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ABSTRACT 

Computational models and analyses of musical rhythms 

are predominantly based on the subdivision of durations 

down to a common isochronous pulse, which plays a fun-

damental structural role in the organization of their dura-

tional patterns. Meter, the most widespread example of 
such a temporal scheme, consists of several hierarchically 

organized pulses. Deviations from isochrony found in mu-

sical patterns are considered to form an expressive, micro 

level of organization that is distinct from the structural 

macro-organization of the basic pulse. However, poly-

rhythmic structures, such as those found in music from 

West Africa or the African diaspora, challenge both the hi-

erarchical subdivision of durations and the structural 

isochrony of the above models. Here we present a model 

that integrates the macro- and micro-organization of 

rhythms by generating non-isochronous grids from isoch-
ronous pulses within a polyrhythmic structure. Observed 

micro-timing patterns may then be generated from struc-

tural non-isochronous grids, rather than being understood 

as expressive deviations from isochrony. We examine the 

basic mathematical properties of the model and show that 

meter can be generated as a special case. Finally, we 

demonstrate the model in the analysis of micro-timing pat-

terns observed in Brazilian samba performances. 

1. INTRODUCTION 

Isochrony has been a fundamental element of computa-

tional and cognitive models of musical rhythm, which are 

often inspired by the organization of rhythms found in 
Western classical music theory [1]. The advantages of 

isochrony as a structural foundation for the organization of 

music are numerous, from the potential to explain our abil-

ity to synchronize to music [2–5], to defining higher level 

qualities such as tempo [1, 6]. However, while periodicity 

is common in music, strict isochrony is almost never ob-

served [7] and many studies document with empirical data 

the systematic durational patterns from music around the 

world, which do not fit into an isochronous structure, in-

cluding the Viennese waltz [8], Brazilian Samba [9–11], 

Mali Jembe music [12] and the Norwegian Telespringar 
[13].  

Generally, such patterns are understood on the basis of 

an underlying structural basic isochronous pulse and ex-

pressive deviations from it [14]. Although an isochronous 

pulse may not be directly observed and measured in the 

music signal, a steady beat may be inferred by the listener, 

most evidently when we bob our head or tap our feet to the 
music. Numerous beat tracking algorithms exist in the mu-

sic information retrieval literature [15] and even cognitive 

models have been formalized that attempt to imitate this 

behavior [16, 17]. In most music-theoretical and cognitive 

models of rhythm, the beats of the basic isochronous pulse 

are grouped together, say every two or three, resulting in 

slower pulses that coincide with all faster ones, forming a 

hierarchical structure often referred to as meter [1, 18].  

Typically, deviations from isochrony are modeled by 

processing repeating rhythmic patterns to derive statistical 

properties, such as the mean deviation from an isochronous 
pulse at each location of the repetition cycle (see for ex-

ample [10]). Such statistical models only describe the pro-

cessed recordings and cannot be generalized. They do, 

however, provide evidence that deviations from isochrony 

may be more than a mere expressive element of the perfor-

mance, and are rather structural components of music [12]. 

Polyrhythmic music challenges the principle of hierar-

chical organization of rhythms. Polyrhythms are organized 

on the basis of multiple isochronous pulses of different pe-

riods that do not coincide [19–21]. Polyrhythmic elements 

are found in music around the world, with most representa-

tive examples coming from West Africa and the African 
diaspora [22, 23].  Even in groove-oriented music, where 

a strong sense of pulse is felt, short patterns that suggest an 

alternative pulse are common [24]  and evidence indicate 

that they are central to experiencing groove [25]. Perhaps 

unsurprisingly, certain polyrhythmic music traditions also 

exhibit large and systematic deviations from isochrony 

[26]. It has been proposed that the deviations from 

isochrony and the polyrhythmic character of music from 

the African diaspora are related, one enhancing the other 

[9, p. 234, 23].  

This paper presents a music-theoretical model that con-
structs non-isochronous grids from different isochronous 

pulses within a polyrhythmic context. Essentially, it attrib-

utes systematic non-isochronous patterns to underlying 

polyrhythmic structures that may be considered fundamen-

tal to the organization of the rhythmic patterns. In section 

2, we present relevant music-theoretical concepts. Section 

3, introduces a mathematical formalization of our model 

along with its key properties. In section 4, we employ the 

model to analyze Brazilian samba performance data taken 

from existing literature. 
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2. BACKGROUND 

2.1 Structural isochrony 

In music theory, meter is formalized as a hierarchical 

structure that groups pulses periodically [18].  In typical 

mainstream Western music, the events are aligned across 

the voices in such a way that the salient moments coincide 

to form a metrical hierarchy (Figure 1). The different lev-

els of the hierarchy correspond to various regularities 
found in the rhythm. While each level takes the form of a 

steady pulse, the various levels are stacked so that slower 

pulses coincide with all faster ones. Consequently, the pe-

riodicities in the articulated patterns in the music should 

also align in a similar fashion, although each voice may 

not necessarily articulate a specific metrical level. The pe-

riodic grouping of the beats has been formalized as a prime 

factorization problem [27–29]. Generative models of me-

ter that can be implemented in computer algorithms have 

been developed as a set of transformations [30] and an ab-

stract context-free grammar [31]  

As a cognitive mechanism, meter is understood as os-
cillations that represent the attentional energy of the lis-

tener [3, 4, 32] or a predictive schema [33] that expresses 

our expectations about the timing of musical events [34]. 

The limitations of our cognition impose temporal limits to 

the pulses of the metrical hierarchy [1, p. 29, 35]. At the 

lower limit, the shortest pulse has a period of ~100ms, and 

at the upper limit, the longest pulse has a period of ~1.5s. 

The highest metrical salience is observed for pulses with a 

moderate period of ~700ms [6]. Tempo is then defined as 

the frequency of the most salient isochronous pulse of the 

metrical hierarchy. 
The durations of the sound events are classified by the 

listener into discrete categories [2, p. 382, 36–39] that are 

influenced by the sensation of a pulse or meter evoked in 

them, so that a certain duration may be interpreted as a dif-

ferent category when listened in a different metrical frame-

work [40]. A rhythmic pattern is essentially coded as a se-

ries of nominal durations that are a multiple of the basic 

isochronous pulse of the metrical hierarchy. 

Despite the fundamental role that isochrony plays in the 

construction of meter, non-isochronous grouping of beats 

create non-isochronous metrical levels and meters (NI me-

ters) [1, Ch. 7] (see Figure 2 for an example). Such group-
ings are based on the principle of maximal evenness [1, 41, 

42] which is also the basis for the Euclidean rhythms that 

are encountered in many traditional rhythms [43, 44]. Such 

non-isochronous patterns are constructed by distributing a 

number of onsets k as evenly as possible over a number of 

beats n of an isochronous pulse. A Euclidean rhythm can 

then be denoted as E(k,n) [43]. 

2.2 Micro-timing 

While the metrical hierarchy determines durational cate-

gories for musical events, continuously variable timing de-

termines an expressive level of organization of rhythms 

[14]. Systematic deviations from the nominal durations are 
typically measured in ms or as a percentage of the nominal 

beat duration to allow for an easier comparison between 

music segments with different tempi (Figure 3). The phe-

nomenology of micro-timing has been discussed within 

the context of various music genres (see [9, 12, 45, 46] for 

some examples). Micro-timing modeling typically relies 

on statistical analysis of the timing of musical events over 

the duration of a performance to identify systematic, non-

isochronous patterns [10, 47]. 

 

Figure 3: Onsets (o) may not exactly align with the isoch-

ronous pulse and have expressive (micro) timing devia-

tions denoted with arrows (®). 

2.3 Polyrhythms 

Polyrhythms have been described in music theory as a 

form of metric dissonance [19, 20]. While consonant 
pulses align to give rise to the hierarchical structure of me-

ter, dissonant pulses intertwine. Typically, polyrhythms 

consist of pulses with distinct beat durations that are not 

simple integer multiples of one another. The ratio between 

the beat durations of the two pulses determines the length 

of the repetition cycle of the entire polyrhythm. The num-

ber of beats of each pulse within a cycle of the polyrhythm 

!!and !" are related to the beat durations of the two pulses 

"#!and "#": 

 "#!
"#" $

!"
!! (1) 

 

 

Figure 1: The metrical structure (bottom) emerging from 

The first two bars of “Conquest of Paradise” of composer 

Vangelis (top). Events are marked with (o). The three pulse 

levels of the metrical hierarchy ( | )  have periodicities of 

simple integer ratios 1:3:4 and are aligned with no phase 

differences. 

 

Figure 2: Example of a Non-Isochronous meter. The mid-

dle metrical level is non-isochronous and can be con-

structed as the Euclidean rhythm E(4,9). 

 

 

Figure 4: The 2|3 polyrhythm. A basic isochronous pulse 

subdivides both the 2-beat and the 3-beat pulses. 
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Polyrhythms can then be represented as !!%!".  Figure 4 

depicts a polyrhythm in which 2 beats of one pulse have 

the same duration as 3 beats of a second pulse. The pulses 

that constitute a polyrhythmic structure may have a com-

mon faster subdivision with a beat duration longer than the 

perceptual threshold of 100ms, resulting in a type of 

grouping dissonance or polymeter [21].  

2.4 Polyrhythms as flexible spaces 

In principle, onsets are assumed to belong to one of the 

pulses of a polyrhythm, even if they are not perfectly 

aligned. However, it has been proposed that in music from 

the African diaspora, the intervals between the pulses of a 

16|12 polyrhythm define a flexible space [23]. Events oc-

curring between a beat from the 12-beat pulse and a beat 

from the 16-beat pulse may have a ‘mixed’ character, be-

longing at the same time to both pulses. Here, we extend 

this concept of ‘mixed’ character events to create non-

isochronous grids that combine the character of both 

pulses of a polyrhythm. In this way, we formalize (micro) 
timing deviations from isochrony as a structural element 

of musical rhythms rooted in polyrhythms.  

3. NON-ISOCHRONOUS GRIDS 

3.1 Definition and construction 

Non-isochronous pulses are constructed from two isochro-

nous pulses of different periods. We will refer to the con-

structed non-isochronous pulses as grids (NI grids) to bet-

ter distinguish them from isochronous pulses. The NI grid 

is formed by gradually changing the positions of the beats 

of one isochronous pulse towards a proximate beat of the 

other pulse. We call the first pulse the ‘formative’ pulse 
and the later pulse the ‘target’ pulse of the NI grid (Figure 

5). The new beat positions for the NI grid are determined 

by: 

 &# $ '# ( )# * +#$ , '#- (2) 

where i is the beat index of the formative pulse, '# is the 

formative’s beat time, #$  is the target’s proximate beat 

time and )# is the ‘shift’ as a fraction of the distance be-

tween the two beats taking values in the range [0, 1].  

In principle, each beat may be shifted independently to 

form an NI pattern with multiple durations. Here, we ex-

amine the case of a uniform shift, where all formative beats 

are shifted by the same parameter S towards the nearest 

beat of the target pulse. Then, as S goes from 0 to 1, the 

formative pulse is being ‘morphed’ into the target pulse. 
While the relative shift S is uniform, the individual beat 

displacements in time units (e.g. ms) will still have differ-

ent values as the distance between the beats of the two 

pulses is not the same for all beats. Furthermore, S can also 

exhibit dynamic variations. In this sense, it should be un-

derstood as analogous to tempo, which can serve as a uni-

form parameter within a given time span and can also ex-

hibit variations over the duration of a piece.   

NI grids constructed by a uniform shift consist of only 
two beat classes, which we refer to as Short and Long for 

simplicity. If "' is the period of the formative pulse and 

"# the period of the target pulse, then the two beat classes’ 

durations are: 

 "& $ ./ , )0 * "' ( ) * "# * 1 (3) 

where, k can take one of two values: 

 1%&'() $ 2"'"#3 $ 45 1*'+, $ 6"'"#7 $ 4 ( / 
(4) 

where 8 9 and : ; denote the floor and ceiling functions. 

The durations of the Short and Long beats are limited 

within a NI grid. For ) $ <, both the Short and Long beats 

have a duration equal to the period of the formative pulse=
"', which is the upper limit for the Short beats and the 

lower limit for the Long beats. Conversely, for ) $ /, the 

Short beats reach their shortest duration and the Long beats 

their longest duration which are=>?@ABAC=DEF@>GFAH=IJ=@KA=
LECM@>I?= IJ= @KA= GAC>IL= IJ= @KA= @MCBA@= GEFHA="# . When 

"' N "#, i.e. !- O !. , then 1%&'() $ < and  1*'+, $ / 

and therefore the Short beats can reach a duration of 0.=
By construction, the total number of beats of an NI grid 

is the same as the number of beats of the formative pulse.  

The number of Long beats of an NI grid can be calculated 

as the remainder of the division between the number of 

beats of the formative and target pulses: 
 !*'+, $ !.=P=!- (5) 

3.2 Maximal evenness in NI grids 

One of the key properties of the NI grids is that the Short 

and Long beats are evenly distributed; a direct conse-

quence of the underlying polyrhythmic pulses being isoch-

ronous and the shift S being uniform. Different alignments 

of the pulses result in different rotations of the Short-Long 

beat pattern.  

So far, we have examined shifts of the formative beats 

towards the nearest target beats. The above equations and 
the even distribution of the Short-Long beat classes also 

apply to shifts towards the next or previous target beat. Ar-

bitrary combinations of the shifts, e.g. some towards the 

nearest beat and others towards the next beat, may also re-

sult in an even distribution of the two beat classes. How-

ever, this is guaranteed only when all formative beats fol-

low the same rule. In Figure 6, the example of a 6 beat 

formative pulse and an 8 beat target pulse is shown. It fol-

lows from Eqn (5) that the number of Long beats in the 

resulting NI grid is 2, and the remaining 4 are Short. The 

different alignments of the formative and target pulses in 

Figure 6 produce the same Short-Long beat pattern but in 
different rotations.  

  Given a polyrhythm=!-%!.=and its total duration, Eqns 

(3 - 5) can be used to calculate the durations and number 

of Long and Short beats in the corresponding NI grid as a 

 

 

Figure 5: Construction of a non-isochronous grid by uni-

formly shifting the beats of a formative pulse towards the 

nearest beat positions of a target pulse.  
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function of the shift S. The NI grid can then be produced 

directly by the Euclidean algorithm as a maximally even 

distribution of the two beat classes [1, 41, 43]. 

NI grids can be represented as polyrhythms with the ad-

ditional parameter S: &Q.!-%!. 5 )0. However, in contrast 

to polyrhythms, the order that the two pulses appear in the 

NI grid definition is important. The formative and target 

pulses are not equivalent as can easily be seen from Eqn 

(5), where the  modulo operation is not commutative, and 

the fact that the number of beats of an NI grid is equal to 

the number of beats of the formative pulse, but not of the 

target pulse. 

As a consequence of the even distribution of the Long 

and Short beats, every Euclidean pattern can be con-

structed as a NI grid (see Figure 7 for an example taken 
from [43]). In fact, it follows directly from the construction 

of Euclidean patterns that Euclidean patterns are equiva-

lent to NI grids with a shift S = 1: 

 R.S5T0 $ &Q.S=%=T5 /0 (6) 

Since the levels of a metrical hierarchy are evenly dis-

tributed, they can be constructed from NI grids. For NI me-

ters, the process is similar to the construction of Euclidean 

patterns. However, typically, meters include isochronous 

pulses at all levels of their hierarchy and, therefore, these 
meters can be constructed from degenerate NI grids for 

which the Short and Long beats have the same duration.  

4. APPLICATION TO SAMBA PERFORMANCES  

Music events may be assigned to the beats of an NI grid. 

Similar to beat tracking, analyzing an observed durational 

pattern requires aligning event onsets with beats. As not all 

beats in an NI grid are necessarily articulated, there may 

be more than one NI grid that fits the rhythmic pattern. In-

formation about the polyrhythmic structures that may be 

expected for the music at hand can help reduce the search 

space and find meaningful solutions. Here, we demon-

strate the potential of the model in musical rhythm analysis 

by constructing NI grids that fit the durational patterns 
found in Brazilian samba.  

Various rhythmic patterns of samba recordings have 

been reported in the literature [9–11, 13]. They are consid-

ered a characteristic feature of the performances and an in-

tegral part of the style, although the degree of deviation 

from isochrony as well as the specific non-isochronous 

patterns measured vary between studies. In [10], the same 

Samba rhythm was recorded at three different tempi. From 

the recordings, mean durations of the four events that make 

up the basic repetitive pattern were calculated. The results, 

which are summarized in Table 1, show that all three tempi 

follow the same general Medium-Short-Medium-Long du-
rational pattern. The relative durations however are differ-

ent at each tempo, with the fast and preferred tempi show-

ing the most similarity and the slow tempo being more dis-

tinct and closer to isochrony with a characteristic length-

ened last event. Additionally, the two Medium events (1 

and 3) were reported to be significantly different between 

them, indicative of Medium-Short and Medium-Long du-

ration [10]. 

Here we hypothesize that the observed non-isochronous 

patterns of  Table 1 are the result of an underlying poly-

rhythmic structure and we attempt to reproduce them as: 
1) NI grids with a 4-beat formative pulse and 3-beat target 

pulse (section 4.1), and 2) NI grids with a 5-beat formative 

pulse and a binary target pulse (section 4.2). In section 4.3, 

we use the NI grids to propose potential explanations for 

the differences in the observed durations between the three 

tempi. 

4.1 The 4-beat formative pulse hypothesis 

Our first hypothesis is that the basic Samba pattern (Table 

1) emerges from an underlying 4|3 polyrhythm. From Eqn 

(5), it follows that the corresponding NI grid consists of 3 

 

Tempo - BPM 
Event number 

1 2 3 4 

Measured in ms  

Fast - 133 
121 

±7.1 

69  

±6.0 

112 

±5.1 

153 

±8.6 

Preferred - 100 
157 

±8.7 

110 

±8.4 

142 

±5.8 

196 

±9.0 

Slow - 69 
212 

±9.7 

198 

±12.4 

206 

±6.6 

256 

±9.5 

Measured in percent of the total duration 

Fast - 133 27 15 25 34 

Preferred - 100 26 18 24 33 

Slow - 69 24 23 24 29 

Table 1: Mean durations and standard deviations of the 

four events of the basic Samba pattern from [8, Tbl. 3].  

 

 

Figure 7: The Cuban cinquillo pattern is the Euclidean 

rhythm R.U5V0 and the NI grid &Q.U=%=V5 /0. 

 

 

Figure 6: Three different alignments of a formative pulse 

with 6 beats and a target pulse of 8 beats produce the same 

pattern of evenly distributed Short-Long (L/S) beats, but 

in a different rotation. In A and B, all formative beats are 

shifted towards the nearest target beats. In C, the formative 

beats are all shifted forward, i.e. always towards the next 

target beat. 
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Long beats and a single Short beat. Since the NI grid has 

the same number of beats as the number of events in the 
Samba pattern, all four beats coincide with an event 

(Figure 8) and the shortest event duration (event 2) is 

aligned to the Short beat of the NI grid. Then, S is chosen 

so that it minimizes the difference between the theoretical 

beat durations and the mean event durations for the three 

different tempi. The results are summarized in Table 2. 

The three different Samba patterns correspond to three 

different shifts S, so that events 1 and 2 of the Samba pat-

tern are well aligned to the NI grid at all three tempi. How-

ever, since the NI grids consist of only two beat classes, 

events 1, 3 and 4 are matched to beats with the same dura-

tion and therefore this model cannot capture the character-
istic longer 4th event and the difference in the durations of 

the two Medium events (1 and 3).  

4.2 The 5-beat formative pulse hypothesis 

Our second hypothesis is that the observed Medium-Short-

Medium-Long pattern stems from the superposition of  5-

beat and a binary pulse. Since only 4 of the 5 beats of the 

NI grid coincide with events, the two beat classes may pro-

duce three distinct event durations and in this way repro-

duce more accurately the event durations in the pattern 

(Figure 9, top). As in the previous hypothesis, the Short 

beat is aligned with event 2. The longer fourth event in this 

hypothesis spans two beats. 

In the fast and preferred tempi, the length of event 4 is 

roughly double of the 2nd event and therefore we hypothe-

size that it spans two Short beats. Consequently, NI grid 

consists of 3 Short beats and 2 Long beats and therefore it 

is derived from a 5|2 polyrhythm. In the slow tempo, the 
difference between the duration of event 4 and the rest of 

the events is smaller. Our hypothesis is that this longer 

event spans two beats but not of equal durations. Since the 

first 3 events have similar durations, we hypothesize that a 

NI grid based on a 5|4 polyrhythm can reproduce this pat-

tern, with the 3 Long beats aligned to the first 3 events. 

Finally, as previously, S is chosen to minimize the differ-

ence between the theoretical and observed mean durations. 

The results are summarized in Table 3. 

The 5-beat formative pulse hypothesis reproduces more 

accurately the observed Samba pattern. The differences 
between the theoretical and observed durations are below 

the respective standard deviations, except for event 2 and 

3 at the preferred tempo. This is indicative of the inability 

of the 5|2 model to capture the subtle difference between 

the two Medium events.  

Introducing a subdivision to the Formative and Target 

pulses can address the above shortcoming of the model. A 

 

 

Figure 8: Potential NI grids with a 4-beat formative pulse 

for the Samba patterns of Table 1. A hypothetical align-

ment between the target (T) and formative (F) pulses is 

shown. The NI grids are specified on the left. The four 

events from Table 1 and the corresponding mean durations 

are indicated by grey circles and the integer numbers at the 

top. 

Tempo  

NI grid 

Event number 

1 2 3 4 

Fast  

NI(4|3, 0.39) 

128.7 

(7.7) 

69 

(0.0) 

128.7 

(16.7) 

128.7 

(24.33) 

Preferred 

NI(4|3, 0.27) 

165.0 

(8.0) 

110.0 

(0.0) 

165.0 

(23.0) 

165.0 

(31.0) 

Slow 

NI(4|3, 0.09) 

224.7 

(12.7) 

198.0 

(0.0) 

224.7 

(18.7) 

224.7 

(31.3) 

Table 2: Theoretical durations in ms for the four samba 

events based on the NI grids of Figure 8. In parenthesis, 

the differences between the predicted durations and the ob-

served mean durations for the respective events are shown 
for comparison with the standard deviations reported in 

Table 1. Difference greater than the respective standard de-

viations are shown in bold.  

 

 

 

Figure 9: Potential NI grids with a 5-beat formative pulse 

(specified on the left) for the patterns in Table 1 (indicated 

here with grey circles) for the three different tempi. Two 

alternative NI grids are shown for the preferred and slow 

tempo duration patterns. 
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10|4 NI grid can reproduce the differences between the du-

rations of event 1 and 3 (Figure 9 and Table 3,  alternative 

NI grids). The period of the 10-beat Formative pulse at the 
this tempo is 61ms, which is below the perceptual thresh-

old mentioned in section 2.1 for metrical subdivisions. 

Nevertheless, it may still be a plausible hypothesis consid-

ering the shortest event duration in the pattern at hand is 

69ms. A similar hypothesis for the fast tempo would result 

in a period of 46ms for the Formative pulse, which was 

considered too fast within this context and was ommited. 

At the slow tempo, the alignment of the 10-beat Formative 

pulse is identical to the 5-beat one and thus offers no ad-

vantage.  

4.3 Tempo dependence 

The above hypotheses provide alternative explanations to 
those given in [10] for the tempo dependence of the basic 

samba pattern.  

In the 4-beat formative hypothesis, we reproduce the 

patterns by gradually changing the shift S, from an almost 

purely binary pattern at slow tempo to a mixed character 

pattern at faster tempi. As the tempo becomes faster, the 4-

beat pulse approaches the lower threshold for a metrical 

subdivision and events are pulled from their formative po-

sitions (period of 114ms) towards the ternary subdivision 

(period of 151ms), which is still significantly above the 

threshold. 
In the 5-beat formative hypothesis, the tempo depend-

ence is explained by the introduction of a subdivision in 

the target pulse at the slow tempo and change to the poly-

rhythmic structure from 5|2 to 5|4. At the preferred tempo, 

the small value of S indicates that events are mainly at-

tracted to the faster 5-beat pulse (period of 121ms) and to 

a lesser extend to the slower binary subdivision (period of 

303ms). As the tempo increases, S moves towards the bi-

nary pulse, possibly due to the 5-beat pulse crossing the 

100ms threshold (91ms period). At the slow tempo, the bi-

nary pulse is subdivided, resulting in pulses with moderate 

periods (174ms for the 5-beat pulse and 218ms for the 4-

beat pulse) and a more mixed character pattern. 

5. CONCLUSION 

In this paper, we formalize a novel model for non-isochro-

nous and micro-timing rhythmic patterns that departs from 

theoretical and cognitive models that emphasize the hier-

archical grouping of isochronous pulses prevalent in West-

ern classical music theories. Instead, our model is rooted 
in non-hierarchical polyrhythmic relationships, such as 

those found in African polyphony. By incorporating poly-

rhythmic structures consisting of two pulses, our approach 

integrates both the structural/macro level and the expres-

sive/micro level of musical rhythms, which are tradition-

ally treated as separate. The resulting construct of non-

isochronous (NI) grids unifies these levels within a novel 

framework. Non-isochronous groupings such as the Eu-

clidean rhythms are then a special case of the model. 

While, NI grids can model systematic timing deviations 

from isochrony, not all deviations from isochrony can be 

accounted for by NI grids, and expressive timing may in-
troduce micro-timing deviations to NI grids. 

Our model is a music-theoretical one and is not intended 

to represent cognitive processes directly. However, some 

of its predictions may be relevant to music cognition. For 

example, it has previously been argued that only two beat 

classes, Long and Short, are perceptually relevant and that 

Medium duration events must be understood as expressive 

variants of these two beat classes [48]. A subsequent study 

showed that this is indeed the case in Mali Drum Ensemble 

music [49]. Our model makes similar predictions about the 

existence of only two beat classes, albeit for different rea-
sons and with different implications for the observed pat-

terns. To assess the perceptual relevance of these predic-

tions, further analysis of musical performances and behav-

ioral experiments are needed. 

The potential of non-isochronous grids in music analy-

sis was demonstrated in the example of Brazilian Samba. 

We developed two concrete hypotheses for the basic 

Samba pattern reported in the literature [10], which model 

the most salient features of the measured event durations 

and offer alternative explanations and interpretations for 

their tempo dependence. Polyrhythmic interpretations of 
the non-isochronous patterns observed in Samba perfor-

mances have been hypothesized before, for example in [9]. 

However, such hypotheses are typically explored in a phe-

nomenological and abstract, conceptual form. Our model 

provides the basis for a formalized method of determining 

the details of the polyrhythmic and micro-timing character 

of the observed durational patterns. 

A future study will further test our preliminary hypoth-

eses and compare them with other accounts of samba pat-

terns. For example, we will investigate the possibility that 

some of the variation in measured durations may be due to 

a dynamic shift S that changes from one repetition of the 
pattern to the next. In addition, we will explore the devel-

opment and evaluation of automated methods for discov-

ering NI grids that can account for the durational patterns 

observed in music from various genres and music tradi-

tions. 

 

Tempo  

NI grid 

Event number 

1 2 3 4 

Fast  

NI(5|2, 0.18) 

115.7 

(5.3) 

74.5 

(5.5) 

115.7 

(3.7) 

149.0 

(3.9) 

Preferred 

NI(5|2, 0.16) 

150.8 

(6.2) 

101.2 

(8.8) 

150.8 

(8.8) 

202.3 

(6.3) 

Slow 

NI(5|4, 0.71) 

205.3 

(6.7) 

205.3 

(7.3) 

205.3 

(0.7) 

256.0 

(0.0) 

Alternative NI grids 

Preferred 

NI(10|4, 0.55) 

164.9 

(7.9) 

110.3 

(0.3) 

137.6 

(4.4) 

192.2 

(3.8) 

Slow 

NI(10|4, 0.71) 

205.3 

(6.7) 

205.3 

(7.3) 

205.3 

(0.7) 

256.0 

(0.0) 

Table 3: Theoretical durations in ms for the four samba 

events based on the NI grids of Figure 9. In parenthesis, 

the differences between the theoretical durations and the 

observed mean durations for the respective events are 

shown. Differences greater than the respective standard 

deviations are shown in bold.  
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