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ABSTRACT

This paper presents a statistical method of rhythm tran-
scription that estimates the quantised durations (note val-
ues) of the musical notes in a polyphonic MIDI per-
formance (e.g. piano) signal. Hidden Markov models
(HMMs) have been used in rhythm transcription to com-
bine a model for music scores and a model describing the
temporal fluctuations in music performances. However,
when applied to polyphonic music, conventional HMMs
have a problem that they are based on representation of
polyphonic scores as linear sequences of chords and thus
cannot properly describe the structure of multiple voices.
We propose a statistical model in which each voice is de-
scribed with an HMM and polyphonic performances are
described as merged outputs from multiple HMMs, based
on the framework of merged-output HMM. We develop a
rhythm-transcription algorithm based on this model using
an efficient Viterbi algorithm. Evaluation results showed
that the proposed model outperformed previously studied
HMMs for rhythm transcription of polyrhythmic perfor-
mances.

1. INTRODUCTION

Music transcription is a fundamental problem in music in-
formation processing, requiring the extraction of pitch and
rhythm information from music audio signals. There have
been many studies on converting a music audio signal into
a piano-roll representation based on acoustic modelling of
musical sound [1, 2]. To obtain a music score, we must
recognise quantised note lengths (or note values) of the
musical notes in piano rolls. For this purpose, many stud-
ies have been devoted to solving the problem of convert-
ing MIDI performances to music scores, which is called
rhythm transcription or quantisation [3–12]. In accordance
with the general trend, statistical modelling has been gath-
ering attention recently in this field.

Hidden Markov models (HMMs) [13] are the most pop-
ular models used in recent studies on rhythm transcrip-
tion [5–10]. Indeed a monophonic score, when represented
as a series of musical notes, can naturally be described with
a Markov model. In addition, temporal fluctuations in per-
formances can be described by a continuous-space HMM
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with a latent variable corresponding to time-varying tem-
pos [10, 14, 15].

When HMMs are used for modelling polyphonic music,
we immediately face the problem of score representation.
A polyphonic score has multilayer structure, where con-
currently sounding notes are grouped into several streams
or, in music terminology, voices 1 . A conventional way
is to represent a polyphonic score as a linear sequence
of chords [7]. However, this representation may not re-
tain sequential regularities within voices, such as those
in polyrhythmic scores. Furthermore, properties of mu-
sic performance, like the phenomenon of loose synchrony
between voices [17, 18], cannot be captured without ex-
plicitly modelling the multiple-voice structure.

The purpose of this paper is to construct a statisti-
cal model for rhythm transcription that can describe the
multiple-voice structure of polyphonic music scores and
performances. We construct a model that describes poly-
phonic performances as merged outputs from multiple
component HMMs, each of which describes the generative
process of music scores and performances of one voice.
Our model is based on the merged-output HMM [19, 20],
which has been developed to describe, in an event-driven
manner, symbolic data of polyphonic music. We derive an
efficient inference algorithm that can simultaneously sep-
arate performed notes into voices and estimate their note
values. The proposed model is compared with previously
studied HMM-based models by evaluating the accuracy of
rhythm transcription for piano performances. A complete
model description and extended evaluation results will be
presented in our forthcoming paper [23].

The main contribution of this study is the construction of
a rhythm-transcription algorithm that can explicitly han-
dle multiple voices with guaranteed optimality. A statis-
tical model with multiple-voice structure based on two-
dimensional probabilistic context-free grammar (PCFG)
models has been studied [11,12], but the algorithms devel-
oped in those studies had to use provided voice information
or a pruning technique that would sacrifice optimality.

2. RELATED WORK

In this section, we review previous HMM-based models
for rhythm transcription and discuss the problem of poly-
phonic extensions.

1 In this paper, a ‘voice’ means a unit stream of musical notes that can
contain chords.
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Figure 1. Two different representations of a music score
in previously proposed HMMs.

2.1 HMM-Based Models for Monophonic Music

HMMs for rhythm transcription usually consist of two
component models; a score model describing the proba-
bility of a score and a performance model describing the
probability of a performance given a score. HMMs in pre-
vious studies [5–10] can be classified into two groups ac-
cording to the way the score model describes the sequence
of notes. In one class of HMMs for rhythm transcription,
which we call note HMMs, a score is represented as a se-
quence of note values and described with a Markov model
(Fig. 1) [5,6]. To describe the temporal fluctuations in per-
formances, one introduces a latent variable corresponding
to a (local) tempo that is also described with a Markov
model. An observed duration is described as a product of
the note value and the tempo that is exposed to noise of
onset times.

In another class of HMMs, which we call metrical
HMMs, a different description is used for the score model
[8–10]. Instead of a Markov model of note values, a
Markov process on a grid space representing beat positions
of a unit interval, such as a bar, is considered (Fig. 1). The
note values are given as differences between successive
beat positions. The same performance model as in note
HMMs can be used. Incorporation of the metre structure is
an advantage of metrical HMMs.

2.2 Polyphonic Extensions

There are two directions of polyphonic extensions: using a
simplified representation of polyphonic scores or using an
extended model describing multiple voices. The first direc-
tion is based on a fact that any polyphonic score can be rep-
resented as a sequence of chords or, more precisely, ‘note
clusters’ consisting of one or more notes as far as only on-
sets are concerned. For note HMMs, chordal notes can be
represented as self-transitions in the score model (Fig. 1)
and their inter-onset intervals (IOIs) can be described with
a probability distribution with a peak at zero [7]. Similar
extensions are possible for metrical HMMs.

For the second direction, a PCFG model has been ex-
tended to describe the multiple-voice structure of scores
[11]. In addition to the divisions of a time interval, dupli-
cations of intervals into two voices are considered. Unfor-
tunately, a tractable inference algorithm could not be ob-
tained for this model, and the correct voice information had

Figure 2. A polyrhythmic passage (Chopin’s Fantaisie Im-
promptu) represented as a sequence of chords.
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Figure 3. A schematic illustration of the merged-output
HMM. The symbols i(1)0 and i(2)0 represent auxiliary states
to define the initial transitions.

to be provided for evaluations. Takamune et al. state that
this problem is solved using the generalised LR parser [12].
Although detailed explanations are lacking, their method
uses pruning and its optimality is not guaranteed.

Although the above two descriptions of polyphonic
scores are both logically possible, there are instances in
which models based on the simplified representation can-
not describe the nature of polyphonic music well. First,
complex polyphonic scores such as polyrhythmic scores
are forced to have unrealistically small probabilities. This
is because such scores consist of rare rhythms in the sim-
plified representation even if the component voices have
common rhythms (Fig. 2). Second, the phenomenon of
loose synchrony between voices (e.g. two hands in piano
performances [17]), called voice asynchrony, cannot be
described. Indeed, the importance of incorporating the
multiple-voice structure in describing polyphonic music is
well-established in studies on score-performance match-
ing [17, 18]. The situation calls for a similar treatment of
multiple voices for polyphonic rhythm transcription.

2.3 Merged-Output HMM

Recently merged-output HMM has been proposed as an
HMM-based model for describing symbolic signals of
polyphonic music with multiple voices. In the model, each
voice is described with an HMM and the total signal is
represented as merged outputs from these HMMs (Fig. 3).
The merged-output HMM can be seen as a variant of fac-
torial HMM [21]. To appropriately describe the nature of
symbolic signals and capture sequential regularities within
each voice, only one of the component HMMs is involved
with each output in a merged-output HMM, whereas all
component HMMs contribute to every output in a standard
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factorial HMM. Basic inference algorithms for merged-
output HMMs have been provided in our previous stud-
ies [19, 20].

3. PROPOSED MODEL

We present an HMM-based model for rhythm transcrip-
tion that describes polyphonic performances with multiple-
voice structure. Given a polyphonic MIDI performance
signal, the model can simultaneously separate performed
notes into voices and estimate their note values. To con-
struct a model based on a previously studied HMM [7] and
apply the framework of merged-output HMM [19, 20], we
address the following issues: (1) pitches should be explic-
itly modelled to appropriately describe voices; (2) tempos
of multiple voices should be bound to assure loose syn-
chrony between voices. After explaining the note HMM in
detail in Sec. 3.1, a model satisfying these requirements is
presented in Sec. 3.2, and a sketch of inference algorithm
is given in Sec. 3.3.

A music score is specified by multiple sequences, cor-
responding to voices, of pitches and note values. Since
polyrhythm and voice asynchrony typically involve two
voices, we formulate the model with two voices indexed
by a variable s = 1, 2. A MIDI performance signal is
specified by a sequence of pitches and onset times.

3.1 Model for Each Voice

For each voice we first construct a model based on the one
presented in a previous study [7]. Let Ns be the number
of score notes in voice s and let r(s)

n denote the note value
of the n-th note. The note values r(s) = (r(s)

n )Ns
n=1 are

generated by a Markov chain with the probability given as

r(s)
1 ⇠ Cat(⇡(s)

ini ), (1)

r(s)
n |r(s)

n�1 ⇠ Cat(⇡(s)

r(s)n�1

) (n = 2, . . . , Ns), (2)

where Cat denotes the categorical distribution, ⇡(s)
ini =

(⇡(s)
ini,r)r is the initial probability, and ⇡(s)

r(s)n�1

= (⇡(s)

r(s)n�1,r
)r

is the (stationary) transition probability. Chordal notes are
represented as self-transitions of note values (Fig. 1). The
probability values are to be learned from music data.

To describe the temporal fluctuations, we introduce a
tempo variable, denoted by v(s)

n , that describes the local
tempo for the n-th note. To represent the variation of tem-
pos, we put a Gaussian Markov process on the logarithm
of the tempo variables as

ln v(s)
n |ln v(s)

n�1 ⇠ N(ln v(s)
n�1, �

2
v), (3)

where N denotes the normal distribution. If the (n�1)-th
and n-th notes belong to a chord, their IOI approximately
obeys an exponential distribution [15] and the probability
of the onset time of the n-th note, denoted by t(s)n , is then
given as

t(s)n |t(s)n�1 ⇠ Exp(�), (4)

where Exp denotes the exponential distribution and � is
the scale parameter. Otherwise, t(s)n � t(s)n�1 has a dura-
tion corresponding to note value r(s)

n�1 and the probability

is described with a normal distribution as

t(s)n |t(s)n�1, v
(s)
n�1, r

(s)
n�1 ⇠ N(t(s)n�1 + r(s)

n�1v
(s)
n�1; �

2
t ). (5)

The measured values of the parameters are �t = 0.02 s
and � = 0.0101 s [15] (the value of �v will be explained
later). Remarks should be made here: First, the number of
observed onsets must be Ns+1 so that there are Ns IOIs
corresponding to Ns score notes. Second, we do not put
a distribution on the onset time of the first note t(s)1 be-
cause we formulate the model to be invariant under time
translations and this value would not affect any results of
inference. We will use the notation v(s) = (v(s)

n )Ns
n=1 and

t(s) = (t(s)n )Ns+1
n=1 .

Finally we describe the generation of pitches p(s) =

(p(s)
n )Ns+1

n=0 as a Markov chain (we introduce an auxiliary
symbol p(s)

0 for later convenience). The probabilities are

p(s)
1 |p(s)

0 ⇠ Cat(✓(s)

p(s)
0

), (6)

p(s)
n |p(s)

n�1 ⇠ Cat(✓(s)

p(s)
n�1

) (n = 2, . . . , Ns+1), (7)

where ✓(s)

p(s)
0

= (✓(s)

p(s)
0 ,p

)p is the initial probability, and

✓(s)

p(s)
n�1

= (✓(s)

p(s)
n�1,p

)p is the (stationary) transition probabil-

ity. These parameters are to be learned from music data.
The above model can be summarised as an autoregressive

HMM, which we call a voice HMM, with hidden states
(r(s),v(s)) and outputs (p(s), t(s)). Although so far the
probabilities of pitches are independent of other variables,
they will be significant once multiple voice HMMs are
merged and the posterior probabilities are inferred.

3.2 Model for Multiple Voices

We combine the multiple voice HMMs in Sec. 3.1 us-
ing the framework of merged-output HMMs [19]. Sim-
ply speaking, the sequence of merged outputs is obtained
by gathering the outputs of the voice HMMs and sorting
them according to onset times. To derive inference al-
gorithms that are computationally tractable, however, we
should formulate a model that outputs notes incrementally
in the order of observations. This can be done by intro-
ducing stochastic variables s = (sn)N+1

n=1 , which indicate
that the n-th observed note belongs to voice sn, with the
following probability:

sn ⇠ Ber(↵1, ↵2), (8)

where Ber is the Bernoulli distribution. ↵sn represents
how likely the n-th note is generated from the HMM of
voice sn and, to improve the results of voice separation, we
put on the parameter conditional dependence on the lowest
and highest pitches of simultaneously sounding notes.

If voice sn is chosen, then the HMM of voice sn out-
puts a note, and the hidden state of the other voice
HMM is unchanged. Such a model can be described
with an HMM with a state space labelled by kn =

(sn, p(1)
n , r(1)

n , t(1)n , p(2)
n , r(2)

n , t(2)n , vn). Here we have a sin-
gle tempo variable vn that is shared by the two voices in or-
der to assure loose synchrony between them. P (kn|kn�1),
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for n � 2, is given as

↵snP (vn|vn�1)A
(sn)

r(sn)
n�1 r

(sn)
n

(p(sn)
n , t(sn)

n |p(sn)
n�1, t

(sn)
n�1; vn�1)

·
h
�sn1�r(2)n�1r

(2)
n

�
p(2)
n�1p

(2)
n

�(t(2)n�1 � t(2)n ) + (1 $ 2)
i
, (9)

where we have defined

A(s)

r(s)n�1r
(s)
n

(p(s)
n , t(s)n |p(s)

n�1, t
(s)
n�1; vn�1)

= ⇡(s)

r(s)n�1,r
(s)
n

✓(s)

p(s)
n�1,p

(s)
n

P (t(s)n |t(s)n�1, vn�1, r
(s)
n�1) (10)

and � denotes Kronecker’s delta for discrete variables
and Dirac’s delta function for continuous variables.
The probability P (vn|vn�1) is defined in Eq. (3), and
P (t(sn)

n |t(sn)
n�1, vn, r(sn)

n ) is defined in Eqs. (4) and (5).
For note values the initial probability is given as r(s)

1 ⇠
Cat(⇡(s)

ini ), and for pitches the initial probability is set as
in Eq. (6). The first onset times t(1)1 and t(2)1 do not have
distributions, as explained in Sec. 3.1, and we practically
set t(1)1 = t(2)1 = t1 where t1 is the first observed onset
time. Finally the output of the model is given as

pn = p(sn)
n , tn = t(sn)

n , (11)

and thus the complete-data probability is written as

P (k,p, t) =
Y

n

P (kn|kn�1)�pnp
(sn)
n

�(tn � t(sn)
n ). (12)

N = N1 + N2 denotes the total number of score
notes, and the following notations will be used: v =
(vn)Nn=1, p = (pn)N+1

n=1 , t = (tn)N+1
n=1 , and k =

(kn)N+1
n=1 . Note that whereas p and t are observed quanti-

ties, p(1),p(2), t(1), t(2) are not because we cannot directly
observe the voice information encrypted in s.

3.3 Inference Algorithm

Rhythm transcription based on the proposed model can be
performed by estimating the most probable hidden state se-
quence k̂ given the observations (p, t). Once k̂ is obtained,
we can extract the voice information ŝ and the note values
r̂(1) and r̂(2). These are the result of voice separation and
rhythm transcription.

The maximisation of the probability P (k|p, t) can be in
principle done with the Viterbi algorithm [13]. However,
due to the complexity of our model, we need refinements
to the standard Viterbi algorithm to derive a computation-
ally tractable algorithm. First, since the state space of the
merged-output HMM in Sec. 3.2 involve both discrete and
continuous variables, an exact inference is not computa-
tionally tractable. To solve this problem, we discretise the
tempo variable in a range that is common in music prac-
tice. Other continuous variables t, t(1), and t(2) can take
only values of observed onset times and thus can, in effect,
be treated as discrete variables.

Second, it appears that a Viterbi algorithm derived in the
way proposed in [19] has rather large computational cost
for the present model and in practice difficult to execute.
The large computational cost derives from the fact that
we need to model pitches and onset times for the voice
HMMs. This problem can be reduced by noting that the
pitch and onset time are observed quantities and can be

represented by a variable describing the historical infor-
mation of voices associated to notes, as suggested in [20].
Extending the formalism of introducing a latent variable to
describe this information, we can derive an efficient algo-
rithm. Details will be given in our forthcoming paper [23].
We have confirmed that this algorithm can be executed in
a standard modern computer environment with a practical
time (within a few hours for a performance with hundreds
of notes).

4. EVALUATION

4.1 Setup

We evaluated the proposed model by comparing the ac-
curacy of its rhythm transcription with that of previously
studied models based on HMMs. Two data sets of MIDI
recordings of classical piano pieces were used. One
(‘polyrhythmic’ data set) consisted of 18 performances
of 15 (excerpts of) pieces that contained 2 against 3 or
3 against 4 polyrhythmic passages, and the other (‘stan-
dard polyphony’ data set) consisted of 30 performances
of 22 pieces that did not contain polyrhythmic passages.
Pieces by various composers, ranging from J. S. Bach to
Debussy, were chosen and the players were also various:
Some of the performances were taken from the PEDB
database [22], a few were performances we recorded, and
the rest was taken from public domain websites.

All normal, dotted, and triplet note values ranging from
the whole note to the 32nd note were used as candidate
note values. The transition and initial probabilities of the
note values and pitches, and the value of ↵s, were learned
from a data set of classical piano scores that had no overlap
with the test data. For the tempo variable, we discretised vn
into 50 values logarithmically equally spaced in the range
of 0.3 to 1.5 sec per quarter note (corresponding to 200
BPM and 40 BPM). The standard deviation in Eq. (3) was
set as �v = 1.08, using the value in [15] as a reference.

For comparison, we implemented the note HMM [6]
and the metrical HMM [8] that is extended to handle
polyphony. The parameters of the score models were also
trained with the same score dataset. The performance
model was the same as that for the proposed model.

We used as an evaluation measure the rhythm correction
ratio, i.e., the ratio of the smallest number of edit opera-
tions needed to correct the estimated result to the number
of notes in the data. In addition to note-wise correction
(shift operation), the scaling operation applied for a subse-
quence of note values was included. This is because there
is arbitrariness in choosing the unit of note values: For ex-
ample, a quarter note played in a tempo of 60 BPM has the
same duration as a half note played in a tempo of 120 BPM.
The smallest number of necessary edit operations Ne can
be calculated by a dynamic programming similar to that
used in computation of the Levenshtein distance (see our
forthcoming paper [23] for details). The rhythm correc-
tion ratio R is then given as R = Ne/N . When separated
voices are given, we can apply the above editing of note
values for each voice and then the total rhythm correction
cost is the sum of the rhythm correction costs in all voices.

341

Proceedings SMC 2016 | 31.8. - 3.9.2016, Hamburg, Germany



Data set Model R [%]
Polyrhythmic Proposed 16.0± 3.6

Note HMM [6] 28.9 ± 4.9
Metrical HMM [8] 34.1 ± 5.0

Standard polyphony Proposed 7.9 ± 1.3
Note HMM [6] 7.0± 1.3
Metrical HMM [8] 7.9 ± 1.4

Table 1. Average rhythm correction rates R with standard
errors. Lower is better.

4.2 Results

Results in Table 1 show that the proposed model clearly
outperformed the other models for performances with
polyphonic passages. Fig. 4 shows an example that
a polyrhythmic passage is successfully transcribed with
the proposed model with minor errors 2 . We see that
the proposed model correctly recognised the 3 against 4
polyrhythms. On the contrary, the Note HMM did not
recognise the polyrhythms (cf. Fig. 2) and had frequent er-
rors in chord clustering.

For performances in standard polyphony, on the other
hand, the note HMM was slightly better than the proposed
model and the metrical HMM. Presumably, the main rea-
son is that the rhythmic pattern in the reduced sequence
of chords is often simpler than that of melody/chords in
each voice in the case of standard polyphony because of
the principle of complementary rhythm [24]. In particu-
lar, notes/chords in a voice can have tied note values that
are not contained in our candidate list (e.g. quarter note
+ 16th note value), which can also appear as a result of
incorrect voice separation (Fig. 5). It is also observed that
the transcription by the merged-output HMM can produce
desynchronised cumulative note values in different voices.
This is due to the lack of constraints to assure the matching
of these cumulative note values and the simplification of
independent voice HMMs. Further improvements are ex-
pected by incorporating such constraints and interactions
between voices into the model.

For the note HMM and the proposed model, there were
grammatically wrong sequences of note values, for exam-
ple, triplets that appear in single or two notes without com-
pleting a unit of beat. This can be avoided with a refined
score model with beat/bar structure [6, 11]. On the other
hand, these grammatical errors were not observed in the
transcriptions by the metrical HMM owing to the explic-
itly included metrical structure.

5. CONCLUSION

To develop a rhythm transcription algorithm that captures
the voice structure, we constructed a stochastic model of
musical score and performance using the framework of
merged-output HMMs. The evaluation results confirmed
that the proposed algorithm worked better for polyrhyth-
mic performances than the previously proposed HMM-
based algorithms.

2 Sound files and more examples are accessible in our demon-
stration web page: http://anonymous4721029.github.io/

demo.html

An important future direction of developing advanced
transcription techniques is to capture the phrase or motivic
structure of music. Recognition of offsets and articulations
and detection of ornaments are challenging problems. The
treatment of voice structure is a fundamental problem for
these issues, and the results of this study may be applicable
to solving these problems.
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the staffs indicate the estimated voices.

Input
performance

(sec)

&
?

&
&

&

###
###
###
###

###

c
c

∑
‰ œ œ œ œ œ œ œ œ œ œ œ œ

œ œ œ œ œ œ œ œ œ œ œ œ

œ œ œ œ œ œ œ œ œ œ œ œ

Ó ‰ œ œ œ œ œ œœ œ œ œ œ œ œ œ œ œ œ œ

˙
œ œ œ œ œ œ œ œ œ œœ œ œœ œ œœ œ

œ œ œ œ œ œ œ œ œ œœ œ œœ œ œœ œ

œ œ œ œ œ œ œ œ œ œ œ œ œ œ
œ œ œ œ œ œ Jœ# œ Jœ

w
œœ œ œ œ œ œ œœ œ œ# œ œœ œ œ œ œœ œ

œœ œ œœ œ œ œ œœ œ œ# œ œœ œ œ œ œœ œ

3 3

Correct
transcription

Note HMM
(scaled by 2)

0 1 2 3 4 5 6

Proposed
model

(scaled by 2)

Figure 5. Transcription results of a standard polyphonic passage. For the result with the proposed model (merged-output
HMM), the staffs indicate the estimated voices.

[14] C. Raphael, “Automatic Segmentation of Acoustic Mu-
sical Signals Using Hidden Markov Models,” IEEE
Trans. on PAMI, vol. 21, no. 4, pp. 360–370, 1999.

[15] E. Nakamura et al., “A Stochastic Temporal Model
of Polyphonic MIDI Performance with Ornaments,” J.
New Music Res., vol. 44, no. 4, pp. 287–304, 2015.

[16] A. Cont, “A Coupled Duration-Focused Architecture
for Realtime Music to Score Alignment,” IEEE Trans.
on PAMI, vol. 32, no. 6, pp. 974–987, 2010.

[17] H. Heijink et al., “Data Processing in Music Per-
formance Research: Using Structural Information to
Improve Score-Performance Matching,” Behavior Re-
search Methods, Instruments, & Computers, vol. 32,
no. 4, pp. 546–554, 2000.

[18] B. Gingras and S. McAdams, “Improved Score-
Performance Matching Using Both Structural and
Temporal Information from MIDI Recordings,” J. New
Music Res., vol. 40, no. 1, pp. 43–57, 2011.

[19] E. Nakamura et al., “Merged-Output Hidden Markov
Model for Score Following of MIDI Performance

with Ornaments, Desynchronized Voices, Repeats and
Skips,” Proc. Joint ICMC|SMC 2014, pp. 1185–1192,
2014.

[20] E. Nakamura et al., “Merged-Output HMM for Piano
Fingering of Both Hands,” Proc. ISMIR, pp. 531–536,
2014.

[21] Z. Ghahramani and M. Jordan, “Factorial Hidden
Markov Models,” Machine Learning, vol. 29, pp. 245–
273, 1997.

[22] M. Hashida et al., “A New Music Database Describing
Deviation Information of Performance Expressions,”
Proc. ISMIR, pp. 489–494, 2008.

[23] E. Nakamura et al., in preparation.
[24] F. Salzer and C. Schachter, Counterpoint in Composi-

tion: The Study of Voice Leading, Columbia University
Press, 1989.

343

Proceedings SMC 2016 | 31.8. - 3.9.2016, Hamburg, Germany


	2_325
	 1. Introduction
	1.1 Strategies for Feedback
	1.2 Training in Manual Wheelchair Operation

	 2. Method
	2.1 Sonification System
	2.2 Experiment

	 3. Results
	3.1 Observations
	3.2 Interview Summary Expert Participant
	3.3 Interview and Focus Group Summary Novice Users

	 4. Discussion
	 5. Conclusion
	 6. References

	3_189
	4_309
	 1. Introduction
	 2. Groove Singing Analysis Approach
	2.1 Target Pieces and Recording
	2.2 Vocal Manipulation Tool
	2.3 Comparison of Onset Timing
	2.4 Analysis Focused on Voiced Consonants

	 3. Comparison of Onset Timing
	3.1 Analysis of Vowel and Consonant Start Times
	3.2 Listening Experiment
	3.3 Discussion

	 4. Analysis of Voiced Consonant Pitch Control
	4.1 Voice Synthesis for the Experiments
	4.1.1 Note-level division of audio signals using HMM
	4.1.2 Least-Squares Fitting

	4.2 Exp. 1: Relationship between Pitch Overshoot and Loudness
	4.2.1 Voice Data
	4.2.2 Procedure
	4.2.3 Results

	4.3 Exp. 2: Comparison between Amplified Pitch Overshoot and Groove Sensation
	4.3.1 Voice Data
	4.3.2 Procedure
	4.3.3 Results

	4.4 Discussion

	 5. Concluding Remarks
	 6. References

	5_220
	6_369
	8_226
	 1. Introduction
	 2. The Sound Design Toolkit
	2.1 Conceptual framework
	2.2 Sound synthesis
	2.3 A tool for sketching sonic interactions

	 3. SkAT-Studio
	3.1 Application workflow
	3.2 Software overview
	3.3 Building a configuration

	 4. Imitation-driven sound synthesis
	 5. Conclusions and future work
	 6. References

	9_138
	10_355
	1. INTRODUCTION

	2. RELATED WORKS

	3. SONIFICATION

	The intended outcome for the sonification project was an audio-visual work, the data sets was always intrinsically related to its visual counterpart. Considering the sonification as a ‘concert piece’ means that musification would be a more accurate term of the method, as it describes sonifications used ‘for artistic purposes’ [8]. Beyond the conscious decision of presenting and listening to a sonification as music, a musification should also use elements of the sonification process to define elements of the music. All too often, the musical thought is reduced to choice of sound mappings and instrumentation. By structuring the piece according to the structure of the data for example, the piece is not only a translation of the data but is the data. Therefore, if the data is organized as to create a musical structure, we are making compositional choices towards a musification. While we believe that the resulting audio-visual product could be enjoyed purely for aesthetic reasons without the knowledge of the underlying data and processes, the experience of the audience is enriched by the knowledge of its conception.�The elements that contribute to a successful sonification can be summarized by four categories: the choice of data, the choice of sound mappings, the choice of musical language and the emotional content of the data and the sonification. The combination of these parameters is unique to each data set thus there is no unique solution to data sonification [9]; only a careful combination can really transmit the information and emotional content appropriately

	3.1 Data

	3.2 Mappings

	3.3 Musical Language and Emotional Content

	3.4 Methods

	3.5 Presentation

	The project the piece The Sonification of Dark Matter, a 17-minute movie which accompanies the listener through the process of the sonification of the data from the silent visualisations to the completed sonifications in conjunction with their corresponding visualisations. As such, the final work serves as a tool to introduce the beginner to dark matter but also the process of sonification. It was felt that this was crucial for listeners to understand the full complexity of the original data, the method of sonification and the resulting audiovisual work. The Sonification of Dark Matter was premiered at the Peninsula Arts Contemporary Music Festival at Plymouth University (Plymouth, UK) on 26-28 February 2016.


	4. DISCUSSION

	5. REFERENCES


	11_296
	 1. Introduction
	 2. Method
	2.1 Pitch salience function based on SIMM
	2.2 CB: Combination with Harmonic Summation
	2.3 EW: Energy-based normalisation
	2.4 Melody tracking

	 3. Evaluation
	3.1 Datasets
	3.2 Salience function evaluation
	3.3 Melody extraction evaluation

	 4. Results
	4.1 Salience function
	4.2 Melody extraction
	4.3 Parameter tuning

	 5. Conclusions
	 6. References

	12_211
	13_214
	 1. Introduction
	 2. Background
	2.1 Collaborative Musical Interface Design for Novice Players
	2.2 Accessible Interactive Musical Interface Design

	 3. The Sound Forest - Ljudskogen
	 4. Conceptual Design and Prototyping
	4.1 Design of One String 
	4.1.1 String Sensors
	4.1.2 Haptic Floor
	4.1.3 Lighting Design

	4.2 Evaluation

	 5. Future Developments
	 6. References

	14_169
	 1. Introduction
	 2. Background
	2.1 Mapping
	2.2 Conceptual Metaphor
	2.3 Iconicity and Conceptual Metaphor in Sign Language

	 3. GestureChords
	 4. Pilot Study
	4.1 Methodology
	4.2 Results
	4.2.1 Performer
	4.2.2 Audience

	4.3 Discussion

	 5. Conclusions and Future Work
	 6. References

	15_188
	 1. Introduction
	 2. Related work
	 3. Performance Audio Alignment
	3.1 Online DTW-based Follower
	3.2 Tempo Model

	 4. Beat Tracking Component
	 5. Case Study
	 6. Conclusions
	 7. References

	16_187
	 1. Introduction
	 2. The Factorsynth interface
	2.1 Single-sound manipulation
	2.2 Cross-synthesis

	 3. Resynthesis
	 4. The factorsynth external
	4.1 Factorization operation
	4.2 Resynthesis operation

	 5. Future developments
	 6. Conclusions
	 7. References

	17_284
	19_183
	 1. Introduction
	 2. Interpolation of probabilistic models
	2.1 Method
	2.2 Application to improvisation

	 3. Factor oracle exploiting a probabilistic model
	 4. Experimentation
	 5. Conclusions
	 6. References

	20_150
	22_112
	23_356
	 1. Introduction
	1.1 State of the Art

	 2. Technical Description of the Sensor Setup
	2.1 Perception Thresholds & Sensor Specification
	2.2 Load Cell
	2.3 Integration into the Piano Key

	 3. Single Key Piano Action Model
	3.1 Evaluation of the Sensor in the Piano Action Model
	3.2 Dynamic Response to a Balance Weight
	3.3 Measurement of a Finger Sequence

	 4. Conclusion
	 5. References

	24_159
	25_376
	26_67
	27_337
	 1. Introduction
	 2. Mobile audio augmented reality
	 3. The Selfear project
	3.1 Overview of the system
	3.2 Source manager

	 4. Acoustic measurements
	4.1 Setup
	4.2 Acoustic data
	4.3 Analysis

	 5. Discussion
	 6. Conclusion and future work
	 7. References

	28_178
	 1. Introduction
	 2. Background
	 3. Approach
	3.1 Preliminary Segmentation
	3.2 StdCdLe Thresholding
	3.3 Pitch Contour Classification
	3.4 Refinement

	 4. Evaluation and Results
	4.1 Dataset
	4.2 Evaluation Metrics
	4.3 Parameters Optimization
	4.4 Results and Discussion

	 5. Web prototype
	 6. Conclusion and Future work
	 7. References

	29_264
	30_379
	 1. Introduction
	 2. Background
	2.1 Basics of Wavefield Synthesis

	 3. spAAce
	3.1 Introduction
	3.2 State of the art
	3.3 Design process
	3.4 Software architecture
	3.5 Device and Controller
	3.6 Physical Setup
	3.7 Evaluation
	3.7.1 Results


	 4. WFS Game
	4.1 Introduction
	4.2 Impulse Response Reverb
	4.3 Hardware and Software
	4.4 Sound Design
	4.5 Test Design
	4.6 Experiment Results
	4.7 WFS Game Discussion

	 5. Conclusions
	5.1 spAAce
	5.2 WFS GAME

	 6. References

	31_107
	32_163
	33_105
	34_357
	 1. Introduction
	 2. Methods
	2.1 Approximating
	2.2 Transferring

	 3. Findings
	3.1 Approximating 6:7:9
	3.1.1 Continued fractions
	3.1.2 Goodness-of-fit
	3.1.3 Minimizing deviation

	3.2 Transferring or modulating
	3.2.1 Communic
	3.2.2 Interharmonic
	3.2.3 Dynacyclic


	 4. Discussion
	4.1 Comparison to other scales

	 5. Conclusions
	 6. References

	35_171
	 1. Introduction
	 2. Chains of Coupled van der Pol Oscillators
	2.1 Van der Pol oscillators
	2.2 Oscillator Chains
	2.3 Numerical Simulations
	2.4 Influence of delays

	 3. Application in Max
	3.1 Implementation
	3.2 Experiments

	 4. Musical Applications
	 5. Further Investigations
	 6. References

	36_336
	38_339
	 1. Introduction
	 2. Origins
	 3. Justification for a Virtual Acousmonium
	 4. The Virtual Acousmonium
	4.1 Software
	4.2 Speaker Descriptions and Routing
	4.3 Interfaces
	4.4 Limitations

	 5. Conclusions and Further Work
	 6. References

	39_331
	 1. Introduction
	 2. Musical Context
	2.1 Music in Need of Technology
	2.2 Compositional Approaches

	 3. Definitions
	3.1 Tempo
	3.2 Score Position
	3.3 Tempo Map and Time Map

	 4. Mathematics
	 5. Implementation
	5.1 The Event Pattern
	5.2 Control Points
	5.3 Output

	 6. Discussion
	 7. Conclusion & Outlook
	 8. References

	40_238
	41_64
	 1. Introduction
	 2. Clustering of Expressive Timing
	 3. Candidate Models
	 4. Model Evaluation
	 5. Results
	 6. Discussion
	6.1 Comparison of model selection criteria
	6.2 Model complexity
	6.3 Future work

	 7. Conclusions
	 8. References

	42_328
	43_87
	44_198
	 1. Introduction
	1.1 Motivation and Contribution

	 2. Related Work
	2.1 The VISA Algorithm
	2.1.1 Previous Editions of VISA
	2.1.2 Problems of VISA


	 3. The Proposed Method
	3.1 Merging Notes into Single Sonorities
	3.1.1 Break Cluster Module
	3.1.2 Pitch Co-modulation Principle

	3.2 Contig Clustering Process
	3.3 Stream Matching

	 4. Performance Evaluation
	4.1 Experimental Set-up
	4.2 Results

	 5. Conclusions
	 6. References

	45_231
	46_257
	47_202
	 1. Introduction
	 2. A Prototype String Controller
	2.1 Experimental Setup
	2.2 Excitation Force Signal Estimation
	2.3 Identification of the Calibration Filters
	2.4 Excitation Position Estimation

	 3. String Resonator Model
	3.1 String Model
	3.2 Modal Synthesis
	3.3 Real-Time Parameter Control

	 4. Preliminary Experiments
	 5. Conclusions
	 6. References

	48_213
	 1. Introduction
	 2. Fundamentals and Related Work
	2.1 General redirected walking
	2.2 Gains to Manipulate the Users' Movements
	2.3 Experiments for Detecting Thresholds
	2.4 Non-Visual Redirected Walking by Acoustic Stimuli
	2.5 Audio-Visual Rotational Gains
	2.6 Cyber Sickness

	 3. Methodology and Experimental Setup
	3.1 Experiment Design
	3.2 System Setup
	3.2.1 The Visual Component
	3.2.2 The Acoustical Component
	3.2.3 System Architecture

	3.3 Realization of Rotational and Curvature Gains

	 4. Results and Discussion
	4.1 Simulator Sickness

	 5. Summary and Outlook
	 6. References

	49_262
	 1. Introduction
	 2. Hardware
	2.1 Driving Simulator
	2.2 Audio System

	 3. Software
	 4. Evaluation and Future Developments
	 5. Conclusions
	 6. References

	50_306
	 1. Introduction
	 2. Hardware
	 3. Software
	 4. Examples
	 5. Evaluation/Discussion
	 6. Future Work
	 7. Conclusions
	 8. References

	51_315
	 1. Introduction
	 2. Related Work
	2.1 Existing Paradigm
	2.2 Dynamic Faust Extensions

	 3. The FaucK Approach
	3.1 Using FaucK
	3.2 Examples
	3.2.1 A Simple Example
	3.2.2 An Advanced Example


	 4. Implementation
	 5. Conclusions and Future Work
	 6. References

	53_155
	 1. Introduction
	1.1 IMA
	1.2 Objectives of archiving at IMA

	 2. Issues
	2.1 Object-based vs. channel-based audio
	2.1.1 Number of speakers
	2.1.2 Scores
	2.1.3 Documentation
	2.1.4 Advantages of channel-based audio
	2.1.5 Exporting Zirkonium pieces

	2.2 Audio file format
	2.3 ZirkOSC
	2.4 Binaural Versions

	 3. Key elements of Archiving at ZKM | IMA
	3.1 Zirkonium
	3.1.1 Overview of the software
	3.1.2 The data structure of Zirkonium event

	3.2 SpatDIF
	3.3 mediaartbase.de

	 4. Workflow
	 5. Conclusion
	 6. References

	55_182
	56_122
	 1. Introduction
	 2. Related Work
	2.1 HMM-Based Models for Monophonic Music
	2.2 Polyphonic Extensions
	2.3 Merged-Output HMM

	 3. Proposed Model
	3.1 Model for Each Voice
	3.2 Model for Multiple Voices
	3.3 Inference Algorithm

	 4. Evaluation
	4.1 Setup
	4.2 Results

	 5. Conclusion
	 6. References

	57_294
	58_225
	59_229
	60_283
	 1. Introduction
	 2. Previous Work
	2.1 Speech and Vocal Synthesis
	2.2 Formant-Wave-Function Synthesis

	 3. Hybrid Filter–Oscillator FOF Implementation
	3.1 Filter Derivation
	3.2 Filter Amplitude Normalization
	3.3 Complete FOF Architecture
	3.4 Comparison to SuperCollider

	 4. Faust Implementation
	4.1 A Basic FOF Generator
	4.2 Filter Cycling and Coefficient Management

	 5. Conclusions
	 6. References

	61_173
	62_241
	63_215
	 1. Introduction
	 2. Background and Theory
	2.1 Interactive Installations in Public Settings
	2.2 Interactive Augmented Strings
	2.3 User Experience
	2.4 Creativity

	 3. METHOD
	 4. THE AUGMENTED STRING PROTOTYPE
	4.1 Limitations

	 5. RESULTS
	5.1 Modes of Interaction
	5.2 Concepts of the Instrument
	5.3 Phases of Experience
	5.4 Interaction strategies

	 6. DISCUSSION
	 7. CONCLUSION
	 8. References

	65_332
	 1. Introduction
	 2. Critical Bandwidth: From Fusion to Beatings to Roughness to Smoothness
	 3. Application
	3.1 User Interface
	3.2 Web MIDI API

	 4. Proposed research directions
	4.1 Application improvements
	4.2 Research in voice leading
	4.3 Beyond the Twelve-Tone Division of the Octave

	 5. Summary
	 6. References

	66_166
	 1. Introduction
	 2. Background
	2.1 Modelling the Methods

	 3. The Case Study
	3.1 Multi-modal Approach
	3.2 Qualitative Methods
	3.3 Quantitative Methods

	 4. Data Analysis
	4.1 Segment Two
	4.2 Segment Three
	4.3 Segment Four

	 5. Discussion
	5.1 Gesturality
	5.2 Differences

	 6. Conclusions and Outlook
	 7. References

	67_167
	 1. Introduction
	1.1 The Stratified Approach
	1.2 SpatDIF Terminology

	 2. New in SpatDIF Version 0.4
	2.1 The Trajectory Extension
	2.2 The Pointset Extension
	2.3 Extended Interpolation Functionality
	2.4 The Automation Extension
	2.5 The Shape Extension
	2.6 The Geometry Extension
	2.7 The Group Extension
	2.8 The Source Spread Extension

	 3. Discussion
	3.1 Complementary Representations
	3.2 The Quest for Efficiency

	 4. Conclusions
	 5. References

	68_281
	 1. Introduction
	 2. Background
	 3. The loop ensemble
	 4. Evaluation
	 5. Conclusions
	 6. References

	69_180
	 1. Introduction
	 2. Data
	 3. Model of Musical Notes
	 4. Methodology
	4.1 Audio-score alignment
	4.1.1 Feature Extraction
	4.1.2 Estimating cycle-level alignment
	4.1.3 Discarding erroneous estimations
	4.1.4 Svara-level alignment

	4.2 Computing svara representations

	 5. Evaluation and Results
	 6. Conclusions
	 7. References

	70_181
	 1. Introduction
	 2. Ottoman-Turkish Makam Music
	 3. Problem Definition
	 4. Methodology
	4.1 Feature Extraction
	4.2 Transposition-Independent Partial Alignment
	4.2.1 Hough Transform
	4.2.2 Subsequence DTW

	4.3 Similarity Computation
	4.4 Irrelevant Document Rejection

	 5. Experiments
	5.1 Dataset
	5.2 Results

	 6. Discussion
	 7. Conclusion
	 8. References

	71_326
	 1. Introduction
	 2. Audio and Visual methods
	2.1 Image-based musical instrument recognition
	2.1.1 Selected approach
	2.1.2 Image dataset

	2.2 Audio-based musical instrument recognition
	2.2.1 Selected approach
	2.2.2 Audio dataset

	2.3 Multimodal fusion techniques
	2.4 Evaluation strategy

	 3. Results and Discussion
	3.1 Experimental results
	3.1.1 Image classification
	3.1.2 Audio classification

	3.2 Case study for combined audio and image classification

	 4. Conclusions
	 5. References

	72_349
	 1. Introduction
	 2. Related work
	2.1 Electronic therapy aids in music therapy
	2.2 Movement sonification

	 3. Design criteria
	 4. Motor-functional wrist treatment - system description
	4.1 Capturing the motion
	4.2 Data processing and visual feedback
	4.3 Musical sonification
	4.4 Unguided / guided exercises
	4.5 Nature metaphors

	 5. Evaluation
	5.1 Research questions and hypotheses
	5.2 Participant demographics
	5.3 Conduct
	5.4 Methods, results and discussion

	 6. Conclusions and outlook
	 7. References

	73_53
	 1. Introduction
	 2. Methodology
	2.1 Data Collection
	2.1.1 Sound Sources
	2.1.2 Recording Duration

	2.2 Subjective Assessment
	2.2.1 Semantic Descriptors
	2.2.2 The Self-Assessment Manikin

	2.3 Test Procedure

	 3. Results
	3.1 Correlation Analysis
	3.1.1 Uncorrelated Scales
	3.1.2 SAM Results

	3.2 Circumplex Model of Affect

	 4. Conclusion
	 5. References

	74_312
	75_342
	 1. Introduction
	 2. Motion Tracking Technologies
	2.1 Regular video recordings
	2.2 Optical, infrared motion capture
	2.3 Inertial sensor-based systems

	 3. Dance Experiments
	3.1 Dance Experiment 1
	3.2 Dance Experiment 2

	 4. Discussion
	4.1 Data Quality
	4.2 Spatiotemporal Resolution
	4.3 Synchronization to Audio
	4.4 The researcher's perspective
	4.5 The subject's perspective

	 5. Conclusion
	 6. References

	76_232
	77_394
	78_348
	 1. Introduction
	 2. Zampogna description
	 3. Design
	3.1 Interaction design
	3.2 Hardware identification and placement
	3.3 Mapping strategies

	 4. Implementation
	4.1 Hardware
	4.2 Software

	 5. Conclusion and future work
	 6. References

	79_340
	 1. Introduction
	 2. Hurdy-gurdy description
	 3. Main concepts
	 4. Design
	4.1 New gestures identification
	4.2 Hardware technology identification an placement
	4.3 Mapping strategies

	 5. Implementation
	5.1 Hardware
	5.2 Software

	 6. Evaluation
	 7. Hyper-Hurdy-Gurdy in live performance
	 8. Conclusions and future work
	 9. References

	80_334
	 1. Introduction
	 2. Related Work
	2.1 Augmented Instruments
	2.1.1 Sensor Strategies
	2.1.2 Actuated Acoustic Instruments

	2.2 Digital and Hybrid Lutherie
	2.3 Wireless Sensor Networks

	 3. The Smart Instruments
	3.1 Features
	3.2 Applications

	 4. The Sensus Smart Guitar
	 5. Discussion
	 6. References

	81_157
	37_223.pdf
	 1. Introduction
	1.1 Notation

	 2. Primary-Ambient Extraction
	2.1 Signal model for PAE
	2.2 Sound localization and human auditory system
	2.3 PAE applications: upmixing to 5.1 systems
	2.4 PAE assumptions
	2.5 PCA-Based PAE

	 3. Improving PCA-Based Approach
	 4. Evaluation
	 5. Conclusions
	 6. REFERENCES

	1_237.pdf
	 1. Introduction
	 2. Related Work
	 3. Methodology
	3.1 Dataset Selection
	3.2 The Subjective Test
	3.3 Computational Feature Extraction
	3.4 Data Analysis
	3.5 Feature Modelling
	3.6 Emotion Classification

	 4. Results
	4.1 The Subjective Test
	4.2 Feature Analysis
	4.3 Feature Modelling
	4.4 Emotion Classification
	4.4.1 Regression
	4.4.2 Clustering


	 5. Discussion
	 6. Conclusion
	 7. References

	52_362(v).pdf
	 1. Introduction
	 2. Schedule of a current audio programming course
	 3. Neonlicht: Requirements
	3.1 Using the Raspberry Pi 3

	 4. Neonlicht: building the synthesizer engine
	4.1 Audio programming with Neonlicht
	4.2 Integration of a GUI

	 5. Using Neonlicht: first impressions
	 6. Conclusions
	 7. References

	18_298.pdf
	 1. Introduction
	 2. Existing works
	 3. Context
	3.1 Presentation of i-score
	3.2 Presentation of the LibAudioStream

	 4. Proposed audio system
	4.1 Group audio stream
	4.2 Send and return audio streams
	4.3 Audio processes
	4.4 Stream graph
	4.5 Stream creation
	4.5.1 Scenario
	4.5.2 Loop
	4.5.3 Time Constraint
	4.5.4 A note on real-time performance


	 5. Examples
	5.1 Recreation of a multi-track sequencer
	5.2 Interactive scenario
	5.3 Temporal effect graph

	 6. Conclusion
	 7. References

	54_235.pdf
	1. INTRODUCTION
	2. state of the art analysis
	2.1 A quick Overview
	2.2 Critical approach

	3. THE FONASKEIN APPLICATION
	3.1 Design and Graphical User Interface
	3.2 Architecture
	3.3 Non-equal tempered scales

	4. EVALUATION MethodOLOGY
	5. RESULTS
	6. CONCLUSIONS
	7. Acknowledgments
	8. REFERENCES

	7_208_neu.pdf
	 1. Introduction
	 2. Measurements
	 3. Tuning
	 4. Virtual reconstructions
	4.1 Museum installation
	4.2 Mobile application

	 5. Conclusions
	 6. References


