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Participants were the same as in the previous experiment. 
Equipment. Rhythmic "events" were drum strokes on various percussion instruments, dig- 

itally recorded on a Roland TR-505 "rhythm composer". Timing of rhythms was controlled 
via MIDI by a Le-Lisp program on a Macintosh I1 computer. Rhythms were amplified and 
reproduced over a small loudspeaker in a sound-isolated room. 

Stimuli. Rhythms were cyclic, i.e., with the same pattern of note durations repeating each 
cycle. Six different rhythmic patterns were used (Table I.) Each pattern was presented at six 
different, logarithmically equally spaced note-rates: 50, 76, 115, 174, 264 and 400 notes per 
minute.* There were 6x6=36 trials in all. 

TABLE I .  Rltytltmic patterns tested in tlte experiments 

label name durations D notes/cycle 
(beats) 

(a) "pulse" 1 1 
(b) "waltz" 2 1 2 
(c) "march" 2 1 1  3 
(d) "swing" 3 2 1  3 
(e) "skip" 3 1 2  3 
(f) "cross" 2 1 1 2  4 

cycle length C 
(beats) 

1 
3 
4 
6 
6 
6 

Rhythmic patterns started at random temporal points in the cycle, and continued cyclically. 
For example pattern (b) "waltz" appeared in the form 1 2 1 2 1 2 .... or 2 1 2 1 2 1 .... . The 
probability of a pattern starting on a certain note was proportional to the duration of the note 
which would have preceded it. So "waltz" was twice as likely to start with a 1 than with a 2. 
(This probably had a greater effect on the results of Experiments 3 and 4 than on the present 
experiment .) 

The timbre (instrument) used in each trial was randomly selected from timbres available 
on the Roland TR-505, labelled low conga, high conga, timbale, low cowbell, high cowbell, 
hand clap, ride cymbal, bass drum, snare drum, low tom, mid tom, high tom, rim shot, closed 
high-hat, open high-hat. Timbre remained constant throughout each trial. Loudness of differ- 
ent trials was equalized by ear. 

Procedure. Trials were presented in a random order which differed from one listener to the 
next. Participants were asked to judge the tempo of the rhythm on a scale from 0 (very slow) 
to 3 (very fast), typing their responses on a computer keyboard. The only feedback they re- 
ceived was the number they had typed. They could take as long as they wished to respond, but 
were asked to do so quickly and spontaneously, without thinking too hard. The experiment 
was preceded by a short practice session. 

Results. Results are graphed in Fig. 1. Part (a) of the figure shows the mean result for each 
of the 36 trials. Trials 1 to 6 consisted of pattern (a) "pulse" played at note-rates 1 (slow) to 6 
(fast) respectively; trials 7 to 12, of pattern (b) "waltz" at the same note-rates; etc. 

The relationship between apparent speed and rate number for each pattern appears t o  he 
linear, when the curvature at the extremes of the response scale is disregarded. This itnplies 
that apparent speed is proportional to the logarithm of note-rate (as the six note-rates in the 
experiment were equally-spaced in the logarithm of frequency). 

A secondary effect is that of pattern on apparent speed. Consider for example trials 3 and 
9. These involved two different rhythmic patterns ("pulse" and "waltz") played at the same 

*The actual tempo or beat-rate of each pattern may be found by multiplying its note-rate by the ratio 
of the number of beats to the number of notes per cycle (see Table I). In the case of pattern 2 "Waltz", 
for example, there are 3 beats and 2 notes per cycle, so a note-rate of 40 is equivalent to a beat-rate of 
60. 
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note-rate (1 15 notes per minute). However one of the pattems - the pulse - was judged con- 
siderably faster. A feasible explanation is that most listeners felt the pulse ("beat") on every 
note in trial 3 but on every second note (i.e., on the longer notes) in trial 9. 

0 6 12 18 24 50 36 

trial pattern 

Fig. 1.  Results o Experiment 2 (apparent speed). (a)  Points: mean responses 23 data per trial). f 
Table I )  (138 data for each pattern). Bars: 95% confidence inten~als. 

I Bars: 9 % confidence intervals. (b) Points: mean responses of rhyt mic patterns (see 

The dependency of apparent speed on pattern is summarized in Fig. lb. Data are averaged 
over all six note-rates. The figure shows that, on average, pattern (a) "pulse" was faster than 
pattern (c) "march. Pattern (c), in turn, was faster than the other four patterns. The average 
speeds of the other four patterns did not differ significantly from each other. All means ex- 
ceeded the mid-point of the response scale (IS),  indicating the selected range of note-rates 
selected (50-400 notes per minute, in both this and the following experiment) was not musi- 
cally typical. 

In summary, the results suggest that apparent speed of a rhythm depends on the logarithm 
of the frequency of its most salient pulse(s). 

EXPERIMENT 3: PULSE SALIENCE 
The sensations of "pulse" (or "beat", or "swing") produced by cyclic rhythmic pattems play an 
important role in most musics. Musical experience suggests that the salience of pulse sensa- 
tions depends on tempo, rhythmic pattern, and exact timing. For example, some rhythmic 
pattems "swing" more than others; and pieces may lose their "swing", or simply "feel" wrong, 
if played too slowly or too fast. To my knowledge, no-one has yet tried to measure directly 
the strength of this feeling of pulse - here calledpulse salience - hi the case of specific pulses 
implied by specific (performed) rhythms. * 

The present experiment measured the saliences of the various pulse sensations evoked I>y 
the rhythms in the previous experiment. The primary aitn was to develop arid test a quantita- 
tive model for rhythmic pulse salience (described below). 

Participants numbered 22. Their rnusical experience had a mean of 12 and a stantlard 
deviation of 10 years. 

*Povel & Essens (1985, Experiment 3) measured the "simplicity" of rhythms and pulses heard 
simultaneously. But listeners never heard the rhythms alone; they were always accompanied by a 
pulse sounding at a lower pitch. In the present experiment, only the original rhythm was heard, at least 
until the listener started tapping out the response. 



Equipment and stimuli were the same as for the previous experiment: participants were 
presented with the same rhythmic pattems at the same note-rates, and the sane randomly se- 
lected instrumental timbres were used (one only in each trial). As before, each rhythm began 
at a random temporal position in the cycle. 

Note that the first four of the rhythmic pattems shown in Table I ("pulse", "waltz", 
"march", "swing") are relatively simple and unambiguous with respect to pulse and metre. 
The last two ("skip", "cross")* were chosen for their ambiguity: they may be perceived in ei- 
ther 312 or 614 metre, i.e., in groups of two or three beats, depending on tempo (cf., Handel & 
Oshinsky, 1981). One of the aims of the present experiment was to investigate this ambiguity 
as a function of tempo. 

Procedure. In each trial, participants endeavoured to tap the space-bar of a computer key- 
board in time with the "underlying beat" of the rhythm. A tap was deemed to have coincided 
with a particular beat if it fell in a temporal category whose centre coincided with the beat and 
whose width corresponded to one beat (i.e., unit duration in Table I). In other words, category 
boundaries for taps were set midway between beat onsets. In each trial, tap times were 
recorded until such time as four consecutive tap categories were equally spaced, indicating a 
consistent pulse response. At this point, the stimulus stopped, and the response was recorded 
in terms of the period (in beats) and phase (in beats after the start of each cycle of the rhythm) 
of the tapped pulse. A practice session was included. 

Results. Fig. 2 shows the distribution of the periods of all 22x36=792 pulses selected in the 
experiment. Periods in s were converted to logarithms to the base 10 and then allocated to 
categories of width 0.1. The low value at -0.05 (for logarithms between -0.1 and 0.0, i.e., pe- 
riods between -79 and 1.00 s) appears to be an artifact of the experimental procedure, due to 
the relatively low number of possible responses in this range (remember that the same note- 
rates were used for all rhythmic pattems). Apart from this, the distribution is normal with a 
mean of -.I49 (corresponding to a period of 0.71 s) and a standard deviation of 0.224 
(corresponding to the range 0.42- 1.19 s). 

:'x So the mode of the pulse periods in 
+ the experiment was about 700 ms. The 

mode of the periods of spontaneous tap- 

I ./ '.>-? I 
-',O -C ,5 0.0 0.5 : .3 

log per iod (s) 

Fig. 2 .  Points: distribution of the periods of all 
22x36=792 pulses selected in the Ex- 
perintent 3 (pulse salience). "Count" 
refers to the number 
gories of width 0.1 

distribution. 
111 s ) .  Curve: the 

ping in the previous experiment was 
about 600 ms. These means are signifi- 
cantly different at the 5% level. 

The reason why participants tapped 
more slowly in the present experiment 
may be that they sometimes responded 
on the basis of implied metre rather than 
pulse. Metre may be defined as corn- 
prising two or more compatible pulses 
(Parncutt, 1987). Apparently. the slower 
of these two pulses was tapped out more 
often than the faster. In other words. 
participants preferred to tap out tnea- 
sures than to tap out individual beats. 

*The name "cross" refers to a cross-rhythm of 112-notes and 314-notes. 
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(O) "Waltz" 

n ' r . C  . . 
I L  

pulse  no. 

(c)  "March" 

40 45 50 55 €80 €5 

pulse no. 

(e )  "Skip" 

pulse no. 

(d l  "Swing" 

I 
60 65 70 75 80 e5 90 95 

pulse no. 

( f  1 "Cross" 

I - , , , , , , . .  
90 95 103 If5 :I@ :I5 120 1'5 130 1:s 130 :L5 :40 145 !50 !55 160 165 170 

pulse no. pulse no. 

Fig.  3 .  Results of Experiment 3 (pulse salience) for all 167 pulses selected. Points. ~runihcr. of 
tinies each ulse was selected. Bars: 95% confidence intervals.* Squares: calculatioris ac- 1 cording to q. (5) (below) with d, = 055 ,  is = 1.6. p, = 0.76, s = 0.23, arid ip = 2.0. Cal- 
culations are normalized so that they add up to 22 for each hid (i.e. for each comlrinarir~n 
of pattern and rate). 

*Confidence intervals were calculated according to the expression 1.96[n (22-n)/221O.~, where n is 
the number of times the pulse was selected; the expression in square brackets corresponds lo the 
variance of a binomial distribution. 



TABLE II. Details ofpulses selected in Experiment 3 (pulse salience) 

( a )  "Pulse" 

p u l s e  no.  1  2  3  4  5  6  7 8  9  10 11 12 13 14 15 16 17 
r a t e n o .  1 2 2 3 3 4 4 4 5 5 5 5 6 6 6 6 6  
p e r i o d  1 1 2 1 2 1 2 4 1 2 3 4 1 2 3 4 8  
phase - - - - - - - - - - - - - - - - -  

(b) "Waltz" 

p u l s e  no.  18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 
r a t e n o .  1 1 1 1 2 2 2 2 2 3 3 3 3 4 4 4 5 5 5 6 6 6 6 6  
p e r i o d  1 2 3 3 1 2 3 3 3 1 2 3 3 3 3 6 3 3 6 3 3 5 6 7  
phase - - 1 2 - -  0 1 2 - - 0 2 0 2 0 0 2 0 0 1 - 0 -  

(c) "March" 

p u l s e  no.  42 43 44 45 46 47 48 49 50 51 52 53 54 55 56 57 58 59 60 61 62 63 64 
r a t e n o .  1 1 1 2 2 2 2 3 3 3 3 4 4 4 4 5 5 5 5 6 6 6 6  
p e r i o d  1 2 4 1 2 4 4 1 2 4 4 1 2 4 4 2 4 4 4 4 4 4 8  
phase - 0 2 - 0 0 2 - 0 0 2 - 0 0 2 0 0 2 3 0 1 3 0  

( d )  "Swing" 

p u l s e  no .  
r a t e  no.  
p e r i o d  
phaae 

p u l s e  no .  
r a t e  no .  
p e r i o d  
phase 

p u l s e  no.  
r a t e  no .  
p e r i o d  
phase 

p u l s e  no .  
r a t e  no .  
p e r i o d  
phase 

p u l s e  no.  
r a t e  no.  
p e r i o d  
phase 

( e )  "Skip" 

(f) "cr088" 

Note: Phases are listed only if necessary for identification of pulses, i.e., if the pulse period P and the rhythmic 

cycle length C have a common multiple greater than one. 
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Each of the 36 trials of the experiment allowed for a number of different possible pulse re- 
sponses, characterized by their periods and phases. In all, 167 different pulses were recorded 
in the experiment. 

Table I1 shows the periods and phases of pulses chosen, and Fig. 3 shows how many times 
each of these pulses was selected. 

Part (a) of the figure shows results for the six different presentation rates of pattern (a) 
"pulse". At the slowest rate (rate no. I), all 22 participants tapped in time with the actual pulse 
(i.e., with period = 1 beat), so the result for this pulse (pulse no. 1) is 22. At the second rate, 
18 participants tapped in time with every actual event (period = 1 beat) and 4 in time with ev- 
ery second event (period = 2 beats). The higher the tempo of the actual pulse, the more pulses 
it implied, i.e., the higher was its rhythmic ambiguity. 

Participants tapped in groups of 4 more often than in groups of 3 (see pulses no. 1 1,12,15, 
16). This may be an effect of "implied metre": pulses of period 4 may be grouped together 
with pulses of period 2 to produce a "metre sensation" whose salience is greater than that of a 
single pulse of period 3. 

In the "waltz" rhythm (Fig. 3b) at a very slow tempo (rate l),  16 of the participants tapped 
with a period of one beat. Of the remaining six participants, one tapped a cross-rhythm 
(period 2), three tapped on the "implied events" between the notes (period 3, phase I)*, and 
two tapped in time with the shorter notes (period 3, phase 2). None tapped out the music-theo- 
retical downbeat (period 3, phase 0). At faster rates, the proportion of participants tapping the 
downbeat increased. At the highest rate, some tapped along with every second downbeat. Re- 
sponses with periods 5 and 7 (pulses no. 39,41) are clearly "errors"; in the interests of objec- 
tivity, however, they were not removed from the data. 

Fig. 3c illustrates results for the "march" rhythm. At low tempos, responses with period 4 
were low for both phase 0 and phase 2 (pulses no. 47, 48; 51, 52; 55, 56). At high tempos, 
phase 0 (the music-theoretical downbeat) became more prominent than phase 2 (pulses no. 
58, 59; 61). A similar effect occurred in "swing" (Fig. 3d) and "skip" (Fig. 3e) at period 6, 
phases 0 and 3 (or 4). This suggests that long events are more important than short events in 
fast rhythms, but not necessarily in slow ones. This effect is accounted for in the formulation 
of "actual event salience" (Eq. 1) in the model below. 

The increasing diversity of pulse responses in Figs. 4d-f reflects the increasing ambiguity 
of the rhythms. A further effect in the faster versions of these rhythms is the tendency for 
some participants to tap a little later than the pulse they were presumably trying to reproduce 
(see, e.g., results with period 6, phase 1: e.g. pulses no. 92 and 127). This contrasts with pre- 
vious tapping experiments in which subjects were found to anticipate events (Fraisse, 1980). 
The difference may be that participants in the present experiment had relatively little time to 
"catch up" with fast pulses before their response was collected and the stimulus ceased. 

EXPERIMENT 4: EVENT SALIENCE 
Ln music theory, different beats in a measure are assigned different metric ernphases o r  ac- 
cents. In a 414 measure, for example, the first 114-note beat (here called beat 0)  is the 
strongest, beat 2 is the second-strongest, and beats 1 and 3 are the weakest. In a 614 measure. 
beat 3 is stronger than beat 4; the reverse is the case in a 312 measure. Event saliences have 
been investigated for isolated pairs of tones (see, e.g., Buytendijk & Meesters, 1942) and for 
sequences of tones containing two alternating time intervals (Povel & Okkerrnan, 1981), but 
not for typical musical rhythms. 

*"Phase 0" corresponds to the first beat, "phase 1" to the second, etc. 
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(01 "Pulse" (b) "Waltz" 

C 1 ? 

beat 

(e l  "Skip" 
2 

I 

beat 

i c )  "March" 

beat 

beat  

(dl  "Swing" 

beat  

( f  ) "Cross" 

beat 

Fig .  4 .  Points: mean responses in E,vyerinzent 4 (event salience) (21 data each). Bars; 9.5% c'onfi- 
dcnce intervals. Squares: calculations accordin to E (6)  (below) wit11 d = 0.18, i, = P a  4, 1.7, p, = 0.66, s = 0.14, i = 1.9. The 26 colcu atlons ave been linearly a&usted to Izavc 
the same mean &d standard deviation as the 26 mean responses. 
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Participants. 21 people took part. Their musical experience had an average of 12 years and 
a standard deviation of 10 years. 

Stimuli. The same 6 rhythmic patterns were presented as in Experiments 2 and 3, but only 
one note-rate was used: 150 notes per minute. As before, each trial began at a random point in 
the cycle. After 8 to 10 notes of the rhythm, a single "target note" was played in a different 
timbre (bass drum). The target coincided with one of the beats in the cycle, but not necessar- 
ily with one of the notes. The rhythm then continued until a response was collected. 

The experiment tested each beat in the cycle of each of the six rhythmic patterns in Table I. 
In all there were 1+3+4+6+6+6 = 26 trials. Instrumental timbres were selected randomly as 
before. (The bass drum, of course, was used only for the target beat - not for the rhythm it- 
self.) 

Procedure. Listeners were asked to indicate whether the target was on or off the beat, using 
a four-point rating scale. Labels for the scale were provided for all participants in both musi- 
cal and non-musical language. The musical labels were: 0, very syncopated; 2, quite synco- 
pated; 2, on a weak beat; 3, on a strong beat. The non-musical labels were: 0, off the beat 
(sure); 1, off the beat (not sure); 2, on the beat (not sure); 3, on the beat (sure). As usual, the 
experiment began with a practice session. 

Results. Results are graphed in Fig. 4. The result for pattern (a) "pulse" was significantly 
lower than 3 (the maximum of the scale): an "actual pulse" implies pulses with twice, three 
times, four times (etc.) its period, so that a randomly selected note in the pulse is likely to be 
"off the beat". The results for pattern (b) "waltz" agree with music theory. Results for pattern 
(c) "march" peak at event 2 instead of the expected event 0: the effect of grouping of proxi- 
mate events may have been stronger here than the effect of relative note durations. The 
downbeat of "swing" (pattern d) was about equally likely to fall on beat 0 or beat 3; the 
downbeat of "skip", on beat 0 or beat 4; and the downbeat of "cross", on beat 0 , 2  or 4. 

The latter considerations only apply for the particular rate at which the rhythms were pre- 
sented in this experiment (150 noteslminute). The results of Experiment 3 (pulse salience) 
suggest that differences between event saliences are greater at higher tempos. 

MODEL 
The model's original form (Parncutt, 1985) was based on qualitative, intuitive principles of 
pulse perception proposed in Parncutt (1987). The model was tested by comparing calcula- 
tions with the results of the experiments described above. This enabled its mathematical 
forms to be improved, and values of the free parameters to be estimated (see next section). In 
general, mathematical forms were preferred if they were logical (i.e., they logically and non- 
arbitrarily embodied appropriate theoretical concepts) and efficient (relatively simple to un- 
derstand and quick to calculate). 

As it stands, the model is neither perfect nor final. The present model is sufficiently logi- 
cal, simple and accurate for a range of music-theoretical applications. It could. however. he 
changed in many ways to satisfy future requirements, or as new theoretical pnssihiJities 
emerge. 

The input to the model is a cyclic rhythm with C beats per cycle, each of duration h s, and 
physically identical events on some of these beats. The rhythmic pattern is specified hy a se- 
quence of event durations D, in beats. For example, the "waltz" rhythm used in the experi- 
ments (Table I) is specified by the durations 2 and 1. The sum of these durations is the cycle 
length C. 

Longer events in musical rhythms are more salient, and contribute more to the formation 
of pulse sensations, than shorter ones (Vos, 1977; Povel & Okkerman, 1981; Longuet-Higgins 
& Lee, 1982; Thomassen, 1982). This effect is accounted for under the heading actual event 
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salience. The relationship between actual event salience and event duration in musical 
rhythms cannot, it seems, be measured directly, as implied pulses always interfere with the re- 
sults. For example, the results of Experiment 4 above (event salience) appear to have de- 
pended primarily on the saliences of pulses to which events belonged, and hence only indi- 
rectly on actual event durations. However, the results of Experiment 3 (pulse salience) sug- 
gested that actual event salience increases with increasing duration for short events (i.e., at 
fast tempos) and saturates (approaches a constant or asymptotic value) for long events (i.e., at 
slow tempos). This (short-term memory?) effect is accounted for in the model as follows: 

s,, = ( 1 - exp ( -did, ) )ie 

where d, is the "saturation duration" in s (the first free parameter of the model) and i, is the 
"event index" (the second free parameter). 

This relationship is graphed in Fig. 5 with d, = 0.5 s and i, = 2 (see Table III below). The 
parameter i, the effect of disambiguating ambiguous rhythms." Its value is expected to in- 
crease with musical experience. It was not possible to test this hypothesis in the present study, 
due to the limited number of listeners and the uncertainty involved in the evaluation of free 
parameters. 

The perception of pulse in musical 

beats both on the beat (phase 0)*** and 
Fig.  5 .  Dependence of actual event salience on 

duration according to ( I )  with d, = 0.5 off the beat (phase 2 ) .  
s arid i, = 2. 

rhythms may be regarded as a kind of 
pattern recognition (Pamcutt, 1987). 

*An alternative interpretation of the parameter is that the effective or apparent duration of rhythmic 
events is slightly less (say, 100 ms) than their actual inter-event-onset durations, so that the 
relationship between actual event salience and actual duration does not pass through the origin. This 
second possibility was not built into the present model as it unnecessarily complicates the 
normalization of fast pulses (Eq. 3). 

**Other possible terms for period and phase are unit and location (Povel & Essens, 1985). 
***Both beat number B and phase Q are defined to start at 0 instead of the musically more familiar 1, 
as this clarifies the mathematics. For example, if P 1: 3 and Q = 0 then the corresponding beats occur 
at B = 0, 3, 6 etc. rather than on the " lst, 4th, 7th ... beats". 

Pulses become familiar in everyday, 
non-musical human environments, and - 
perhaps most importantly - through ex- 
posure to heartbeat and footstep sounds 
before birth. Pulse perception may ac- 
cordingly be modelled by matching 
rhythmic events with the elements of a 
template corresponding to a train of 
equally-spaced events. A pulse may be 
specified by its period P (event spacing, 
in beats) and its phase Q (starting time, 
in beats after the start of the rhythmic 

1 

Q) 
u 
C 
Q) - - 
a 
(I) 

S -1 

----- -- 
/---.- 

,,.' 
/ 

,/ 
1'' 

1 

0 1 2 
cycle in question.** The above "waltz" 

duration (s) 
rhythm, for example, implies pulses of 
period 1 beat, and pulses of period 3 
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The salience of a pulse implied by a cyclic rhythm is assumed to depend primarily on two 
factors: the goodness of fit between the template and the rhythm, and the tempo of the pulse. 
The effect of motivic repetition (Steedman, 1977) - e.g., on pulses of period equal to the cy- 
cle length - is neglected. 

Goodness-of-fit, or "pulse-match-salience" SpT, of a pulse of period P and phase Q is es- 
timated according to the principle that "Each p a  of event percepts in short-term memory 
contributes to the salience of one and one only pulse percept, whose period and phase are de- 
termined by the temporal positions of the two events" (Parncutt, 1987): 

where N = lcnt(P,C)lP. 
Here, "modC" means "modulo base C" (i.e., mod3, in the case of "waltz"), and Icm stands 

for "lowest common multiple." N is the minimum number of summation terms needed to cal- 
culate the salience of a pulse of period P evoked by a rhythm of cycle length C. 

Eq. (1) is then normalised so that the pulse-match salience of an actual pulse (e.g., when 
participants in Experiment 3 above tapped every event of rhythmic pattern a "pulse") is al- 
ways l :  

pm 

Spm = [N( 1 - exp ( -phis ) )2ie], 

where p = Pb is the pulse period in s (where b is the beat duration in s, and P is the number of 
beats in a period). 

The most salient pulse sensation evoked by a rhythm depends on its tempo (Handel & Os- 
hinsky, 1981). The tempo dependence of pulse salience is accounted for in the model by a 
"pulse-period-salience" function S : a normal (bell-shaped) function of the logarithm of the 
pulse period p. Previous studies of:hythm perception (Fraisse, 1982) have suggested that pe- 
riods of musical pulses are confined to the approximate range 0.2 to 1.8 s, and that the most 
salient pulses have periods near 0.6 s (a typical "spontaneous tempo"). The following function 
is consistent with these observations: 

given that the "optimal pulsk period" period" p, is about 0.6 s and the standard deviation of 
the logarithm of pulse period sp is about 0.2. p, and sp are the third and fourth free parameters 
of the model. 

Overall pulse salience Sp is then given by: 

where ip, the "pulse salience index", is the model's fifth and final free parameter. Like I(, in 
(Eq. I )  above, ip is supposed to exceed 1, so that it "exaggerates" or "disambiguates" pulse 
saliences; and it presumably increases with musical experience. 

hnplied event salience Sie at beat number B is calculated by linear addition of the saliences 
of all the pulses to which an event belongs: 
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for all P,Q such that modC(Q+nP) = B for some integer n. In practical applications of Eq. (6), 
computation time may be saved by limiting pulse periods to a maximum of 2 s. In addition, 
phases may initially be restricted to the range 0 to hcf(P,C)-1, where hcf stands for "highest 
common factor", and the salience of pulses with higher phases (up to P-1) are deduced from 
symmetry. 

The apparent speed or rapidity R of a rhythm may be estimated as a weighted mean of the 
logarithms of the physical tempos llp of individual pulse sensations, using their calculated 
saliences as weights: 

Computation time may be saved here in the same ways as for Eq. (6) above. At the present 
stage of this research project, calculations according to Eq. (7) have produced worse agree- 
ment with the results of Experiment 2 (rhythmic speed) than have logarithms of note-rates; 
that is why no calculated values have been included in Fig. l a  above. 

Pulse salience values may be also used to estimate the perceptual saliences of the various 
possible metres evoked a rhythmic sequence, by adding together the saliences of compatible 
pulses. For example, the salience of a 314 metre may be estimated by adding the saliences of 
pulses of 118 notes, on-beat 114-notes, and down-beat 314-notes. 

MODELLING EXPERIMENTAL RESULTS 
The results of Experiments 3 (pulse salience) and 4 (event salience) were compared with cal- 
culations according to the model. In each case, the free parameters of the model were inde- 
pendently adjusted by small steps until the correlation coefficient r between measurements 
and calculations was a maximum. The results of this procedure are shown in Table 111, lines 
2b, 3a, and 3b. 

TABLE Iff. Optimal values of the flee parameters 

ds ie Po S~ i 17 r 

1. Spontaneous tempo - - 0.6 0.19 - 
2. Pulse salience 

(a) distribution of periods 0.71 0.22 - 
(b) 167 pulse saliences 0.55 1.6 0.76 0.23 2 0.88 

3. Event salience 
(a) actual 0.2 2 - 0.87 
(b) implied 0.18 1.7 0.66 0.14 1.9 0.95 

4."typical" ? 2 0.7 0.2 2 

In Experiment 3 (pulse salience), measurements and calculations (Eq. 5) were compared 
across 167 points. Measurements were "pulse counts", graphed against pulse no. in Fig. 3. 
Pulse counts in each trial added up to 22, the number of participants in the experiment. Ac- 
cordingly, calculations were normalized such that their sum in each trial was also 22, before 
correlation coefficients were calculated. Computation time was reduced by only considering 
those pulses (periods, phases) which had been selected in the experiment. 






