0 0
Note. 87% of the responses were |:1, 1.2, or 1:6. The main exceptions we.rE i:l responses (2 each) at &le 400-ms, 500-ms, and 600-ms base 10ls. Gre

participant selected a 1:24 response at the 100-ms [Ols,

600-ms tempo. The majority of the nonmusicians preferred the  (RMSE) between the expected and actual values reported in

L:6 (measure level) response, independent of tempo. Tables 4 to 9. The best-fitling rmodels {i.c., the ones with the

smallest RMSE) are reported in Table 10. Fits were performed
Model Fits separately al cuch base TOL, for the musicians and nonmusi-
[n sum, perecived heat was found to depend on both tempo  cians, respectively. in order to interpret the effeet of empo on
and musical experience. To characlerise these effeets. model  response category in terms of the relative use of positive and

fils were performed by caleulating rhe root-mean squared error  negative evidence.
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Table 9a
Cross Data for the 14 Musicians
Ratic Prediceed Actual

PRE ~P&E HM 10Q ms W0ms 300 ms 400 ms 500ms 600 ms
1:1 0.00 .62 0.46 0 0 | 3 3 [
112 315 4,32 i1.28 I 10 11 2 10 4
1.3 |.41 0.02 0.46 0 o 0 | 0 2
14 35 0.04 102 7 3 | 0 0 0
1:6 3.15 0.0t 0.46 6 | ( | | |
1.8 315 .00 0.32 0 0 0 0 0 0
Note. 98.8% of the respanses were 121, 12, 123, 114, or 1:6. The single exception was a 2:1 respanse at the 600-ms base 10,
Table 9b
Cross Dara for the 9 Nonmusicians
Raric Predicted Actual

P&E ~P&E HM 100 ms 200ms 300 ms 400 ms 500ms 600 ms
I:1 0.00 6.18 0.30 | | | 4 b
I:2 202 277 725 3 4 3 2 |
1:3 0.90 0.01 0.30 | 1] o] 0 0 o]
1:4 202 0.02 0.66 | 0 0 0 [H 0
l:4 202 0.00 0.30 6 5 4 5 k| &
1:8 202 0.00 0.20 g 0 0 o 0 0
Note. 98.1% of the responsces were 111, 112, 113, 1:4, or |16, One participant chose a 1:24 respanse at the 100-ms base IO
Table 10a
Model Fits to Musicians Responses for Al Six Parterns
Pattern Best model (musicians)

100 ms 200 ms 300 ms 400 ms 500 ms 600 ms
Puise P&E Hybrid Hybrid ~P&E ~P&E ~P&E
March PRE Hybrid Hybrid ~P&E ~P&RE ~P&E
Waltz Hybrid Hybrid Hybrid Hybrid Hybrid ~P&E
Swing P&E Hybrid Hybrid Hybyrid ~P&E -~P&E
Skip P&E Hybrid Hybrid -P&E ~P&E ~P&E
Crass P&E Hybrid Hybrid Hybrid ~P&E ~P&E

Note. The best model at each base 101 was the one that produces the lowest root-incan squared arror between the predicted and actual distributian of

Fesponses,

Table 10b
Model Fits to Nonmusicians Responses for All Six Patterns

Pattern

100 ms 200 ms 300 ms
Pulse Hybrid ~P&E ~P&E
March F&E Hybrid P&E
Walz Hybrid Hybrid Hybrid
Swing P&E P&E P&E
Skip P&E PEE P&E
Cross P&E P&E P&E

Best madel (musicians)

400 ms 500 ms 600 ms
~P&E ~P&E ~P&E
P&E ~P&E Hybrid
Hybrid Hybrid Hybrid
P&E P&E P&E
P&E P&E P&E
P&E ~P&E P&E

Mote. The best madel at each base 101 was the one that produced the lowest root-mean squared error between the predicted and actual distribution of

résponses.

For the most part, the nenmusicians data were best fitted by
the original P&E model, independent of tempo and pattern,
The twu main cxceptions are the Pulse pattern, where the
~P&E provided the hest fir at five out of six tempos. and the
Waltz patleru, where the hybrid model provided the best fit at
all six teripus, In contrast 1o the nonmusicians, the best fitting
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models o the musicians” data depended systematically on
tcmpo. The original P& model best fitted the musicians
responses only at the 100-ms (fastest) tempo. The hybrid
model provided the best fir of the musicians’ responses at (he
200- and 300-1s iempos, either the hybrid or the ~P&E model
previded the best fit of the musicians” responses at the 400-
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and 300 ms tempos, while the ~P&E model (based on positive
evidence vnly) gave the best [0t of the musicians” responses at
the 600-ms (slowest) tempo. Thus, musicians scemed to be
less alfecied by negative evidence overall, compared with
nenmusicians. Morcover, negative evidence seemed to have
tess of an cffect on the perceived beat period as the letpo of u
patlern slowed.

GENERAL DISCUSSION

There are three main lindings 1o this research: (a) Perceived
absoluie beat periods are tonger al slow tempos than at fast
tempos. (b} Perceived relative beat peniods are atl lower metri-
cal levels (rmios closer to 1:1) at slow tempos than at [ast
empos. (¢) Musical expericnce seems 10 mediare performance;
nonmusicians tend {o prefer longer absolule beat periods than
musictans and the same metrical level independent of tempo.
Many of the nonmusicians in rhe present study olten tapped in
synclirony wilh cach pallern repetition.

These lirst lwo findings mircor those reported in Parncutl
(1994 bxp. 1) amd are consistent with most previous studies
exwnining the rhythinic interpretation of simple and complex
lemporal patterns (Duke, 1989; Handel & Luwson, 1983,
Handel & Oshinsky. 1981: Oshinsky & Handel. 1978). The
third lfuding identilies musical cxperience as a mediating
vartable. The observed interaction between lempo and musical
experience on perceived beat is consistent with related
rescarch on time diserimination showing thal nonmusically
trained listeners are less likely (o subdivide a base time inter-
val to make duration judgments than are musically trained
lisieners plones & Yee, 1997 Yee, Holleran, & Jones, 19943

Our interpretation of the obhserved effects of tempo and
musical experience on perceived beat is that it reflects Jifferen-
tial weighting of positive and negative evidence in the induction
ol ap julernal clock (“the beat™). For the nonmusicians, we
found that most of the pattern responses were besl filed by the
original P&T maodel at all six tempos. implying that these listen-
ers relied primarily on negative evidence al all six lempos,
Exceptions wete found lor the shinple rhythms (the Pulsce and
Waltz patterns in particutar), with the hybrid and -P&E models
providing better overall fits. lior the musicians, on the other
hand, we ovbserved o syslematic shiltin the besi-fitting model
with differences in tempo. Although the original P&E mmodel
provided the hest overall tit at the fastest tempo, the ~P&E
modcl provided a better fit at the slowest fempo, with the hybrid
medel providing better fits al intennediale tempos. 1In sum,
negative evidence, as proposed in the original P&E model,
scemy o be the best predictor of the induced heart tor (a) listen-
ers withoul juusical trutning and for (b) fast tempos independent
of musical experience. Why might this be the case?

Minimising negarive evidence to induce an internal clock
tmeans that “beats™ {measured in the present study as taps) arc
preferred when they coincide with as few stlent elements
(resis) in the pattern as passible. In the best case (a C score of
zero). laps arc only abigned with accented eiements. Maximis-
ing positive evidence means, vn the other hund, thal beats arc
pretecred when they coincide with as many sounded elements
{notes) as possible, withow paying o penalty for placing beats
on rests, The best case is when taps oceur in synchrony with
the onsel of cvery note. A shift from a negative-evidenge-
bascd clock o a positive-evidence-based clock model thus
means that it beeomes less important whether every heatftap
cotncides with the onset of @ note. This suggests greater Mexi-
bility in the rhythmic interpretation of a pattern. which
conceivably may develop with formal musical training. and be
casier when the empo of a paliern is slow,

Supporting evidence for the differential weighting of
positive and negative evidence by musically trained and
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uritrained patticipants comes Irom Povel and Essens (1985). In
their original model. Povel and Essens argued that timing
variahility in a reproduction task is least for patterns that
induce a strong negative-cvidence-based eltock. One
uncxplained finding. worthy of note here, is that mainly the
nonckilled parncipants showed a signiticant correlation
boerween iming variability and patterm complexity (as defined
by their negative cvidence score). In light ol the present
resnlts, one possibility for the observed skill differences in the
vriginal Povel and Essens study 1s that the experienced partici-
pants were perhaps coding the temporal palterns using a clock
induced by positive evidence, instcad of negative evidence.

One possibilily that we have thus far not considered i that
tempoe cffects in beat perception, especially those involving
tapping tasks. may be simply due to motor factors. In the
present study, this scems unlikely, excepr perhaps af rthe fasiest
tempo (100 ms per quarter note), Al the 100-ms buse 101, 11
tapping is still reasonable, although possibly difficult for some
people. However, ratios other than 1:1 af this rate (not at the
level of pattern repetition) should not present motor difficultics.

A second question that arises concerns the extent o which
the reported data are consistent with the concept ot a preferred
tempo. The explanation ol tempo elfecls on beal pereeplion
proposed by Parncutt (1994 involves calculating the salience
of cach metrical level a rhythmice pattern with respect 1o a
distribution of referred absolule lime intervals. Bascd on his
dara, Parncutt (1994) proposes an existence region for the
perccived beat, centred aronnd a 710-ms time interval. This
value was oblained by a log-normal fit © the distribution of
beat periods for all responses. The present results are consis-
tent with such a preferred tempo explanation, altheugh we
obtained different distributions of beat periody lor the
musician and nonmusician patticipants, the mean produced
time intervals for the musicians and nonmusicians, respec-
tively, were 745 s and 1139 ms. [0 s unclear o what cxtent
the responses separated according to musical cxperience are
explainable wirhin the formal framewaork outlined by Parncurtt
{1994), but the present data do nol necessarily tule out a
preferred tempo hypothesis. The differential-weighting
hypothesis thar is proposed in this article is intended simply as
an allernative explanation of these data.

In listening to musical performance, the perceplion of a
recurring hear helps the listener to track and interpret the
unfolding wempoeral patiern. Studics of music performance have
shown that the intended beat of the performer (ie., choice ol
tactus) aftects structural aspects of the performance, such as
expressive vadations in note-lo-note liming and global varia-
tions in tempo (Mever & Palmer, 1999}, The present resulls
show rhat the perceived beat depends on tempo and therefore.
i some cases, may make it difficult for a performer to commi-
nicate a particular beat period at a particular tempo (e.g., 4
walry can be played only so slowly betore it is no longer a
wallz). Morcover, the success with which a performer is able to
communicate a particular beat period may depend on nonstimu-
lus factors, such as the musical experience of the audience,

In broader terms, the ability o perceive musical heat
suggests a general ecological advantage, An internalised beat
can be used to predict when the next event in any environmen-
lal pattern {music or otherwise) is likely (o occur (Jones,
1976). Emphasising positive evidence, listeners maximise their
ability to predict the anline timing of events in the environ-
ment. The lower the metrical tevel of the induced heat, the less
likely a listener will be surprised by the (iming of an cvent:
however, a penalty 1s incurred in the generation of lalse expee-
Lations. When emphasising negarive evidence, false expecta-
tions are reduced, but the penalty is in the lorm of more
frequent “surprises”. For music listening, temporal surprise is




of often 1he intent of the performer or compaoser. and
contribules to our musical enjoyment, but, in other instances of
tempaoral rracking, it is better not to be swrprised. In speech. lor
example, being able to predict when the next word will occur
i% important for cftective communication. Clarifying (he nature
of perceived beat in music potentially aids our understanding
about the more gencral mechanismy involved in predicting
riming in the cnvironment.

Footnote

I We chose not 1o report phase Tor lwo reasons. Given the anticipa
i thut (requently oceur in synchrontsed tapping, and the overall
lap-lo-lap vanability in peoples’ responses, the calculation of phase
proved ambiguous al fast tempos, and we were concerned aboit the
vilidity ol 1his measure. Secondly, the present design did not connter-
babunee Lhe start part of cach pactern, introducing a potentially
conlounding taclor in Lhe reported phase: previous studies have shown
that the plucement of beals in a ¢yclical pattern is biased towards
events that stait the patlern (Garner & Gottwald. 1968).
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