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ABSTRACT

When a musician is considering the purchase of a new instru-
ment, the test room often does not have ideal acoustics, and a
musician rarely has the opportunity to test the new instrument
in a concert or recital hall before purchase. However, one of
the most important criteria when choosing a musical instrument
is its sound in a representative performance environment. If
recorded in a relatively anechoic environment, the dry sound
of an instrument can be merged with the acoustic reflections
of a performance environment through a process known as au-
ralization. The technique of auralization, therefore, allows the
musician to evaluate the sound of the instrument without being
influenced by non-musical cues, such as quality or knowledge
of manufacturing. By reproducing the auralized sound, a musi-
cian can listen to his/her own playing as if it were played in a
concert hall, for example, with the auralized sound quality be-
ing one aspect of total quality. Auralization techniques can then
be a service offered to musicians by the instrument maker at
the time of purchase in addition to testing in standard factory
showrooms.

1. INTRODUCTION

At the time of purchasing a musical instrument, a musician
starts with several instruments to test. By repeatedly playing
typical repertoire on each instrument, unsuitable instruments
are identified and removed from the pool of possibly suitable
instruments. Eventually, one instrument is judged to be the best,
and a happy musician goes home with a new instrument.

While this process seems simple enough, there are many
factors that contribute to the decision process. For example,
when choosing a tuba, it is suggested that intonation, tone, re-
sponse and dynamics are all important playing criteria and that
the evaluation may be different for low, middle and high tones
[1].

As a further complication, non-musical cues, such as touch,
can affect one’s perception of sound during playing [2]. It has
been shown that pianists can determine which piano they are
playing even when their vision and hearing are intentionally im-
paired [3], indicating that the mechanical response of piano keys
is an identifying factor of quality.

Another non-musical cue can be simple knowledge of how
the instrument was made or materials of construction. Smith’s
experiment showed that a copper trombone bell was not dis-
tinguished from brass bells of varying thickness by a group of
10 professional trombonists during double blind tests. How-
ever, distinguishable playing characteristics were attributed to
the copper bell during non-blind tests [4].

This provides motivation to separate the evaluation of sound
from complicating factors such as touch and knowledge of fab-
rication. A simple way to do this is to record the playing and

judge the instruments only based on a listening test without any
visual or tactile clues. However, the listening test is then only
valid to judge the instrument’s sound in a particular record-
ing room. Of more concern is that musicians, whether con-
sciously or subconsciously, change their performance based on
their acoustical environment [5].

For these reasons, isolating the sound of a musical instru-
ment from non-musical cues and room effects is desired. This
can be achieved through a technique known as auralization. The
technique consists of recording a sound in a room with sound
absorbing walls and then adding the perceivable effects of an-
other acoustic environment. An added benefit is to judge the
sound of the instrument in different musical settings [6].

In this work, the basics of the auralization techniques are
outlined, and their application to the evaluation of a basstuba
(in F) is demonstrated. Two excerpts of different musical styles,
common to the tuba repertoire, are chosen and auralized. They
are taken from: (1) Vocalise, Op. 34, No. 14 by Sergei Rach-
maninoff, a lyrical, singing melody originally written for so-
prano or tenor voice that has been transcribed for various instru-
ments, including the tuba and (2) the Hungarian March from
Hector Berlioz’s The Damnation of Faust, which is played at a
higher dynamic level and requires a harder, march-like articula-
tion.

Applying auralization in this context, the intent is to isolate
the sound of the instrument so that it may be evaluated in the
absence of non-musical cues. This work is intended to aid mu-
sicians and musical instrument manufacturers in the evaluation
of a musical instrument at the time of purchase.

2. AURALIZATION

The basic process of auralization consists of recording a sound
source in a room with sound absorbing materials on its walls
and then blending this ”dry” sound with the response of a par-
ticular performance environment. It is most often associated
with the evaluation of concert halls, which has been the subject
of lots of research [7]. Even though the usual goal is to com-
pare the quality of different concert halls, the method is equally
valid to evaluate different sources of sound in the same concert
hall, which would be valuable in the case of a musician testing

Figure 1: Excerpt from Rachmaninoff’s Vocalise.
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Figure 2: Excerpt from Berlioz’s Hungarian March.

several instruments for purchase.
New challenges are presented in this case, of course, namely,

that the same music should be reproduced exactly on each in-
strument. However, as is the case in most recording sessions,
several takes are allowed, so it is assumed that experienced mu-
sicians are able to reliably reproduce high quality performances
on different instruments. Any differences that remain are at-
tributed to the characteristics of the instrument.

In this section, the main steps of the auralization technique
are outlined: 2.1 the making of dry recordings, 2.2 taking into
account room and listener effects of a typical musical environ-
ment, 2.3 adding these effects to the dry recordings and 2.4 lis-
tening and evaluation. The process is applied to the musical
excerpts shown in Figs. 1 and 2.

2.1. Anechoic recording

An anechoic (i.e., without echo) room is an acoustically dry
room that is specifically designed for performing sensitive acous-
tic experiments. Such experiments include measuring the di-
rectivity of loudspeakers, human hearing tests and noise radi-
ation measurements of machines. Although not achievable in
practice, a perfectly anechoic room absorbs all sound energy
at its walls at all frequencies, imitating an infinite space. This
means that a listener inside an anechoic room in the presence of
a sound source only hears the direct sound from the source and
not the reflected sound from the walls of the anechoic room.

When a musical instrument is played in a normal room, the
sound heard by a listener contains the sound of the musical in-
strument and the sound reflected from the walls of the room.
The differences between a normal room and an anechoic room
are illustrated in Figs. 3 and 4. If a musical instrument is
played inside an anechoic room, only the sound starting from
the source and traveling directly to the microphone is present;
any reflected sound from the walls is absent.

The recording setup in the anechoic room of the KU Leuven

Figure 3: The sound in a normal room comes from the source
(∗) and reflections from the walls and arrives at the listener (o).

Figure 4: Only the direct sound is present in an anechoic room.
The reflections are eliminated by the triangular wedges, which
are made of absorbing materials.

Dept. of Physics & Astronomy is shown in Fig. 5. Two micro-
phones are placed in front of the player at +/ − 45◦ and one
microphone directly behind the player. All three microphones
were placed at a distance of 150 cm. The two front microphones
were Behringer ECM8000 1/2 ” microphones, and the one be-
hind was a Brüel & Kjaer type 4192 1/2 ” pressure-field micro-
phone with measurement amplifier type 2160. A fourth micro-
phone, a miniature Sennheiser MKE2 (4.8mm), was placed on-
axis at the opening of the bell using tape and string. The audio
interface was a Roland UA-1010 Octa-Capture, and the Reaper
Digital Audio Workstation was used, which allowed multitrack
recording [8].

It is important to note that the choice of microphones has an
impact on the quality of the recordings. For example, large di-
aphragm microphones (1”) are more sensitive than microphones
with smaller diaphragms (1/2” or below). While this allows the
recording of more faint sound pressure levels (SPL), they can
not be used to record very high SPLs, such as those arising at
fortissimo passages played with the tuba at short distances. For
auralization purposes, therefore, it is important to maximize the
dynamic range of the recording, i.e., the difference between the
strongest signal peaks and the noise floor. Moreover, the fre-
quency response of the microphones should be flat.

The directivity of the musical instrument should also be
considered when making anechoic recordings, as it plays a role
in the placement of the recording microphones. The directivity
of a musical instrument describes how the low, middle and high
tones radiate in different directions. Fortunately, due to the bass
nature of the tuba, its sound radiates rather evenly in all direc-
tions over most of its playing range [9, 10], and the recordings at
the three microphone positions are quite similar. Other instru-
ments with more complicated directivity patterns (e.g., violin
or flute [9]) may need a more complex arrangement of micro-

Figure 5: Recording setup in anechoic room using 3 micro-
phones.
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RIR all room effects including the positions of the
source and listener, materials on walls, size and
shape of room

HRIR all effects due to the presence of a listener includ-
ing shape of upper body, head and ear

BRIR room and listener effects contained in RIR and
HRIR

Table 1: Summary of different impulse responses.

phones [11]. Other sounds like mechanical noise or breathing
from the player may also have a more complicated directivity
pattern. With the intention of evaluating the auralized sound of
the tuba, these additional sounds should be ignored as much as
possible.

Under these conditions, anechoic recordings of a tuba per-
forming the excerpts found in Figs. 1 and 2 were obtained,
eliminating the room acoustics feedback given to the musician
1. The next step in the auralization process is to determine the
effects a real musical environment has on the sound of the in-
strument. This is done by using impulse responses.

2.2. Impulse responses

Once an anechoic recording is obtained, the relevant, perceiv-
able aspects of listening to this sound as if it were performed
on the stage of a concert hall must be added. This is done by
using impulse responses that contain the effects of the room and
listener’s presence. There are three types of impulse responses
that are relevant to the auralization of a musical instrument, the
RIR, HRIR and BRIR, which are explained below.

A room impulse response (RIR) is the resulting sound in a
room after a very short sound. In classical measurements of the
RIR, the sound is recorded after the popping of a balloon. Short
impulsive sounds are used, because they excite all frequencies
evenly. This is why most acousticians clap their hands when
they enter an acoustic space. They are performing a very crude
measurement of the room impulse response.

The impulse response of a room depends on the size and
shape of the room, the objects inside the room and the materials
on its walls. If someone adjusts the position of reflecting panels
on stage or if curtains are drawn or closed, all of these things
change the RIR.

Even if the wall treatments and other objects do not change,
a room impulse response is still dependent upon the source and
receiver locations. At an opera, an RIR changes if the singer
walks across the stage or if the listener changes seats. There-
fore, the room impulse response contains all the sound effects
that are determined by the room and the positions of the sound
source and listener.

The RIR describes how the sound travels through a room
and arrives at the location of a listener. However, this measure-
ment is from a microphone, a physically different situation than
if the sound were measured at the listener’s eardrums. The pres-
ence of a human listener affects the sound waves arriving at the
listener’s location. For these reasons, a head-related impulse
response (HRIR) is needed.

The HRIR gives the relationship between the sound at the
eardrum of the listener and the sound as measured by a micro-
phone in place of the listener. The two sounds are different,

1It is recognized that an anechoic environment may itself be a form
of feedback that may influence the musician. However, it has been re-
ported that musicians are able to quickly adapt and perform well in this
acoustically foreign environment [11].

Figure 6: How to make a binaural recording.

because the shape of the body, head and ear all affect the in-
coming sound. Sound coming from the left and arriving at the
right ear must travel around the head, resulting in a different
sound compared to a direct line of travel, likewise for the sound
coming from the right, arriving at the left ear. Therefore, the
HRIR contains all the information related to the physical pres-
ence of a human listener.

The combination of both the RIR and HRIR gives the bin-
aural room impulse response (BRIR), which contains the in-
formation of how a sound source on stage travels through the
concert hall to the listener’s location and arrives at the listener’s
eardrum. The different impulse responses are summarized in
Table 1.

It should be noted that there are several databases of im-
pulse responses available for academic use. Room impulse re-
sponses of different rooms are available [12, 13]. Head-related
impulse responses can also be found [14, 15, 16].

The anechoic recording and the binaural room impulse re-
sponse are the two main building blocks of the auralization pro-
cess. How to combine them into a binaural recording is de-
scribed next.

2.3. Processing

Adding room and head effects to an anechoic recording consists
of a convolution process of the recorded signal with a binaural
room impulse response. Convolution is a mathematical process
of combining two sequences. Specifically, the sound at a partic-
ular time in the first sequence (the anechoic recording) results
in a large amount of echoes that are determined by the impulse
response. Each instance in time of the anechoic recording gives
rise to a similar sequence of echoes. Finally, all the echoes over-
lap and are added together to get the total effect.

In digital audio workstations (DAW), the convolution pro-
cess is similar to adding artifical reverb. The reverb in this case
is the reflections measured inside a real concert hall. In addi-
tion to Reaper, the already mentioned DAW used to make the
anechoic recordings, Audacity [17], Cubase [18] and Wavosaur
[19] are other popular DAWs.

It is usually necessary to use a reverb or convolution plug-in
with a DAW, and there are many available. Two examples are
Freeverb (opensource) [20] and SIR2 (license required) [21].
They are provided as Virtual Studio Technology (VST) plug-ins
that are compatible with most DAWs. Available from CATT-
Acoustic, GratisVolver is available as a free stand-alone con-
volver [22].

While DAWs are quite user friendly, the convolution algo-
rithm used is not always specified, and computation time-saving
measures are often employed, which reduce the accuracy of the
convolution process. For these reasons, Octave [23] is used
in this work for the convolution process. Octave is an open-
source software used primarily for advanced numerical compu-
tations. With the execution of only a few commands, an ane-
choic recording can be read, processed and listened to. The
process of obtaining binaural recordings is summarized in Fig.
6.
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By convolving the anechoic recordings with binaural room
impulse responses, binaural recordings of both musical excerpts
are calculated. The anechoic recordings as well as the binau-
ral recordings using one chamber hall and one concert hall are
available at people.mech.kuleuven.be/˜u0086891/
Data. Audio files for all four microphones are included.

2.4. Listening and evaluation

If this process of creating binaural recordings were repeated for
other tubas, the binaural recordings could be compared. The
musician trying out a new musical instrument could listen to
Instrument A, playing several contrasting pieces of music in a
few different musical environments. Next, Instrument B could
be auralized under the same conditions. In this way, the mu-
sician could judge the musical characteristics of the instrument
independent of several biasing factors, such as mechanical re-
sponse and knowledge of manufacturing techniques.

Even though the sound has been successfully separated from
any non-musical cues, determining the best sound is still quite
involved. Therefore, the subjective evaluation is left to the mu-
sician purchasing the instrument.

On the other hand, if there are several evaluators, perhaps
several representatives of the musical instrument manufacturer,
other factors should be taken into consideration. Specifically,
attributes have to be clearly defined, and some training is of-
ten needed. Returning to the suggestions found in [1], there are
many attributes to consider. Intonation is obviously related to
the frequency at which the instrument plays relative to accepted
standards, but evaluating the tone of an instrument may not be as
straightforward. A bright or a dark tone may be preferred, and
this may differ for different musical styles. Even more prob-
lematic is that people have a range of opinions of what bright
means and what dark means.

Once the attributes are well-defined, these can be judged
and ranked for the different recordings using standardized blind
listening tests like MUSHRA [24] or paired comparisons. The
results of the listening tests can give customers and manufac-
turers more objective information when evaluating the auralized
sound of the instruments.

3. DISCUSSION

It is possible to approximate the experience of playing an in-
strument in a concert hall by using real-time auralization. This
technique is essentially identical to the offline convolution de-
scribed in section 2.3. Instead of using a recording, the micro-
phone input during live performance is directly processed by
the convolution plugin, and the output is played through head-
phones worn by the player. In order to use this technique, head-
phones should be of high quality, open type and with a rather
flat frequency response. The time delay between the instant a
sound is played and the time for the sound to be processed by
the audio interface, i.e., the system’s latency, should be lower
than 5ms. In addition, the early samples of the BRIRs should
be trimmed, accounting for the latency of the sound card and
the propagation of sound between the instrument and the mi-
crophone. Despite the benefits of this technique, it brings back
the effects of visual and tactile cues in judging the value of an
instrument.

A critical requirement for accurate auralizations is the use
of an anechoic room. Since construction of an anechoic room is
quite expensive, it is not expected that these techniques can be
immediately applied to the evaluation of musical instruments.

However, anechoic rooms are standard facilities at acoustics re-
search laboratories. Therefore, auralization of musical instru-
ments can be a point of collaboration between research institu-
tions and instrument makers.

4. CONCLUSIONS

This work applies the basics of auralization techniques to the
evaluation of a musical instrument. The main concepts, includ-
ing anechoic recordings, impulse responses and data process-
ing, are described. Auralization is intended to be of use for
musicians and instrument makers at the time of purchasing a
new instrument. This method successfully isolates the sound
perception from the non-musical cues experienced by a musi-
cian when testing an instrument. A musician can record several
instruments and then listen to the binaural recordings in order
to independently evaluate the playing quality of the instrument.
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