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Abstract

Since the opening of Chinese economic, a great amount of Taiwanese merchants enter Mainland China for investment. The annual
production of bamboo flutes in China is over 4 millions to provide domestic and international consumers. Owing to the great amount of
demand, folk instrument industry is one of the attractive investment items. In order to increase the product manufacturing process and
promote the product quality, the implementation and application of an automatic timbre evaluation system with spectrum analysis and
cluster algorithm to increase the flute quality becomes an important method for Taiwanese businessmen to earn more profits. This
research is to implement an automatic timbre quality system to evaluate the timbre quality of Chinese flute in flute businesses. From
research data displays that the automatic timbre evaluation system does help the traditional handicraft manufacture classify the timbre
quality of flute more effectively.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

The bamboo industry is one of 10 big emerging forestry
development industries in mainland China. Since 1996, the
total annual productivity of bamboo industry has
amounted to 20 billion Yuan, is the head of 10 big emerg-
ing industrials and also becomes the new benchmark in the
Chinese forestry development. Currently, the annual pro-
duction of bamboo flutes in China is over 4 millions to pro-
vide domestic and international consumers need. The
sudden appearance of bamboo business has demonstrated
the bright future for Chinese bamboo industry. China is
the earliest country to use the bamboo as material to make
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bamboo artwork. The distribution of bamboo in mainland
China is over 20 provinces, the cities and the autonomous
regions. Among them, there are 20 provinces and 141 coun-
ties as main areas to produce the bamboo. The number and
area of bamboo occupies around one-fourth all over the
world. The types of variety and the broad usages in bam-
boo have an incomparable superiority with other countries.
The bamboo handicraft is the China traditional product,
which consumes few resources and has high product eco-
nomic value. Bamboo handicraft is a potential industry
in China at present. The economic value of the bamboo
product is generally above 10 times and sometimes even
may reach 100 times. The Taiwanese businessman under-
stood the economical pulsation of mainland China, there-
fore a great amount of Taiwanese businessmen enter the
mainland China for investment. In order to increase the
product manufacturing process and promote the product
quality, the development and application of an automatic
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timbre evaluation system becomes an important way to
enhance the bamboo flute quality.

In recent years, with the rapid development in computer
and information technology, automatic quality manage-
ment systems have been introduced in many manufacturing
industries to improve or guarantee the quality of processes
and products of organization (Abbott, 1999; Carvalho,
Araujo, & Dourado, 1999; Kuo & Wu, 2002; Swanepoel,
2004; Van Harten, Casparie, & Fisscher, 2000). More
recently, manufacturing industries have been applying
information and communications technology for both
information processing and automatic control. However,
little evidence is shown in literature for automatic timbre
quality evaluation in the traditional Chinese bamboo flute
manufacturing industry. The systematic implementing of
an automatic quality control system of Chinese bamboo
flute can be useful in guaranteeing the timbre quality of
flute to reduce the defect rate. Normally, some kinds of
quality evaluation work need well-experienced experts to
judge the quality of the products, such as wine taste, jew-
elry authentication, painting evaluation and so on. By the
same token, to evaluate the timbre quality of Chinese bam-
boo flute relies heavily on the experience of the technician
to judge the timbre quality of flute subjectively. To deter-
mine the timbre quality of flute is a time-consuming pro-
cess that requires manual subjective judgment, both by
flute musicians and by experienced technicians in flute pro-
duction factories. In most flute production factories, there
are technicians specifically devoted to classifying the type
of timbre of flute. The classification process is not uniform,
as performing this task depends on the technician’s experi-
ence, skill, or even on personal emotion or circumstance.

The term ‘‘quality’’ implies a degree of excellence or
superiority, value, conforming to specifications, meeting
or exceeding customer expectations, suitability and usabil-
ity of a product (Abbott, 1999; Verdu Jover, Llorens Mon-
tes, & Fuentes, 2004). People like to use all of their senses
to evaluate quality, such as smell, taste, touch, hearing and
so on. Thus, quality is not a single, well-defined attribute
but comprises many characteristics or properties relying
on the different context, thus, there is no consistent defini-
tion of quality in previous studying (Abbott, 1999; Neu-
feldt, 1988). Some focus on the view of product
orientation to define quality and some focus on the view
of customer orientation to define quality. Some encompass
both concepts; this is the definition applied in this study. In
general, quality comprises many properties or features,
such as sensory properties (appearance, texture, taste and
aroma), chemical constituents, mechanical properties,
functional properties, defects and so on (Abbott, 1999).
Applying this concept to Chinese flute, a good quality flute
should possess the feature not only of accuracy of pitch
within the whole key, but also producing a clear note with
little effort and having a beautiful sound timbre. From the
perspective of manufacturer and performer, testifying the
accuracy of pitch in flute is probably not a difficult thing.
Whereas choosing or making a satisfactory timbre of flute
is probably not an easy task for manufacturers or custom-
ers. The attributes of sound timbre are: bright, dark, clear,
soft, etc., which are too imprecise to justify. Timbre as
assessed by people can not be precisely defined, leaving a
high degree of uncertainty depending on an individual’s
preferences or the unknown influences of individual values
on the timbre quality of musical sounds (Kostek, 1999).

Timbre is an auditory attribute considered as a percep-
tional parameter of sound that is complex and multidimen-
sional. Timbre is the feature of sound that allows people to
identify it and distinguish it from other sounds with the
same pitch and loudness (Houtsma, 1997). ‘‘Timbre’’ is
defined as the quality, which distinguishes two sounds with
the same pitch, loudness, and duration (Kostek, 1999).
Often timbre is used to refer to the ‘‘tone quality’’ or ‘‘tone
color’’ (Ilmoniemi, Valimaki, & Huotilainen, 2004). Thus,
the lack of a standard automatic quality control or evalu-
ation system to distinguish the timbre quality may lead to
severe economic losses or wrong assessment of products
due to the possible misuse of an inaccurate method or unin-
tentional human error.

For decades, the timbre quality evaluation of a flute has
been subject to the judgment of experts or professional
technicians; experts or professional technicians would blow
each flute one by one to test its timbre. This process is
labor-intensive and time-consuming and the results are
very subjective and non-standardized depending on the
preferences of each expert or professional technician. In
order to objectively assess timbre quality of flute, there is
a need to find a method to make it possible to objectively
judge the subjective notions of timbre in Chinese Bamboo
flute. With the advent of manufacturing technology toward
automation, an automatic timbre evaluation system is nec-
essary to classify the quality of flute. Essentially, the auto-
matic timbre system was used to objectively classify and
standardize the timbre of flute in order to be used as an
automated evaluation process. The conceptual design of
the system in this paper is composed of audio spectrum sys-
tem, cluster analysis and decision making scheme to judge
the timbre types of flute. Initially, a spectrum module is
used to collect the features of each timbre as the resources
of classification. Subsequently, for exploring the classifica-
tion of flute, a cluster analysis with K-means algorithm was
used to infer the class of timbre feature distribution.
Finally, a condition decision algorithm is presented to
judge the classification of timbre.

The results reveal that an automatic-timbre-quality eval-
uation system can not only be employed to support the
flute technician in objectively judging the timbre quality
with a minimal time and effort, but can simultaneously pro-
vide valuable information to prove the timbre quality of
the flute and increase its economic benefits.

2. Background and characteristics of flute

As has been pointed out, the aim of the application
shown in this paper is to classify the timbre quality of flute



Fig. 1. Framework of the ADQTE system.
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automatically. Generally speaking, to make a good quality
flute is not an easy task because of the multidimensional
and complex nature of the flute itself.

Western musical instrument are often made of metal.
Metal is a very versatile material, so it can meet different
individual requirements. Therefore, the made-up instru-
ment has a very standard production process. For instance,
a western flute has a standard mechanical production pro-
cess. Thus, its inner tube can be well made with a pure cyl-
inder. However, flute uses bamboo as a material and
bamboo is a natural-born material. It is hard for us to
make a standardized and unified raw material. The type
and age of bamboo material has a large effect on timbre
and intensity level (Di-Yin Net, 2005).

As to the timbre evaluations of hard or soft, thin or
thick, bright or dark, everyone has different evaluation
scales or interests. Thus, the evaluation of timbre in flute
is a subjective judgment. However, the attributes of tim-
bre on flute should focus on ‘‘sweet, thick, bright, trans-
parent, and soft’’ (Chen, 2002). Notice that the quality
of timbre of flute is based on the musicians’ or techni-
cians’ subjective judgment. In this paper, four indexes
related to timbre in flute are used to estimate the quality
of timbre, including sweet, transparent, thick and
bright.

Although the study of musical instrument acoustics
holds that different musical instruments have different
principles of vocal, there are still some common methods.
From the perspective of musical instruments, the vocal
part and the resonance part should be separated into dif-
ferent system initially, and then their coupling effect
should be discussed. The physical characteristics of reso-
nance are usually described by input impedance curve.
The impedance measurement was originally designed for
measurement of the human vocal tract (Epps, Smith, &
Wolfe, 1997). It was used for studies on the Boehm flute,
the classical flute, and the baroque flute (Wolfe, Smith,
Tann, & Fletcher, 2001; Wolfe & Smith, 2001). The vocal
part of tube musical instruments can be separated into
two sections with air splitting on the edge of plane sur-
face. The resonance part of a tube musical instrument is
the air in its inner tube. The way to measure its input
impedance is to place a steady sine wave sound source
at the opening of the inner tube. This transmits a sound
into the inner tube to test its intensity level. We improve
the impedance measurement by adding the spectrum anal-
ysis and clustering algorithm to do the automatic timbre
judgment.

The blowing hole, vocal part, and body of a Chinese
flute is a same piece of a bamboo, thus the method to test
the timbre is to blow the flute and check the timbre by ear.
Before the flute leaves the factory, the timbre quality eval-
uation of the flute depends on the manufacturers blowing
test. This study is to implement an automatic flute timbre
evaluation system. Through this evaluation system, the
classification of timbre of flute can be recognized to achieve
the goal of automatic measurement.
3. The automatic flute timbre quality evaluation system

(ADTQE)

An automatic system for evaluating the timbre quality
of flute was designed, implemented and tested. Designing
and implementing the system, the spectrum of musical
instrument sound, discrete Fourier transform, cluster anal-
ysis, and condition decision algorithm were included in this
section.

3.1. Framework of ADTQE system

The system, shown in Fig. 1, is composed of personal
computer, microphone which was placed approximately
1 cm above the membrane, air pump, air valve, air jet
throttle, open–close control valves of the flute finger hole
and the fixed mount for the flute. The computer software
packages include spectral analysis module, air flow pres-
sure control module to control volume of blown air,
open–close control valve module to change the testing
tone, and microphone as a musical input device. The
ADTQE system has been embedded with a user-friendly
software tool using Borland C++ Builder (Deitel & Deitel,
2004) to develop a Windows-based interface system.

3.2. The spectrum of musical instrument sound

The airflow vibration of a tube instrument is similar to
the vibration of a harmonic, string instrument. As for flute,
there are six finger holes on the bamboo. Pressing closed or
releasing among these finger holes will change the wave
length of the resonant to produce a different tone. Due to
the limited number of finger holes on the flute and its per-
forming limitation, it is necessary to widen the sound
domain using the method of changing the blowing
pressure.

As for a tube musical instrument, the timbre in the high
octave area is harder to control than the low octave area.
From a physics perspective, because the tube of a flute
in the high octave area is becoming shorter, the sound
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vibration will be small. Additionally, after the tube of a
flute becomes shorter, it is difficult to vibrate and the num-
ber of harmonics obviously reduces. Compared with the
vibration of the low octave on the same flute, the timbre
of the high octave is tight and dark. In addition, owing
to the membrane, the timbre of a flute becomes harmonic
and sweet (McAulay & Quatiere, 1986; Serra, 1997).

The signal of a time series could denote vs(t) the sum of
different frequency signals of a sine wave through Fourier
transformation. Fourier transformation can process a cyc-
lic signal to produce the spectrum. Including the distrib-
uted frequency named as x0 fundamental frequency and
its harmonics. The critical part of actual signal spectrum
is usually restricted within a small range of frequency x,
which is very useful from the perspective of the signal
process.

The musical sound signal of Fig. 2 is a wave shape of
music tone with fundamental frequency 293.7 Hz. It can
be represented as the type of spectrum shown as Fig. 3.
These two different kinds of representation form are called
time-domain and frequency-domain. The frequency-
domain of a signal, denoted as va(t), can be represented
as va(x) after the Fourier transformation.

Sound signal through the conversion of A/D (analog to
digital circuit) to get the sampled signal becomes the dis-
crete type. Subsequently, using the Discrete Fourier Trans-
form transfers the time-domain into the frequency-domain.
Discrete Fourier Transform is the application of the Fast
Discrete Fourier Transform. It assumes that there are N

sampling points Xn as the transform data to calculate using
Eq. (1). Through Discrete Fourier Transform, the spec-
trum of the sound signal or Periodogram was then
acquired. That means the signal of the time-domain
transfers into the frequency-domain with frequency
components.
Fig. 2. A wave shape of music tone with fundamental frequency 293.7 Hz.

Fig. 3. A spectrum of music tone with fundamental frequency 293.7 Hz.
X n ¼
1

N

XN�1

k¼0

xke�2pjkn=N ; n ¼ 0; 1; 2...N � 1 ð1Þ
3.3. Clustering analysis

A Cluster Analysis with K-means algorithm (Kaufman
& Rousseeuw, 1989) was applied to investigate the timbre
distribution along the whole pitch of a flute. In the
K-means algorithm, giving a set of N M-dimension points,
denoted as Pn, was classified into K clusters. The centroid
point of the cluster was represented by CK. The variance
of each cluster can be defined as

VARCðLkÞ ¼
X

i2Lk

ðP i � lKÞ2 ð2Þ

where lK is the M-dimensional coordinates of cluster LK

and Pi � lK is any distance metric set by the user. In order
to reduce the variance of each cluster in Eq. (2), it is neces-
sary to move any single point to any other cluster. The to-
tal variance is defined by Eq. (3).

TVARC ¼
XK

i¼1

VARCðLKÞ ð3Þ

To avoid the characteristics of converging to a local
optimum in K-means calculation, selecting the initial cen-
troid points must be done very cautiously. The Squared
Euclidean Distance was used to calculate the variance of
a cluster in this study. In our system, 75 iteration times
were calculated as the best classification solution.

4. Experiment method and results

4.1. Materials and experiment operations

Initially, paste the membrane on the flute and then affix
the flute on the rack precisely. Adjust the jet throttle to
blow in the hole while using a computer to control the
air flow volume to the jet mouth. The blowing air intensity
will affect the timbre of a flute (Sandell & Martens, 1995).
Therefore, the blowing air into the flute must keep a steady
speed in each pitch to assure the timbre analysis is under
the same blowing pressure. In the example of D tone flute,
the open–close control valves of the sound holes slowly
goes from completely closed to open from bottom to up.
The testing range of sound is from A4 (440 Hz) to B6
(1979 Hz) in D note flute. In order to simplify the represen-
tation of the wave data, the intensity of harmonics which
were less than 30 dB of the base format were discarded.
Each sound within the whole testing domain is extracted
by the analog to digital circuit. Then a spectral component
is used to analyze the intensity of each harmonic.

Fig. 4 shows the experiment operations of the automatic
flute timbre quality evaluation system. It is composed of an
air jet mechanism to inject the air into the testing flute
while controlling the open or close function of the finger
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hole. A spectrum mechanism was used to extract the timbre
features of the flute. A cluster analysis with K-means algo-
rithm was used to classify the timbre feature distribution.
At the last step, a decision making classifier was applied
to judge the characteristics of the timbre features of the
flute. These include sweet, bright, transparent, and thick.

4.2. Data acquisition

Initially, in order to get the attributes of the timbre data-
base, 300 good quality flutes were collected by three profes-
sional musicians and then a serial number was put on each
flute as training samples. Secondly, the automatic testing
system gradually blows the musical tone and records the
spectral data of each flute using K-means algorithm to clas-
sify into four groups, shown in Fig. 5, where C1, C2, C3,
and C4 individually represented the centroid of four
groups. Finally, these flutes were arranged by their serial
numbers and three professional musicians blew each type
of flute and subjectively gave the suitable timbre classifica-
tion, where C1 is bright, C2 is sweet, C3 is thick, and C4 is
transparent.
Timbre( testing flute feature)=

   Excellent,  distance(c0)<0.4 and near(c0);

                   Bright,  distance(c1)<1.4 or ( distance>= 1.4 and near(c1));    

                   Sweet,   distance(c2)<1.4 or ( distance>= 1.4 and near(c2));

                   Thick,  distance(c1)<1.6 or ( distance>= 1.6 and near(c3));

                   Transparent,   distance(c1)<1.6 or ( distance>= 1.6 and near(c4)); 

                   Unqualify,  distance(c0)>3; 

Fig. 5. The rules for defining the class of timbre.
4.3. Timbre range searching

Past research shows that the decision condition algo-
rithm is frequently used to match data corresponding to
training data (Holland, 1992; Lee, 1996). As was pointed
out in the last Section 4.2, four timbre classifications
(C1–C4) were generated to specify each timbre quality
respectively. C0(x*, y*), calculated by Eqs. (4) and (5), is
the center of the 300 original samples. The timbre near
C0 is considered to have ‘‘excellent’’ timbre quality.

x� ¼
P

all y

P
all xx � f ðx; yÞP

all y

P
all xf ðx; yÞ

ð4Þ

y� ¼
P

all y

P
all xy � f ðx; yÞP

all y

P
all xf ðx; yÞ

ð5Þ

In order to define the radius of timbre distribution, C0,
C1, C2, C3, and C4, the center of each timbre index is
judged by three flute musicians who decide the radius of
a cluster with the same timbre. The results found that the
distance of C0 is 0.4, the coverage radius of C0; the dis-
tance of C1 is 1.4, the coverage radius of C1; the distance
of C2 is 1.4, the coverage radius of C2; the distance of
C3 is 1.6, the coverage radius of C3; and the distance of
C4 is 1.7, the coverage radius of C4. Furthermore, no tim-
bre distribution was found when the distance of C0 is over
3. This indicated that if the distance from the testing
sample to C0 is greater than 3, the timbre quality is classi-
fied as ‘‘bad’’. The decision condition algorithm is used to
classify the type of timbre of flute. The following set of
rules defining the system is used to specify the class of tim-
bre. If the distance from a testing sample to C0 is less than
0.4 then the timbre of flute is classified as ‘‘excellent’’. Indi-
cating this kind of flute has the quality of sweet, bright,
transparent, and thick simultaneously. If the distance from
a testing sample to C1 is less than 1.4 then the timbre of



Table 1
The results of timbre by ADTQE system and three musicians

Timbre Classifier

Excellent Bright Sweet Thick Transparent Bad

ADTQE 78 459 228 315 294 126
Musician 1 81 454 230 309 292 134
Musician 2 77 460 225 311 295 132
Musician 3 82 453 223 315 298 129

Table 2
t-Test for timbre classification by ADTQE and three musicians

Independent variables Mean SD t-Value

ADTQE system 2.79 1.33 .125
Musicians 2.76 1.27

***P < 0.001; **P < 0.01; *P < 0.05.
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flute is classified as ‘‘bright’’. Indicating this kind of flute
has the quality of bright. If the distance from a testing sam-
ple to C2 is less than 1.4 then the timbre of flute is classified
as ‘‘sweet’’. Implying this kind of flute has the quality of
sweet. If the distance from a testing sample to C3 is less
than 1.6 then the timbre of flute is classified as ‘‘thick’’.
Meaning this kind of flute has the quality of thick. If the
distance from a testing sample to C4 is less than 1.7 then
the timbre of flute is classified as ‘‘transparent’’. Indicating
this kind of flute has the quality of transparent. If the dis-
tance from the testing sample to all four centers (C1, C2,
C3, C4) is larger than 1.7 and the distance from the testing
sample to center C0 is less than 3 then the timbre of flute is
classified by the nearest distance cluster. If the distance
from a testing sample to C0 is larger than 3 then the timbre
of flute is classified as ‘‘bad’’. Indicating this kind of flute is
unqualified. The pseudo-code of each rule in the decision
condition algorithm is shown in Fig. 5.

4.4. Experiment results

After the system has implemented, Min-Chu Musical
Instrument Company and Chia-Yin Musical Instrument
Company provided 1500 flutes as a testing sample to clas-
sify its timbre quality. The experiment period is lasted for
three months. Before beginning to test its timbre quality,
each flute was assigned an identification number. After
testing each one by one with the ADTQE system, the fre-
quency of each index was counted and recorded. The test-
ing results are displayed in Fig. 6, among which 78 are
excellent; 459 are bright; 228 are sweet; 315 are thick; 294
are transparent and 126 are bad.

Different tests have been performed with the indexes of
sweet, transparent, thick, bright, excellent, and bad to clas-
sify the timbre quality of flute with the ADTQE system and
the technical support of three musicians. After the ADTQE
system classification of 1500 flutes, three musicians individ-
ually tested the 1500 flutes one by one to classify the type of
timbre. The frequency of each index the musicians classi-
fied was counted and recorded by identification number.
Due to the large amount of data only summary results
are presented in Table 1. As seen in Table 1, the discrep-
ancy between the system and the musicians is minimal. In
order to test the difference between ADTQE system and
musicians, a t-test was applied and the results are presented
1500 flutes test result
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Fig. 6. The testing results of 1500 flutes for ADTQE system.
in Table 2. As expected, the comparison between the sys-
tem and musicians leads to less significant differences. In
other words, there are no significant differences between
the system classification and musicians’ classification. This
result indicated that the classification of timbre quality in
the automatic system is valid and accurate. Additionally,
an ANOVA test was used to test the classification differ-
ences among musicians. The results displayed that there
are no significant classification differences among these
three musicians (F = 0.004, P = .996 > .000). This result
indicated that the evaluation among three musicians is
almost identical.

5. Discussion and conclusions

The function of the ADTQE system in this study was to
provide timbre classification of flute that is accurate, pre-
cise, and time saving. Several conclusions can be drawn
from the obtained results. The ADTQE system has shown
to be a useful and attractive tool to classify the timbre qual-
ity of flute. However, there are only 1500 flute testing sam-
ples, which is not enough to generalize about a large pool
of flute. A further study should be pursued using samples
of a larger number of varieties coming from different flute
factories to increase the usability and validity of ADTQE
system. Furthermore, in order to get a more precise classi-
fication on the timbre quality of flute, more sample sizes
need to be used in the training stage to further improve
the accuracy of these experiment results for advanced
study. Additionally, the measurement of indexes on sweet,
transparent, bright, and thick is very subjective. It is hard
to use a scale or instrument to measure these indexes. This
study is only in the preliminary stage. Further studies are
needed to clearly define the concepts of these indexes.

Due to the characteristics and features of bamboo, it is
very difficult to objectively evaluate the timbre quality of
flute. Problems are encountered not only within the mate-
rial of natural-born bamboo, but also in the implementing
process, where technicians possibly resist using an auto-
matic evaluation system to judge the timbre quality of flute.
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Two possible arguments can depict this. One possible
argument is that technicians may always trust that their
judgment is better than the system. They may think experi-
ence is a key factor in obtaining adequate classification
results. The second argument is that technicians would feel
they may lose their jobs. Their jobs will be replaced by a
computer system. So management should consider how
to limit the resistance of technicians to encourage them
having intention to use the system as a supportive tool to
make their works more efficient and reduce their workload.

Moreover, classifying the timbre quality of flute using
traditional human-methods is insufficient to classify the
timbre quality that customers want or look for in flute
products. Customers differ dramatically in their timbre
preferences for flute. Thus, the proposed automatic timbre
quality evaluation system was developed to enable the pre-
diction of total timbre quality of flute products.

In short, the ADTQE system can be used as a quality
decision tool to classify the timbre quality in Chinese flute
industry. At the classifying levels, the system can be used
by different technicians who don’t need to possess the tim-
bre skill or experience of flute to test the timbre for decid-
ing the timbre quality of flute. This automatic system can
improve the speed of the process in the timbre quality test-
ing task to increase productivities and economic benefits
for Chinese flute industry. In addition, the automatic sys-
tem has a uniform standard to classify the timbre quality
for a long period of time even 24 hours a day, not like tech-
nicians who is easily influenced by the environment, mood,
psychological factors, limited energy or other factors dur-
ing their classification process.
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