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Abstract

The acoustic and auditory properties of individual musical instruments have been ex-
tensively studied over recent decades, however, their sonic interplay within a musical
ensemble remains under-explored. Given their considerable importance across vari-
ous [eltls, aspects of ensemble sound, such as blending of instruments, perceptual rel-
evance of directivity of instruments, and the role of room acoustics, demand compre-
hensive evaluations and an interdisciplinary approach. This study aims to improve the
perceptually motivated acoustic representation of instruments in joint performance in
both real and virtual acoustic domains, by exploring di [erknt stages of these aspects
in musically realistic contexts.

An explorative listening test with live string ensemble performance suggested that
the characteristics of the acoustic environment considerably in [ugnce the blending of
violins playing in unison. Combining methods of Machine Learning and Music Infor-
mation Retrieval, a computational modelling approach is proposed to classify sound
samples from an ensemble recording according to perceived blending. Proving this
classi [cation to be e [edtive for monophonically rendered sound samples of two vi-
olins from in-situ environments, without requiring the individual source recordings
marks a [rst step towards comprehensive blending modelling. Furthermore, the appli-
cability of close-microphone recordings for auralization of a perceptually convincing
ensemble sound was successfully demonstrated.

Advancing previous research in directivity perception, it could be demonstrated
that the room acoustics have a greater impact on the orientation perception of sources
than their directivity. By involving instruments with distinct radiation directivities in
a variety of acoustic environments, the major acoustical parameters in [uéncing the
orientation perception have been explored. Examining musical instruments with their
inherent dynamic directivity against loudspeakers in in-situ conditions showed that
their distinction becomes obscured under speci [C&coustic conditions. These [ndings
led to a pilot study on the perceptual relevance of high-order directivity modelling of
individual sources forming an ensemble. Results indicate, that even with an increasing
number of sources, their detailed directivity characteristics remain pivotal for auraliz-
ing ensemble performance.

The role of room acoustics in shaping the overall blending is shown to be dependent
on the source-level blending. A computational model for predicting overall perceived
blending in musical performance using source-level blending ratings and room acous-
tical parameters was suggested and validated. Analysis of its feature importance re-
vealed that the room acoustic contribution to the overall blending impression is nearly



as signi [cant as the blending between instruments at the source level. By emphasizing
and detailing relations between musical blending, directivity perception, and auraliza-
tion aspects, this thesis contributes to the advancement of ensemble sound research
and o [erk insights pertinent to music performance and perception research, virtual
acoustics, and related [eltls.

Keywords: Musical ensembles, Instrument blending, Sound source Directivity, Room
acoustics, Auralization.



Zusammenfassung

Die akustischen und auditiven Eigenschaften einzelner Musikinstrumente wur-
den in den letzten Jahrzehnten ausfihrlich untersucht - ihr klangliches Zusammen-
spiel in einem Ensemble ist jedoch vergleichsweise wenig erforscht. Aspekte des En-
sembleklangs wie die Klangverschmelzung, der Beitrag der Abstrahlcharakteristik fr
die Klangformung und der Ein[uds der Raumakustik sind fir verschiedene Fachge-
biete von Bedeutung und erfordern daher eine ganzheitliche Betrachtung und einen
interdisziplindren Ansatz. Ziel dieser Arbeit ist es daher, die perzeptiv relevanten
akustischen Darstellungen gemeinsam klingender Instrumente fur sowohl reale als
auch virtuelle akustische Umgebungen zu verbessern. Dazu werden verschiedene Ab-
stufungen dieser Aspekte in musikalisch realistischen Kontexten untersucht.

Ein explorativer Hortest anhand von live Einspielungen eines Streicherensem-
bles ergab, dass die raumakustischen Eigenschaften die Klangverschmelzung unisono
spielender Violinen erheblich beein[ugsen. Durch die Kombination von Methoden
des maschinellen Lernens und des Music Information Retrieval wird ein Model-
lierungsansatz vorgestellt der es erlaubt, Klangbeispiele aus einer Ensembleaufnahme
nach dem Grad der wahrgenommenen Klangverschmelzung zu klassi [ziren. Diese
Klassi [kdtionsmethode kommt dabei ohne nahmikrofonierte, quellgetrennte Signale
aus und wurde vielmehr anhand von monophonen Raumklangaufnahmen von zwei
Violinen unter realen Au [iArungsbedingungen validiert. Diese Methodik stellt einen
erfolgversprechenden ersten Schritt hin zu einer ganzheitlichen Modellierung von
Klangverschmelzung dar. Dariber hinaus wird gezeigt, dass Nahmikrofonaufnahmen
geeignet sind um einen perzeptiv Uberzeugenden Ensembleklang zu auralisieren.

In Weiterentwicklung friherer Forschungen zur Richtwirkungswahrnehmung
konnte gezeigt werden, dass die Raumakustik einen grofReren Einl[uds auf die
Wahrnehmung der Orientierung einer Quelle hat als deren Richtwirkung. Anhand
von Instrumenten mit unterschiedlichen Hauptabstrahlrichtungen in verschiedenen
akustischen Umgebungen wurden die akustischen Parameter identi[ziért welche
die Orientierungswahrnehmung hauptséachlich bedingen. Fur Musikinstrumente
als Quellen mit inhdarent dynamischer Richtwirkung zeigte sich im in-situ Ver-
gleich zu Lautsprechern, dass bestimmte raumakustische Bedingungen die Unter-
scheidbarkeit erschweren. Diese Erkenntnis inspirierte eine Pilotstudie zur Detail-
treue der Richtcharakteristikmodellierung von Quellen innerhalb eines Ensembles in
Bezug auf die Wahrnehmung des Gesamtklangs. Diese zeigt, dass selbst bei einer
zunehmenden Anzahl von Quellen deren spezi [Sche Richtcharakteristik weiterhin von
entscheidender Bedeutung flr die Auralisierung von Ensembledarbietungen ist. Die
Rolle der Raumakustik bei der Gestaltung von Ensembleklang hangt dabei von der
Klangverschmelzung auf Quellenebene ab. Ein Modell zur Vorhersage der insgesamt
wahrgenommenen Verschmelzung einer Musikdarbietung wird vorgeschlagen und va-
lidiert, das auf akustischen Parametern basiert und mit subjektiven Einschatzungen



der Klangverschmelzung auf Quellenebene trainiert wird. Eine Merkmalsanalyse er-
gab dabei, dass die Raumakustik fast genauso wichtig ist fur den Gesamteindruck
von Ensembleklang wie die Klangverschmelzung der einzelnen Instrumente auf Quel-
lenebene.

Durch die Herausarbeitung und Verdeutlichung der Zusammenhange zwischen
musikalischer Verschmelzung, Richtwirkungswahrnehmung und Auralisation tragt
diese Arbeit zur Weiterentwicklung der Ensembleklangforschung bei und bietet
Erkenntnisse, die fur die Musikau [Qhrungs- und Musikwahrnehmungsforschung, die
virtuelle Akustik und verwandte Bereiche relevant sind.

Schlusselwdrter: Musikensembles, Instrumentenmischung, Richtwirkung der Schal-
Iquelle, Raumakustik, Auralisierung.
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Chapter 1

Introduction

1.1 Motivation

Ensemble sound epitomizes the harmonious convergence of a group of voices or musi-
cal instruments that emerge from interconnectedness and collective expressions, tran-
scending boundaries and resonating deeply within the human experience. As articu-
lated by Daniel Barenboim, the musical ensemble functions as a dynamic organism,
reliant on symbiotic collaboration, e ective communication, and creative synergy. At-
tributes such as orchestration techniques, timbral characteristics of individual instru-
ments, joint performance strategies, spatial arrangement of sources, room acoustics,
and more, interact in complex ways to shape the formation and perception of ensemble
sound, highlighting the intricate relationship involved between music, acoustics, and
human perception. Ranging from the percussion ensembmjithara Melamfrom
Kerala, India to the/ienna Philharmonic orchestthese characteristics of the ensem-
ble sound exhibit cross-cultural consistency regardless of their size or genre. Although
signi cant research has been carried out on the acoustic and perceptual attributes of
individual musical instruments, the impact of these attributes in musical ensembles
remains mostly under-explored. This gap is primarily due to the multitude of fac-
tors in uencing the formation of ensemble sound, necessitating an interdisciplinary
approach.

During a live musical ensemble performance, the listeners typically do not hear in-
dividual instruments as itis, but an immersive perceptual fusion of musical instruments
that blend together to result in an “auditory chimera', a sound with rich musical tim-
bre, which is mostly di erent from the timbre of the constituent instruments. Rather
than perceiving each instrument distinctly, achieving a uni ed and harmonious per-
ception of instruments is a fundamental sonic objective in joint musical performances.

1



Chapter 1. Introduction

Therefore, auditory blending, a psychoacoustic phenomenon referring to the percep-
tual fusion of sound sources, stands as an integral perceptual attribute of joint musical
performances and ensemble sound. The blending of musical instruments shaped by
the collective e ort of musicians, and the impact of room acoustics on it, are critical
aspects in both music performance and perception domains. Yet, these aspects remain
largely unexplored in realistic conditions, mainly due to the complex, multi-level, and
multi-dimensional characteristics involved in blending.

The directivity characteristics of musical instruments, which shape the spatial dis-
tribution of energy radiated from the instrument, constitute another perceptually rel-
evant acoustic attribute of the sound sources within a musical ensemble. Based on the
spatial distribution of the constituent instruments including their position and orienta-
tion, the directivity of sound sources is observed to alter the perceived ensemble sound
in spectral, temporal, and spatial domains. Attributes associated with directivity, such
as source orientation, are pivotal in the arrangement of instruments in music perfor-
mance, and instrument recording techniques. Moreover, modeling the directivity of
sound sources with high spectral and spatial resolution holds signi cance in accurate
room acoustic simulations and sound eld reconstruction applications. While the di-
rectivity characteristics of individual instruments have been extensively investigated
over the past decades, their perceptual signi cance in room acoustic environments
has been relatively underexplored. This aspect becomes even more signi cant when it
comes to musical ensembles consisting of multiple sources.

The Virtual orchestra is considered to be the next-generation tool of orchestration
that opens up a wide range of possibilities such as customizable immersive listening
experiences for entertainment purposes, experimentations on composition and orches-
tration, educational applications, facilitation of interactive collaborations and perfor-
mances, and much more. Reconstructing a perceptually convincing spatial sound eld
impression of an orchestra or ensemble involves various aspects, including capturing
source signals from each constituent instrument, modeling the directivity of sound
sources, simulation of room acoustic environment, and sound eld reproduction, etc.
To ensure a musically and perceptually authentic acoustic representation of sound
sources in a virtual orchestra, the initial step is to capture authentic source signals
that retain the intrinsic and natural attributes of joint performance. Moreover, the as-
sessment of the perceptual requirement of the “detailings' in directivity modeling of
individual sound sources in room acoustic environments is highly relevant for a per-
ceptually plausible creation of ensemble sound by minimizing computational e orts.
Furthermore, the assessment of blending between sound sources should be incorpo-
rated as an essential quality attribute of the virtual ensemble sound.

This thesis aims to investigate the perceptually relevant acoustic attributes of sound
sources in joint performance within a musically realistic setting. This includes the eval-
uation of blending between instruments, perceptual relevance of directivity of instru-

2



1.2. Background

ments, and capturing individual instruments during joint musical performance from
in-situ conditions. Moreover, it also seeks to explore the role of room acoustic at-
tributes in these aspects. By delving into these aspects, this thesis attempts to advance
the acoustic and perceptual aspects of joint music performance research, and thereby
contributing to various elds including virtual reality acoustics, music performance
and perception research, music recording techniques, and beyond.

1.2 Background

1.2.1 Ensemble sound formation: an overview

When musicians perform together in a joint musical performance, the sound radiated
from the instrument reaches the listeners as direct sound as well as room acoustic
re ections. Such joint performances by the musicians are signi cantly in uenced by
multimodal attributes including aural, visual, and tactile feedback, and thereby shape
the apparent ensemble sound generated. Figure 1.1 illustrates a ow diagram depicting
the major aspects and multimodal attributes involved in a joint musical performance.

Figure 1.1: Flow diagram of major aspects and multimodal attributes involved in a joint
musical performance.



Chapter 1. Introduction

The rst important aspect in the ensemble sound performance involves the dis-
tribution, i.e., the position and orientation, of musical instruments. The quality of
the ensemble performance is substantially impacted by performance-related attributes
such as the spacing and orientation of the sources and the corresponding self-to-others
ratio of auditory feedback [1; 2]. This is accompanied by cross-performer interaction
using visual feedback as well as auditory feedback [3; 4], and joint action strategies
such as leader-follower roles among the players [5]. The presence of a conductor can
be an important aspect in this stage. By optimizing these performance-related fac-
tors and interactions, performers try to attain temporal synchronicity and pitch sim-
ilarity in producing sound and also modify the instrument timbre while performing
[2; 3; 4; 5; 6]. Once the sound is produced, it radiates from the instrument according
to the directivity characteristics of the instruments and reaches both the listener and
the performer as direct sound. Subsequently, a multitude of room acoustic re ections,
that encompass strong early re ections and late reverberations, reaches the listeners
and performers. These room acoustic re ections are observed to shape the spectral and
spatial attributes of the perceived instrument sound; the re ections act as a lterin the
frequency domain due to the absorption properties of the walls, moreover, the spatial
impression including the perceived source width and spatial envelopment are altered
according to the strength and directionality of the room acoustic re ections. These
perceptually important attributes of room acoustics have been extensively analyzed
in the past decades, particularly in the context of musical performance perception, by
utilizing a wide range of acoustic parameters and verbal descriptors [7; 8; 9]. Addition-
ally, these modi ed room acoustic re ections, serving as room acoustics feedback, are
another major factor that has been shown to in uence the timbre, tempo, dynamics, vi-
brato, etc., of the performance, and thereby actively control the performance strategies
[10; 11;12; 13].

Achieving an immersive perceptual fusion of musical instruments, and thereby
yielding a blended auditory impression, is often the primary objective in ensemble
sound. Therefore, the auditory blending of sound sources, de ned as the perceptual
fusion of two or more concurrent sounds where the constituent sound sources are no
longer individually distinguishable [6; 14], is an integral aspect of the ensemble sound.
Although the multimodal attributes and their complex interactions are importantin the
joint musical performance, by including the four stages of musical blending evolution,
the formation and development of a “blended ensemble sound' can be summarized in
a simpli ed way as provided in Figure 1.2.

The process starts with the composer's formulation of the arrangement and orches-
tration of the musical composition. The composer's conception of the desired level of
musical blending by choosing suitable instruments and musical elements including
pitch range, dynamics, tempo, and articulation is involved in this stage. The seating
arrangement of musical instruments in the performance space can be pre-decided by

4



1.2. Background

the composer or conductor to meet speci ¢ musical or acoustical needs (as discussed
in [15]), or by following conventional practices (e.g. American and German seating
arrangement in orchestra). The understanding of the composer's intention by the con-
ductor, subsequently by the musician, and its execution as a joint performance is the
second stage. The blending development at this stage is referred to as "source-level
blending', where joint performance strategies and room acoustic feedback play a sig-
ni cant role. The next part involves the directivity-related attributes of musical instru-
ments; depending on how the instruments are positioned and oriented on stage, the
directivity characteristics of the instruments decide the spatial distribution of sound
energy radiated from the ensemble, leading to changes in the perceived sound of the
ensemble performance [16]. Transformation of the ensemble sound by room acous-
tic environment is the next part in the ensemble sound evolution, where the room
acoustic re ections modify the perceived timbre, clarity, and spatial impression of the
ensemble sound. As a result, the degree of musical blending impression also gets al-
tered by the room acoustic re ections, at this stage. The nal stage of ensemble sound
formation encompasses the perception and interpretation of ensemble sound by the
listeners. The realization of the blending occurs at this stage which varies based on
the skills and background of the listener [17; 18].

Figure 1.2: Schematic diagram of the formation and evolution of a blended ensemble
sound

The formation of an ensemble sound in the virtual acoustic domain is fundamen-
tally carried out through a process called "Auralization'. Analogous to "visualization’, it
is the process of (re)creating audible sound les of an acoustic scene, enabling people to
listen to acoustics of a particular real/virtual space, by utilizing measured or simulated
or synthesized data. Auralization involves several steps including sound generation
and capture, modeling sound source, simulation of room acoustic environments, and
sound eld reproduction. In addition to its applications in Virtual Reality (VR) and

5



Chapter 1. Introduction

Extended Reality (XR) [19], the auralization technique has been widely used in room
acoustic planning [20], environmental soundscape evaluation [21], architectural and
archaeological acoustics [22; 23], and so on. An intrinsic and plausible representation
of sound sources in the auralization of an ensemble performance involves two major
steps: capturing the sound signals of constituent sources in an ensemble and modeling
the directivities of the sources in simulations. Considering the signi cance of both vi-
sual and auditory feedback from musicians and from the room acoustics as discussed
above, it is important to capture the source signals of individual instruments in the
ensemble by preserving the musically intrinsic and perceptually authentic qualities of
their joint performance. Moreover, by accounting for the in uence of room acoustic
re ections, estimating the perceptual relevance of complex and inherent directivity
patterns of instruments in realistic room acoustic environments could contribute to
optimizing the directivity Iters of sound sources in auralization for a perceptually
plausible rendering of an ensemble sound.

The details on the di erent stages and aspects of musical blending, directivity per-
ception, and auralization are described in the following sections.

1.2.2 Blending of sound sources

Attaining a harmonious blend of sound sources is a fundamental sonic objective in
collaborative musical performances. Therefore, the phenomenon of auditory blending
between sound sources is established as a crucial aspect in music perception-related
domains, spanning music composition and orchestration[6; 24], techniques for orches-
trating recordings[25; 26], room acoustic adaptations [27; 28], development of joint
performance strategies [5], and the evaluation of orchestral soundscapes in both real-
world and virtual reality settings. The auditory blending phenomenon is fundamen-
tally linked to the principles of fusion and segregation of concurrent auditory stream
perception described in Auditory Scene Analysis (ASA) [29] (detailed in the following
section). The degree of the perceived blending between sound sources can be assessed
in two ways: either by using a rating scale to judge the blending impression or by
evaluating the identi ability of constituent sound sources in the concurrent sound

[6; 14; 24]. The four important stages involved in the evolution of blending and the
major attributes involved in each stage are detailed below.

Blending as composer's notion:

Blend and contrast are two major musical aspects composers use skillfully to achieve
di erent sonic goals required in musical compositions and thereby enhance the musi-

cal experience. Therefore the evolution of blending commences with the composer's
conceptualization of the desired blending in a musical piece. Composers utilize the
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1.2. Background

concept of blending between instruments to obtain certain timbral outcomes by pro-
ducing an augmented, emergent, or softened timbre from individual timbres of in-
volved instruments [15]. Additionally, they use blending to attain speci c sonic goals,
such as enhancing expressiveness for emotional depth, ensuring balance between in-
struments, achieving coherence, and so on. It is achieved through careful decisions
regarding the selection of musical instruments, and choices of the composition ele-
ments such as pitch range, dynamics, tempo, articulation, etc.

Musical blending is observed to be higher in unison performances, where two or
more players perform in the same pitch or octaves, compared to non-unison arrange-
ments [14; 24; 30]. The timbre characteristics of the instruments chosen for joint per-
formance signi cantly in uence the blending. Compositions involving lower pitch
registers result in relatively darker timbral characteristics of the instruments, thereby
improving the blending impression [14]. Moreover, the dynamics marking of the mu-
sical piece, representing the variation in loudness between the musical notes, also ap-
pears to in uence the blending impression, where softer dynamics leading to a darker
timbre are observed to enhance blending [15]. Furthermore, musical articulation-
related aspects such as the excitation of the instrument by bowing or plucking the
string, and the presence of temporal or spectral modulations such as vibrato are also
observed to in uence the blending [14; 30; 31]. The symbolic information of musical
attributes extracted from musical scores, such as the onset synchronicity, pitch har-
monicity, and parallelism in pitch and dynamics, are shown to provide cues on mod-
eling the orchestral blend from musical scores [32]. While the selection of attributes
in uencing blending is important, the key part to achieving the intended blending lies
in the musicians' awless execution of the composer's vision. This crucial aspect of
blending occurs during the joint performance stage, leading to the formation of blend-
ing at the source level.

Blending at source level

Source-level blending between instruments in a joint performance is a multifaceted
process in uenced by both composition-related attributes and musical performance-
related parameters, which span spectral, temporal, and loudness domains. While musi-
cians try to attain the composer's or conductor's vision of blending, their performance
strategies are controlled by inter-musician coordination and room acoustic feedback.
In such conditions, musicians trying to achieve a blended output will try to optimize
attributes such as the timbre of individual instruments, temporal synchronicity, pitch
similarity, coherence in dynamics, and so on [2; 3; 4; 5; 6]. These mentioned musically
oriented attributes that in uence the source level blending can be evaluated by ana-
lyzing corresponding acoustic parameters extracted from audio signals across spectral,
temporal, and loudness domains.
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The perception of blending between two sound sources can be assessed using acous-
tic parameters representing their spectral characteristics such as the composite spectral
centroid, spectral envelope, the prominence and frequency relationship of formants,
etc. A lower spectral centroid value, representing a darker timbre of the instrument
sounds, correlates with an improvement in blending impression [14; 31]. Moreover,
similarity in spectral envelope characteristics, coinciding formant locations, etc., also
contribute to the improvement of blending impression [6; 24; 14; 33]. Since the di er-
ence in fundamental frequencies is observed to in uence auditory stream segregation
of concurrent sounds [34; 35], increasing pitch separation between the instruments
in joint performance results in reduced blending [15]. When it comes to temporal
domain, the onset synchronization of musical notes are very important to achieve a
blended impression [14]. The attack time of onsets, in uenced by musical articula-
tion such as bowed or plucked excitation, also plays a signi cant role in blending. A
slower attack is observed to result in better blending compared to an impulsive attack
[31; 30]. Additionally, a high correlation in loudness between the concurrent sounds
from instruments was also observed to in uence the blending positively [14].

Attempts to statistically predict the source-level blending impression between dif-
ferent instrument combinations were previously investigated using linear correlation
and regression of blend rating with individual acoustic parameters [14]. This method
was able to account for 51% of the variance in blending ratings of unison perfor-
mance using composite centroid, attack contrast, and loudness correlation [14]. In
some later investigations, Multiple Linear Regression (MLR) was used to predict the
blending perception in accordance with the variation in spectral characteristics such as
the multi-parametric variance of the formants [33]. Due to high collinearity between
the variables involved, a Partial Least Square Regression (PLSR) based model was pro-
posed as an extension to the earlier studies to predict the blending rating on a diverse
data set of audio samples that included di erent instrument combinations with unison
and non-unison intervals, various pitch range and distinct excitation mechanisms [30].
These aforementioned studies utilized sound samples with sustained tones by limiting
musical features such as loudness, dynamics, duration, vibrato, location and relative
strength of formants, and so on. However, these mentioned musical features are mu-
tually and stochastically entangled in realistic joint musical performance recordings.
As a consequence, although the mentioned studies on isolated instrument tones give
insights into the potential parameters and their in uence on the blending in musical
contexts, evaluation of the perception of blending on musically realistic "ecological’
sound samples remains unexplored.
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Role of acoustics environment on blending

Considering the room acoustic environment as a Linear Time-Invariant (LTI) system,
the way the system transforms the input signal (i.e., sound radiated from the sound
source) to the output (i.e., sound received by the listener) can be analyzed using Room
Impulse Response, which serves as the transfer function of the system. The Room Im-
pulse Response (RIR) illustrates how a room responds to a Dirac impulse generated
from a source by showing its transfer to the receiver as direct sound followed by a
series of impulses as room re ections with decaying amplitude with time. The time
domain representation of RIR demonstrates the strong early re ections, and late di use
reverberation caused by the room, as well as o ers cues on the absorptive and di u-
sive nature of the room. Based on the perceptual aspects, the RIR can be classi ed into
three regions: the direct sound part (i.e., 0 - 5 milliseconds), the early re ections (5 -
50 or 80 milliseconds), and late reverberation (80 milliseconds - end of RIR). The direct
sound from the instrument is crucial in sound source localization and distance esti-
mation. While the early re ections contribute to the perception of clarity and source
width impression, the late reverberation in uences the perception of spaciousness and
envelopment [36]. Starting from Sabine's reverberation time formula proposed in the
19th century, numerous room acoustic parameters developed over the last century
addressing di erent objective and subjective features of room acoustic environments
have been widely utilized in a standardized manner to characterize acoustic environ-
ments [37; 38]. A detailed description of these parameters including their equations
and estimation procedures is described in the Appendix A. These parameters derived
from RIRs, or a combination of them, have been shown to capture speci ¢ subjective
sensations and attributes associated with room acoustics perception, thereby o ering a
comprehensive overview of the perceptual characteristics of the acoustic environment
[39; 40; 41, 42].

The blending of sound sources has been considered to be an important subjective
attribute of room acoustics and concert hall acoustics research [7; 43]. However, the
in uence of di erent room acoustic attributes that shape the perception of blending
has not been thoroughly analyzed yet. Although no speci ¢ studies address the di-
rect relationship between the room acoustic attributes and the simultaneous grouping
principles of ASA, insights from studies on room acoustic perception o er valuable
clues about room acoustic attributes from spectral, temporal, loudness, and spatial
domains that could impact ASA and thereby alter the blending. Reverberation holds
major importance as it signi cantly alters the perceived timbre of instrument sounds
[12], in uences the modulation depth of signals which in turn a ects intelligibility [44],
and weakens the listeners' ability to discern variations in fundamental frequencies and
the spatial localization of sound sources [45], thereby presumably a ecting the overall
blending perception. Although not directly addressing blending perception, previous
literature aligns with these observations, indicating that the reverberation enhances
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the "'melting' of individual sound to form a closed overall sound [16], with some stud-
les proposing the spatially enveloping late reverberation blends music naturally [46].

While small timing deviations in onsets/o sets in the order of 30-50 ms may re-
main as perceptually synchronous, the room re ections further improve temporal syn-
chrony between concurrent sounds by smoothing transient envelopes [47]. Addition-
ally, room acoustics display responsiveness to musical dynamics of stimuli by altering
the perceived impressions of dynamic levels, apparent source width, and envelopment
[48]. The spatial distribution of sound sources, including the positioning and orienta-
tion of constituent instruments within the ensemble (e.g. di erent orchestral seating
arrangements), has been reported to in uence the ensemble sound and the blending
perception [16]. Accurate localization of constituent sources in the ensemble by the
listener may adversely a ect the simultaneous grouping principles of sources in ASA
and thereby impact the blending. In that context, the room acoustic re ections have
been demonstrated to impact the perception of sound source localization, with re ec-
tions from speci ¢ directions (e.g., re ection from the oor, ceiling, sidewalls, etc.)
either enhancing or worsening the localization perception [49].

As an initial attempt to investigate the relationship between room acoustic at-
tributes and instrument blending, recent research on the perception of blending in
concert halls, utilizing binaural auralization of a string quartet, observed a signi cant
correlation between blending ratings and parameters such as the reverberation, treble
ratio, spatial envelopment, and sound strength [27]. However, it is unclear if room
acoustic re ections always enhance blending perception, moreover, it is possible that
the impact of the acoustic environment on the overall perception of blending can be
di erent for samples with di erent degrees of source-level blending. Therefore, a de-
tailed investigation is required to assess the individual contribution of source-level
blend and room acoustics in the overall perception of the blend, as well as to under-
stand the major room acoustic attributes that in uence blending.

Auditory perception of musical blending

The perception of blending of sound sources is the result of the simultaneous grouping
of concurrent auditory streams, an auditory phenomenon described in Auditory Scene
Analysis (ASA) [29]. ASA refers to the process of extracting the auditory information
involved in a complex mix of sound arriving at the listener's ears into distinct perceptu-
ally meaningful auditory objects by utilizing spectral, temporal, and spatial cues. This
psychoacoustic phenomenon is the key concept involved in the identi cation, localiza-
tion, and di erentiation between various sound sources present in an "auditory scene'.
A well-familiar example of ASA in regular life is the cocktail party e ect [50]. The
grouping or segregating of spectrally and temporally overlapped auditory information
from sound sources into separate mental representations known as auditory streams
is performed by ASA [29]. The grouping can be done in two conditions; simultaneous
grouping in the case of concurrent auditory streams, and sequential grouping in the
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case of temporally evolving auditory streams. While simultaneous grouping leading to
the fusion of sounds holds more importance in the blending of concurrent streams, the
sequential grouping leading to the association between temporally evolving sounds is
also relevant in musical contexts such as the judgment of rhythm and melody.

The grouping of auditory streams in ASA is fundamentally connected to the Gestalt
principles in psychology in audio perception, notably the principle of ‘common fate'
[14; 51]. This principle suggests that the sounds that undergo similar kinds of varia-
tions, such as synchronous onsets, matching frequency or amplitude modulation, and
parallel loudness variation, are grouped together and perceived as a part of a single au-
ditory object [51]. Moreover, the auditory system also seeks other relevant cues such
as timbral proximity, pitch similarity, closeness in spatial locations, etc., between the
sounds involved, for the perceptual grouping or segregation of auditory streams (more
details on the Gestalt principles of perceptual grouping can be found at [18; 52]). As
described in the previous section, the room acoustic characteristics have been shown
to impact these attributes. Therefore, the acoustic characteristics of the performance
spaces are expected to play a signi cant role in the perception of blending.

While listening to the musical performance, listeners extract auditory information
from the ensemble sound based on personal experience, preference, ability, and other
factors. Previous research indicates that musicians are shown to have sensitivity in
selectively attending to and analyzing the complex spectral and temporal features of
sounds, as compared to non-musicians [17; 18]. Therefore, major perceptual evalu-
ations carried out in this thesis work, including studies on blending perception and
other aspects of ensemble sounds, are exclusively carried out among the trained par-
ticipants including tonmeister students and musicians. By utilizing such a population
of trained people, concordant and more reliable results are expected in the perceptual
evaluations.

1.2.3 Directivity of musical instruments

The directivity characteristics of musical instruments, depicting the spatial distribu-
tion of energy radiated for each frequency, play a pivotal role in shaping the perceived
sound eld of instrument performance. By a ecting the loudness, timbral characteris-
tics, and spatial impression of the perceived instrument sound, the directivity charac-
teristics of instruments holds a signi cant role across many elds such as music per-
formance, instrument recording techniques, room acoustic simulation, and sound eld
reconstruction [16; 53; 54; 55; 56]. The directivity characteristics of instruments are
frequency-dependent; in general, from an omnidirectional behavior at low frequen-
cies, they transition to highly complex directional characteristics at high frequencies
based on the properties of the instrument [16]. Additionally, the directivity is also
shown to be in uenced by the notes being played [57]; di erence in playing style or
ngering for performing a particular note would result in di erent directivity charac-
teristics.
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This thesis primarily deals with ve di erent musical instruments with di erent di-
rectivity characteristics including trumpet, trombone, transverse ute, saxophone, and
violin, and the directivity properties of those instruments are described here briey.
The directivity of the trumpet and trombone, the instruments from the brass family, is
mainly in uenced by the shape and size of their bell and bore [16; 58]. For trumpets,
the bell of the instrument acts as the main radiation source, displaying an omnidirec-
tional behavior up to around 500 Hz. As the frequency increases beyond this point,
the instrument radiates mainly along the axis of the bell, showing rotational symme-
try relative to the bell axis [16]. As the frequency increases, the side lobes decrease
drastically in amplitude compared to the main radiating lobe along the bell axis, and
thus the instrument becomes highly directive in the high-frequency part of the spec-
trum. Trombones exhibit directivity characteristics similar to trumpets but with a shift
to lower frequencies due to the di erences in geometry, particularly their larger are
size [16; 54].

The overall radiation characteristics of the ute can be represented as a dipole be-
havior by describing the energy emitted from the blowing hole and the rst open tone
hole (the far open end when all tone holes are closed while producing the lowest note)
[16]. The dipole sources radiate nearly equal energy in and out of phase, depending on
the order of harmonics. Unlike an omnidirectional behavior at low frequencies, this
leads to both constructive and destructive interference, which results in strong direc-
tional features. When multiple-tone holes are open, they contribute individually to the
overall radiation characteristics, particularly for the mid and high-frequency range (for
high notes and partials of low notes) which makes the directivity pattern more com-
plex [58]. In the case of very high frequencies, the far open end of the ute serves
as the main radiating source [54]. The saxophone displays radiation properties akin
to the woodwind instruments, with radiation from the bell opening complemented by
radiation from the nger holes [59]. Consequently, unlike brass instruments which
have consistent strong and weak radiation regions, saxophones exhibit complex di-
rectional characteristics by producing interference lobes. While individual tone holes
contribute to radiation in the low-frequency range, for very high frequencies, partic-
ularly above the cut-o frequency speci c to the tone hole lattice, radiation primarily
emanates from the open bell [58].

Violins exhibit a rather complex directivity pattern, which is known to show rapid
variations across frequencies, and whose behavior cannot be easily predicted except
in the lowest frequency range. Unlike brass or woodwind instruments, violins lack
a de ned shape for directing the sound energy, which results in their intricate direc-
tional characteristics. The instrument's vibrating plates are primarily responsible for
its directivity, with di erent points on the plates vibrating at varying amplitudes and
phases. Additionally, the f-hole contributes to the radiation characteristics, particularly
in the low-frequency range [16]. While the violin displays omnidirectional character-
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istics up to approximately 600 Hz, it produces complex directional patterns for higher
frequencies which are primarily radiated from the instrument's top plate. [16; 54].

Figure 1.3: Directivities of musical instruments involved for low (400 Hz), mid (1000
Hz) high (2500 Hz) 1/3octave frequency bands, after [60; 61; 62; 63; 64]

Radiation patterns of musical instruments change rapidly in the temporal domain
for dynamic musical samples. Furthermore, a small frequency shift within certain char-
acteristic frequency ranges can produce signi cant changes in its directional patterns
for speci ¢ instruments, such as violin [65]. Nevertheless, to provide an overview
into the overall trend of directional characteristics, the directivity patterns of the ve
instruments involved in this thesis are depicted as 3D balloon plots in Figure 1.3 by
averaging for 1/8 octave bands centered at 400 Hz, 1000 Hz, and 2500 Hz, respec-
tively (these plots are generated using the high-resolution directivity data published
by spatial audio library of Brigham Young University directivity [60; 61; 62; 63; 64]).
The complex directivity patterns generated across various frequencies within the spe-
ci ¢ frequency band are averaged and normalized to O dB as the maximum, and the
plot is constrained to a side view of the 3D representation with instruments oriented
towards the left side. While most instruments, with the exception of the ute, ap-
pear to exhibit omnidirectional behavior at lower frequencies, as mentioned above,
they tend to display more complex radiation patterns at higher frequency bands. The
highly directional characteristics of the trumpet and trombone having a strong beam
along its axis, the lobes arising from the interference of multiple radiating points in
saxophone and ute, and the complex directivity shapes of violins can be observed
from these plots. This underscores the diversity in directional characteristics among
the ve sound sources examined in this study on source orientation perception.
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Directivity perception in room acoustic environments

Owing to the crucial importance of directivity, extensive research has been carried out
on modeling and measuring the directivity properties of individual instruments with

a high degree of accuracy [16; 66; 67]. Moreover, the geometrical and physical con-
struction aspects of the instruments that in uence the directivity patterns have been
extensively analyzed for a wide range of instruments [58]. Despite these extensive ef-
forts, the perceptual aspects of directivity attributes of musical instruments in realistic
conditions remain relatively less explored.

The signi cance of directivity analyzed using room acoustic simulations indicated
that the di erence between a speci c and an averaged directivity Iter of the sound
source in a simulated acoustic environment is re ected in the resultant room acoustic
parameter values [53]. Moreover, these directivity di erences were noticed to be per-
ceptually perceivable, particularly as di erences in loudness and clarity impression.
A study conducted on the perception of musical instruments modelled with omnidi-
rectional, realistically directional, and extremely directional directivities using room
acoustic simulations showed a signi cant di erence between omnidirectional and ex-
tremely directional directivities in terms of the estimated room acoustic parameters
and the perceptual impressions [68]. However, the di erences between omnidirec-
tional and realistically directional directivities were observed to be negligible, which
could be due to the limited frequency-band directivity data utilized in the study. Recent
studies have proposed that the listeners can distinguish the tone-dependent directiv-
ities from averaged directivity, especially in echoic conditions [69]. The variation in
directivity caused by the movement of sound sources during the performance, which
Is an integral aspect in realistic performance conditions, is also found to be percep-
tually signi cant [57], thereby asertain the importance of directivity in sound source
representation.

When it comes to real-world applications, room acousticians often use electro-
acoustic sources for the playback of musical instrument recordings to know the “sound-
ing of the room'. Advancing from this, loudspeaker orchestra, in which a wide range
of instruments were represented as a combination of di erent electroacoustic sources
in a sophisticated manner, was used for the perceptual evaluation of concert halls and
acoustic measurements [70]. However, in these mentioned cases, the natural/realistic
impression and the perceptual similarity of these electro-acoustic substitutions to the
real instruments are not well-explored. As mentioned above, the dynamic directivity of
instruments can get complex and drastically changing for speci ¢ frequency ranges or
speci ¢ notes. Therefore, these simpli ed approximations of directivity require inves-
tigation to assess their perceptual relevance, particularly in the context of a dynamic
musical performances in in-situ acoustic condition. Such explorations in in-situ con-
ditions could provide insights relevant for instrument recording techniques, etc., and
also contribute to optimizing the modeling of sound source directivity according to
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the limits of human auditory perception that is relevant for virtual acoustics-related
applications.

Another important aspect of directivity relevant in real and virtual acoustic en-
vironments is the perception of sound source orientation. The orientation of sound
sources is noted to have a key role in musical performance. For instance, the di erent
seating arrangements of instruments on stage with di erent orientations are used to
achieve certain acoustic goals [16]. The factors in uencing source orientation percep-
tion are detailed in the coming section.

Source orientation perception

The perception of the source orientation is one of the important perceptual attributes
that is signi cantly in uenced by the directivity characteristics of the sound source
[71]. Depending on the sound source directivity and room acoustic properties, dif-
ferent source orientations around its acoustic center would create di erences in the
energy and spectral content of both direct sound and room acoustic re ections, espe
cially rst and second early re ections, in a speci c listener location [71]. This e ect
is most notable in high frequencies due to the complex directivity characteristics aris-
ing from the instruments. These variations could lead to alterations in the loudness,
timbre, intelligibility, and spatial impression of the perceived sound, which have signif-
icantimplications in elds such as music performance and perception, communication
acoustics, and virtual acoustic applications.

While the auditory perception of sound source localization and distance percep-
tions has been extensively analyzed in the past decades [72; 73; 74], most studies on
source localization and distance perception have typically focused on the speaker fac-
ing the receiver condition and did not explore the role of other “facing angles' on their
perception. Despite its signi cant importance, the perception of the source orientation
and the factors in uencing it in in-situ conditions have remained largely unexplored.
While the majority of research conducted on this topic was focused on orientation
perception and its in uential factors in anechoic or semi-anechoic conditions [75; 76],
only a limited number of studies considered echoic environments to examine the in-
uence of room acoustic re ections on orientation perception [77; 78; 79; 71].

The accuracy of orientation prediction is observed to be higher when the source is
oriented toward the receiver [80; 76; 79], and this trend appears to hold true in both
echoic and anechoic conditions. The acoustic attributes in uencing the orientation
perception in anechoic conditions are observed to be from di erent domains for lateral
and medial orientations; lateral orientations depend on spatial cues, whereas medial
orientations rely on monaural cues due to the absence of spatial cues. The Interaural
Level Di erence (ILD), the di erence in Sound Pressure Level between the two ears,
is observed to be a key binaural cue for lateral (i.e., left and right) direction judgment
for lateral orientations in anechoic conditions [75; 76]. Since ILDs are absent in medial
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(front, back) orientations [75], monaural cues such as overall level di erence, access
to high-frequency sound, and spectral tilt variation in high-frequency regions are ob-
served to provide cues for medial orientation judgments [76; 79; 81].

When it comes to source orientation perception in room acoustic environments,
certain studies propose that orientation perception is generally more challenging in
echoic environments compared to anechoic conditions [77]. However, there are con-
tradictory ndings suggesting that listeners also perform well in room acoustic en-
vironments, with certain speci ¢ directions having high prediction accuracy [78; 79].
Room acoustic re ections have been demonstrated to impact the perception of sound
source localization, with re ections from speci c directions (e.g., re ection from the
oor, ceiling, etc.) either enhancing or impairing it [49]. Likewise, certain room acous-
tic re ections are expected to impact the perception of source orientation [82]. Arecent
study conducted on the ability to perceive the orientation of a human speaker in sim-
pli ed simulated room acoustic environments suggests the importance of strong early
re ections in improving orientation perception [71]. This study also demonstrates
that the presence of rst-order re ections carrying directivity information strongly
supports the source orientation perception while the higher-order re ections with
directivity information might not be necessary [71]. This aligns well with the ob-
servations from previous studies where the presence of rst-order re ections such as
strong side-wall and back-wall re ections resulted in easy identi cations in those spe-
ci c orientations [78; 79]. ILDs generated from strong early re ections are observed
to be a signi cant parameter in predicting orientation in the left-right directions in
room acoustic environments, while less pronounced ILDs are also observed to hinder
left-right orientation prediction [71]. Moreover, the prediction accuracies are also ob-
served to decrease with a decrease in Direct-to-Reverberant Ratio (DRR) and change in
spectral coloration from low-pass characteristics of source directivity in room acoustic
environments [79; 71].

Studies on source orientation conducted so far have been primarily concentrated in
the area of communication acoustics. Consequently, they were constrained by the use
of human speakers [77; 81; 76; 82; 71] or loudspeakers [75; 79] as the sound sources,
which possess relatively simpli ed directivity patterns, for producing voice signals or
broadband noise. While the directivity of the sound source is observed to be a factor
in uencing orientation perception results [79], it still demands a comprehensive in-
vestigation, especially for musical instruments. Furthermore, the role of room acous-
tic attributes in orientation perception in in-situ conditions needs to be analyzed, by
incorporating real room acoustic environments with diverse acoustic characteristics
rather than simpli ed simulated environments utilized in earlier studies [71].
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1.2.4 Auralization of ensemble sound

Auralization is the process of rendering audible, by physical or mathematical modeling,
the sound eld of a source in a space, in such a way as to simulate the binaural listening
experience at a given position in the modeled speaes M. Kleiner, who coined the
term Auralization [83]. This process can be performed using simulated, measured, or
synthesized numerical data [84].

As previously noted, the process of auralization involves di erent stages. It starts
with capturing the source signal, which can be live for real-time auralization, or recorded.
The second stage involves convolving it with the Room Impulse Response (RIR), which
encapsulates the transfer function of sound from the instrument to the receiver. The
RIRs can be of two kind; Spatial Room Impulse Responses (SRIRs), which capture the
spatial sound eld using an array of microphones (e.g. ambisonics microphone), and
Binaural Room Impulse Responses (BRIRS), which capture the spatial sound eld using
a binaural head. These SRIRs or BRIRSs represent the transfer function of an impulsive
sound generated by the source to the receiver, which can be measured from in-situ
conditions, simulated from computer models, or synthesized from existing data. Mod-
eling the source and receiver characteristics, such as source directivity and Head Re-
lated Transfer Function (HRTF), is important at this stage. The in-situ measurement of
these impulse responses is conducted by exciting the room acoustic environment with
a Dirac impulse using an electroacoustic source and capturing the resultant sound eld
at the receiver location using a microphone array or a binaural head. While it can cap-
ture complex geometrical and acoustical properties of the room, the electroacoustic
source exciting the room with a directivity that is close to the real instrument is the
crucial part here. While simulated environments allow modeling the sound source
with a directivity close to the real instruments, accurately capturing the physical and
acoustic aspects of room acoustics is a challenge in acoustic simulations. The nal
stage of auralization involves the reproduction of sound using loudspeaker arrays for
the spatial sound eld, or using headphones for the binaural sound eld. While spatial
sound eld reproduction advances in accurately reproducing sound elds with an in-
creasing number of channels, it is often restricted to laboratory conditions due to the
complexity of the hardware setup. On the other hand, the binaural sound eld repro-
duction using headphones o ers advantages for real-world applications. The binaural
sound eld reproduction can be advanced further by implementing real-time rendering
to allow head movements, and customization of HRTFs for better accuracy.

Figure 1.4 represents the ow diagram of the di erent stages involved in the aural-
ization of an ensemble sound in virtual acoustic environments. Additionally, when it
comes to real-time auralization of ensemble performance, incorporating interactions
between musicians and feedback from the simulated acoustic environment is essen-
tial for achieving real-time performance and perception of the virtual orchestra. The
details of each individual aspect involved here are described in the coming sections.
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Figure 1.4: Flow diagram of the factors involved in the auralization of a musical en-
semble in virtual acoustic environment.

Capturing of source signals

When it comes to capturing acoustically "clean' source signals for the auralization
of individual sources, recording a musical instrument in an anechoic environment
with/without directivity is a trivial and direct solution. However, in the case of au-
ralization of joint musical performance, accurate capturing of the individual source
signal is one of the most important but less explored aspects. Three notable ways
followed to capture the signals of individual sound sources in a joint musical perfor-
mance are; (1) recording each instrument in the orchestra individually in an anechoic
chamber by providing external visual/aural cues[85; 86; 87], (2) keeping the whole
orchestra instruments in the anechoic chamber and recording them simultaneously
by close-miking techniques [88; 89], and (3) recording individual sound sources us-
ing close-miking techniques during a joint musical performance in a regular musical
performance space [19].

According to previous studies, factors such as the visual and audio feedback from
the musicians[1; 2], joint performance strategies[5; 4], and the room acoustic feedback
to the musicians[10; 13] are shown to have a signi cant impact on the individual per-
formances of instruments in ensemble and thereby in uence the resulting ensemble
sound. Although the research carried out using the rst two aforementioned record-
ing techniques had secondary means to compensate for the performance attributes,
their recorded outputs might not be an intrinsic and natural representation of the or-
chestral/ensemble sound. However, the third method includes the natural and intrisic
attributes of joint performance and acoustic feedback in their recordings. Moreover,
it is particularly advantageous when it comes to real-time auralization of an ensem-
ble performance in in-situ conditions. The spectral colouration that can occur due to
the spatial positioning and frequency response of the microphones used can in uence
the plausibility and timbre of the auralized output signal, but it's an unavoidable error
that is present in all three discussed methods to di erent extends. While the close-mic
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