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Abstract. The connection of “groove” with low-level features in the audio
signal has been mostly associated with temporal characteristics of fast
metrical structures. However, the production and perception of rhythm in
Afro-Brazilian contexts is often described as a result of multiple experience
flows, which expands the description of rhythmical events to multiple features
such as loudness, spectrum regions, metrical layers, movement and others. In
this study, we analyzed how the microtiming of samba music interacts with an
expanded set of musical descriptors. More specifically, we analyzed the
interaction between fast timing structures with meter, intensity and spectral
distribution within the auditory domain. The methodology for feature detection
was supported by a psychoacoustically based auditory model, which provided
the low-level descriptors for a database of 106 samba music excerpts. A
cluster analysis technique was used to provide an overview of emergent
microtiming models present in the features. The results confirm findings of
previous studies in the field but introduce new systematic devices that may
characterize microtiming in samba music. Systematic models of interactions
between microtiming, amplitude, metrical structure and spectral distribution
seem to be available in the structure of low-level auditory descriptors used in
the methodology.

1. Introduction
The connection of “groove” with low-level features of the audio signal has always been
associated with the detection of rhythmical events and more specifically with the
temporal characteristics of fast rhythmical structures. It has been suggested that the
sensation of groove may be induced by small idiomatic variations of these rhythms,
defined as a series of event shifts at a constant tempo (Bilmes 1993; Desain and Honing
1993; Gouyon 2007), or simply microtiming. In this study, we concentrate on the
microtiming aspect of samba music, and how timing interacts with meter, intensity and
spectral distribution.
Although the word “groove” may be closely related with music styles originating from
the African-American diaspora, the induction of the groove feeling is also a common
element in other musical contexts. Hennessy (2009) studied the groove in Cape Breton
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fiddle music (Canada) from the perspective of rhythmical formulas. Johansson (2005)
studied microtiming and interactions with melodic patterns in Norwegian traditional
fiddle music. Friberg and Sundstrom (2002) verified that eight-notes patterns are
systematically performed in long-short patterns in jazz performances. The notion of
swing in jazz and its correlations with pitch and phrasing was also studied in detail by
Benadon (2003; 2006; 2009). Other studies tried to understand the notion of groove in
different styles. McGuiness (2006) analyzed microtiming in different styles of music.
Madison (2006) studied the consistence of the subjective grooving experience among
subjects using music styles such as jazz, samba, Indian, Greek and Western African
Music.
Recent studies have been concentrating on the characteristics of microtiming in AfroBrazilian musical contexts. Gouyon (2007) analyzed the patterns of deviations of 16thnotes in samba-de-roda using a computational approach and a dataset of commercial
recordings. Lindsay and Nordquist (2007) measured the microtiming of recordings of
samba instruments using standard spectrograms. Part of the extensive study of Lucas
(2002) about the Congado Mineiro was dedicated to the analysis of microtiming, based
on field recordings in Minas Gerais. Gerischer (2006) connected several descriptions of
the context of samba in Bahia with a systematic analysis of microtiming based on field
recordings. Curiously, all of these studies describe systematic anticipations of the 3rd an
4th 16th-notes, which may configure a strong aspect of the Afro-Brazilian music styles.
1.1. Multidimensionality in Afro-Brazilian contexts
Gerischer claims that the rhythmical experience in samba should be understood as a
multidimensional process based on oral traditions (Gerischer 2006, p.115) and aligned
with the characteristics of African and Afro-Brazilian roots. Indeed, the culture of
samba shares and incorporates the “coordination of multiple experience flows” (Stone
1985) of Afro-Brazilian rituals, which are claimed to be at the root of Afro-Brazilian
music (Sodré 1979; Carvalho 2000; Fryer 2000; Sandroni 2001). A typical description
of Candomblé ceremony demonstrates how these dimensionalities interact with each
other in a certain context, and how the context is influenced by the musical experience:
“The dancers dance with great violence, energy, and concentration.
Getting really involved in the rhythm and movement…The drummers…
can play certain signals in the rhythmic pattern to cause the dancing to
take a violent turn … One method is for one drum to syncopate the rhythm
slightly (another one maintaining it) such that a strong beat falls just
before the main beat…. This gives a impression of increased speed when
this is not really the case, and creates tension and feeling of imbalance in
the listener or dancer” (Walker 1973; quoted by Fryer 2000)
In this ritualistic interaction between dance and music, music seems to be induced or
induces a connection between timing and accents, a system of metrical levels,
polymetric lines, instrumental textures, and a systematic mechanism of tension that
provokes movement and cohesion. The musical elements in the samba culture seem to
have inherited this structure of rituals and same multidimensionality. This aspect may
be essential to describe rhythmic experience in Afro-Brazilian contexts or other cultural
contexts influenced by African diaspora.
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In this paper, we tried to investigate part of this multidimensional description of
rhythmic experience using a systematic method based on computational approaches. We
developed a methodology that describes interactions between timing, metrical levels,
intensity and spectral distributions from musical audio. The methods include a
psychoacoustically inspired feature detection (section 2.2.1) and a heuristic for
microtiming detection (Section 2.2.2). The set of multidimensional descriptors of
microtiming are extracted from a database of 106 music excerpts, and are then clustered
using machine learning methods (section 2.2.3). By using these procedures, we aim at
providing an overview of multidimensional interaction between microtiming and other
mentioned features, which may help to uncover the elements of groove induction and
thus improve the study of music forms within the Afro-Brazilian context.

2. Methodology
2.1. Data set
The dataset analyzed in this study consists of 106 excerpts of music collected from
commercial CD’s (median of durations = 33 seconds). The range of genres covered by
this sample includes music styles influenced by Rio de Janeiro’s samba, such as samba
carioca, samba-enredo, partido-alto and samba-de-roda (Bahia). The excerpts were
stored in mono audio files with a sample rate of 44.100 Hz / 16 bits and normalized by
amplitude. Beat markers and the metrical positions of the first annotated beat (1st or 2nd
beat, 2/4) were manually annotated by 3 specialists using the software Sonic Visualizer
(see Cannam, Landone et al. 2006).
2.2. Analysis
Our analysis was developed in 3 stages: (2.2.1) definition of low level features and
spectral regions, (2.2.2) segmentation of metrical structures and extraction of event
features, and (2.2.3) clustering of multidimensional information.
2.2.1 Definition of low level features and spectral regions
2.2.1.1. Auditory model
In order to provide an robust low-level feature for the representation of musical tessitura
we used an implementation of the auditory model described in Van Immerseel and
Martens (1992), implemented as a .dlib library for Mac OSX. This auditory model
simulates the outer and middle ear filtering and the auditory decomposition in the
periphery of the auditory system. This results in loudness patterns distributed over the
audible spectrum (for more details see Van Immerseel and Martens 1992, p. 3514). The
configuration used in this study provides 44 channels of loudness curves with sample
frequency at 200 Hz, distributed over 22 critical bands (center frequencies from 70 Hz
to 10.843 Hz). Figure 1 displays an auditory image (or loudness curves) generated from
the auditory model of the excerpt 22.
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Figure 1. Loudness curves generated from the auditory model. The 44
envelope curves (0:1 x 44 channels) represent a simulation of loudness in each
auditory channel.

2.2.1.2. Segmentation of spectral distributions
The current knowledge about samba forms accounts for relatively stable configurations
of musical instruments (and their musical functions) across the musical tessitura and the
musical function of each instrument is often related with its timbre. Timbre can be
roughly represented by low-level descriptors in the frequency domain or, in our case, by
loudness amplitudes in time distributed in auditory channels. The spectrum of the low
bass samba percussion, Surdo, is mostly concentrated in the lower part of the audible
spectrum. Tamborims, repiniques, vocal parts and other instruments occupy the mid
frequency region of the auditory spectrum. Ganzás and different kinds of shakers will
tend to occupy the higher spectrum regions. Although the frequency components of
these instruments will overlap each other in the time and frequency domain (particularly
during transients at attacks points), the spectrum signature of each timbre is relatively
discriminated from each other. Figure 2 displays the analysis of the spectrum of four
kinds of samba instruments and the distribution of central frequencies of the auditory
model within the audible spectrum.
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Figure 2: Spectrum analysis of a typical samba percussion set ensemble
(hamming window, 4096 points, 1/5 octave smoothing). The distribution of the
central frequencies of the auditory channels across the frequency domain is
indicated by the [o] marks (arbitrary amplitude). The divisions A and B indicate
the segmentation of the auditory channels in 3 groups (low, mid and high).

Each sound excerpt was processed by the auditory model, which resulted in 44 loudness
curves (44 auditory channels). The loudness curves were averaged in 3 loudness curves
that reflect estimated distributions of tessitura: low-frequency region – channels 1:6,
mid-frequency region – channels 7:30 and high-frequency region - channels 31:44 (for a
similar procedure see Lindsay and Nordquist 2007).
2.2.2. Segmentation of metrical structures and extraction of features
The interactions between features may differ if different metrical layers are taken into
consideration, which means that variations of timing, amplitude and spectrum may
change if observed in relation with musical beats or bars. We define metrical levels as a
set of hierarchical levels that can be operationally represented by multiples and
divisions of the beat positions (e.g.: 1-beat, 2 beats, 1/2 beat). Current knowledge about
the samba forms indicates that samba music has a well-defined beat level, consisting of
a binary bar structure (2 beats) and a fast metrical onset structure at a mathematical ratio
of ! of the beat (known as tatum layer). Each metrical element of the microtiming level
will be referred to as 16th notes (mathematical subdivision of 1/4 of the beat). The shifts
of the mathematical position of the 16th-notes will be described in relation with 2 macro
levels, namely the beat (1-beat) and bar (2-beat) levels.
The annotation of beat and bar positions is essential for the segmentation of metrical
structures. Manual beat annotation provides a proper human evaluation of the beat
points but lacks precision at a microtiming level. Automatic beat annotation is precise at
microtiming level and relies on the use of a systematic rule in order to find the beat
positions. However, the analysis of samba music with software such as Beatroot (Dixon
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2007) and Sonic Visualizer (Cannam, Landone et al. 2006) resulted in poor beat
tracking results, probably influenced by the characteristic rhythmic complexity of the
samba music. Therefore, we opted to combine manual and automatic approaches in a
heuristics that looks for relevant peak events in the proximity of manual annotation. The
applied method is described below and in the Figure 3.
Segmentation of metrical structures and microtiming
Initial
Beat annotation

Phase 1)
Phase 2)

Math. subdivisions

Final
Beat annotation
1/4

2/4

3/4

Amplitude

Phase 3)

Phase 4)

Threshold

Phase 5)

Time

Mean

...

Beat length
Phase 6)

p1
p1
p3
p4

... pN

Grid:
Limits of the searching window
Manual anotation

Figure 3: Description of the heuristic used for segmentation. See text below for
the explanation of each step.

Description of the algorithm:
For each excerpt, for each spectral region, for each metrical level,
Phase 1. Retrieve beat points and time interval of the actual metrical segment from the manually
annotated beats (e.g.: inter beat interval, inter-bar interval).
Phase 2. Project the mathematical divisions of the microtiming points, here defined as ! of the beat
length (e.g. inter-beat interval/4)
Phase 3. Look for the peaks in the proximity of/ within the range of manual annotation (length of the
window = microtiming period)
Phase 4. Select a higher peak situated above a determined threshold (if there are no peaks above
threshold, retrieve NaN).
Phase 5. Extract the mean peak position of the first peaks of the 3 spectral regions. Therefore, all
positions (including positions in different spectral regions) have the same beat reference.
Phase 6. Retrieve position and amplitude of the highest peak in close proximity of the mathematical
subdivisions.
Phase 7. Retrieve features: (A) the normalized length in relation with the length of metrical layer, (B)
peak amplitudes, metrical levels (C) and spectral regions (D)
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The result of this process is a multidimensional feature description of microtiming,
represented by four kinds of indicators: (A) the position of the peak in relation with the
metrical layer, (B) the intensity of the peaks, (C) the region in the spectra and (D) the
metrical level.
The definition of the length of the metrical level is crucial for the projection of
microtiming ratios. However, the definition of precise beat length information is not
trivial. Apart from the problems with automatic and manual beat annotation, first peak
positions are often different for each region of the spectra. In order to provide a
referential point, the beat position is considered as the mean between the first peak
positions of the three spectral regions (Phase 5).
2.2.3 Clustering of multidimensional information
The information resulting from the feature detection is composed of (1) the ratios
between all peak positions and the metrical level length, (2) amplitude of the peak
(loudness curves), (3) metrical level and (4) spectral region (low, mid, high). In order to
find trends and interactions between these feature components, we carried out a k-means
clustering based on an improved extension of the basic k-means algorithm (Pelleg and
Moore 2000). We configured the algorithm to retrieve a minimum of 3 and a maximum
of 5 clusters and it was implemented in Weka platform (Witten and Frank).

3. Results
The results are displayed for metrical levels 1-beat and 2-beat. In this study, peak
positions are indicated as 16th-note positions. These positions represent the subdivision
of ! of the beat.
The cluster representations provide visual information about mathematical division of
the metrical levels (grids) and cluster affiliation. Different stem markers represent
different clusters. Ticks distributed along the horizontal axis have a resolution of 0.05
beats.
3.1. Metrical layer: 1-beat
The analysis of the 1-beat level resulted in three clusters displayed in Figure 4. The
representation of the cluster centroids shows a systematic anticipation of 3rd and 4th
peaks in all three frequency regions and in all three clusters. The first 16th-note of the
low-region is slightly delayed, especially in the cluster that shows higher energy c1-[o].
The second 16th-note seems to be accentuated in the mid- and high-region of the clusters
c1-[o] and c2-[x]. The high portion of the signal shows flat amplitudes in second half of
the beat in all clusters.
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Figure 4: Representation of centroids for 3 clusters and 5064 instances (beats).
Ranges of tick periods (0.05 beats) for each cluster: c1= 22:45 ms, c2= 20:52
ms, c3= 22:52 ms.

The database comprises a wide range of tempi, which implies that temporal information
represented in beat ratios denotes different temporal ranges in seconds. As for the 3rd
and 4th peaks, variations in Figure 4 seem to be greater than 0.025 beats but smaller than
0.05 beats, which indicates a range of anticipations between 10 and 52 ms. In the case
of the 1st 16th-note (low-region), the delay seem to correspond to a period smaller than
0.025 beats, or 21 ms (at the slower tempi).
3.2. Metrical level: 2 beats
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The clusters of the metrical level 2-beat offer a broad overview of microtiming
relations at the 2-beat (bar) level. The clustering process resulted in five clusters
displayed in Figure 5 and Figure 6.
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Figure 5: Representation of cluster centroids for 3 clusters and 1859 instances
(clusters 1,2 and 5, 2-beats). Ranges of tick periods (0.05 beats) for each
cluster: c1= 22:52 ms, c2= 20:45 ms, c5= 22:45 ms.
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Figure 5 shows clusters 1, 2 and 5. The results show the same systematic anticipations
of 3rd and 4th 16th-notes and a delay of the 1st 16th-note in the low-frequency region.
These microtiming deviations seem to affect the two beats at the bar level and show the
same temporal range at the metrical level 1-beat. In addition, the delay of the first 16thnote (low-frequency) seems to be more significant in the second beat. However, this
delay has a broader range, situated between 11 ms (for the fastest tempi in c1) and 45
ms (for the slower tempi of c2).
Peak amplitudes reveal more variability at this metrical level. While the peak of second
16th-note seems to be accentuated only in the mid-frequency region (1st beat), the fourth
16th-note is accentuated in the clusters 2–[x] and 5-[v]. However, in the 2nd beat, peak
amplitudes of the 2nd to the 4th 16th-notes are flattened.
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Figure 6 shows the results of the clusters 3 and 4. These results differ from the clusters
displayed before because they show increasing deviations accumulated along peak
positions.
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Figure 6. Cluster centroids for 2 clusters and 659 instances (clusters 3 and 4,
metric level 2-beats). Ranges of tick periods (0.05 beats) for each cluster: c3=
20:45 ms, c4= 20:52 ms.

Cluster c3-[*] shows an increasing anticipation in all regions and peaks. The
anticipation increases until the last 16th-note of the 2nd beat, which shows an anticipation
of almost 0.1 beat (from the mathematical rule At 1.75 beats). Cluster c4-[square],
shows the opposite behavior, displaying a crescent delay, from the first to the last 16thnote. A clear delay of the 1st 16th-note in the low-frequency region can also be observed.
The amplitude patterns seem to be similar to the observed amplitudes in clusters c1, c2
and c5.

4. Discussion
The systematic recurrence of anticipation in the 3rd and 4th 16th-notes in all metrical
levels and spectral regions seem to confirm the existence of a systematic artifact
described in previous studies about microtiming in samba music (Gerischer 2006;
Gouyon 2007; Lindsay and Nordquist 2007) and other Afro-Brazilian traditions (Lucas
2002). Variations of these peak positions seem to be greater than 0.025 beats but smaller
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than 0.05 beats. All this is situated within a range of anticipations between 10 and 52 ms
of the mathematical division of the beat (0.5 and 0.75 beats).
The systematic delay of 1st 16th-note positions in the specific low frequency region of
the spectrum for all metrical layers shows an observation not mentioned in previous
studies. It is well know that low-frequency spectrum is often dominated by commetric
beat patterns, performed by percussion instruments such as surdo or tantan, and that
these bass lines are often accentuated in the 2nd beat (Chasteen 1996; Sandroni 2001;
Moura 2004), which also seem to be reflected in our results. However, we were unable
to find references to any systematic delay of bass percussion instruments.
The delay of 1st 16th-note positions must be interpreted attentively. The temporal range
of delays in the low frequency region is very close to the sample period of the auditory
model (5 ms), which means that minimum significant delays found in the Figure 4, for
example, account for only 2-samples (10 ms) between the mathematical rule and peak
position. More research is needed to support this observation.
The occurrence of linear and crescent deviations, demonstrated in Figure 5, must be also
interpreted with care. The computation of clusters may have merged two recurrent
tendencies of outliers in the data set. However, the magnitude of instances represented
by these clusters (c3-15% and c4-11%) and similar cluster structures found in other
metrical levels above 2-beats (4-beats level, not shown in this study), indicate that they
reflect real microtiming structures represented in our data-set. If this hypothesis is
confirmed, the presence of these clusters may be attributed to rhythmic devices similar
to accelerando and ritardando forms. Although these rhythmical artifacts are widely
used to delimit phrases, endings and formal articulations in classical music, it is
surprising that such devices appear in our dataset. The range of these deviations indicate
that they are less clearly defined than the ones used in classical music, which may
configure a new microtiming device.
The variation of amplitudes demonstrate that microtiming in samba is subjected to
interactions with accents and meter. The flatness of 16th-note amplitudes observed in
clusters in all metrical levels, especially the 2-beat level, indicate the existence of
metrical cues encoded in the amplitude of microtiming structures. While the first beat
starts with a low-energy 16th-note in the low-frequency region and accents in the 2nd
(Figure 4) and 4th peaks (Figure 5), the 2nd beat starts with a characteristic strong bass
accent, followed by flat and low intensity 16-th notes. This oscillation of
multidimensional characteristics between beat positions may play an important role in
the induction of grooving and reinforce metrical properties.

5. Conclusion
In this study we analyzed the interaction between microtiming, meter, intensity and
spectrum. The results strongly confirm the systematic tendency of anticipations of the
3rd and 4th 16th-notes at the metrical level of 1 beat. It also shows the presence of two
new rhythmic devices that may characterize samba forms: (1) a small delay of the bass
lines and (2) systematic forms of acelerando and ritardando at a microtiming level.
Peak amplitudes seem to work according to two functions: (1) the induction of
systematic accents in the 3rd and 4th 16th-notes of the first beat (metrical level 2-beats)
and (2) an artful mechanism that interacts with energy between metrical structures and
spectral regions. The use of a psychoacoustically based feature as a low-level descriptor
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suggests that these observations are available as proximal cues in the periphery of the
auditory system. Moreover, the results show that microtiming can be understood as a
multidimensional device of musical engagement.
The present study does not intend to show an exhaustive overview of
multidimensionality of microtiming structures in Afro-Brazilian music. Other important
interactions inside and outside the auditory domain may influence the process. In
addition, more work is needed to elucidate the role and the magnitude of these findings
within the perception of groove induction.
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