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Abstract— Evaluation of performances of musical instruments 
is usually subjective. It may be easier for keyboard instruments. 
For bowed-string instruments such as a violin, delicate 
articulations are required in its performance such that there 
exhibit much complexities in its sound, making the evaluation 
more difficult. In this paper, a note separation algorithm based 
on spectral domain factorization is used to extract the notes from 
recordings of violin solo performances. Each note can then be 
quantitatively evaluated based on a set of metrics that is 
designed to provide various aspects of violin performances 
including pitch accuracy, bowing steadiness, vibrato depth/rate, 
bowing intensity, tempo, and timbre characteristics and so on. 
The tools should be useful in musical instrument performance 
education.  

I. INTRODUCTION 

Music performance review and criticism have been a 
difficult and subjective task [1]-[4]. It may be arguable that 
objective evaluation of truly artistic performances is 
appropriate. However, it is definitely useful that certain 
physical aspects of sounds of music performances can be 
accurately delineated if a player wants to know exactly how 
he/she plays the instruments. Furthermore, it is possible to 
disclose the differences among violinists in order to provide 
more objective description of styles.  

In the research areas of music information retrieval, well-
developed technologies such as onset detection [5], pitch 
estimation [6], score alignment [7], beat tracking [8] and so 
on can be applied to extract physical features related to 
musical sounds. Quantitative indices can be derived based on 
the features presented in [9], too. In this paper, violin solo 
performances are studied and some useful quantitative indices 
will be created to describe both the sound and the 
performance. Because of the sustaining driven characteristics 
of violins, properties such as pitch, timbre, and volume keep 
changing during the play [10]. Therefore, it is also desired 
that the indices should be time varying, too. 

A major difficulty of analysis of violin solo performances 
is to separate the violin part from the accompaniment part of 
acoustic recordings. Then, it is also necessary to divide the 
violin solo part into isolated notes. Audio source separation 
has been a very popular topic in the last few years [11]-[14]. 
In [15], a NMF (Nonnegative Matrix factorization) based 
method is proposed for the analysis of bowed-string 
instruments. In [16], a time dependent recursive regularization 
(TD-RR) approach for musical note separation is proposed. In 
the above methods, the magnitude spectrum of the signal is 
divided into two nonnegative matrices which represent the 

spectral template information and the associate intensity 
information, respectively. We will use the template matrix 
and the intensity matrix obtained by using TD-RR method to 
generate the quantitative indices of violin performances. 
The rest of the paper is organized as follows. Section 2 
reviews the note isolation algorithm employed in this paper. 
Section 3 presents the quantitative indices used to describe 
violin solo performances. In Section 4, experiments using 
different commercial recordings of Bach’s violin solo work 
are presented. Conclusion and future works are in section 5. 

II.  NOTE SEPARATION OF MUSICAL RECORDINGS 

In [16], for the magnitude spectrogram of a mixture signal 
NMV ×

>ℜ∈ 0  and the number of tone models ℵ∈R , 
factorization of V  generates two nonnegative matrices, the 
spectral template matrix NRW ×

>ℜ∈ 0  and the intensity matrix 
RMH ×

>ℜ∈ 0  , as shown in (1). M is the number of frequency 
bins and N is the number of audio frames involved in the 
analysis.  
 

 WHVV ×=≈ ~ . 
 

The cost function in (2) contains the distance between V  
and WH ×  in the mean square sense and two additional 
regularization terms. 
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With the above cost function minimized, one can obtain 

W and H  by 
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In (2), the two regularization terms are used to constraint 
the form of the target matrices. Unlike conventional NMF 
methods, equation (3) and (4) may not always produce 
nonnegative results. By setting WC  and  HC  as nonnegative 
matrices, the results tend to be nonnegative too. For temporal 
smoothness, it is desired that both template matrix and 
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intensity matrix don’t vary too much in a short period of time. 
Therefore, one can set WC  and  HC  to be the analysis results 
of the previous time instant. Moreover, if the timbre of the 
target musical instrument is known, one could constraint the 
template matrix by using the timbre information as follows. 
Let the reference template matrix be 
 

[ ]TRrW uuuuC 21= , 
 

where ru is used to represent the constraint template 
column vector for the r-th tone model. In [14] and [16], ru  
can be obtained as the weighted sum of bell-shape functions, 
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In (6), G  is Gaussian function, rf  is the fundamental 

frequency of the r-th tone model, p is the partial index, and 
σ  is used to control the width of Gaussian function. prg ,  is 
the parameter to control the intensity of the p-th partial of the 
r-th tone model. If the timbre of the tone model is known in 
advance, prg ,  can be a fixed parameter. Otherwise, one has 
to estimate these parameters during the analysis process using 

the method proposed in [17]. Hence, one could combine 
several constraints as 
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where )1( −tWr  is the template column vector of the r-th 

tone model obtained in the previous time instant. In (7), we 
employ )1( −tWr , the estimated fundamental frequency and 
the estimated timbre obtained at time t-1 to have the 
constraint template column vector in order to calculate )(tWr  
in (3). 

Fig. 1 shows the intensity matrix derived from the analysis 
result of a short clip of Bach Sonata No.3 in C major, BWV 
1005, Adagio, the 14-th measure, played by Hillary Hahn. 
There are 7 notes in the clip. Each note is separated to give a 
clear view of how the note was played. The template matrix is 
obtained without the knowledge of timbre information. It 
shows how the timbre changes in the period of a note. One 
can also observe how vibrato was executed. The intensity 
matrix shows the onset time, the offset time and how loud the 
note was played. We will describe how the information can be 
converted into the quantitative indices in the later section. 
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Fig. 1   Separated results from a clip of Bach Sonata No.3 in C major, BWV 1005, Adagio, the 14-th measure, played by Hillary Hahn. There are 
seven notes and their note names are shown correspondingly. The first 3 sub-figures show the intensity matrix. The fourth sub-figure shows the 

derived pitch contour. 
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III. OBJECTIVE INDICES OF VIOLIN PERFORMANCE 

Many performances can be characterized by pitch and 
intensity evolution of their sounding notes. In this paper, we 
propose a new quantitative description, called the steadiness 
index, which indicates how stable the sounding note is over 
time when the performer is playing the instrument. It is also 
designed to provide an overall rank in the period of a note. To 
be specific, the pitch contour ( )⋅P  and the intensity contour 

( )⋅I  can be fundamental start points for our quantitative 
description of a violin note. Since a note is said sounded or 
voiced, both contours are expected to be smooth and 
continuous curves over a limited time period T . Both 
contours behave specific characteristics in different sounding 
modes. For example, a violin note can be either a vibrato note 
or a non-vibrato note, so we need to evaluate a note in two 
different ways. In Figure 1, the converted pitch contour which 
is derived from the intensity matrix and template matrix is 
shown. One is a vibrato note and the other one isn’t. In this 
paper, steadiness measure is used as the performance index. 
For a non-vibrato segment of a note whose duration is 

NTTs = , we estimate the pitch mean ( )nP  and variance 

( )np
2σ  as well as the intensity mean ( )nI  and variance ( )nI

2σ . 
The steadiness measure of a non-vibrato segment is defined as 
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If the pitch variation is smaller than a quarter of semitone 

and the intensity variation is smaller than 20 percentage of the 
intensity average, the steadiness value should be smaller than 
one, indicating that the note is steady enough. 

Similarly, for a vibrato segment of a note, the vibrato rate 
( )⋅V  and the vibrato depth ( )⋅D  are first estimated. Then, the 

vibrato rate mean ( )nV  and variance ( )nV
2σ  are consequently 

calculated. Similarly, we also have the vibrato depth mean 
( )nD  and variance ( )nD

2σ . The steadiness measure of a 
vibrato segment is calculated as 
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If variations of the vibrato depth and the vibrato rate are 

smaller than 20 percentages of their averages, the steadiness 
value should be smaller than one, indicating that the vibrato 
note is steady enough. 
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Fig. 2   Bach Sonata No.3 in C major, BWV 1005, Adagio, the 14-
th measure. 

0 1 2 3 4
0

10
20
30

Sigiswald Kuijken-1st note D4(279.9)

M
ag

ni
tu

d
e

0 1 2 3 4
0

10
20
30

Hilary Hahn-1st note D4(279.9)

M
ag

n
itu

d
e

0 1 2 3 4
0

10
20
30

Arthur Grumiaux-1st note D4(301.4)

M
ag

n
itu

d
e

Time (s)

0 0.5 1 1.5 2
0

10
20
30

Sigiswald Kuijken-2nd note B4b(441.4)

M
ag

ni
tu

d
e

0 0.5 1 1.5 2
0

10
20
30

Hilary Hahn-2nd note B4b(457.5)

M
ag

n
itu

d
e

0 0.5 1 1.5 2
0

10
20
30

Arthur Grumiaux-2nd note B4b(468.3)

M
ag

n
itu

d
e

Time (s)

0 0.5 1 1.5 2 2.5 3 3.5
0

10
20
30

Sigiswald Kuijken-3rd note A4(419.8)

M
ag

ni
tu

d
e

0 0.5 1 1.5 2 2.5 3 3.5
0

10
20
30

Hilary Hahn-3rd note A4(441.4)

M
ag

n
itu

d
e

0 0.5 1 1.5 2 2.5 3 3.5
0

10
20
30

Arthur Grumiaux-3rd note A4(441.4)

M
ag

n
itu

d
e

Time (s)

0 0.2 0.4 0.6 0.8
0

10
20
30

Sigiswald Kuijken-4th note B4b(441.4)

M
ag

ni
tu

d
e

0 0.2 0.4 0.6 0.8
0

10
20
30

Hilary Hahn-4th note B4b(468.3)

M
ag

n
itu

d
e

0 0.2 0.4 0.6 0.8
0

10
20
30

Arthur Grumiaux-4th note B4b(0)

M
ag

n
itu

d
e

Time (s)

 

Fig. 3  Intensity matrices of 4 different notes played by three violinists. 



IV. ANALYSIS RESULTS OF PERFORMANCES OF BACH’S 
VIOLIN SOLO WORK 

In the experiments of this paper, we use commercial 

recordings of Bach Sonata No.3 in C major, BWV 1005, 
Adagio, the 14-th measure shown in Fig. 2, recorded by 
different famous violinists, Sigiswald Kuijkan [18], Hillary 
Hahn [19] and Arthur Grumiaux [20]. 
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Fig. 4  Template matrices of 4 different notes played by three violinists. 
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Fig. 5  Pitch contours of 4 different notes played by three violinists. 



The respective template matrices and intensity matrices 
after the note separation processing can be obtained. We show 
only four notes, D4, B4b, A4 and another B4b. The first two 
notes are played at the same time though D4 note was played 
with an open string and started a little bit earlier. The last 2 
notes are played at the same time using a technique called trill, 
as indicated in Fig. 3. One can compare the differences of 
their performances of the same piece of music. Fig. 3 shows 
the intensity matrices, Fig. 4 shows the template matrices and 
Fig. 5 shows the pitch contours, for all three players. 

By observing the above figures, we found lots of 
differences. For D4 note, Kuijkan did not use vibrato, but the 
other two players used vibrato. For B4b note, all three players 
used vibrato, but Kuijkan’s vibrato started at 0.5 second after 
B4b note was played. For A4 and B4b notes, because trill was 
used and the trill speed was high, it is difficult to use 
steadiness measure. However, we can see that Grumiaux 
didn’t perform the trill and the B4b note was not played. 
Finally, Kuijkan played one semitone lower than the other 
two players. 

Fig. 6 shows the steadiness indices of 0.25-second 
segments of two sample notes. There is a 50% overlap 
between two adjacent segments. Table 1 shows the average 
steadiness values of non-vibrato and vibrato notes played by 
three violinists. The clips are available at our web site so that 
one can listen and compare their performances. 

V. CONCLUSION AND FUTURE WORKS 

In this paper, a note separation algorithm is presented and 
the quantitative evaluation approach of violin solo 
performances is also proposed. Commercial recordings of 
Bach’s violin solo works played by various violinists are used 
to demonstrate our work. Though one may be able to tell the 
differences of the performances by observing the template 
matrix and the intensity matrix obtained in the note separation 
process, quantitative indices are still necessary for those who 
are not familiar with signal processing technologies. In this 
paper, steadiness indices are proposed to delineate the 
characteristics of violin solo performances in the more 
conclusive way such that it is easy for most people to 
understand and objectively describe performances. It is noted 

that the proposed work is not intended to touch the artistic 
part of performances which should still remain in the 
conventional domain of music performance assessment. In the 
future, we wish to improve our note separation algorithm and 
provide more types of quantitative indices. We also want to 
consult violin teachers to validate the proposed quantitative 
indices. Finally, the techniques used in this paper can be 
extended to the evaluation of performances of other musical 
instruments. 
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