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ABSTRACT

This dissertation examined the influence of room acoustic variations on
listener loudspeaker preferences in muiltichannel audio reproduction, and
the extent to which listeners adapt to the room acoustics. Listener
preferences among 4 different 5-channel loudspeaker systems were
observed in 4 different virtual listening rooms via a binaural room
scanning (BRS) measurement and playback system. To study room acoustic
adaptation, 2 groups of listeners evaluated identical stimuli according
to 2 different trial blocking schemes, termed either the successive or
the intermixed treatment. In the successive treatment condition, the
loudspeakers were evaluated under a given room acoustic condition before
moving to the next block of trials, under a different room acoustic
condition. In the intermixed treatment condition, the loudspeakers were
evaluated under a different room acoustic condition on each trial within
a given block of trials. Although loudspeaker preferences did not differ
between these two different trial-blocking schemes, there was a
significant influence of room acoustics on loudspeaker preferences. The
room acoustic variation to which listeners were exposed also significantly

influenced the observed patterns of loudspeaker preferences. These



ii
results can be summarized simply as follows: The most reflective
listening room produced the lowest overall preference ratings, and also
enabled listeners to report the largest differences in loudspeaker
preference. It was also found that experienced listeners were more
discerning of loudspeaker effects, whereas less experienced listeners were
more influenced by room effects. The results indicate that both listening
experience and room acoustics significantly influence how listeners

formulate loudspeaker preferences.



RESUME

Les travaux présentés dans cette thése ont examiné [linfluence qu’ont
les variations acoustiques des salles d'écoute sur les préférences
des auditeurs pour des haut-parleurs utilisés dans des systémes de
reproduction audio multivoie. Ces travaux ont de plus étudié dans
quelle mesure ces auditeurs s'adaptent a [l'acoustique d'une salle
d'écoute. Les préférences des auditeurs parmi cinqg systémes
différents a 5 canaux ont été étudiées dans quatre salles d’écoute
virtuelles générées a [laide dun systeme de mesure et de
reproduction par balayage binaural de salle (BRS). Dans le but
d’étudier l'adaptation a [lacoustique dune salle, deux groupes
d’auditeurs ont évalué des stimulus identiques en (utilisant deux
procédés par blocs d'épreuves différents, soit un traitement dit
consécutif et un traitement dit entremélé. Dans le traitement
consécutif, tous les haut-parleurs ont été évalués sous la méme
condition acoustique avant de présenter le bloc d'épreuves suivant
sous une condition acoustique differente. Dans le traitement
entremélé, les haut-parleurs furent évalués sous une condition

acoustique différente a chaque épreuve a lintérieur d'un bloc

d'épreuves donné. Bien que les préférences de haut-parleurs n'aient



pas difféeré entre les deux types de blocs d'épreuves, I'acoustique
des salles a eu un effet significatif sur ces préférences. Les
variations de [l'acoustique auxquelles les auditeurs ont été soumis
ont aussi influencé de fagon significative les schémas de préférence
observés. Les résultats obtenus peuvent se résumer ainsi: les
évaluations de préférence d'ensemble les plus basses furent obtenues
dans la salle d'écoute la plus réflective. C'est aussi dans cette
salle que furent observées les différences les plus grandes dans les
préférences de haut-parleurs. De plus, les auditeurs expérimentés ont
mieux pergu les différences introduites par les haut-parleurs, tandis
que les auditeurs moins expérimentés furent plus influencés par les
différences causées par les changements d'acoustique. Ces résultats
indiquent que tant [I'expérience d'écoute que [lacoustique des salles
influencent de fagon significative les préférences de haut-parleurs

exprimées par les auditeurs.
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Chapter 1 Introduction

We experience most of our music and entertainment today by listening to
recordings played through loudspeakers in our homes, and increasingly, in our
automobiles. There is general consensus among audio experts that the quality of
these recordings and their reproduction is significantly influenced by interactions
between the loudspeakers and the room acoustics of these listening spaces.

There are many scientific studies, recently summarized by Toole (2006),
that document the physical effects of acoustical interactions between the
loudspeaker and listening room. Below a transition frequency of approximately
300 Hz, the room adds its own set of resonances, causing large seat-to-seat
variations in the frequency response, which is also dependent on the locations of
the loudspeakers. Above the transition region, the quality and proportion of the
direct and reflected sounds received at the listener’s ears are influenced by the

acoustical properties of the loudspeakers and room, as well as the locations of
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the listeners and loudspeakers. The physical effects of these interactions are
easily seen in acoustical measurements made at the listening locations.
However, the perception of these loudspeaker-room interactions, and their effect
on the quality of recorded and reproduced sounds, are generally not well
understood.

Some studies have reported that the position of the loudspeaker can
produce preference differences, which, in some cases, are larger than those
measured among different models and brands of loudspeakers (Bech, 1993;
Olive, Schuck, Sally, & Bonneville, 1994, 1995).1 However, few studies have
shown how listeners’ loudspeaker preferences vary when the loudspeakers are
compared in different listening rooms (Bech, 1993; Klippel, 1990; Olive et al.,
1995; Schuck et al., 1993).

One such study found that switching between four different listening rooms
had no significant effect on listeners’ loudspeaker preferences (Olive et al.,
1995). This was not the expected or desired result, because the researchers
were developing a room-adaptive loudspeaker that was aimed at correcting
loudspeaker-room interactions (Schuck et al., 1993). In their study, the authors
expressed fear that room-adaptive loudspeakers might fall under the same

category as exotic audio cables: “If it cannot be demonstrated in a convincing

1 Few studies have systematically isolated and manipulated the loudspeaker-room interactions

that occur below and above the transitional frequency.
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fashion that different rooms affect the sound quality of loudspeakers, then it will
be difficult to sell a product whose purpose is to correct what cannot essentially
be heard” (Schuck et al., 1993, p. 67).

To extricate themselves from this dilemma, the researchers did something
quite unexpected to enhance the detection of room effects on loudspeaker
preferences. Through the means of a binaural recording-playback system,
listeners were able to make contemporaneous comparative ratings of the same
loudspeaker among the four rooms without a time gap in between the
comparisons. This produced the opposite, but desired, result: The listening room
became the dominant variable in listeners’ preferences, and the loudspeaker
variable had no effect. The researchers were quite happy with the significant
room effect, because it meant funding for the room-adaptive loudspeaker project
was no longer in jeopardy.

The above experiment had two important findings: (1) listeners were much
better at adapting to the room acoustics than the room-adaptive loudspeakers
were, and (2) the experimental results could be manipulated by changing the
order and context in which the stimuli were compared. Listeners appeared either
to adapt 100% to the room acoustics, or not at all, depending on the context

under which the rooms and loudspeakers were compared. This result makes
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clear the need to be careful about how potential room adaptation effects are
treated in loudspeaker preference studies.

Room acoustic adaptation is defined as a change in the listener’s
response to the room acoustics after having spent some period of time in the
room. In the context of subjective evaluation of different loudspeakers in different
rooms, room acoustic adaptation would be observed as a change in how the
room acoustics affect the loudspeaker ratings. Within certain limits, more time
spent in the room should produce more adaptation (and consequently less
observed room effect), whereas less time spent in the room should produce less
adaptation (and consequently greater room effect). However, the time course of
adaptation to room acoustics as an influence on the perception of reproduced
sound is largely unknown. Therefore, manipulations intended to modulate room
acoustic adaptation may or may not produce the desired variation in a listener’s
state.

The precedence effect (Blauert, 1996; Blauert & Braasch, 2005; Buchholz,
Mourjopoulos, & Blauert, 2001; Clifton, 1987; Clifton & Freyman, 1997; Dizon &
Colburn, 2006; Djelani & Blauert, 2001; Haas, 1972; Hartmann, 1997; Litovsky,
Colburn, Yost, & Gutzman, 1999; Litovsky, Hawley, Fligor, & Zurek, 2000;
Litovsky & Shinn-Cunningham, 2001; Lochner & Burger, 1958; Rakerd &

Hartmann, 1986, 1992, 1994; Saberi & Antonia, 1990; Saberi & Perrott, 1990;
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Shinn-Cunningham, 2000, 2001, 2004; Shinn-Cunningham, Durlach & Held,
1998a, 1998b; Shinn-Cunningham & Ram, 2003; Wallach, Newman, &
Rosenweig, 1949; Zurek, 1979) and spectral compensation (Watkins, 1991,
1999, 2005; Watkins & Makin, 1994, 1996a, 1996b, 2007) are two well-known
room acoustic adaptation mechanisms that enable humans to perceive the
timbre, direction, and intelligibility of a sound source in reflective listening spaces.
Both mechanisms involve a central auditory cognitive decision process that uses
current and recently received auditory information, and cues from other sensory
modalities. Information that is potentially redundant, irrelevant, or implausible is
suppressed, indicating that adaptation has occurred (Blauert, 1996).

Research in room acoustic adaptation has important implications for
methods used in conducting listening tests, and the design of loudspeakers and
rooms used for audio recording and reproduction. The current standards and
methods for designing listening rooms (ITU-R BS.775-1, 1994; Producers &
Engineers Wing Surround Sound Recommendation Committee, 2004),
loudspeakers, and loudspeaker/room-interaction correction products may not
adequately account for human perception and adaptation to room acoustics.
Indeed, the application of technology to solve loudspeaker-room problems may

be superfluous if human perception has already taken care of them.
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However, there are many unanswered questions about room acoustic
adaptation. The parameters of listening conditions under which room adaptation
may or may not be observed are not well established. Room acoustic adaptation
has not been studied under multichannel audio listening conditions, where the
precedence effect and spectral compensation may also operate differently than
expected from the results of studies using fewer loudspeakers. The room
acoustics, the number of loudspeakers, the complexity of the listener’s task and
the attention it requires, and, finally, the test signals and recording techniques,
may all influence how well these mechanisms work and how much adaptation
occurs.

There are many methodological challenges in room acoustic adaptation
research. The independent variables (different loudspeakers, rooms, loudspeaker
positions, and room exposure time) must be manipulated in a way that permits
real-time, double-blind, comparative evaluations. This is not possible or practical
using in situ listening test methods. For this reason, a binaural room scanning
(BRS) method (Bech, Gulbol, Martin, Ghani, & Ellermeir, 2005; Christensen et
al., 2005; Horbach, Karamustafaoglu, Pellegrini, MacKensen, & Thiele, 1999;
Olive, Welti, & Martens, 2007; Pellegrini, 2001) was chosen for this study
because it allows the independent variables to be captured and stored as a set of

binaural room impulse responses (BRIR), that may later be used to create virtual
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room acoustic reproductions through high-quality headphones equipped with a
low-latency, head-tracking system.

This dissertation reports on an experimental investigation into the
influence of loudspeaker and room acoustical interactions on listener preference
for multichannel music imagery, with the potential to reveal the role room
acoustic adaptation plays in their perception. The main research questions and
experimental methods used to address these questions are defined in the next

section.

1.1 Main Research Questions and Experimental Methods
The three main research questions of this dissertation are succinctly
defined as follows:

1. To what extent are listeners’ preferences for multichannel music imagery
influenced by variation in loudspeakers, variation in room acoustics, and
interactions between these two variables?

2. Can the effects and interactions of loudspeakers and room acoustics on
listeners’ preferences be explained by acoustical measurements of the
loudspeakers and room acoustics?

3. To what extent has room acoustic adaptation diminished the effect of

room acoustics on listeners’ preference ratings?
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To address these three questions, four surround loudspeaker systems
were evaluated in four different listening rooms using three different five-channel
music selections. The four loudspeakers differed only in their off-axis frequency
response above 300 Hz; meaning that listeners heard loudspeaker variations
based only on the differences in the reflected sounds produced by them.

Two groups of listeners were given differential exposure to the listening
room acoustics via a BRS measurement and playback system. One group of
listeners gave loudspeaker preference ratings while the listening room was held
constant throughout the listening session, and only changed between
subsequent sessions, a method termed the successive treatment condition. A
second group of listeners performed the same task under conditions in which the
listening room was changed between each trial within the listening session, a
method termed the /intfermixed treatment condlition. By comparing the differences
in preferences between the successive and intermixed treatment conditions, the

influence of room acoustic adaptation on sound reproduction can be assessed.

1.2 Original Aspects of This Research
There are at least five original aspects of this research in terms of its
subject matter and choice of experimental methodology. To the best of the

author’s knowledge, it is the first study that has carefully examined:
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1.

The perception of loudspeaker and room acoustical interactions on
multichannel music reproduced through a multichannel (3/2) playback
system.

The role of room acoustic adaptation on the perception of interactions
between loudspeaker and room acoustics.

The influence of a loudspeaker’s off-axis performance and its interaction
with room acoustics on listeners’ preference ratings, particularly within the
context of multichannel music reproduction. Previous studies have either
used monophonic or stereo playback systems, and have not controlled
both the direct and the reflected sounds produced by the loudspeaker to
allow assessment of their relative importance in different rooms. This is
the first study to carefully manipulate the off-axis performance of the
loudspeaker above 300 Hz, while keeping the direct sound constant
across all room acoustic conditions. it is also one of the first studies to
subjectively measure loudspeaker-room interaction effects above 300 Hz,
while keeping the effects of room modes below 300 Hz constant.

The use of a BRS measurement and playback system to study the
perception of loudspeaker and room acoustics. The novel application of

BRS technology in this research overcomes most of the experimental and
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methodological challenges that have previously thwarted research efforts
in this important area.

5. Experimental verification of the performance of a BRS system for this
application (see section 3. 9). A key reason for the accurate performance
of the BRS system used in this study is the proprietary BRS calibration
procedure developed by the author’'s colleague, Todd Welti (see section

3.8).

1.3 Intended Audience and Applications for This Research

The author believes that scientific research should be judged not only on
its scientific merit and originality, but also its real-world application and value to
society. The research topic of this dissertation clearly meets both criteria.

A review of the sparse scientific literature on the perception of interactions
between loudspeakers and room acoustics (see chapter 2) provides sufficient
motivation and justification for this research based on the lack of knowledge
about their perception. The potential practical value and application of this
research is also quite clear; new knowledge may lead to improvements in the
measurement, design, and performance of loudspeakers and listening rooms
used in the production and reproduction of audio. Given that a large percentage

of society spends a significant amount of time listening to reproduced sound in
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their cars, homes, and workplaces, there is a substantial audience that could
potentially benefit from research of this kind.

Three different groups may potentially benefit from the author’s research:
(1) audio engineers involved in the production and reproduction of audio; (2)
audio consumers; and (3) scientists working in the areas of audio, acoustics, and
psychoacoustics. A summary of the various audiences who might be interested

in, and benefit from, this research is given below.

1.3.1  The Professional Audio Indﬁstry

In 2006, the professional audio industry enjoyed about $4.74 billion (USD)
in sales of audio products worldwide.2 The professional audio industry is well
represented by the Audio Engineering Society. The Audio Engineering Society
has over 13,000 members worldwide (Furness, 2006). Their members include
recording artists, recording producers and engineers, audio scientists,
acousticians, and engineers, many of whom are involved in the research and
development of technology used for audio recording and reproduction (Pritts,
2007).

The perception and measurement of acoustical interactions between

loudspeakers and room acoustics is quickly becoming a significant focus within

2 These figures were supplied by Paul Chavez, Director of Systems Application Engineering

Harman Professional Group (P. Chavez, personal communication, August 20, 2007).
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the professional audio industry, making the topic of this dissertation both timely
and highly relevant to resolving this prominent issue. The increasingly critical
nature of this issue comes into sharp focus when one surveys the recent and
significant increase in the number of audio products that are being sold with the
primary purpose of correcting the effects of loudspeaker-room interactions
(Audyssey, 2007; Bang & Olufsen, 2007; DEQX Pty Limited, 2007; Dirac
Research, 2007; Harman/Kardon, 2007; JBL, 2007; Lexicon, 2007; Lyngdorf
Audio, 2007; Tact Audio, 2007; Trinnov Audio; 2007).

Similarly, the magnitude of this topic is further reinforced by the ever-
increasing number of papers, tutorials and workshops presented on this topic at
recent Audio Engineering Society and Acoustical Society of America gatherings
(Antsalo, Karjalainen, Makivirta, & Valimaki, 2003; Benjamin & Gannon, 2000;
Carlstrom et al., 2007; Casimiro et al., 2007; Celestinos & Nielsen, 2005;
D’Antonio & Cox, 2001; Fares & Pedersen, 2007; Ferekidis & Kempe, 1996;
Goldberg & Makivirta, 2003a, 2003b, 2004; Johansen & Rubak, 1999, 2000,
2001; Karjalainen, Antsalo, & Méakivirta, 2003; Makivirta & Anet, 2001; Makivirta,
Antsalo, Karjalainen, & Valimaki, 2001; Nielsen & Celestinos, 2007; Pedersen,
2003; Pedersen & Kasper, 2007; Santillan, 2001; Toole, 2006; Welti, 2002, 2004;
Welti & Devantier, 2006). Although these papers have provided useful physical

evidence of loudspeaker-room interactions, there are two equally significant
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additional issues that have rarely been accounted for in their experimental design
and/or conclusions: (1) experimental verification of the perception of
loudspeaker-room interactions, and (2) the effect that human adaptation to room
acoustics has on these interactions. This dissertation takes a more
comprehensive approach to the problem by dealing with all three issues, making
it a unique and relevant contribution to the scientific, consumer, and professional

audio communities.

1.3.2 The Audio Consumer

The research that forms the foundation of this dissertation is designed to
improve our understanding of the perception of loudspeaker-room interactions by
utilizing a more comprehensive approach than most of the previous studies in
this area. Utilizing an approach that accounts for all three relevant considerations
(physical evidence of loudspeaker-room interactions, experimental verification of
their perception, and human adaptation to room acoustics) is a necessary first
step in reaching a valid and scientifically sound approach to improving the
optimization and control of the loudspeakers and rooms used for the monitoring
and playback of recordings.

Improvements in the quality and consistency of recordings and their

reproduction will directly benefit the audio consumer. Audio consumers are big
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business in the United States; in 2006, U.S. consumers spent $2.8 billion on their
home audio systems (Consumer Electronics Association, 2007b, p. 10), and
nearly the same amount ($2.7 billion) on after-market audio systems for their cars
(Consumer Electronics Association, 2007b, p. 34).

Since the focus of this dissertation is multichannel music reproduction, it is
appropriate to examine the potential utility and impact of its conclusions to the
audio consumer. The popularity of multichannel audio products is strong and
continues to rise; both in our homes and in our cars. As of 2007, almost 30% of
all homes in the US have multichannel audio playback systems, with sales
expected to increase significantly in 2007 (Consumer Electronics Association,
2007a, p.10). Additionally, the DVD player, the primary vehicle for multichannel
audio playback, has enjoyed unprecedented success in consumer adoption
rates, with an 84% penetration rate in U.S. homes as of February, 2007
(Consumer Electronics Association, 2007a, p. 1).

Another significant factor behind the growth of multichannel audio sales is
their growing popuiarity in automobile audio. Sales of multichannel audio systems
in cars have increased as consumers spend more time in their cars (an average
of 1.63 hours per day) and want both themselves and their rear-seat passengers
to be entertained while they drive (Consumer Electronics Association, 2006, p.

22). In fact, when U.S. adults using online services were asked where they listen
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to most of their audio content, 43% responded “at home,” versus 41%, who
responded “in the automobile” (Consumer Electronics Association, 2005, p. 9).

It seems clear that, as multichannel content continues to become more
readily available for playback over HDTV, the radio, and the Internet, consumer
awareness, interest, and demand for multichannel audio systems will grow. The
significant and growing market share of muitichannel audio products in both our
homes and cars, combined with the growing availability of free multichannel
content, are strong indications that the focus of this dissertation is highly relevant
to today’s audio market. Furthermore, it is likely that this relevance and

applicability will only become stronger and more vital with the passage of time.

1.3.3 Scientists

The study of loudspeaker-room interactions is a relatively new and
challenging area of scientific research. One objective of this dissertation is to
provide a catalyst for change, with the intention of provoking more students and
researchers to embark into this new area of research. The focus of this research
should almost certainly receive significantly more attention in the near future.
Scientists and engineers have historically tended to focus on the biggest
problems faced by society. In the field of audio, this emphasis has translated into

a focus on the weakest link in the audio chain, which, for the last 25 years, has
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been the loudspeaker. As a result, high-quality loudspeakers are now readily
available at affordable prices.

Since the problem of loudspeaker quality has largely been solved, the
focus has now shifted to the weakest existing link in the sound reproduction
chain: The interaction between the loudspeaker and the listening room. As
previously discussed, scientific interest in loudspeaker-room interactions is
growing rapidly, as evidenced by both the increased frequency of scientific
papers on loudspeaker-room interactions, and by the recent proliferation of
commercial products aimed at controlling their effects.

Until recently, research in this area was challenged by the lack of
affordable, and/or practical, means to perform well-controlled, real-time
comparisons of different loudspeakers in different listening rooms. The BRS
method configured by the author’'s colleague, Todd Welti, overcomes this
challenge by utilizing a BRS measurement system and a BRS playback system
that can be efficiently implemented using equipment that is relatively inexpensive

and readily available (see chapter 3).

1.4 The Structure of the Dissertation
The dissertation is divided into six chapters, and the main goals and

themes of each are summarized below.
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1. Chapter 1: Introduction
Chapter 1 introduces the research topic and author’s motivation for
studying the interactions between loudspeakers and room acoustics. The main
research objectives are defined, as well as the potential applications and
beneficiaries of the research. The overall structure of the dissertation and content
of each chapter is described.
2. Chapter 2: Loudspeakers, Rooms, and Room Adaptation
Chapter 2 provides the literature review for the dissertation, summarizing
previous and current research into the physical and psychological factors related
to loudspeaker-room interactions, as well as their subjective effects on the quality
of reproduced sound. A survey of the models used to predict the sound quality of
loudspeakers in rooms helps to establish what aspects of their objective
measurements most influence the preferences and perceptual attributes of
reproduced auditory imagery. Chapter 2 also explains how the modal behaviour
of the room dominates the quality of sounds below a certain transitional
frequency, above which the room reflections produce many different subjective
effects, which are also thoroughly reviewed. Finally, research on room acoustic
adaptation is examined, including a summary of the perceptual mechanisms

involved.
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3. Chapter 3: The Binaural Room Scanning (BRS) Method
Chapter 3 describes the BRS method measurement and playback method
used for the author's experiments, and explains why it is an important
methodological tool for research in loudspeaker-room interactions. A physical
description of the measurement and playback systems is given, followed by a
discussion of the potential sources of error the BRS system can produce. A
calibration method is described that allows removal of many of these errors.
Finally, the results of a validation test are presented in which listeners’
loudspeaker preference ratings, measured in situ, are compared to those
measured using the BRS playback system.
4. Chapter 4: An Experiment on the Influence of Room Acoustic Variations
on Loudspeaker Preference
Chapter 4 gives an account of the main experiment reported in this
dissertation, giving a detailed description of the experimental design,
methodology, variables, test setup, and a statistical analysis of the results.
5. Chapter 5: Discussion of the Experimental Results
Chapter 5 discusses the results of the experiment in the context of
previous studies and the expected outcome as stated in the research

hypotheses.
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6. Chapter 6: Conclusions
Chapter 6 summarizes the main conclusions of the experimental research,
identifies some limitations in its scope, and recommends additional areas of

research that warrant further investigation.



Chapter 2 Loudspeakers, Rooms, and Room Acoustic Adaptation

Chapter 2 reviews the relevant scientific literature on loudspeakers, rooms
and loudspeaker-room interactions. Additionally, the relevant literature is
surveyed concerning the subjective effects of all three, as well as the extent to
which listeners adapt to them. This background is necessary for three reasons.
First, it will firmly establish the motivation for, and the potential benefits of,
conducting research in this important field. Second, it provides the experimental
and theoretical framework used to formulate the author’s research questions and
choice of methodologies. Finally, it provides the necessary background to assess
the validity and originality of the experimental results.

Chapter 2 is divided into five main sections. Section 2.1 provides an
overview of the acoustic events that occur within the sound field of a domestic-
sized listening room. Section 2.2 identifies the important physical parameters of a
loudspeaker that affect its perceived sound quality, and the underlying auditory

perceptual attributes. A summary of the previous work on loudspeaker models
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that are designed to predict listeners’ loudspeaker preferences in listening rooms
is given for the purpose of identifying the most salient physical parameters of a
loudspeaker that interact with the room acoustics. Section 2.3 surveys the
literature on acoustical interactions between the listening room and loudspeaker,
their subjective effects, and perceptual mechanisms that help humans deal with
sounds in reflective listening spaces. Section 2.4 focusses on previous research
related to room acoustic adaptation. Section 2.5 summarizes the main

conclusions of this chapter.

21 The Sound Field in a Domestic Listening Room

A loudspeaker radiates sound into a listening room in all directions,
creating a complex sound field that builds up and then decays within a few
hundred ms. The sound field in a room is often deconstructed into three sound
components, categorized according to their time of arrival at the listener’s ears:
(1) the direct sounds, (2) the early reflected sounds, and (3) the late reflected
sounds. The decomposition of a sound field into these three components
originates from concert hall studies that have established that each component
plays a different role in our perception of the timbre, spatial attributes, loudness,
and intelligibility of the sound sources (Ando, 1977, 1998; Ando & Schroeder,

1985; Barron, 1971; Barron & Marshall, 1981; Beranek, 1996, 2003; Bradley &
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Soulodre, 1995, 1996; Bronkhorst & Houtgast, 1999; Hess & Blauert, 2005;
Hess, Braasch, & Blauert, 2003; Hidaka & Beranek, 2000; Hidaka, Beranek, &
Okano,1995; Nielsen, 1993; Okano, Beranek, & Hidaka, 1998; Schroeder,
Gottlob, & Siebrasse, 1974). The direct sound provides timbre cues and the
dominant localization (direction) cues, whereas the early reflections provide
additional cues regarding the distance, spatial extent, and intelligibility of the
sound source. The early and late reflections provide auditory cues that contain
information about the size of the listening space, as well as contributing to the
timbre and loudness of the sound sources (Hameed, Pakarinen, Valde, & Puliki,
2004). This is discussed in more detail in section 2.3.

Many of the same perceptual processes used for auditioning sound in
concert halls are applicable to analyzing the sound fields produced by
loudspeakers in rooms. By deconstructing and analyzing the qualities of the
direct, early, and late reflected sounds radiated by the loudspeakers, insight into
the timbral and spatial aspects of the audio reproduction system has been
gained. Figure 1 is a graphical illustration of the first reflections in Room R4, one
of the rooms used in the experimental investigation. Room R4 is described in

further detail in chapter 4.
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Figure 1. The direct sound and first reflections in a listening room numbered in

order of their arrival at the listener’s position.



o
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For the sake of clarity, only the direct sounds and first order reflections
produced by the left front loudspeaker were depicted in Figure 1. It is important to
note that the loudspeakers were symmetrically arranged with respect to the front
and side walls of the room. This arrangement ensured that the physical
properties of the direct and reflected sounds produced by the left- and right-front
channels and the surround channels were the same, provided that the acoustical
treatment of the room walls were the same at the reflection points. The center
channel had its own unique set of reflection patterns.

As depicted in Figure 1, the first sound to reach the listener was the direct
sound from the loudspeaker, which arrived 8.4 ms after the loudspeaker received
an input signal.® The physical characterization of the direct sound at the listener
can be based solely on an anechoic measurement of the loudspeaker taken
along its reference listening axis.4 Additional anechoic measurements of the
loudspeaker, taken slightly off axis (around its reference axis, approximately 0° to
1+45°), were necessary to predict the direct sound received by listeners sitting
slightly off axis to the loudspeaker’s reference axis.

The next sounds that arrived at the listener were the first order reflections,
which, in Room R4, occurred within 24.4 ms after the arrival of the direct sound.

As in most domestic rooms, the first room reflection was the floor bounce, which,

3 This is based on the speed of sound of 344 ms at 21° C sea level.

4 There will be some attenuation in level at high frequencies due to air absorption.
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in this particular room, arrived 2.9 ms after the direct sound. The second
reflection came from the ceiling (4.7ms), followed by the front wall (5.7 ms), the
left side wall (6.7 ms), the right side wall (16.5 ms), and the rear back wall (24.4
ms).

It is important to note that these reflected sounds originated from the
loudspeaker at further off-axis angles than the direct sound. Therefore, to
physically characterize and predict the spectral quality of these reflections,
comprehensive, fine-resolution anechoic measurements of the loudspeaker had
to be taken at significantly off-axis angles in both the horizontal and vertical
radiating orbits.

The frequency-dependent absorption coefficients of the surfaces where
these reflections occurred must also be considered. Carpets, drapes, and other
various absorptive and scattering objects in the room may alter the spectral
envelopes, phase, and levels of the reflected sound, which, to some extent, can
be predicted if their absorption coefficients are known. A final observation is that
the angles at which the different reflections arrive at the listener have important
consequences for the perceived timbre, spatial properties, and intelligibility of the
reproduced sounds. This is discussed in more detail in a later section.

The second and higher order reflections are not depicted in Figure 1, but

they generally arrive after the first reflections. As the radiated sounds from the
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loudspeaker travel further distances throughout the room and interact with the
room’s absorptive and scattering objects, they become attenuated in level,
particularly at the mid-to-high frequencies, where most sound absorption in
rooms typically occurs. Eventually, these late arrival sounds decay some 300-600
ms after the direct sound (Bradley, 1986). Predicting the physical characteristics
of these late arrival reflections would require an accurate acoustical model of the
listening room as well as fine spatial-frequency resolution of the loudspeaker’s

frequency response, measured around its horizontal and vertical radiating orbits.

2.2 The Loudspeaker
Section 2.2 reviews previous and current research efforts aimed at
modelling and predicting the perceived sound quality of loudspeakers in reflective
rooms based on different types of acoustical measurements. An examination of
this work will provide insight into which physical parameters of the loudspeaker
are most related to its perceived sound quality in rooms, and explain how
different variations in room acoustics might alter the perception of those salient

loudspeaker parameters.
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221 Different Loudspeaker Measurement Philosophies

Prior to the mid 1980’s, little consensus existed among audio researchers
about where or how to measure a loudspeaker in order to best characterize its
perceived sound quality in a listening room. Toole (1986a) supplied a good
historical perspective on the three loudspeaker measurement philosophies that
were prevalent during the mid 1980’s, with more recent developments
documented in a later paper by the author (Olive, 2004a).

During the 1980’s, the audio industry produced three divergent
philosophies regarding which type of measurements best characterized a
loudspeaker’s sound quality. The first measurement camp advocated that the
total radiated sound power of a loudspeaker best represented its perceived
sound quality (Allison, 1974; Bose, 1969; Consumer’s Union, 1973; Hirsch, 1982;
McShane, 1969; Rosenberg, 1973; Torick, 1977). A second school of thought
claimed that the loudspeaker’s in-room, steady-state frequency response,
measured at the listening location, best represented what listeners perceived in
the room (Staffeldt, 1974, 1984). The third loudspeaker measurement contingent,
comprised mostly of British loudspeaker researchers (British Broadcasting
Corporation, 1979; Colioms, 1985; Harwood, 1976;), argued that the direct sound

from the loudspeaker largely characterized what listeners perceived, and that,
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therefore, loudspeaker measurements taken in an anechoic chamber were the
most appropriate.

Each of these three loudspeaker measurement philosophies represented
disparate views on: (1) which loudspeaker measurement parameters matter the
most to its perceived sound quality; (2) how the listening room interacted with
these parameters; and, indirectly, (3) the perceptual importance of the direct,
early, and late reflected sounds radiated by the loudspeaker in a room. The
sound-power camp largely disregarded the perceptual importance of the direct
sound, while placing great emphasis on the role of the reflected sounds in the
listening room. As a result, their measurement philosophy created a significant
bias towards highly reverberant listening rooms. The direct-sound measurement
advocates argued that direct sound dominated our perception of the
loudspeaker, a view that resulted in a bias towards anechoic-like listening rooms.

The in-room measurement camp fell somewhere between the other two
groups because their resulting measurements included the effects of both the
direct and reflected sounds, as well as the acoustical interactions between the
loudspeaker and the room. Out of the three measurement approaches, the in-
room measurement philosophy has proven to be the least biased towards a
particular type of room acoustics because their measurements were taken in the

actual listening room.
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A common element missing from the loudspeaker measurement debates
of the early 1980’s was accurate and reliable subjective measurements of
loudspeakers. Without proper listening test data on the loudspeakers, no one had
the scientific foundation to argue which loudspeaker measurement approach best
represented the listener’s perception of a loudspeaker and its sound quality.

Since the mid-1980’s, accurate and reliable loudspeaker listening test
methods have been developed, allowing scientists to correlate subjective and
objective loudspeaker measurements (Gabrielsson & Lindstrém, 1985; Klippel,
1990; Olive, 2004a, 2004b; Toole, 1986a, 1986b). The development of new
models aimed at predicting listeners’ loudspeaker preferences and their
underlying perceptual attributes based on a set of loudspeaker measurements
have emerged from these studies. Work in this area is summarized in the next

section.

2.2.2 Predictive Models of Loudspeaker Sound Quality

Properly controlled listening tests on loudspeakers are both expensive and
time-consuming. As a result, several loudspeaker researchers have developed
mathematical models aimed at predicting listeners’ loudspeaker sound quality

ratings based on a set of objective measurements. These mathematical models
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are summarized by the author in Olive (2004a, pp. 2-4). The four loudspeaker

models discussed below are fundamentally different in five ways:

1.

The number of loudspeaker measurements used to represent the quality
of the direct, early, and late reflected sounds

Where the loudspeaker measurements are taken (e.g. in a room, in an
anechoic chamber, or in a reverberation chamber)

The frequency resolution of the measurements used in the model (e.g.
1/3-octave or 1/20t octave)

Whether or not the loudspeaker model applies a psychoacoustic loudness
model to the measurements

Most importantly; whether the models have been adequately verified by
experimental comparisons of the predicted versus observed sound quality

ratings using properly controlled listening tests

2.2.2.1 Loudspeaker models based on sound-power measurements

One of the earliest loudspeaker models was developed by the Consumer’s

Union (1973) in the early 1970’s, and is still used today to predict the sound

quality of loudspeakers that are reviewed in Consumer Reports magazine. The

magazine reports loudspeaker accuracy scores on a 100-point scale, which they

calculate from the loudspeaker’s sound-power response measured in 1/3-octave
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bands at fixed center frequencies. The underlying assumption is that an accurate
loudspeaker should have flat sound power, and that any deviations from this
represent a less than accurate loudspeaker.

Consumer’s Union (1973) made several transformations to the raw sound-
power response in an effort to account for the low-frequency changes that
occurred because of room boundary effects and wall absorption. The raw sound-
power response was then adjusted in 1/3-octave bands according to loudness,
using Steven’s Mark VII scheme (Stevens, 1972). As the loudspeaker deviated
from equal loudness over a certain bandwidth, the error was subtracted from its
overall 100-point score (Consumer’s Union). Although this model has been used
for over 30 years to review consumer loudspeakers, Consumer’s Union has
never published a study that either tested or validated the model’s accuracy.

Recently, the author conducted an experiment designed to test the
Consumer's Union sound power-based model by selecting 13 loudspeakers
tested by the Consumer’s Union, and comparing their predicted accuracy scores
to their observed preference ratings based on properly controlled, double-blind
listening tests (Olive, 2004a, 2004b). The correlation between the observed
preference ratings and their predicted accuracy ratings was very low and
negative; the Pearson product-moment correlation (r) was -.22, and, in this case,

the probability (p) of falsely concluding the existence of the relation between
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observed and predicted preference was .44 (i.e., the probability of incorrectly
rejecting the null hypothesis here was much greater than is typically allowed in
such tests).

In order to determine whether sound power-based loudspeaker models
are inherently flawed, the author developed and tested a new sound-power
model based on anechoic loudspeaker measurements having fine frequency (2
Hz) and spatial (10°) resolution. The author's new sound-power model differed
from the Consumer’s Union model in two important ways. First, it used finer
frequency resolution measurements than the Consumer’s Union model (1/20-
octave versus 1/3-octave). Second, the new model considered several different
target functions other than the “flat” sound-power target preferred by the
Consumer’s Union model (Consumer’s Union, 1973). The new model considered
the slope, the smoothness, and the average narrowband deviations within the
sound-power curve as possible criteria for predicting the perceived sound quality
of the loudspeaker.

The new sound-power model yielded much more successful predictions
of listeners’ loudspeaker preference ratings than the Consumer’s Union model (r
= .87, Olive, versus r= -22, Consumer’s Union). When applied to a group of 70
different loudspeakers, the predictive accuracy of the author's model was

somewhat lower (r= 0.79).
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The contrast in performance between these two sound-power models has
provided scientific evidence that demonstrates: (1) that the flat sound-power
criterion was not a good indicator of loudspeaker sound quality, and (2) that the
commonly used 1/3-octave measurement has insufficient resolution for
accurately predicting sound quality. The first point can be explained by the fact
that most consumer loudspeakers become increasingly directional at higher
frequencies. In order to achieve a flat sound-power, the on-axis, or direct, sound
of the loudspeakers must be artificially boosted, making them sound too bright.
Experimental evidence has demonstrated that compromising the direct sound to
achieve flat sound power results in lower sound quality or preference ratings
(Olive, 2004b).

Analysis of these results lends scientific support to the notion that the
quality of the direct sound is an important indicator of a loudspeaker’s perceived
sound quality. The need for higher frequency resolution measurements than 1/3-
octave indicates that listeners can perceive audible differences in the
loudspeaker’s frequency response that are not being accurately represented by a
1/3-octave measurement; the medium and high Q values (or Q factor) of the
resonances (Q)5 will be particularly misrepresented. Finally, there is some doubt

as to whether or not the loudness model used in the Consumer’'s Union model is

5The Q value of a resonance (also referred to as both the “@ and the “Q-factor”) is defined as

the frequency of the resonance divided by its bandwidth.
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sufficiently accurate, or even appropriately applied, to predict the perceived

sound quality of a loudspeaker.

2.2.2.2 A new loudspeaker model based on comprehensive anechoic
measurement data

As discussed in the previous section, the best performance that the
author's new sound-power model achieved was a predicted versus observed
accuracy of r= 0.87 when applied to 13 loudspeakers reviewed by Consumer’s
Union. Although the performance of the new model was much better than the
Consumer’s Union model (r = -0.22), it was hypothesized that a sound-power
model was unable to achieve better performance due to an inherent flaw; a
single curve cannot adequately represent the perceived quality of the direct,
early, and late reflected sounds in a listening room.

To explore this hypothesis further, the author developed a predictive
model based on a set of anechoic measurements that included separate spatial
averages used to estimate the direct sound, the early reflected sound, the sound-
power response, and a predicted in-room response based on a weighted
average of the three. These measurements were based on the original work of
Toole (1986a, 1986b). Their application was extended by Devantier (2002), who

conducted a survey of stereo and multichannel setups in 15 domestic rooms to
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determine the average angles at which the direct and early reflected sounds

were being radiated from the loudspeakers.

The survey data collected during that study (Devantier, 2002) were used

to calculate the frequency response measurements shown in Figure 2. The

frequency response curves depicted are, from top to bottom, the on-axis sound,

the listening window, the early reflections, the predicted in-room curve, the total

radiated sound power, and the directivity indices based on the sound-power and

the early reflection curves. The on-axis curves and listening window curves are

, sitting on axis or slightly off axis.

representative of the direct sound for listeners
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Figure 2. A standard set of anechoic loudspeaker measurements.
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The early reflection curve represents the first few reflections a listener would hear
in a typical listening room, and the predicted in-room and sound-power curves
would best represent the late reflected sounds produced by the loudspeaker.

The author developed several statistical metrics based on amplitude
deviations within a set of spatially-averaged anechoic loudspeaker
measurements that characterized the predicted qualities of the direct, early, and
late reflected sounds in a listening room. Mulitiple regression and principal
component analysis were used to identify which set of weighted metrics and
measurements most accurately predicted listeners’ loudspeaker preference
ratings based on controlled double-blind listening tests.

Based on that analysis, a model was designed that could accurately
predict (r = 0.995) preference ratings for the 13 loudspeakers tested by
Consumer’s Union (Olive, 2004b). When applied to a group of 70 loudspeakers,
a slightly modified version of the same model produced somewhat less accurate
predictions (r= 0.86) of the observed preference ratings. Both models included:
(1) the quality measurements of the direct sound, based on using the on-axis
curve; and (2) the early and late reflected sounds, based on the predicted in-
room and sound-power curves. The direct and reflected sounds were generally
weighted equally (35% each), with the remaining 30% of the model based on

measurements of the loudspeaker's low-frequency bass quality and extension.
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The fact that bass quality was an important determining factor in listeners’
loudspeaker preferences underlines the importance of controlling loudspeaker-
room interactions below the transition frequency of the room, where room modes
and room boundary effects can wreak havoc on the accurate reproduction of low-

frequency sounds.

2.2.2.3 Loudspeaker models based on in-room measurements

Up to this point, this section has focussed on predictive loudspeaker
models based on sound-power and anechoic measurements. However, two other
types of loudspeaker models have been developed that warrant attention. The
first was based on in-room loudspeaker measurements and was proposed by
Staffeldt (1974, 1984). The second was proposed by Klippel (1990) and used a
combination of in-room and anechoic measurements. Staffeldt (1984) claimed
that the timbre of two loudspeakers in two different rooms would be identical,
provided that they had identical 1/3-octave spectra measured at the entrance to
the ear canal located at the in-room listener location. However, his listening tests
were based on only one listener, and the room was relatively large and
reverberant. He later proposed a model for predicting the loudspeaker’s timbre

based on calculating the specific loudness of the 1/3-octave data (Staffeldt,
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1984). Again, no data were published to provide the means to test or verify the
accuracy of the model.

Klippel (1990) published a perceptually based model for predicting various
loudspeaker perceptual dimensions, as well as the overall pleasantness and
naturalness of the sounds produced through the loudspeaker. A total of 45
loudspeakers (both real and simulated), three different listening rooms, 13
programs, and 45 listeners were used. The input to the model used a
combination of the loudspeaker’'s direct and reflected sounds, and utilized 1/3-
octave in-room measurements or anechoic measurements that were weighted to
predict the in-room response. The model examined errors between the measured
loudspeaker response and an ideal flat reference; superimposed on this was the
spectrum of the music program to help give a better impression of what the
listeners heard (Klippel).

Using a modified loudness model (Paulus & Zwicker, 1972), Klippel (1990)
calculated the differences in loudness density between the reference and
measured curves across each 1/3-octave center frequency using a critical
bandwidth filter. The loudness difference was further transformed and weighted
for each objective metric that Klippel had developed to predict the various
underlying perceptual dimensions that he had identified using multidimensional

and factorial analysis.
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The correlations between the objective and perceptual metrics were quite
high overall (Klippel, 1990). The perceptual attributes most related to overall
sound quality were pleasantness and naturalness. Pleasantness could be best
predicted with objective measurements of the loudspeaker's colouration and
brightness; whereas the prediction of naturalness included a third objective
measurement of the loudspeaker’s feeling of space (related to its directivity).
Klippel noted that the correlations between predicted and observed values of
pleasantness and naturalness varied depending on which listening room the
loudspeakers were tested in. For pleasantness, the correlations varied from an r
value of -0.32 to 0.94, and for naturalness, from 0.52 to 0.93. The variation in the
loudspeaker model’s accuracy due to the independent variable room suggested
that this model does not adequately account for the perceived change in
loudspeaker sound quality that occurs in different listening rooms (Klippel, 1990).

In their study, Gabrielsson, Lindstrom and Till (1991) examined the
psychophysical relationship between a loudspeaker’s frequency response and its
perceived sound quality. The frequency responses of 18 different loudspeakers
were measured in three different rooms (the listening room, a reverberation
chamber, and an anechoic chamber), and were then compared to determine
which loudspeaker measurement best correlated with their ratings given by

listeners on seven different perceptual scales, and a fidelity scale. The authors
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concluded that the loudspeaker frequency response measured in the listening
room corresponded best with its perceived sound quality (Gabrieisson et al.,
1991).

However, unlike Klippel (1990), they failed to: (1) provide statistical
evidence to support their claim, or (2) present a loudspeaker model based on the
in-room measurements that would predict the sound quality ratings (Gabrielsson
et al., 1991). In all likelihood, such a model would not have accurately predicted
the loudspeaker sound quality ratings based on the coarse frequency and spatial
resolution of their frequency response measurements. The measurements in the
listening room were only 1-octave resolution, and the sound-power
measurements had only 30 Hz resolution. The anechoic measurements were
taken at two angles (0° and 30° in the horizontal plane), meaning that only the
direct sound was represented in their analysis (Gabrielsson et al., 1991). The
importance of having adequate frequency and spatial resolution in the frequency
response measurements used in loudspeaker models will become clear in the

following section.



Interaction Between Loudspeakers and Room Acoustics 41

2.2.2.4 Comparison of loudspeaker models based on in-room, sound-
power, and anechoic measurements

At first glance, models based on in-room loudspeaker measurements
would seem to have an advantage over models based on anechoic
measurements. In-room measurements allow the capture of the loudspeaker-
room interactions that dominate the loudspeaker’s low-frequency behaviour
below 300 Hz and they include the room’s absorption and interference effects in
the captured reflected sounds.

However, as argued by Toole (1986a, 1986b), the in-room measurements
of the loudspeaker did not allow easy separation, assessment, and weighting of
the direct and reflected sounds, which listeners seemed to naturally perform in
their perception of them. The general visual untidiness of in-room frequency
response curves seemed to belie a listeners’ ability to recognize and compensate
for these loudspeaker/room variations, as discussed later in sections 2.3 and 2.4.

To study this question further, the author compared the predictive
accuracy of the different loudspeaker models based on comprehensive anechoic
measurements, sound-power measurements and in-room measurements (Olive,
2004Db). In-room measurements with high-frequency resolution (2 Hz) were taken

for 13 different loudspeakers. The measurements were then smoothed into the
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popular 1/3-octave resolutions used in the loudspeaker models developed by
Consumer’s Union (1973), Klippel (1990), and Staffeldt (1974, 1984).

The author developed loudspeaker models based on the 1/3-octave and
1/20-octave smoothed measurements that were then compared to the two
different sound-power models (Consumer’s Union, 1973; Olive, 2004b) described
in section 2.2.2.1, and to the model based on comprehensive anechoic
measurements (Olive, 2004b) described in section 2.2.2.2. The correlation values
from the best to worst models were: the anechoic model (r= 0.995), the in-room
model with 1/20-octave frequency resolution (r = 0.91), the sound-power model,
(r=0.87), and, finally, the in-room model with 1/3-octave frequency resolution (r
= 0.75). These results seem to confirm the results reported by Toole (1986b)
below, after he did a similar comparison of in-room, sound-power, and anechoic

loudspeaker measurements:

From the sound-power data alone it was possible to recognize the worst
loudspeakers, but there were ambiguities in ranking the better performers.
This is essentially the nature of caution issue by Brocine and von
Recklinghausen, mentioned earlier. In summary, therefore, it would seem to
be imprudent to consider either sound-power or steady-state listening-room
measurements as the definitive measure of loudspeaker amplitude

response. (p. 346)
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2.2.2.5 Summary of the research on loudspeaker models
The most important findings of the research on loudspeaker models aimed
at predicting a loudspeaker’s sound quality can be summarized as follows:

1. Models based on comprehensive high-resolution anechoic measurements
offer the most accurate predictions of listeners’ preference ratings. The
most likely reason is that this model allows separate quality
measurements and weighting of the direct, early, and late reflected
sounds. This feature may be important because it better approximates
how humans perceive sounds in reflective listening rooms.

2. Models based on in-room loudspeaker measurements give slightly less
accurate predictions of listeners’ loudspeaker preferences because they
do not allow independent quality measurements or weighting of the
loudspeaker’s direct and reflected sounds. Models based on sound-power
measurements give even less accurate predictions of sound quality. They
do not allow separate measurements of the direct and reflected sounds,
nor do they include any of the loudspeaker-room interaction effects found
in the models based on in-room measurements.

3. Accurate models require higher frequency resolution measurements

(1/20-octave) than the commonly used 1/3-octave.
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4. Listeners prefer loudspeakers that possess the flattest measured on-axis
frequency response that also remains similarly smooth off axis. The
quality and extension of the bass below 300 Hz is an important predictor
of loudspeaker preference, accounting for about 30% of the overall

loudspeaker preference rating.

A similar relationship between the smoothness of the measured frequency
response of a loudspeaker and its preference rating has been reported with
headphones. Moore and Tan (2004) found that the perceived naturalness of
headphone reproduction increased as the spectral irregularities in its frequency
response were reduced.

None of the loudspeaker models previously described included the
nonlinear distortion performance of the loudspeaker in their analysis. In both of
the loudspeaker studies reported by Olive (2004a) and Toole (1986b), nonlinear
distortion measurements on the loudspeakers generally showed no correlation
with listeners’ loudspeaker preference ratings. It is well-known that conventional
total harmonic distortion measurements have proven to be poor indicators of the
detection and perception of loudspeaker distortion (Moore, Tan, Zacharov, &
Mattila, 2004; Tan, Moore, & Zacharov, 2003; Voishvillo, 2006) because they do

not take into account human perceptual masking. With the exception of smaller,
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low-powered loudspeakers, most loudspeakers have produced satisfactory
sound pressure levels in domestic rooms where the nonlinear distortions were
below the threshold of audibility.

Substantial further work is needed in the area of developing and testing
models to predict loudspeaker sound quality. The existing models need to be
tested and validated in a wider variety of real-world listening rooms, which, in
itself, is no small undertaking. A more efficient and reliable subjective evaluation
method is needed for comparing multiple loudspeakers in different listening
rooms, while controlling their positional effects. The BRS method described in
chapter 3 is well suited for this task.

To improve the accuracy of the loudspeaker models and their potential
generalizability, they should be extended to include the important perceptual
effects related to program material, loudspeaker-room interactions, and possible
effects related to room acoustic adaptation. Here again, the BRS method is a
valuable tool for conducting this research. There is very little existing
experimental work related to the perceptual effects of either loudspeaker-room
interactions or room acoustic adaptation. The lack of knowledge in this area is a

primary motivation for this dissertation.
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2.2.3 Loudspeaker Directivity

A loudspeaker radiates sounds into the room in all directions, with typical
loudspeaker designs becoming increasingly directional at higher frequencies
(Borwick, 2001). As the directivity of the loudspeaker increases, a greater
proportion of its total energy is focussed towards the listening area, with less
energy radiated out into the room that would have otherwise been absorbed or
re-directed back to the listener as reflected sound. As a result, there is a greater
ratio of direct-to-reflected sound received at the listener’s ears.

The directivity index of a loudspeaker is the difference in dB between its
on-axis frequency response and its total radiated sound power. The directivity
index rises monotonically with increasing frequency in most common forward-
facing, direct-radiator type loudspeakers (Figure 2). At higher frequencies (above
2 kHz), an increasing proportion of the loudspeaker’s total radiated sound is
contained within the direct sound and the first reflections.

Considered by itself, the directivity index is not a very useful indicator of
loudspeaker sound quality because it indicates nothing about the quality of the
direct, reflected, and total radiated sound power. The directivity index only
reveals the extent to which the sound-power and the direct sound are similar;
both could be similarly good (smooth), and similarly poor (highly irregular), which,

in both cases, would be represented by a flat directivity index.
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This fact may explain why the loudspeaker’s directivity index has never
been a particularly good indicator of overall loudspeaker sound quality as found
in both the author’s study (Olive, 2004b) and in an earlier investigation by Toole
(1986b). Toole succinctly makes the following point about the directivity index:
“As a description of a specific aspect of loudspeaker performance, the directivity
index has some limited use in, for example, public address applications. As a
figure of merit it would appear to have little value” (Toole, 1986b, p. 346).

Experimental studies on the subjective effects of loudspeaker directivity
have proven difficult; manipulation of the loudspeaker’s directivity was difficult to
achieve while maintaining a constant frequency response, both on- and off-axis.
The few controlled studies on loudspeaker directivity that were done in stereo
have indicated that loudspeaker directivity affects the spatial impression of the
audio reproduction (Klippel, 1990).

Wider dispersion (i.e. less directional) loudspeakers have been shown to
produce stronger lateral reflections that are associated with an increased sense
of listener envelopment (LEV) (Bradley & Soulodre, 1996; Morimoto & Maekawa,
1989) and a greater apparent source width (ASW) (Okano et al., 1998). Both
spatial attributes are related to a lower /nferaural cross-correlation coefficient
(IACC) value measured at the listener's ears, a feature associated with the

preferred sound quality present in concert halls.
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Higher values of ASW and LEV have been observed (with an increase in
the levels of the early [<80 ms] and late [>80 ms] lateral reflections) in concert
halls (Bradley & Soulodre, 1995). More recent surround-sound based studies
conducted in rooms have indicated that LEV is related to the overall playback
level, as well as to the level and angular distribution of late lateral reflections
(Soulodre, Lavoie, & Norcross, 2003). It has been shown that more accurate
predictions of LEV must include the frequency-dependent temporal integration
rates of the human auditory system as observed in forward masking experiments
(Jesteadt, Bacon, & Lehman, 1982; Moore & Glasberg, 1983). The preferred
directivity of loudspeakers has also been found to depend on the program
signals. Klippel (1990) reported that more directional speakers were preferred for
speech compared to music.

The advent of multichannel audio has made loudspeaker directivity a moot
point in consumer audio. While stereo playback required wider dispersion
loudspeakers to achieve a sense of LEV,¢ this can be easily achieved in
muitichannel audio by using the side- and rear-channel loudspeakers. The
listener's sense of both the LEV and ASW can be manipulated by the recording
artist during the recording process itself, or during playback by the consumer

through adjustments made in their surround sound processor.

5 The wider dispersion stereo loudspeakers produce a greater sense of LEV by producing

stronger lateral reflections.
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There are both economical and performance reasons that explain why
more esoteric loudspeaker directivities are not commercially successful. More
exotic loudspeaker directivities may require additional drivers, electrical parts,
acoustic lenses, and more expensive enclosures that significantly increase the
cost of the loudspeaker with questionable performance gains. For these reasons,
the vast majority of professional and consumer loudspeakers sold today are
forward-facing, direct radiator types, with only slight variations in their directivity;
defined by the size, number, arrangement, and electrical summation of their
drivers. These types of loudspeakers are popular because they offer the best
overall technical performance at a reasonable cost. Even the professional
recording industry seems to have recognized that forward-facing loudspeakers
are the norm, and recommend their use in the production of surround-sound
material (ITU-R BS.775-1, 1994; Producers & Engineers Wing Surround Sound

Recommendation Committee, 2004).

2.2.4 The Perceptual Attributes of Loudspeakers

Several studies have focussed on identifying the underlying perceptual
attributes related to listeners’ loudspeaker preferences (Gabrielsson, 1979;
Gabrielsson & Lindstrém, 1985; Gabrielsson et al., 1991; Gabrielsson & Sjogren,

1979; Klippel, 1990; Lorho, 2007). Gabrielsson and Lindstrém (1985) used
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factorial analysis to identify eight perceptual attributes that described the
perceived quality of loudspeakers: (1) clarity (clearness/distinctness), (2)
sharpness/hardness versus softness, (3) brightness versus dullness, (4) fullness
versus thinness, (5) spaciousness (feeling of space), (6) nearness, (7) absence
of extraneous noises (nonlinear distortions), and (8) loudness. In a later study,
Gabrielsson and his colleagues (Gabrielsson et al., 1991) asked experienced
listeners to rate 18 different loudspeakers on seven of these perceptual scales
(loudness was excluded) and to give an overall fidelity rating. In correlating the
ratings of the perceptual scales to different objective loudspeaker measurements,
they concluded that: “All perceptual dimensions seemed to be influenced by the
frequency response, even spaciousness although the stereo information in the
signal was disregarded” (Gabrielsson et al., 1991, p. 718).

Klippel (1990) utilized multidimensional and factorial analysis to identify the
perceptual dimensions and their attributes using 45 loudspeakers tested in three
rooms. He found seven perceptual dimensions related to listeners’ impressions of
loudspeaker sound quality that were correlated with loudspeaker frequency
response: (1) clearness (clarity), (2) treble stressing (sharpness), (3) general
bass emphasis (loudness), (4) low bass emphasis, (5) feeling of space, (6)

clearness in bass, and (7) brightness.
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Using a quantitative descriptive analysis method, Lorho (2007) elicited a
large number of descriptors for the sound quality attributes of multimedia
speakers. However, after principal component analysis was applied, the
descriptors were reduced to a set similar to that found by Gabrielsson. The eight
loudspeaker sound quality attributes (outlined above) developed by Gabrielsson
and Lindstrom (1985) were used by Toole (1986a, 1986b), who included five
additional sound quality methods attributes that were related to spatial qualities,
based on less scientific methods. The additional spatial sound quality attributes
contributed by Toole were: (1) definition of sound images, (2) continuity of sound
stage, (3) abnormal spatial effects, (4) spatial perspective, and (5) width of sound
stage and impression of distance/depth.

In a study by the author (Olive, 2004a), the 2,381 comments given by
listeners for 13 different loudspeakers were categorized into 80 “unique”
adjectives, and 27 of these adjectives account for 80% of all comments. Timbre-
related adjectives accounted for 94% of all descriptors, whereas spatial-related
and distortion descriptors accounted for only about 3% of all descriptors.
Principal component analysis was performed on a subset of 40 comments, which
revealed that nine underlying factors explained 95% of the comment variance.

The first factor (31% of the variance) was associated with bass quality,

overall spectral balance, and smoothness. The second dimension (19% of the
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variance) was related to specific timbre colourations in the bass, treble, and
midrange. When the loudspeaker preferences were mapped into this two-
dimensional space, highly preferred loudspeakers shared common features, such
as good bass (not too full or thin) and neutral (low-colouration) timbre, whereas
the less preferred speakers had deficiencies in bass (thin) and specific
colourations in the bass, treble, and midrange.

There has been very little research into the development of objective
metrics that predict the intensities of the loudspeaker perceptual attributes.
Gabrielsson tried to predict the intensities of these attributes using in-room
measurements, but was not very successful (Gabrielsson, Hageman, Bech-
Kristensen, & Lundberg, 1990). Klippel (1990) was able to develop metrics based
on the loudspeaker's direct sound and in-room, steady-state response that
predicted the intensities of his seven perceptual loudspeaker attributes with
reasonable accuracy.

In summary, several investigations into the perceptual attributes of
loudspeakers using different methods and loudspeakers have largely reached
the same conclusion; that nine different perceptual attributes principally account
for the perceived differences among loudspeakers. One attribute is related to
loudness, five are related to timbre, and two are related to spatial attributes. The

remaining attribute is related to nonlinear distortion.
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23 The Listening Room

Toole (2000, 2006) gives a good summary of the psychoacoustic problems
found in domestic listening rooms intended for stereo and multichannel audio
reproduction. Typical domestic listening rooms are relatively small acoustic
spaces with absorptive, reflective, and scattering objects distributed unequally
throughout the room in close proximity to the loudspeakers and listeners.
Therefore, a highly diffusive sound field (such as those found in concert halls)
does not exist in domestic rooms, and concepts, such as reverberation time, are
not valid when applied to domestic rooms. Rather, it is clear that when significant
variations in the spectral, temporal, and directional properties of the sound field
exist throughout the domestic listening room, the positioning of both the listeners
and the loudspeakers significantly influences these variations.

This dynamic behaviour of sound in domestic rooms lends itself to
psychoacoustic analysis of the frequency, time, and spatial domains. There is a
significant transitional division between these domains at around 300 Hz. Below
300 Hz, the in-room, steady-state frequency response best represents effects
related to room mode and solid angle/boundary effects related to the positioning
of the loudspeakers (Toole, 2006).

Makivirta and Anet (2001) documented these effects in a survey that

measured 372 factory-calibrated loudspeakers installed in 164 professional audio
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control rooms. On average, they found 12 dB variations (after 1/3-octave
smoothing) at 200 Hz, increasing monotonically to 20 dB at 30 Hz. Similarly,
Welti (2002) reported up to 40 dB in-room variations below 300 Hz. Even ITU
compliant multichannel loudspeaker setups (ITU-R BS.775-1, 1994) have
produced large in-room amplitude variations below the transition frequency
among the different front and surround loudspeaker positions (Zacharov & Bech,
2000). Although these positional-dependent variations in amplitude response
have been minimized with the use of a single bass-managed subwoofer, there
have still been 24 dB seat-to-seat variations below 80 Hz (Toole, 2006, p. 471,
Figure 19).

In a typically sized domestic room, above about 300 Hz, the density of the
room modes becomes sufficiently high such that a steady-state analysis of the
room’s acoustical behaviour becomes less meaningful. Above this transition
frequency,” analysis of room reflections (their level, spectrum, direction, and
temporal distribution) is useful for assessing their potential subjective effects on
the quality of reproduced sounds. Here, a thorough understanding of the

perception of reflections and their subjective effects is necessary before

7 The ftransition frequency is often referred to as the Schroeder Frequency, defined as the
frequency at which there are at least three room resonances that overlap within their half power
points or bandwidth (Borwick, 2001).
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establishing whether the design of recordings, loudspeakers, and listening rooms
should compensate for them.

The following two sections summarize the distinctive acoustical factors
that occur below and above the transitional frequency, and their corresponding
subjective effects, which influence the sound quality of audio reproduction in a

listening room.

2.3.1 Room Modal Effects Below the Transition Frequency

Below the room’s transition frequency, the standing waves in a room
dominate what can be heard. Every listening room has a set of natural resonant
modes that can be calculated from its dimensions. For a simple rectangular
room, the standing waves can be calculated using the formula below (Borwick,

2001).

C n ? n ? n 2
—_ o _|__W +__h_
T = (lj (w) (h)

Where:

¢ = speed of sound in air, typicaily (344 m/s)
n; = integer values 0, 1, 2, 3...

/ = length of room measured in meters
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nw = integer values 0,1,2,3...
w = width of room measured in meters
ny = integer values 0,1,2,3...

h = height of room measured in meters

The axial modes occur along a single dimension of the room (its width,
length, and height), the tangential modes occur along two dimensions, and the
oblique modes travel across all three room dimensions. As the number of room
dimensions increases, the standing wave becomes less energetic. For this
reason, the axial modes are generally the most dominant and problematic in
achieving consistent bass across a wide seating area. Tangential modes only
become an issue if the walls are particularly stiff (mechanically rigid).

The axial modes can be. viewed as a series of waves travelling along the
length, width, and height of the room, with their pressure maxima occurring at the
boundaries of the room. For the odd order modes (1st, 3rd, 5th, ) the pressure
maxima at each boundary are of opposite polarity to each other at any instant in
time, and, at the center of the room, there are pressure minima, or nulls. For the
even order modes (2Md, 4t gth ) the pressure maxima at opposite room
boundaries have the same polarity, and, in contrast to the odd order modes,

there are pressure maxima at the center of the room.
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With knowledge of where the low-frequency pressure maxima and minima
occur in the room, the locations of the subwoofer and listener can be optimally
selected to produce the smoothest low-frequency response at the listening
location. For the listener, the optimal location is where the modes are not at
either their maximum or minimum pressure.

Figure 3 shows an optimal subwoofer and listener location for one
dimension of the room. The listener is located approximately two-thirds down the
length of the room, near the location where the peaks and nulls of the first,
second, and fourth order modes occur. By placing the subwoofer in the null, or
zero pressure point, of the third order mode, this mode is effectively not being
excited by the loudspeaker. Therefore, the listener will not hear the peak of this
mode. Equalizing the subwoofer at the listener location should yield further

improvements to the smoothness of the low-frequency response.
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Figure 3. Loudspeaker and listener locations that yield smooth low-frequency

response at the listening location.

2.3.2 Controlling Room Modal Effects Using Multiple Subwoofers

For single subwoofer setups, the previous solution has worked well for one
listener in a single seat. However, audio entertainment has not usually been a
solitafy activity, and, in multiple listener situations, the previous solution has

obviously fallen far short. To achieve a smoother in-room response across a



Interaction Between Loudspeakers and Room Acoustics 59

larger seating area, multiple subwoofers have been employed (Welti, 2002; Welti
& Devantier, 2006).

For rectangular rooms, Welti (2002, 2004) has developed some
generalized optimal placement of two to four subwoofers in a room for achieving
the Iowest.seat-to-seat variance in the low-frequency response. Some of the
better configurations are depicted in Figure 4. The underlying principle was the
use of destructive interference to cancel as many room modes as possible. By
placing two subwoofers along opposite walls, the odd order modes were
effectively cancelled along this dimension because they are opposite polarities. A
third subwoofer placed at the null of the odd order modes cancelled the second
order even mode, and a fourth subwoofer allowed mode cancellation in two
dimensions.

The generalized subwoofer placement rules have not worked well for non-
rectangular and asymmetrical rooms. For these types of rooms, Welti and
Devantier (2006) developed a subwoofer optimization algorithm called “Sound
Field Management,” which they based on the in-room measurements of the
subwoofers in their potential locations, taken at each listening seat. The algorithm
rank ordered all of the possible subwoofer-location combinations based on their

seat-to-seat variance in amplitude response, and then calculated the optimal
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subwoofer gain, time delay, and global equalization needed to achieve the best

result.

Figure 4. Recommended positions for subwoofers based on Welti (2002).
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2.3.3 Subjective Effects Below the Room Transition Frequency

Several studies have reported how different loudspeaker positions within
the same room affect listeners’ loudspeaker sound quality ratings (Bech, 1993;
Klippel, 1990; Olive et al., 1994, 1995). The author demonstrated that the
positional effects and their influence on preference ratings were frequently larger
than the effects attributed to the loudspeakers themselves (Olive et al., 1994).
However, none of the three studies discussed above attempted to isolate the
effects of the room below its transition frequency from the effects that occur
above it.

The author has found only three studies that specifically evaluated the
subjective effects of loudspeaker and room acoustical interactions below the
room transition frequency. This was achieved by: (1) using subwoofer-satellite
loudspeaker systems and moving the subwoofer(s) to different room locations
(Schuck et al., 1993; Welti, 2004); and (2) by using a binaural auralization of a
model of a real room, which allowed the experimenters to independently
manipulate the effects below the transition frequency (Fazenda, Avis, & Davies,
2005).

Using a satellite-subwoofer loudspeaker system, Schuck et al. (1993, p.
72) found that digital equalization applied below 200 Hz significantly reduced the

variance in loudspeaker fidelity ratings related to different positions of the
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subwoofer within the room. Fazenda et al. (2005) evaluated auralizations of a
single loudspeaker in different rooms by splicing the auralized BRIR below 200
Hz to a constant measured BRIR of a real loudspeaker in an actual room. In this
way, the loudspeaker-room effects above 200 Hz remained constant, while the
effects below 200 Hz varied. While the authors reported that listeners could
clearly identify the differént rooms below 200 Hz, the subjective effects were
highly dependent on the program and its spectral content.

Two informal subjective evaluations of subwoofers located in different
| positions of the same room (Zacharov, Bech, & Meares, 1995), and/or different
rooms (Benjamin & Gannon, 2000), have also been reported in the literature.
These investigations were informal in the sense that the listening tests were not
performed in a scientifically rigorous manner (e.g. no double-blind controls or
statistical analysis). Zacharov et al. (1995) compared a 3/2 surround system with
one and two subwoofers (85 Hz cross-over, fourth-order acoustic low-pass filter),
placed at different positions in the same room. After viewing different film
material, the three listeners, who sat in three different seats, gave informal
assessments. The authors stated: “In conclusion, the number, placement, and
critical alignment of low-frequency sources (<85 Hz) would appear to be
noncritical for the reproduction of 5.1- channel audiovisual material in a domestic

environment” (Zacharov et al., 1995, p. 285).
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The authors’ conclusions were quite misleading because they seemed to
have implied that their evaluations could be generalized to all domestic rooms.
Given that the subwoofer listening evaluations were informal, sighted, and based
on only three listeners (the three authors) in one listening room, the results from
this study can be largely discounted. More recent scientific evidence has shown
that the number, placement, and alignment of subwoofers in domestic rooms are
all critical variables in achieving consistent bass across a wide seating area
(Welti, 2002, 2004; Welti & Devantier, 2006), even though a definitive listening
test remains to be done.

Benjamin and Gannon (2000) measured the in-room frequency response
variation of subwoofers below 200 Hz across a fixed seating area in eight
different rooms. They found that the in-room frequency response varied by as
much as 30 dB, and that the response was usually dominated by one large peak
that could be equalized. The perceptual effects of these variations in frequency
response included both uneven loudness among low-frequency notes and
audible pitch shifts for high Q value room resonances. Interference between
adjacent room modes caused echo-like behaviour with a time scale of 50 to 400
ms. Using a method of adjustment, they found listeners’ preferences for

subwoofer level settings depended strongly on the program material, and that
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different listeners prefer different settings, even though the intra-listener reliability
was quite good.

Johansen and Rubak (2001) conducted listening tests on three different
loudspeaker-room digital correction schemes optimized for a specific seat in the
room. The equalizations were performed across the entire audio bandwidth in an
attempt to compensate for loudspeaker-room interactions, both below and above
the transition frequency. Although no statistical evidence was shown, they
reported slight improvements in the overall sound quality, bass quality, and
clarity. The exception occurred when the listener sat in a non-optimized seat. In
that case, the listener preferred the unequalized loudspeaker system. These
results have lent support to the general proposition that the problem with room
correction systems is that they cannot be generalized to more than one listening

seat in the room.

2.3.3.1 The audibility of low-frequency room resonances

The audibility of low-frequency resonances was investigated by the author
and his colleagues in order to gain a better understanding of the perception of
room resonances (Olive, Schuck, Ryan, Sally, & Bonneville, 1997). The 70.7%
detection thresholds of a single-added resonance (peak) and antiresonance (dip)

were measured at several different center frequencies between 63 and 500 Hz.
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Thresholds were measured for low Q (1), medium @ (10), and high @ (30) values
using two contrasting signals (continuous pink noise and discontinuous 10 ms-
wide pulses at 10 Hz) reproduced over headphones.

The mean detection thresholds for the resonant peaks and dips are shown
in Figures 5(a)-(b) for pink noise through headphones (Olive et al., 1997, p. 121,
Figure 2) and in Figures 5(c)-(d) for impulses through headphones (Olive et al.,
1997, p. 122, Figure 3). As previously demonstrated in resonance detection
studies (Toole & Olive, 1988), the audibility of a low-frequency resonance was
found to be highly signal-dependent (Olive et al., 1997). For pink noise, the low Q
value resonances and antiresonances produced the lowest overall detection
thresholds, which increased approximately 3.2 dB per doubling of the @ value.
The thresholds were similar for both peaks and dips for the lowest @ values. For
the discontinuous impulse signal, the effect of the @ value on the detection
threshold had the opposite effect: the thresholds were lower as the @Q value of the
resonance increased (Olive et al., 1997).

The detection thresholds were also frequency-dependent for medium and
higher Q values resonances; for the medium Q (Q = 10) and high Q (@ = 30)
value resonances, the detection threshold increased 0.5-2 dB as the center
frequency of the resonance below 500 Hz was halved. For low Q@ value

resonances, the threshold remained relative constant regardless of the center



-

Relative Level {dB}

Relative Level {dBj

Chapfer 2 - Loudspeakers, Rooms, and Room Acoustic Adaptation 66

(@)

Pink Noise Resonance Peaks
10 % R i R R 10
9 8
8 & B
7 =7
6 s B
5 5 8
4 2 4

]

3 B 3
2 €
1 1
0 0

63 125 250 500

Frequency {Hz}
(b)

0 Pink Noise Antiresonance (Dips) 0
-10 <1
-20 & -2
-30 2 .3
-40 % -4
- -~

50 ° -5
-BOD 3 -B
-70 nE: -7
-80 -8
-90 -9
-100 -10

83 125 250 500
Frequency {(Hz)

(c)

Pulses at10is

Resonance Peaks

i

-

63 125 250 500
Frequency {Hz)

(d)

Antiresonance (Dips)

Pulses at 10/s

B3 125 250 500
Frequenecy {Hz2)

Figure 5. The 70.7% detection thresholds for an added (a)-(b) resonance and

(c)-(d) antiresonance for pink noise and pulses.

frequency of the resonance.

More recently, Avis, Fazenda, and Davies (2007) measured the difference

limen for the ‘Q-factor’ of room modes below 200 Hz. The difference limen is

defined as the minimum adjustment in the Q value of a resonance required to
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produce an audible change. The difference limens were measured by having
subjects listen through headphones to an auralization of a modelled listening
room below 200 Hz, while digitally adjusting the Q values of the room resonances
until there was an audible difference. This was done for two different listening
rooms with short (RTeo = 0.2 s) and medium (RTeo = 0.5 s) reverberation times
(Avis et al., 2007).

The measured BRIRs of each room were then spliced together with the
auralized model of the room at 200 Hz. For room resonances with low (@ = 1),
medium (@ = 10), and high (@Q = 30) Q values, the difference limens in Q values
were: 16.6, 11, and 7.4, respectively, and the more reverberant room produced
higher difference limens in the @ values. The authors concluded that, unless the
Q@ values of the room resonances were relatively high, the use of acoustic
passive absorbers to treat them would have had little audible benefit (Avis et al.,
2007).

Together, the two studies described above indicate that the audibility of
room resonances is complicated by several confounding factors. Higher Q value
resonances tend to be more easily heard when the program signal is
discontinuous and the room’s reverberation time is very low; under these

listening conditions, the ringing of the resonance is most audible. However, the
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audibility of the ringing decreases, due to temporal masking, as the signal
becomes more continuous, and/or the reverberation of the room increases.
Under these listening conditions, lower @ value resonances become more
audible. Since film sound tracks and music and speech recordings typically
contain both continuous and discontinuous signals, the audibility of room
resonances will be problematic, regardless of their @ value, and must be dealt
with. Fortunately, loudspeaker equalization below the transition frequency and/or
judicious placement of the subwoofers and listener(s) provide practical solutions

to the problems associated with room resonances.

2.3.4 Room Effects Above the Transition Frequency

Above the room’s transition frequency, much of the loudspeaker’s total energy
arrives at the listener as reflected sounds. A scientific understanding of the
perception of reflected sounds and their subjective effects is beneficial when
considering the acoustical design of the listening room, loudspeakers, and their
optimal positioning in the room. Toole (2006) provides a good summary of
relevant literature on the effects of reflections in rooms. According to Toole
(20006), the effects that reflections produce include:

1. Localization: direction (the precedence effect)

2. Localization: distance
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3. Image size and position

4. Sense of space

5. Timbre: comb filtering and repetition pitch
6. Timbre: audibility of resonance

7. Speech intelligibility

2.3.4.1 The Effects on Reflections on Localization: Direction

It is well established that listeners can localize the direction of a sound
source in enclosed spaces, even in the presence of numerous reflections that
arrive from different directions than the direct sound. The perceptual mechanism
responsible for this is known as the “law of the first wave front” (Wallach et al.,
1949) or the precedence effect (Blauert, 1996; Blauert & Braasch, 2005;
Buchholz et al., 2001; Clifton, 1987; Clifton & Freyman, 1997; Dizon & Colburn,
2006; Dijelani & Blauert, 2001; Haas, 1972; Hartmann, 1997; Litovsky et al.,
1999, 2000; Litovsky & Shinn-Cunningham, 2001; Lochner & Burger, 1958;
Rakerd & Hartmann, 1986, 1992, 1994; Saberi & Antonia, 2003; Saberi & Perrott,
1990; Shinn-Cunningham, 2000, 2001, 2004; Shinn-Cunningham, et al., 1998a,
1998b; Shinn-Cunningham & Ram, 2003; Zurek, 1979).

The initial direction of the sound source is established by both the

interaural time and the intensity differences at the two ears, as well as by the
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monaural spectral cues provided by the direct sound. There is a fusion zone
where the reflected sounds from the room are not perceived as separate spatial
events, but appear to come from the same direction as the original sound.
Although the listener does not hear the reflected sounds as separate events, he
does clearly perceive them as contributing to the timbre, loudness, and
intelligibility of the sound. Additionally, in some cases, the reflected sounds
contribute to the perceived spatial extent of the sound source. Depending on the
level, delay time, angle of arrival, the reverberation of the room, and the
temporal-spectral properties of the direct and reflected sounds, the reflected
sounds may be perceived as separate auditory events or as echoes.

Research over the past 30 years indicates that the precedence effect is
the result of evaluation and decision-making processes that humans perform at a
higher level of the central nervous system; where, in addition to processing
auditory information, cues from other sensory modalities and prior knowledge are
taken into consideration (Blauert & Divenyi, 2001; Djelani & Blauert, 2001;
Litovsky e’; al., 1999; Litovsky & Shinn-Cunningham, 2001). Cognitive processes
play a key role in our perception of the precedence effect. Auditory cues that are
redundant become less relevant to our perception of the source’s direction,
distance, and spatial impression. When the auditory cues become unstable or

contradict more dominant sensory visual cues, listeners rely on the most recent
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set of learned cues that are “plausible” (Hartmann, 1997; Rakerd & Hartmann,
1992, 1994).

The precedence effect consists of three stages: the initial build up, the
suppression, and the breakdown. In unfamiliar acoustical settings, there is a
short build-up period, during which listeners apparently listen to both the direct
and reflected sounds in order to learn the features of the reflection patterns. After
the build-up period, the reflections are suppressed, and are no longer heard as
separate spatial events. Spatial suppression of the reflections can persist up to
9 s, even when the sound source is not continuous, after which there is a
breakdown of the precedence effect (Blauert & Braasch, 2005). The release of
the prior precedence effect and build up of a new precedence effect is often
triggered by a sudden physical change in the reflection patterns’ level, direction,
arrival time, or spectrum (Blauert, 1996; Dizon & Colburn, 2006).

The precedence effect seems to be most effective when the spectra of the
direct and reflected sounds are similar (Blauert & Divenyi, 1988; Divenyi, 1992;
Shinn-Cunningham, Zurek, Durlach, & Clifton, 1995). Although it remains to be
experimentally proven, this suggests that the loudspeaker should have constant
directivity, and that the acoustical treatment of the room must be broadband at
least down to 200-300 Hz. (Toole, 2006). Finally, the cognitive underpinnings

behind the precedence effect are supported by experimental evidence indicating
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that it is possible to alter the strength of the precedence effect through (1) listener
training (Saberi & Antonia, 2003), (2) learning (Litovsky et al., 2000; Shinn-
Cunningham, 2000), and/or (3) altering the listeners’ expectations (Clifton,

Freyman, Litovsky, & McCall, 1994).

2.3.4.2 The Effects of Reflections on Localization: Distance

Early reflections provide important cues for judging the distance of sounds
in rooms (Blauert, 1996; Bronkhorst & Houtgast, 1999; Nielsen, 1993; Zahorik,
2002). Through practice, listeners can judge the distance of a sound source by
learning the room’s reflections patterns and transferring this knowledge to other
locations in the room. Additionally, listeners can, to some extent, transfer this
knowledge to rooms with similar acoustical features (Schoolmaster, Kop¢o, &
Shinn-Cunningham, 2003, 2004; Shinn-Cunningham, 2001; Shinn-Cunningham
& Ram, 2003). The spectrum and level of the direct sound also provides
monaural cues for judging the distance of a sound source.

Many audio recordings strive to realistically simulate a real or artificial
space. This is more possible with multichannel technology; the side and rear
loudspeakers allow more accurate spatial distribution of the direct and reflected
sounds. An important research question raised by Toole (2006) is whether the

reflections in the listening room prevent the directional and distance cues in the



Interaction Between Loudspeakers and Room Acoustics T3

recording from being properly perceived. Even more problematic are the
perceptually more dominant visual cues of the loudspeaker and the room
boundary locations; these visible physical objects may prevent listeners from
localizing the auditory images beyond these visual boundaries. When listeners
are presented with auditory localization cues that are ambiguous, or that conflict
with visual information, the most “plausible” cue will generally dictate where the

sound is localized (Rakerd & Hartmann, 1986).

2.3.4.3 Reflection Effects on Image Size and Position

Various studies have shown that early lateral room reflections can alter the
perceived size and position of auditory images (Bech, 1998; Olive & Toole, 1989;
Toole, 2006). The detection thresholds were measured by Olive and Toole for a
single lateral reflection in different acoustic spaces, using loudspeakers to
simulate the direct and reflected sounds. For reflections under 20 ms, a sense of
spaciousness was perceived as the level of the reflection (relative to the direct
sound) was increased 10 dB above its absolute detection threshold. At 10 dB
above reflection detection threshold, the auditory sensation changed from a
sense of spaciousness or LEV, to a broadening of the source, even though the

direction remained relatively stable. In concert hall studies, similar effects were
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reported as an increase in the ASW, which was related to a decrease in the value

of the IACC (Okano et al., 1998).

2.3.4.4 Reflection Effects on Spatial Impression

Spatial impression is comprised of two spatial aspects, the ASW and the
LEV. These two effects have been associated with strong lateral reflections that
produced lower IACC values at the listeners’ ears. In concert halls, higher values
of LEV and ASW gave listeners a heightened sense of the space, and were
considered positive attributes (Ando, 1977, 1998; Ando & Schroeder, 1985;
Barron, 1971; Barron & Marshall, 1981; Beranek, 1996, 2003; Bradley &
Soulodre, 1995, 1996; Hess & Blauert, 2005; Hidaka & Beranek, 2000; Hidaka et
al., 1995; Merimaa & Hess, 2004; Okano et al., 1998; Schroeder et al., 1974).

Within the context of audio reproduction in domestic listening rooms, there
is sparse scientific research to indicate whether this is a desirable attribute. Some
audio purists would argue that, in order to hear what the recording artist truly
intended, the domestic room should acoustically approximate the condition of the
professional control room where the recording was mixed. Determining what
constitutes the ideal listening room is a complicated research question that most

likely depends on a confluence of variables: the genre of music, the number of
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playback channels, the recording techniques, and the experience and
expectations of the listeners.

For multichannel audio systems, a range of spatial impressions can be
achieved through judicious adjustment of the salient cues by the recording
engineer, or by the listener, using their surround sound processor (Griesinger,
1996; Soulodre, Popplewell, & Bradley, 1989). For stereo setups, the only means
available to produce a heightened sense of spatial impression are: (1) through
binaural spatial processing of the stereo signals, or (2) by providing the listener

strong side wall room reflections.

2.3.4.5 The Effect of Reflections on Timbre and Speech Intelligibility

A popular myth among audiophiles is that most room reflections are
undesirable due to the timbral colourations, or comb-filtering, they cause from the
summation of two delayed, coherent signals. The “comb effect” refers to the
alternating series of peaks and notches in the frequency response that occur
from the constructive and destructive interference between the two delayed
signals. Visually, the comb effect is most apparent in a frequency response graph
when the delayed signals are electrically or acoustically summed at a single
microphone. However, a listener equipped with two functioning ears and a brain

is capable of perceptually sorting out the direct and reflected sounds in a way
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that minimizes the timbral colouration, which is counterintuitive to what the in-
room frequency response measurement made with the microphone at the
listener's ear would seem to indicate.

The colouration effect is greatest when the reflected sound comes from
the same direction as the direct sound (Hartmann, 1997; Rakerd & Hartmann,
1986), and additional reflections seem to reduce the colouration (Barron, 1971;
Blauert, 1996). Furthermore, there is evidence of a central auditory mechanism
that perceptually compensates for distortions in the spectral envelope produced
by the room reflections (Watkins, 1991, 1999, 2005; Watkins & Makin, 1994,
1996a, 1996b, 2007). Evidently, listeners are able to learn and adapt to the
invariant acoustic features in rooms, such as the reflection patterns, so that they
can better hear the true features of the sound source; including its direction,
timbre, and intelligibility. The fact that we are able to enjoy, and actually prefer,
listening to music in highly reflective spaces, such as concert halls, attests to our
ability to adapt to reflections. The relative timbre constancy of our voices as we
move from room to room is an everyday example of the adaptation process at
work.

Reflections in concert halls provide timbral richness to the sounds of the
musical instruments, which they clearly lack when we listen to concerts outdoors.

There is experimental evidence that the reflections in domestic rooms also
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enhance the timbre of reproduced sounds. Adding repetitions to the reproduced
sound enhances the audibility of low and medium Q value resonances within the
recorded instruments (Olive & Toole, 1989).

Finally, there is evidence that a single early reflection (< 30 ms) has little
negative effect on the intelligibility of speech in rooms. Intelligibility improves as
the time arrival of the reflection decreases from 30 ms, which is the average
temporal integration interval of speech (Nakajima & Ando, 1991). As the time
arrival of the reflections increase beyond 30 ms, and/or their relative level
approaches that of the direct sound, it has a disturbing and negative effect on the
intelligibility of speech. The spatial separation of the reflection from the direct
sound is also a factor; intelligibility decreases as the separation of the reflection is
reduced from 60° (horizontal) to 0°, the direction of the direct sound.

In studies where multiple reflections of different-sized rooms were
simulated, reflections that arrived before 50 ms had the same positive effect on
intelligibility as increasing the level of the direct sound did (Bradley, Sato, &
Picard, 2003; Soulodre et al., 1989). Based on the results of these studies,
reflections in most domestic listening rooms would seem to have only positive

effects on the intelligibility of reproduced speech.
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2.3.4.6 Audible Effects of a Single Reflection

Several studies have investigated the audible effects of a single, lateral
reflection in the presence of the direct sound at 0° incidence (Haas, 1972;
Lochner & Burger, 1958; Meyer & Schodder, 1952; Olive & Toole, 1989). The
thresholds for the different subjective effects of the reflection on speech from
these four studies have been summarized in Figure 6. The absolute level
detection threshold of a single lateral reflection delayed by 1 ms was about -20
dB relative to the direct sound, and increased to -15 dB over the course of 20 ms,
beyond which the threshold rapidly falls (Olive & Toole, 1989). As the level of the
reflection increased above the detection threshold, a sense of spaciousness or
LEV developed. Approximately 10 dB above the absolute detection, Olive and
Toole noted that the auditory image became wider, and shifted in direction
towards the reflected sound.

Other studies found that a further 10 dB increase in level of the reflection
produced a second auditory image (Lochner & Burger, 1958; Meyer & Schodder,
1952). When the level of the reflection was approximately 10 dB higher than the
direct sound, the apparent loudness of the reflection was equal to that of the

direct sound, the so-called “Haas effect” (Haas, 1972).
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Figure 6. Effects of a single reflection for speech.

In conclusion, a single lateral reflection produces four distinct perceptual
effects, separated by approximately 10 dB increments above the absolute

detection threshold: (1) spaciousness, (2) image shift and spreading, (3) two
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distinct sound sources, and (4) equal loudness for the primary and secondary
sound sources. It must be emphasized that these results were generated using
loudspeakers that simulated the direct sound and the first single reflected sound
only; they were not full simulations of real rooms. Reflection thresholds under
more realistic acoustic conditions that more closely approximate those typically

found in listening rooms are examined in the next section.

2.3.4.7 Reflections in Domestic Rooms

A survey of consumer audio setups in 15 different domestic listening
rooms found that the average level of the first six reflections relative to the direct
sound fell somewhere between -3 to -8 dB, at delays between 2-10 ms
(Devantier, 2002). The earliest and strongest reflections were from the floor and
ceiling. The levels of the other four reflections generally fell outside of the
threshold range where image spreading and image shifting would have occurred.
Based on these findings, it seems safe to state that most reflections in domestic
rooms generally occur at levels that produce few, if any, negative effects.

This was, in fact, confirmed by Bech (1995, 1996) who investigated the
threshold of audibility for individual reflections produced by a single loudspeaker
in a typical domestic listening room. He found that among all of the first order

reflections, only the floor reflection (he modelled a reflective, uncarpeted floor)
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contributed to the timbre of a single loudspeaker when reproducing noise. For
speech signals, none of the reflections contributed individually to the timbre of
the loudspeaker. His study confirmed that single reflections in typical domestic
rooms have little impact on the timbre of a single loudspeaker.

Over the years, some professional recording engineers and acoustical
consultants have advocated that, in order to preserve the audible effects of the
reflections in a recording, the early reflections must be absorbed, diffused, or re-
directed away from the listener. This viewpoint has persisted, and still exists
today in various standards. The ITU-R BS.775-1 (1994) document has
recommended that all reflections within 15 ms be attenuated -10 dB relative to
the direct, to at least above 1 kHz. The Producers and Engineers Wing Surround
Sound Recommendation Committee (2004) was less specific, but their intention
about rooms used for the production of surround sound was clear:

To as great a degree as possible, early reflections should be suppressed...
in addition, there should be as much diffusion as a budget will allow... To
summarize: the more uniform (diffuse) the ambience in the professional
mixing environment, the more site-independent the resultant mixes will be.
(section 3.1, §.2)

Two different studies have examined the detection thresholds of a first
reflection accompanied by other reflections in both real rooms (Olive & Toole,

1989) and an accurately simulated room (Bech, 1998). Olive and Toole repeated
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their single lateral reflection study in three different rooms: (1) an anechoic
chamber, (2) a highly reflective large room, and (3) an IEC compliant listening
room (IEC 268-13, 1985). Olive and Toole utilized an IEC listening room in both
its natural state (RTeo = 0.4 s) and in a modified state, where all the first
reflections were attenuated. Between these three room extremes, anechoic to
highly reflective, the absolute and image shift spreading thresholds that resulted
were only modified by 1-5 dB. Only when the lateral reflection delay was 20 ms
or greater, did the highly reflective rooms begin to increase the thresholds by 20
dB due to temporal masking.

Bech (1998) examined the detection threshold of a single reflection in the
presence of 16 other reflections with simulated reverberation added after 22 ms.
He conducted the experiment in an elaborate anechoic setup that was intended
to accurately simulate an IEC listening room. He found similar spatial effects at
detection levels similar to those found by Olive and Toole (1989), indicating that
the same mechanisms and effects that occurred in real rooms also occurred in
simulated reflection environments.

In conclusion, the results of these two reflection studies based on both real
and accurately simulated listening rooms provide little scientific justification for
acoustically treating the early reflections in most domestic listening rooms. In

most cases, the reflections will be below the levels at which there are negative
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effects on the quality of reproduced sound. Furthermore, there is no scientific
evidence that the audibility of reflections in recordings during playback is affected

by the reflections produced by the loudspeaker in the listening room.

2.3.4.8 The Effect of Program Material on the Detection of Reflections

Studies show that the detection thresholds of reflections and their
subjective effects are dependent on the physical characteristics of the program
signal (Olive & Toole, 1989). Figure 7 depicts the detection thresholds of a single
lateral reflection for several different types of signals, including Mozart symphonic
music, speech, castanets recorded in a reverberant room, and electronically
generated impulse trains.

The thresholds tend to vary according to whether the program signal is
temporally discontinuous (or impulsive) or continuous (such as music). At shorter
time delays, the reflection detection thresholds for impulsive sounds are quite
high, dropping rapidly as the reflection’s time delay is increased. For continuous
signals, such as Mozart, the thresholds are lower, and relatively constant, as the
delay is increased. Figure 7 shows that adding reverberation to impulsive signals
(e.g. castanet signals) has the effect of lowering the threshold to the levels found
in music. Like Mozart, the thresholds remain relatively constant until the time

delay increases 10-20 ms, beyond which the threshold rapidly drops.
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Figure 7. The detection thresholds for a single lateral reflection for different

program signals.

In domestic listening rooms, reflections typically have less high-frequency

content than the direct sound, due to the off-axis response of the loudspeaker

and the acoustical treatment in the room. Low-pass filtering a lateral reflection
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increases the detection threshold of a lateral reflection (Olive & Toole, 1989).
However, even with the high-frequency energy removed above 1 kHz, the

reflection was still audible.

2.3.4.9 Preferences for Room Reflections in Sound Reproduction

Ando (1977) has shown that, for live music performance spaces, listeners
and musicians preferred lateral reflections that are 10 dB higher in level than
those typically found in a domestic listening room (Devantier, 2002). Based on
this evidence, Toole (2006) argued that there may be justification for leaving
lateral reflections in domestic listening rooms well enough alone because, in
domestic listening rooms, they have typically occurred at levels where they
produce only neutral or positive effects. To illustrate, he asserted that added
lateral energy will enhance the positive spatial attributes (LEV and ASW)
associated with highly preferred concert halls.

To the best of the author’'s knowledge, no definitive study has ever shown
what the preferred reflections in a listening room are. Listener reflection
preferences are likely complicated by several factors, including: (1) the number of
channels used for recording and reproduction, (2) the recording techniques
employed (Rumsey, 2001), (3) the genre of music (Voelker, 1985), (4) the

directivity of the loudspeakers (Klippel, 1990), and, evidently, (5) the audio
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training and expectations of the listener (Rumsey, 1999; Rumsey, Zielinski,
Kassier, & Bech, 2005b).

Evidence exists that lateral reflections improve the sense of LEV and ASW
in stereo setups (Griesinger, 1996). Whether the same applies to multichannel
setups has not yet been studied. Many early multichannel recordings are
criticized for being too “discrete,” implying that the loudspeakers are too easily
localized, with little continuity of sound stage between the different loudspeaker
channels.

The interaction effects among loudspeaker directivity, listening room
acoustics, program material, and listener preference were noted in at least two
studies. For stereo reproduction, Klippel (1990) found that listeners preferred less
directional speakers for the reproduction of speech and pop music programs, and
more directional speakers for the reproduction of classical music. Voelker (1985)
reported similar findings with respect to preferred control room acoustics used for
stereophonic reproduction of different music genres. In his study, 90 listeners
gave their preference choices from amongst four different professional control
rooms that each had different degrees of absorption added to them. Binaural
recordings of different two-channel loudspeakers (ostensibly equalized to be the

same at the listening location), reproducing different program selections, were
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made in each of the four rooms, and listeners evaluated the recordings through
headphones.8

Voelker (1985) found that the preferred acoustical treatment was strongly
program dependent. For chamber and organ music, a more reflective room (RTeo
= 0.7s) was preferred, and for pop and disco music, a less reflective live-end-
dead-end room (RTeo = 0.4 s) was preferred, and the second choice was a nearly
reflection-free control room (RTeso = 0.2 s), which was preferred for solo drums.
The common physical factor seemed to have been the average duration, or auto-
correlation interval, of the signal. The perceptual explanation was that, as the
signals become more sustained over time, the precedence effect’s fusion zone
(during which the room reflections were suppressed) was extended (Voelker).

It is important that both Klippel (1990) and Voelker (1985) used
stereophonic, not multichannel, loudspeaker setups in their studies. Voelker also
set up a 24-channel multichannel loudspeaker system in a reflection-free room to
see if he could simulate the sound field heard in the most reflective control room.
By adjusting the levels and delays of the signals sent to each of the

loudspeakers, he essentially replicated the stereophonic experience heard in the

8 There were at least two major methodological problems with this study. The first was the use of
different models of loudspeakers in each of the four rooms. Second, the 1/3-octave equalization
of the different loudspeakers at the listening location had insufficient frequency resolution, and it
would not have normalized effects related to differences in loudspeaker directivity (Voelker,
1985).
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reflective room. By turning the levels and delays up and down, Voelker tailored
the multichannel reproduction system according to the preferred taste for the
particular genre of music.

Whether he did so unconsciously or presciently, Voelker effectively
demonstrated one of the major advantages of multichannel audio over stereo
reproduction: The ability of the recording artist or the consumer to adjust the ratio
of direct-to-reflected sound to suit the musical genre requirements. The inherent
flexibility of multichannel audio has largely eliminated the need to optimize the

acoustics of a listening room for a particular genre of music.

24 Room Acoustic Adaptation

In chapter 1, room acoustic adaptation is defined as a change in the
listener’s response to the room acoustics after having spent some period of time
in the room. In the context of the subjective evaluation of different loudspeakers
in different rooms, room acoustic adaptation is observed as a change in how the
room acoustics affect the loudspeaker ratings. Within certain limits, more time
spent in the room should produce more adaptation (less room effect), whereas
less time spent in the room should produce less adaptation (greater room effect).

The time course of adaptation to room acoustics as an influence on the

perception of reproduced sound is largely unknown. Therefore, a manipulation
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that is intended to modulate room acoustic adaptation may or may not work.
Despite the lack of research in room acoustic adaptation, a general consensus
exists among many prominent acousticians (Blauert, 1996, Gilford, 1979; Toole,
2006) that listeners appear to adapt to, and ignore many of, the acoustical
features of rooms that, in objective terms, would seem to indicate that the sound
quality should be significantly compromised.

Gilford (1979) observed this cognitive process at work while reviewing the
acoustics of 120 different recording studios and 160 listening rooms used by the
British Broadcasting Corporation. After evaluating the monaural recordings made
in different studios in both domestic and the 160 listening rooms, Gilford found
that the acoustics of the different studios were generally apparent and well-
preserved, regardless of which listening rooms they were reproduced in. He

concluded:

The fact that the listening room does not have a predominant effect of
quality is very largely due to the binaural mechanism. This is particularly
true of rooms used for listening to music programs, since objectively
speaking, the standing-wave effects in the room can accentuate particular
notes by as much as 8 or 10 dB relative to their neighbours. (Gilford, 1979,
p. 28)
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Gilford (1979) noted that there were some interaction effects between the
studios where the recordings were made and the acoustics of the listening rooms
used for their reproduction. Recordings of speech made in six different studios
were played back in four different listening rooms, where a panel of recording
engineers judged their preference for the sound of the different studios. Gilford
found that, while the over-reverberant listening room did not change the rank
order of preference for the recordings, it increased the inconsistency in the
engineer’s ratings. Listening rooms with longer reverberation times tended to
favour studios with heavy bass cuts, whereas acoustically dead listening rooms

favoured studios with longer reverberation times (Gilford).

2.4.1 Neurological Evidence of Room Acoustic Adaptation

Current scientific thinking is that there are two known perceptual
mechanisms related to room acoustic adaptation: the precedence effect and
spectral compensation (as previously discussed in section 2.3.4.1). In both
cases, it appears that a form of adaptation to the effects of the reflections
happens based on learning the reflection patterns in the room that are time
invariant. Once the patterns are learned, perceptual compensation or

suppression of the reflections occurs.
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Recent neurological studies have shown that certain areas of the brain are
used to extract reverberation cues, which, in turn, are employed to discriminate
amongst different sizes of rooms (Schoenwiesner, Braasch, & Zatorre, 2006). By
observing changes in the functional magnetic resonance imaging responses of
listeners when certain features of sounds were varied over time, while others
were held constant, the researchers learned that certain regions of the brain were
associated with specific auditory processes. By manipulating the sound source
and the size of the room, they found that the superioral temporal sulcus and the
right posterior superior temporal sulcus responded to changes in the sound
source, while the posterior superior temporal sulcus was sensitive to changes in
room size (Schoenwiesner et al., 2006).

The same researchers also found that another part of the brain was
specific to the localization of the sound source (planum temporale). When the
room reflection patterns were held constant, they observed reduced activity in the
region of the brain that was responsible for processing these features
(Schoenwiesner et al., 2006). In conclusion, their study provided neurological
evidence that specific parts of the brain were responsible for analyzing patterns
in room reflections, and that these areas became less active as the patterns

become more constant. While the study did not provide direct evidence of room
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acoustic adaptation, it did produce evidence that the brain is well equipped to
adapt to room acoustics.

The author is only aware of one prior study wherein evidence of
adaptation to listening room acoustics was found in the context of evaluating
loudspeaker preferences. This study is discussed in some detail in the next

section.

2.4.2 Loudspeaker and Room Preference Study by Olive et al. (1995)

In a previous study, the author and his colleagues (Olive et al., 1995),
conducted a series of listening experiments, where 20 listeners gave preference
ratings for three high-quality loudspeakers, located in three positions, in four
different domestic-sized listening rooms. Separate ratings were given for four
different music programs, reproduced through a single (monophonic)
loudspeaker.

The loudspeaker/room evaluations were done using two different playback
methods (in situ listening versus binaural reproductions of the loudspeakers over
headphones), and two different stimulus ordering schemes (within-room and
between-room judgments) (Olive et al., 1995). The binaural recording and
playback device utilized in the experiment allowed for manipulation of factors that

were likely related to room adaptation effects. For example, the context and time
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interval over which the loudspeakers and listening rooms being evaluated could
be held constant within a listening session.

The within-room method required listeners to make multiple comparisons
amongst the three loudspeakers in each ftrial, with the independent variable
listening room held constant throughout a block or session of trials (Olive et al.,
1995). In four separate sessions, the same loudspeakers were evaluated in four
different rooms.® In contrast, the between-room method allowed listeners to
compare the same loudspeaker among the four different rooms, within the same
trial. In the following trial, a different loudspeaker-room combination would be
evaluated. The method and order in which the listeners evaluated the
loudspeakers, positions, rooms, and programs was randomized. The within-room
method provided maximum opportunity for room adaptation to occur, and the
between-room method afforded minimal opportunity for adaptation to occur. All of
the evaluations were performed double-blind. The main conclusions of this study

(Olive et al., 1995) were:

® The within-room method described in the study by Olive et al. (1995) is a successive treatment
condition, the same method that is used in the current study, as described in chapter 4. In both
experiments, the room remained constant throughout a block of ftrials in which different
loudspeakers were compared. The room was only changed at the onset of a new block, or

session, of trials.
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1. For within-room comparisons, loudspeaker preferences were relatively
independent of the room (i.e. the room was not a significant effect), which
provided evidence that room adaptation was at work during these trials.

2. For between-room comparisons, the listening room was the dominant
effect on listener preference ratings (i.e. the loudspeaker was not a
significant effect), providing evidence that room adaptation was not
effective during these trials.

3. The results of the test were essentially the same regardiess of which

playback method was used; in situ or binaural.

It is important to point out some of methodological limitations of this study
(Olive et al., 1995) that have been largely addressed in the current dissertation
study:
1. Accuracy of the binaural device: The binaural reproduction utilized static
head position, with dynamic head-tracking headphones, but without BRS.
2. Loudspeaker positional effects: There was no real-time positional
substitution of the loudspeakers, although these positional biases were
balanced across all of the loudspeakers in each of the four rooms.
3. Loudspeaker variables were not constant: While all three loudspeakers

were high-quality, forward-facing, direct radiators, there was no attempt to
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keep one factor constant (e.g. direct sound), while manipulating the
others.

4. Absence of independent listening groups: All 20 listeners participated in
both the within- and between-room tests. Ideally, independent groups of
listeners should have been used for the within and between-room
experiments to avoid a confluence of biases related to the effects caused

by both order and learning the acoustics of the rooms.

2.5 Conclusions from the Literature Review
This section briefly summarizes the main conclusions reached in the

literature review.

2.5.1 Summary of the Sound Fields in a Domestic Room

A loudspeaker radiates sound in all directions in a room, some portion of
which arrives at the listener's ears as direct, early, and late reflected sounds.
Each component plays a different role in our perception of the sound source and
its surrounding space. The direct sound establishes the direction of the sound
source and its timbre. The early reflections provide perceptual cues related to the
source’s spatial extent and distance; and improve the intelligibility of the source.

The late reflections provide information about the size of the room, and contribute
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to the loudness and timbre of the source. The quality and proportion of the direct
and reflected sounds depend on the acoustic properties of the listening room and
loudspeakers, as well as on the positioning of the loudspeakers and listeners in
the room. All of these factors physically interact with each other in ways that

affect the perceptual attributes of the reproduced sound.

2.5.2 Summary of the Loudspeaker’s Effect on the Quality of Sound

Reproduction

To a substantial degree, it is possible to predict the overall sound quality of
a loudspeaker above 200-300 Hz in a typical reflective listening room using a
model based on a set of comprehensive, high-resolution, anechoic frequency
response measurements of the loudspeaker. These measurements provide
important information about the quality of the direct sound, as well as the early
and late reflected sounds; whereas models based on in-room, or sound-power,
measurements do not. Consequently, models based on in-room and sound-
power measurements less accurately predict listener loudspeaker preferences,
compared to models based on comprehensive anechoic data.

However, anechoic measurements lack information about: (1) the room’s
modal behaviour below 200 Hz; and (2) the reflective and absorption

characteristics of the listening room, which affects the properties of the reflected
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sounds received at the listeners ears. The loudspeaker's low-frequency
performance accounts for approximately 30% of its predicted preference rating,
indicating that loudspeaker-room interactions below 200 Hz may affect the quality
of sound reproduction.

The vast majority of loudspeakers sold today have similar directivities, for
both economic and performance reasons. Loudspeakers with more exotic
directivities require additional drivers, electrical parts, acoustic lenses, and more
expensive enclosures that significantly increase the cost of the loudspeaker with
questionable performance gains. With the advent of multichannel audio, the extra
side and rear channels provide a more flexible means to achieve many of the
same spatial benefits of loudspeakers with special directivities, and do so at a
significantly lower cost to the consumer.

Several investigations into the perceptual attributes of loudspeakers using
different methods and loudspeakers have largely reached the same conclusion.
The generally accepted view is that nine different perceptual attributes account
for the principal differences perceived by listeners in sound quality among
different loudspeakers. One perceptual attribute relates to loudness, five to
timbre, and two to spatial attributes. The remaining attribute relates to nonlinear

distortion.



Chapter 2 - Loudspeakers, Rooms, and Room Acoustic Adaptation 98

2.5.3 Summary of the Perceived Effects in Domestic Listening Rooms

Typical domestic listening rooms are 60-151 m3 and have reverberation
times of around 0.4 s. The concept of a highly diffuse sound field, like those
found in concert halls, does not exist in domestic rooms, due primarily to their
relatively low ceilings and higher proportion of sound absorbing and scattering
objects distributed non-uniformly about the room. Due to the absence of an
isotropic reverberant field, the sound field in a domestic room can
consequentially be varied significantly by simply moving the listeners or

loudspeakers only a few inches.

2.5.3.1 Summary of perceived effects below the room’s transition
frequency

Below about 300 Hz, the room‘s axial resonant modes dominate the
quality of reproduced sounds and cause +*15 dB seat-to-seat variations, which
change according to the placement of the loudspeakers in the room. The use of a
single, equalized subwoofer can reduce these variations for a single seat, and
multiple subwoofers can reduce the variations among multiple seats.

This author is aware of only three studies (Fazenda et al., 2005; Schuck et
al., 1993; Welti, 2004) that have specifically measured the subjective effects of

low-frequency variations on sound quality, and the effectiveness of various
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loudspeaker-room correction schemes, indicating a significant opportunity for
more research in this important area. Studies on the detection of low-frequency
resonance peaks and notches indicate that their audibility depends on the
frequency, Q value, level, and type of program signal. The higher @Q peaks and
dips are more audible on impulsive (discontinuous) signals, but less audible than
lower @ values for continuous signals, such as music and noise. The
reverberation time of the room above 200 Hz decreases the audibility of higher Q

value resonances.

2.5.3.2 Summary of perceived effects above the room’s transition
frequency

Above 300 Hz, the off-axis performance of the loudspeaker becomes
important because these sounds are received at the listener's ears as room
reflections that are modified by the acoustic properties of the room’s boundaries.
The detection thresholds and perceptual effects of room reflections are generally
well-known. Surveys of typical loudspeaker setups in domestic rooms indicate
that the levels of the strongest early reflections fall below the thresholds at which
negative subjective effects occur (e.g. echoes or secondary images, image

shifting or spreading). The remaining effects are all positive ones, and correlate
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positively to improvements in the intelligibility, loudness, timbre, and LEV
(particularly the early lateral reflections).

Two well-known perceptual mechanisms, the precedence effect and
spectral compensation, help humans perceive the true direction and timbre of
sound sources in highly reflective rooms. Both mechanisms appear to operate at
the central stage of auditory perception, involving cognitive aspects associated
with learning and adaptation. Adaptation to room reflections occurs when
features in the reflection patterns are perceived as invariant and “plausible,” and
is based on previous auditory cues and information from other sensory modalities

(such as vision).

2.5.4 Summary of Room Acoustic Adaptation

Room acoustic adaptation refers to a change in the effect of the room on
listener's perception over some period of time. The precedence effect and
spectral compensation are two perceptual mechanisms involved in room acoustic
adaptation. There is recent neurological evidence that specific areas of the brain
are affected by changes in the reflection patterns of rooms, and these areas
become less active as the patterns become invariant over time.

Several acousticians have observed that audio reproduction through

loudspeakers seems to be relatively immune to the acoustics of the listening
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room. However, there has been very little research on how we adapt to room
acoustics in the context of multichannel audio reproduction. Only one previous
study (Olive et al., 1995) specifically addressed how room acoustic adaptation
influences listener loudspeaker preferences, and it used monophonic
reproductions of music programs reproduced through a single loudspeaker.

When listeners evaluated the loudspeakers in successive treatment
conditions of four different listening rooms, the room acoustics had no significant
effect on the loudspeaker preference ratings, indicating that room acoustic
adaptation may have been the underlying reason. When listeners made
comparisons of the loudspeakers among the four rooms using a binaural
recording/playback system, the room acoustic effects became the dominant
influence on listener preference rating, and the loudspeaker effects were no
longer a significant factor (Olive et al., 1995).

In conclusion, this review of the scientific literature on loudspeakers,
listening rooms and room acoustic adaptation has uncovered several gaps in our
scientific knowledge about this subject. While there is a wealth of information
about the perceptual mechanisms (e.g. the precedence effect) that are most
likely related to room acoustic adaptation, no one has studied how these
mechanisms operate in the context of muiltichannel reproduction of music in

listening rooms. Similarly, while there is an abundance of physical evidence of
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acoustical interactions between loudspeakers and rooms, no single study has yet
measured their subjective effects in a carefully controlled manner using today’s
multichannel audio setups. There are clearly many challenging and exciting

research opportunities; the justification and motivation for this dissertation.



Chapter 3 The Binaural Room Scanning Method

Researchers studying the perception of acoustical interactions between
loudspeakers and rooms face several methodological challenges. The first
challenge is how to present and control the variables being tested: the different
listening rooms, loudspeakers, and the time line over which the listener is
exposed to the different room acoustics. The next challenge is whether or not to
evaluate different listening rooms and loudspeakers by comparing each
sequentially (using a single-stimulus method). Due to a considerable time gap
between comparisons of the stimuli, using this single-stimulus approach might
reduce the observed sensitivity and reliability of listeners’ judgments as
compared to real-time, multiple comparison methods (Soulodre, 2003). The final
challenge is whether to perform in situ listening tests of different rooms and
loudspeakers using a real-time, double-blind, multiple comparison method, which

in the author’s opinion, is not logistically feasible.
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The dimensions, geometry, and absorption characteristics of a room
cannot be easily changed in real-time, and requires the use of some means to
keep listeners from becoming aware of what is going on. Each of the perceptually
important loudspeaker variables (its directivity and frequency responses, both on-
and off-axis) cannot be easily manipulated without affecting change in the other
loudspeaker variables. Real-time, in situ comparisons of different loudspeakers
cannot be done without the use of an elaborate and expensive speaker-mover10
to remove known strong positional biases (Olive, Castro, & Toole, 1998). For all
of these reasons, in situ tests are simply not an option.

BRS is a method of capturing and reproducing the BRIRs of one or more
loudspeakers located in an acoustic space. Using the BRS method solves the
methodological problems related to research in the perception of acoustical
interactions between loudspeakers and rooms by allowing the manipulation of
loudspeaker and room before the responses are captured and stored as a set of
BRIRs. The captured BRIR sets can be reproduced later and compared in real-
time through calibrated headphones equipped with a head-tracker. This allows

real-time, double-blind, multiple comparisons of the independent variables that

10 A speaker-mover, or “speaker-shuffler,” is an automated, mechanical device that positions
each loudspeaker under test in the exact same location of the listening room during comparative
subjective evaluations of different loudspeakers. In this way, the acoustical interactions between
the room and the loudspeakers are held constant, thus controlling any loudspeaker-position-

related biases. For an example of such a device see Olive, Castro, and Toole (1998).
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would, otherwise, not be possible using in situ methods. For these reasons, the
author chose the BRS method to study the acoustical interactions between
loudspeakers and rooms. To the best knowledge of the author, this is the first
study to use a BRS method to look at the perception of the acoustical
interactions between multichannel loudspeaker systems and room acoustics. It is
also one of the first studies to complete a validation of the performance of a BRS
measurement and playback system based on how well it can replicate the in situ
measurements of listeners’ preferences of different loudspeakers evaluated in a
reflective listening room.

The following sections describe the BRS method, its potential applications,
and the equipment and software required to assemble a BRS system. All of the
known errors and limitations of the BRS method are identified, many of which are
handled in this experiment through the use of a calibration procedure developed
by Todd Welti (Olive et al.,, 2007). Finally, a validation test is performed to
determine the accuracy of the calibration and the performance of the BRS

system.

3.1 Description of the Binaural Room Scanning (BRS) Method
BRS is a method of capturing (typically for the sake of reproducing) the

BRIRs of one or more loudspeakers located in an acoustic space. Using



Chapter 3 — The Binaural Room Scanning Method 106

microphones placed at the ears of a manikin designed to match a human listener,
the BRIRs are measured for different head orientations at the location of the
listener in the reproduction space (Horbach et al., 1999). Upon playback, the
music (or other audio signal) is dynamically passed through the head-orientation
appropriate BRIR filter set using a real-time, convolution engine. The BRIR-
processed music is reproduced through high-quality headphones equipped with a
low-latency, head-tracking system. This approach maximizes the similarity
between the listener's experience of the original loudspeaker reproduction
system and the headphone-based reconstruction of the loudspeaker signals by
ensuring that the loudspeaker signals are presented from spatially-stabilized

locations as listeners turn their heads.

3.2 Possible Applications for the Binaural Room Scanning (BRS)
Method
As a research tool, BRS allows psychoacoustic investigations, and
listening tests using arbitrary sound sources, in different acoustical spaces that
would otherwise not be practical, or even possible, using conventional in situ
tests. The use of BRS makes it possible to implement psychoacoustic

investigations in virtual acoustic reproductions for a number of important
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applications. Some of these applications include comparative, real-time,
subjective evaluations of:
1. Different concert halls, other performance venues, recording studios, and
listening rooms
2. Different automotive audio systems (Bech et al., 2005)
3. Different loudspeakers in the same or different acoustical spaces—the
application for this dissertation study (see also Olive & Martens, 2007)

4. Different acoustical treatments applied to a listening room

The BRS method makes these evaluations both practical and possible
with some additional benefits. Once the acoustical spaces are captured and
stored, the listening tests can be quickly and inexpensively repeated at any time,
and in any place that has a BRS playback system. The use of BRIR convolution
means that any arbitrary program signal can be used for listening tests. This
degree of flexibility means that listening tests can essentially be out-sourced to
anywhere in world, without the need to build additional (potentially expensive)

listening rooms.
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3.3 Description of the Binaural Room Scanning (BRS) System
Figure 8 shows a block diagram of the BRS measurement and playback

system, which are each discussed separately in the following sections.

Sound Card
Output
Left Stepper Motor Right Head-Tracker
Microphone | Attached to Head | Microphone
F .»_' E
Microphone
Pream
N p — - Sound Card —
Sound Card Input
F
{- Sound Card
| Real-Time
Convolution
Computer Engine
F
F 3
¥
BRS Y
Measurement Computer . |
Software
BRS Measurement BRS Playback
System System

Figure 8. Block diagram of the binaural room scanning (BRS) measurement and

playback system.
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3.3.1 The Binaural Room Scanning (BRS) Measurement System

The BRS measurement system utilized in this dissertation experiment
consisted of a Knowles Electronic Manikin for Acoustic Research, type 45BA
(Knowles Electronics, 2007), equipped with average male human pinnae
(Knowles Electronics model DB-065/DB-066). A pair of high-quality, miniature
3 mm microphones (DPA model 4060-BM connected to the Sound Devices,
model USBPre 1.5 preamplifier) were placed at the blocked entrance of the ear
canal of the binaural manikin. This location was chosen because it produces the
least inter-listener variability in head-related transfer function (HRTF)
measurements (Blauert, 2005, p. 230).

The neck of the manikin was mechanically modified so that its head could
be rotated within the horizontal plane. This was done in 1° increments, by a
stepper motor that was controlled by the computer using the BRIR measurement
software. An external, eight-channel, digital sound card (RME HDSP9652 with
ADI-8 DS interface) provided the audio interface between the computer,
loudspeaker, and binaural microphones. The computer (Hewlett-Packard
xw4400) ran a custom Matlab measurement program that generated the test
signals and captured the measured sets of BRIRs. The test signal was a log-

based chirp that gave an optimal signal-to-noise ratio at low frequencies (Farina,
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2000). The signal-to-noise was further improved by averaging a number of
repeated measurements.

For each loudspeaker in the room, a set of BRIRs was captured at the
listening location over a horizontal angular range of £60°. The number of BRIRs
required depended on the desired angular resolution within this range, which
could have been as small as 1° increments. At this study’s resolution, a total of 59
BRIR measurements were made for each loudspeaker at 2° increments over a

horizontal angular range of £60°

3.3.2 The Binaural Room Scanning (BRS) Playback System

The BRS playback system consisted of a pair of high-quality headphones
(Sennheiser model HD 600). These open-air, free-air equivalent headphones had
low acoustic source impedance, making them appropriate for reproduction of
binaural signals captured at the blocked meatus (Mgller, Hammershgi, Jensen, &
Sarensen, 1995). Attached to the headphones was a low-latency (<35 ms), ultra-
sonic, head-tracking system (Logitech Ultrasonic Tracker). The head-tracker
monitored the angular position of the listeners’ head and sent these coordinates
to the BRS playback software, which then switched to the corresponding set of

BRIR filters for that angle.
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The same computer (Hewlett-Packard xw4400) was used for playback. A
custom Java-based software program provided a graphical user interface (GUI)
(see Figure 9) that was used to: (1) load the appropriate library of BRIR filter sets
required for a listening experiment, (2) configure the sound card, (3) monitor the

listeners’ head position, and (4) switch between the different sets of BRIR filters.

Figure 9. The graphical user interface (GUI) for binaural room scanning (BRS)

playback software.
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Switching the filter sets was remotely controlled from another computer via
the transmission of the communication protocol/internet protocol (TCP/IP)
commands sent over a network. This feature has proven useful when the BRS
playback equipment cannot be put in the same room as the listener due to its fan
noise, space limitations (e.g. automobile audio listening tests), or potential to bias

the listener’s responses.

3.4 The Importance of Head Tracking

Over the years, psychoacoustic studies of loudspeakers (Olive et al.,
1994; Toole, 1991), listening rooms (Olive et al., 1995), concert halls (Schroeder
et al., 1974), and automobile sound systems (Azzali, Farina, Rovai, Boreanaz, &
Irato, 2004; Farina & Ugolotti, 1999; Mikat, 1996; Otto, 1997; Shively, 1998) have
been conducted using binaural recording and playback systems. However, these
studies did not use BRS measurements of the acoustic spaces coupled with
head-tracking playback.

Given the significant additional costs associated with the combined use of
BRS and head tracking (additional equipment and time spent taking
measurements), there must be a compelling reason to use them. Many studies
have shown that the main advantage of using head tracking in binaural

reproduction systems is that it reduces errors in the perceived direction of the
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sound source, particularly when the sound source is located within the cone-of-
confusion'! or directly in front of or behind the listener (Begault, Wenzel, &
Anderson, 2001; Minnaar, 2001; Minnaar, Olesen, Christensen, & Mgaller, 2001a,
2001b; Wightman & Kistler, 1999).

In natural hearing, humans move their heads (often unconsciously)
towards the sound source for two reasons; to improve its intelligibility and to
better enable them to localize and identify it. Some of the improvements that
result from moving our heads are related to visual cues, but some important
improvements in the perception of auditory cues also occur. Head movements
produce changes in the interaural and monaural localization cues that are
evaluated by the listener in order to better ascertain the direction of the source
(Blauert, 1996, pp. 178-191; Perrett & Noble, 1997). Head movements are
particularly helpful for disambiguating the location of a sound source in front of
the listener from a sound source behind the listener, where binaural cues are
particularly weak for stationary listener-source orientations.

In binaural reproductions that do not employ head tracking, where these
dynamic, head-movement-related, localization cues are unavailable, increased

errors in the perceived direction and distance of the source take place. Sound

1 The cone-of-confusion refers to the directional ambiguity of sound sources that are located
within a cone-shaped area to the side of the listener's head where the interaural time differences

(ITDs) produced by a source are the same (Moore, 1997, p. 227).
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sources may become difficult to externalize, and are often perceived by the
listener as being very close to, or even inside of, their head. This happens most
often in the presence of narrow band signals, and/or in the absence of room
reflections. Sources located either in front or behind the listener are often
observed to be reversed.

The use of head tracking with the binaural reproduction system
significantly diminishes the problems described above by providing dynamic
localization cues. However, the advantages of head-tracking binaural display
appear to diminish when room reflections are included in the reproduction, and/or

when individualized HRTFs are used (Begault et al., 2001).

3.5 Binaural Room Scanning (BRS) Measurement and Playback Errors
There are several sources of error in any BRS measurement and playback
system including:
1. Measurement Errors: Errors relating to the repeatability and accuracy of

BRS measurements and to the playback of binaural signals.

2. Anatomical Errors: Errors relating to the differences in the shape and size
of the manikin’s head/torso/pinna versus the listener's same

measurements.
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3. Positional Errors: Errors relating to positional differences between the
manikin’s head, at the time of the BRS measurement, and the listener’s

head, observed in situ.

4. Cognitive-Related Errors: Errors occurring from inaccurate BRS
reproduction of important non-auditory (e.g. tactile and visual) cues, and
other cognitive-related factors (e.g. room acoustic adaptation, stimuli

order, and context) that influence listeners’ judgments.

For the purpose of calibration, it is useful to categorize these errors as
either (1) directionally dependent or directionally independent errors, or (2)
individualized or non-individualized errors. The reasons for classifying the errors

in this manner will become clear in the following sections.

3.5.1 Categories and Sources of Binaural Room Scanning (BRS) System
Errors
Figure 10 graphically illustrates the 11 different sources of errors related to
BRS measurement, playback, and calibration. Figure 10 broadly categorizes the
11 different sources of errors as either: (1) directionally dependent or directionally
independent, and further, as either (2) individualized or non-individualized.

Directionally dependent errors are measurement errors that change as a function
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of the angle of the sound incidence at the binaural manikin's ears. All of the
directionally dependent errors fall into the individual classification (errors 1-3 in
Figure 10). Directionally independent errors are not impacted by the location of
either the listener’'s ears or the sound source, and are further classified as either

individualized (errors 4-7 in Figure 10) or non-individualized (errors 8-11 in Figure

10). Each of the individual errors is briefly discussed below.

- “individualized Errﬁ_r_s ' " Non:Individualized Errors
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Figure 10. Categories and sources of binaural room scanning (BRS) system

errors.
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Two of the three sources of directionally dependent, individualized BRS
system errors (see the left side of Figure 10) are related to anatomical
differences between the manikin and the listener. The first source of error stems
from differences between the size and shape of the manikin’s pinnae/concha and
those of the individual listener's (error 1 in Figure 10). Similarly, the second
source of error originates from differences between the size and shape of the
manikin’s head/torso and those of the individual listener’s (error 2 in Figure 10).
Since the size and shape of listeners’ heads, torsos and ears naturally vary from
one person to another, the resulting errors are classified as individualized errors,
and they cannot be corrected during calibration using a global filter.

The third and final source of directionally dependent, individualized errors
is the BRS in situ calibration process itself (error 3 in Figure 10), which is
described in greater detail in section 3.6. The calibration process may not work
as expected when applied to other loudspeakers and rooms that are not a part of
the original calibration process. Here, differences in the directivity of the
loudspeakers, and/or the reflective properties of the rooms may be the source of
these directionally dependent, individualized errors. This error is classified as
individualized because it varies from loudspeaker to loudspeaker, and from room

to room, depending on their respective acoustical properties.
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Directionally independent BRS errors include both individualized and non-
individualized error types (see the right side of Figure 10). The four sources of
directionally independent errors that are also further categorized as individualized
are: differences in the transfer function between the manikin and individual
listeners (error 4 in Figure 10), headphone frequency response errors due to
variations in fit and coupling (error 5 in Figure 10), differences between the
location of the manikin’'s ears during measurement versus the location of
individual listener’s ears during the in situ listening tests (error 6 in Figure 10),
and, finally, calibration errors due to headphone re-seating errors (error 7 in
Figure 10).

The most significant source of these directionally dependent,
individualized errors is headphone playback response differences that are
caused by headphone fit and coupling problems at the listener's ears (inter-
listener variance), that is further complicated by re-seating issues (an intra-
listener variance). These issues combine to produce both intra- and inter-listener
variances that cause significant inconsistencies in the measured in-ear frequency
response, particularly at lower and higher frequencies (Mgller, Hammershai,
Jensen, & Sgrenson, 1995; Toole, 1984).

The remaining sources of directionally independent errors are all classified

as non-individualized (see the third column of Figure 10) and include: errors due
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to trade-offs in the smoothing and regularization of the measurements taken
during calibration (error 8 in Figure 10), errors caused by the non-flat frequency
response of the microphones, preamplifiers, and headphones used for the BRS
measurements (error 9 in Figure 10), errors related to the absence of tactile
feedback (error 10 in Figure 10), and errors in the BRS measurements related to
nonlinear distortions in both the loudspeakers and the rooms (error 11 in Figure
10).

From the calibration perspective, certain categories of BRS errors are
relatively simple, and much less costly, to correct than others. One of the most
significant sources of directionally independent, non-individualized errors can be
corrected using a single calibration filter. The sources of this type of error that
can be removed through calibration generally include the non-flat frequency
responses of the microphones, preamplifiers, and of the headphones (error 9 in
Figure 10). The non-flat headphone frequency response in headphones can
occur from limitations in their design, or from their intended diffuse-field
calibration (Thiele, 1986). These errors are considered non-individualized
because they are an inherent part of the headphone design, and are not related

to how they couple to the ears of the individual listener.
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On the other hand, all directionally dependent errors and all individualized
errors (errors 1-7 in Figure 10),'2 present a greater challenge, and cannot be
corrected using a single global filter. The two most significant and challenging
sources of errors in these categories stem from (1) physical differences between
the binaural manikin’s concha/pinnae and those of the individual listeners (error 1
in Figure 10), and (2) headphone frequency response errors due to variations in
fit and coupling (error 5 in Figure 10). Both of these errors must be addressed
with a custom-designed filter, individualized for each listener. Naturally, a
comprehensive application of this type of correction is both costly and time-
consuming. Therefore, the costs of performing this process must be carefully
weighed against its performance benefits before considering this cumbersome
application. The benefits of individualized calibrations for binaural playback
systems are considered in the next section via a review of the relevant perceptual

literature.

3.6 Calibration of the Binaural Manikin
In the previous section, the binaural manikin was identified as a major
source of both directionally dependent and individualized errors. For this PhD

study, it was not considered feasible to use individually molded pinnae for each

12 A/ directionally-dependent errors fall within the classification of individualized. In contrast,

directionally-independent errors can be eitherindividualized or non-individualized.
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test subject. In view of this, an examination of the relevant perceptual literature is
required to explore what effects, if any, this might have had on the results of this
study.

There have been several detailed studies with regard to the need for
individualized pinnae (Begault et al., 2001; Minnaar, 2001; Minnaar et al., 2001a;
Mgller, Hammershgi, Jensen, & Sgrenson, 1999; Mgller, Sgrensen, Jensen, &
Hammershgi, 1996; Spikofski & Fruhman, 2001; Wenzel & Begault, 1999;
Wightman & Kistler, 1999). Most of these studies did not employ head-tracking
systems, which made them less relevant to this application. Generally speaking,
the studies demonstrated that individualized pinnae yielded some performance
improvements, particularly with respect to both front/back localization errors and
median-plane localization errors. The few studies that did utilize head-tracking
playback to directly explore this issue generally found no significant
improvements in performance derived from the use of individualized pinnae
(versus non-individualized pinnae). Horbach et al. (1999) found no significant
differences in horizontal localization when comparing sound sources in situ to
BRS playback of the sources captured with non-individualized pinnae. Begault et
al. (2001) compared localizations errors using generic and individualized HRTFs
coupled with head tracking, and found no significant difference for speech

signals.



Chapter 3 — The Binaural Room Scanning Method 122

A recent study of perceived quality of binaural reproduction (Usher &
Martens\, 2007) compared the naturalness of speech sounds using individualized
versus non-individualized HRTFs, and the results suggested that listeners will
choose, as most natural, those sources that are processed using HRTFs similar
to their own, but not necessarily identical to their own. In fact, Usher and Martens
(2007) found that listeners could regard imagery produced using non-
individualized HRTFs as more natural than that produced using their own HRTFs,
as long as the non-individualized HRTFs were not too different from their own.

The BRS system employed in this dissertation study did not capture and
playback different head rotations in the vertical plane, which raised a question as
to whether this had adversely affected the perception of loudspeakers in rooms
during the experiment. Not many studies have addressed this issue, but informal
observations have indicated that, for some listeners, the perceived location of the
image may be slightly elevated and slightly diffused. Furthermore, it has been
shown that these errors can be offset by adding visual cues, which have assisted
listeners in disambiguating the location of the source, even under normal
listening conditions (Begault, et al.,, 2001). Placing the loudspeakers in the
listening room during BRS playback has helped to “anchor” the perceived

locations of the loudspeakers reproduced by the BRS playback system.
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A listener's familiarity with the acoustics in which the binaural recording
was made has also improved the performance and realism of the reproduction
(Plenge, 1972). It has been reported that listeners adapt to non-individualized
binaural recordings, and that increasing the length or number of repetitions of the
test has helped the listener resolve many of the initially perceived errors (Minnaar
et al., 2001a; Zahorik, 2002). Finally, the horizontal head tracking employed by

the BRS setup may aid the listener in vertical location (Perrett & Noble, 1997).

3.7 Calibration of BRS Playback
The errors that result from using a non-individualized manikin head can be
corrected, to some extent, by making individualized calibrations on each subject.
Individualized calibrations can also be utilized to correct for errors resulting from
different measured responses of the headphones on each subject. The drawback
to this corrective procedure is the increased time required for calibration. Informal
listening by the author and his colleagues has indicated that this is not

mandatory, although further research is needed.

3.8 General Calibration Procedure
A calibration method developed by Todd Welti (Olive et al., 2007) corrects

for the entire BRS measurement system and playback chain by employing a set
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of calibration correction filters for this purpose. Figure A1 in Appendix A outlines
how the calibration filters were derived.

The general principle behind this calibration method is that the BRS
measurement and playback system should capture and reproduce the same
signals that would be measured at the listener’s ears sitting in the same sound
field, facing the same direction. This is accomplished by comparing what is
measured in situ at the listeners’ blocked meatus, to what is measured in their
blocked meatus during playback, through the (uncalibrated) BRS playback
system. Any observed differences are corrected.

Since average (non-individualized) pinnae were used on the binaural
manikin in this study, it was not possible to simultaneously correct the free- and
diffuse-field responses for individual listeners. The calibration method applied in
this study corrected the diffuse-field (or more correctly quasi-diffuse field), an
approach that has been generally supported by other investigations (Larcher, Jot,
& Vandernoot, 1998). In addition to correcting headphone errors, this method
was able to partially correct for differences between the individual listener’s and
manikin’s pinna/concha response.

Figure 11 is an illustration of the in-room frequency response of a
loudspeaker, measured at the blocked ear of a listener (dark curve) and

reproduced through headphones after the BRS system has been calibrated (light



T ————y

Interaction Between Loudspeakers and Room Acoustics 125

curve). ldeally, the two curves should be the same, and any differences indicate
errors. The differences between the two curves are relatively small, indicating
that the calibration is effective at removing most of the errors in the BRS
measurement and playback system.

The errors that occur below 100 Hz are mainly due to directionally
independent, individualized headphone fit and re-seating errors (errors 5 & 7 in
Figure 10). The errors that occur above 8 kHz are mostly directionally dependent,
individualized errors, related to in-ear microphone placement during calibration
(error 3 in Figure 10) and from anatomical differences between the mankin's
pinnae and those of the individual listener’s (error 1 in Figure 10). There are also
some smaller, directionally independent, individualized errors between 3-6 kHz
that result from frequency response differences between the concha of the
manikin and the listener (error 4 in Figure 10).

The magnitude of these minor calibration errors is significantly smaller
than measured differences among the loudspeakers, among the rooms and
among the loudspeaker-room interactions that were evaluated in this PhD study.
This factor, in combination with the successful validation test performed
(discussed in the next section), indicates that the performance of the BRS system

is not a significant variable in this study.
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Figure 11. The in-room frequency response of loudspeaker measured at the ear
of the listener in situ (dark curve) versus what is measured at the headphones

during binaural room scanning (BRS) playback (light curve).

3.9 Validation of Binaural Room Scanning (BRS) Calibration

Currently, no international standards or recommendations exist for testing
and validating the performance of BRS systems. There are many possible
approaches. In the author’s opinion, one of the best possible approaches would
be to conduct a listening test where listeners are required to report on a specific

perceptual attribute (spatial or timbral) for imagery created using the BRS



Interaction Between Loudspeakers and Room Acoustics 127

system, and then the same test is repeated in situ. Ideally, the results for both
would be the same.

The author is only aware of two published BRS system validation tests
(Bech et al., 2005; Olive et al.,, 2007) as opposed to “virtual audio” playback
systems.?3 One BRS system validation test compared the impairment ratings of
low bit-rate audio codecs, evaluated in situ, using a BRS playback method (Bech
et al.). No significant differences in ratings were found between the in situ and
BRS playback methods.

The second validation test compared the listeners’ preference ratings of
four different loudspeakers in a domestic-sized reflective listening room, using
both in situ and BRS playback methods (Olive et al., 2007). The results of this
test have been summarized below. It should be noted that these results were not
reported in Olive et al. (2007), but were based on a repeat of the same tests,
using a slightly improved calibration procedure, based on the headphone
responses measured for a different subject.

A total of 8 trained listeners participated in two separate sessions where

the four loudspeakers were evaluated in situ or through headphone-based BRS

13 A distinction is made here between “virtual audio” and BRS playback systems. BRS playback
systems reproduce BRIRs based on actual measurements of the source in the room. Virtual
audio systems reproduce simulated BRIRs based on a model of the room; not actual
measurements. Several BRS validation tests have been done in studies that have utilized the

“virtual audio” approach as reviewed by Pedersen and Minnaar (2006).
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reproductions of the loudspeakers. A session consisted of eight trials, wherein,
during each trial, the subject would give each of the four loudspeakers a
preference rating on an 11-point preference scale. This was repeated using four
different programs, with one repeat of each program. All presentations of the
stimuli were performed using a double-blind, multiple comparison method (four
loudspeakers at a time) that utilized a randomized presentation order for both
loudspeakers and programs. The order in which the BRS and in situ tests were
completed was equally distributed among the subjects to minimize possible order
biases.

The test results were statistically analyzed using a repeated measures
analysis of variance where the between-subjects factor was playback method (in
situ or BRS playback method). The independent variables included loudspeakers
(four levels), programs (four), repeat (one), and playback method (two); and
preference rating was the dependent variable. The alpha level for all tests was
0.05. A summary of the analysis of variance table, shown in Table 1, indicated
that the only significant effect was due to the loudspeaker; with a Fisher's F ratio
or F-statistic (F) (3, 21) = 101.3, p <0.001. More importantly, there were no
significant effects or interactions related to the playback method. Loudspeaker
preference ratings were essentially the same for the in situ and BRS playback

methods. This is graphically shown in Figure 12, where the mean loudspeaker



Interaction Between Loudspeakers and Room Acoustics 129

preference ratings are shown for each method. The graph demonstrates that

there were no significant interactions between the loudspeaker ratings and the

method.
Table 1
The Analysis of Variance Table for the
Binaural Room Scanning (BRS) Validation Test
Source af MS F p Lambda Power

Subject group (S) 7 45.802

Method (M) 1 1.466 528 4911 528 .095
MxS 7 2.778

Loudspeaker(L) 3 809.654 101.291 <.0001* 303.872 1.00
LxS 21 7.993

Program (P) 3 112 732 5433 2.197 176
PXS 21 153

MXL 3 4.251 1.029 3997 3.066 234
MXLXS 9 4.13

MXP 63 .035 .287 .8344 .860 .095
MXPXS 3 121

LXP 9 313 .508 .8631 4.575 225
LXPXS 63 615

Note. p* <.05
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Figure 12. The mean loudspeaker preference ratings and 95% confidence

intervals for both the in situ and the binaural room scanning (BRS) methods.

The question of whether individualized calibrations are required for BRS-
based evaluations of loudspeakers can be answered, in part, by comparing the
individual listener loudspeaker ratings for each of the two playback methods to
see if they are in agreement. Here, the individual listener loudspeaker preference
results are essentially the same for both in situ and BRS playback methods.

In conclusion, the BRS calibration method utilized in this study is
sufficiently accurate to allow valid and reliable preference ratings of different
loudspeakers in domestic-sized, reflective listening rooms. Furthermore, the
results support the conclusion that individualized calibrations are not necessary

to reliably measure listeners’ loudspeaker preferences in rooms. This finding is
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both important and relevant to the validity of the experiment described in the next
chapter of this dissertation, where the BRS method is used to measure
preference ratings of different loudspeakers in several different domestic-sized,

reflective rooms.

3.10 Limitations of the Binaural Room Scanning (BRS) System
All of the limitations of the BRS system have been described in section
3.5, and are also summarized in Figure 10. For applications related to testing
loudspeakers, the main limitations of the BRS system are that it does not take
into account either tactile information or non-linear distortion in the loudspeaker.
The results of the validation study described in section 3.9 indicate that the
absence of tactile informétion did not play a significant role in that experiment’'s
results. However, in listening situations where significantly more tactile
information is present (e.g. automobiles, motion-platforms, and setups using
near-field subwoofers), failure to include such tactile information in the playback
experience may produce different results. This is an area that requires more
research.
The absence of non-linear distortion in BRS measurements is also not an
issue in loudspeaker listening tests, provided that the loudspeakers have no

significant audible distortion at the playback levels that they are tested at. It is
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possible to confirm this a priori with objective measurements and informal
listening. Fortunately, most of the major loudspeaker studies have reported that
non-linear distortion is not a significant factor in listeners’ loudspeaker
preferences, with the exception of the smallest loudspeakers (see section
2.2.2.5).

The use of systems based on BRS for psychoacoustic investigations is a
relatively new development, and many opportunities for further validation of this
method exist. Although the validation test performed in this study establishes that
BRS provides an accurate and reliable approach to measuring loudspeaker
preference, more validation tests of the BRS system are required to determine its
accuracy and reliability for measuring specific timbral and spatial attributes of
auditory imagery. These tests should use both stereo and multichannel playback
systems in different listening rooms and automobiles. Until then, the performance
of the BRS system cannot be generalized to perceptual testing applications that

deviate far from the one described above.
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Chapter 4 An Experiment on the Influence of Room Acoustic

Variations on Loudspeaker Preference

This chapter describes a listening experiment designed to answer several
research questions relating to the effects of loudspeaker-room interactions on
listener preference ratings made in response to auditory imagery associated
with multichannel music reproduction, and the extent to which listeners adapt
to these effects. This chapter focusses on the experiment that forms the basis
of this dissertation study and is divided into three main sections. Section 4.1
defines the research questions and hypotheses, followed by a description of
the experimental design, and the details of the method and test setup are
given in section 4.2. Finally, section 4.3 explains the statistical analysis of the

results.

4.1 Research Questions and Hypotheses
The experiment was designed to address the following three research

questions:
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1.

To what extent are listeners’ preferences for multichannel music imagery
influenced by different loudspeakers, room acoustics, and the interaction
between loudspeakers and room acoustics?

Can the effects and interactions of loudspeakers and room acoustics on
listeners’ preferences be explained by acoustical measurements of the

loudspeakers and room acoustics?

. To what extent has room acoustic adaptation diminished the effect of

room acoustics on listeners’ preference ratings?

The three research questions outlined above lead to the formulation of

four hypotheses, stated as follows:

1.

Loudspeakers with more irregular off-axis frequency responses will
receive lower preference ratings.

The preference ratings associated with the tested loudspeakers will
decrease as the reflectivity of the room increases.

Longer exposure times to a particular room acoustic condition across
successive rating trials will produce room acoustic adaptation, yielding a
relative decrease in the effect of the room on the loudspeaker preference

ratings.
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4. Varying the room acoustic conditions between rating trials will produce
less room acoustic adaptation than the case in which room acoustic
conditions are held constant throughout a block of rating trials, producing
a relative increase in the effect of the room acoustics on the loudspeaker
preference ratings (in the intermixed treatment condition compared to the

successive treatment condition).

4.2 Experimental Design

To answer these research questions, the experiment was designed to
measure listener preferences for multichannel music imagery reproduced through
four different loudspeakers, located in four different listening rooms. The program
selections consisted of three different five-channel music selections. The stimuli
were evaluated by two separate groups of listeners, using two different trial
ordering schemes that provided a differential exposure to the room acoustics,
and, hence, a potential change in room acoustic adaptation. The independent
variables and their levels are summarized in Table 2.

The experimental design utilized a 2 x 4 x 4 x 3 x 3 repeated measures
analysis of variance, where the between-subjects variable was the trial ordering
method. More details on each independent variable are given in the following

sections.
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Table 2

The Experiment’s Independent Variables and Their Levels

Independent variable Levels of variable

Trial ordering method Successive, intermixed
Loudspeaker L1, L2, L3, L4

Room R1, R2, R3, R4
Program JV,LL, SD
Observation 01,02,03

4.2.1 Independent Variables
The following sections describe the selection and physical properties of

the independent variables in this experiment.

4.2.1.1 Listening rooms

Four rectangular listening rooms were used in these experiments, all
located at Harman International in Northridge, California. The rooms have been
previously used for both formal and informal subjective evaluations of audio
technology, and were designed to acoustically mimic typical domestic listening

spaces.
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All four rooms had sufficiently low background noise (< NC-25), and fell
within typical domestic room sizes, ranging in volume from 60 to 151 m3 (Bradley,
1986). Dimensional diagrams for the four rooms and their loudspeaker setups are
shown in Appendix B. The room dimensions and volumes are summarized in
Table 3.

Apart from their dimensional differences, three of four rooms (R1, R2, and
R3) had similar acoustic treatments. Specifically, the distribution, absorptive
qualities, and placement of objects about the room were similar. The acoustic
treatments were mostly provided by common objects that are found in most

households, such as carpeting, curtains, chairs, and bookshelves.

Table 3

Listening Room Dimensions and Volumes

Room Dimensions (m) Volume (m3)
(LxWxH)

R1 584x429x24 60.19

R2 6.2 x5.08 x 2.74 105.55

R3 9.04 x 6.58 x 2.54 151.2

R4 7.26x6.32 x2.74 126.03
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In contrast to the other three rooms, Room R4 was the most reflective.
This was achieved by removing most of its furniture (6 leather tub chairs) and
several fibreglass panels (measuring 1.22 m [height] x 1.22 m [width] X 7.6 cm
[depth]) from its two side walls. After doing so, the two side walls were essentially
100% reflective. The hardwood floor was also reflective, except for a 2.7 cm thick
woollen rug with a 2.7 cm thick foam underlay, which only covered 30% of the
floor, and was placed under the seating area. Other than this area rug, the only
significant absorption that remained in Room R4 was provided by some
fibreglass panels that covered 42% of the total area of the front and rear walls. In
total, only 17% of the total area of the room’s surfaces was treated to absorb
sound above 300 Hz. Some limited diffusion above 1 kHz was provided by RPG
Skyline Diffusors (RPG Incorporated, 2007) mounted near the ceiling along the
four walls.

A feature common to all four rooms was a reflective surface where the first
lateral side wall and ceiling reflections occurred at the listening location. The
properties of these reflections varied among the different rooms, based on the
positions of the listener and loudspeakers in relation to the side walls. In the two
smallest rooms (R1 and R2), the first lateral reflections were approximately the

same.
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4.2.1.2 Loudspeakers

Several criteria were employed for selecting the loudspeakers in these
experiments. First, constant on-axis and low-frequency performance among all
four speakers was desired, with the only difference being in their measured off-
axis performance. By controlling the direct sound, loudspeaker preferences could
be directly related to the physical properties of the loudspeaker’s off-axis radiated
sound, as well as to the reflective properties of the listening rooms. Furthermore,
the acoustic similarities among the loudspeakers would minimize stimulus
recognition biases that might have otherwise swamped any room effects, and
possibly inhibited room acoustic adaptation.

To improve the degree to which this study’s results can be generalized,
those loudspeaker designs most commonly found in consumer and professional
audio setups were selected. A custom ‘adjustable’ loudspeaker was designed
and fabricated, wusing forward-facing, direct-radiator, electro-dynamic
components, which make up the majority of loudspeakers sold. On each of the
four sides of the loudspeaker, an array of drivers were configured to simulate a
common three-way bookshelf or tower loudspeaker, with and without a
waveguide on the tweeter. The final two loudspeakers were configured as typical

three-way, center-channel loudspeakers that contained two midrange drivers
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arranged either vertically or horizontally, on either side of the tweeter. More
details on the four loudspeakers used in this study are given in Table 4.
Table 4

Description of the Four Loudspeakers Used in the Experiments

Loudspeaker  Configuration Cross-over frequencies

L1 Three-way, with 25 mm tweeter 2 kHz, 150 Hz, 80 Hz
without waveguide, 165 mm

midrange, 203 mm woofer

L2 Three-way, with 25 mm tweeter with ~ Same as above
waveguide, 165 mm midrange, 203

mm woofer

L3 Three-way vertical array with 25 mm 3 kHz, 150 Hz, 80 Hz

tweeter, 2 x 102 mm mid-range

L4 Three-way horizontal array with 25 Same as above

mm tweeter, 2 x 102 mm mid-range

The loudspeakers had an active, programmable cross-over processor
(DBX DriveRack 260) that provided driver equalization. A subwoofer (JBL
HTPS400) was common to all four loudspeakers, and the arrays were driven by a
three-channel amplifier (Proceed Amp 3).

The anechoic frequency response measurements (see Figure C1 in
Appendix C) show that each loudspeaker had virtually identical flat (+ 1 dB, 30

Hz-20 kHz) on-axis frequency response. The only differences occurred in their
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off-axis responses above 300 Hz, as indicated in their spatially averaged
response curves (early reflection, sound-power, and directivity index responses).
The off-axis curves of the four loudspeakers became progressively worse in the
following order: L2 (best), L1, L3, and L4 (worst). It is arguable whether L4 was
worse than L3, but it is safe to say that L3 and L4 did not perform as well off axis
as either L2 or L1. A photograph of the loudspeaker and its associated

equipment is shown in Figure 13.

Figure 13. A photograph of the adjustable loudspeaker showing side L1.
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4.2.1.3 Music programs

The three musical selections used in these experiments all originated from
commercially available multichannel DVD-A and DVD discs (see Table 5). The
music tracks were transferred from a DVD to a digital editing software program
(Sonar 6, Producer) and edited into short 20-30 s loops. Each loop was saved as
five-channel (16 bit, 48 kHz) Microsoft extensible (*.wav) file. All three tracks
were well recorded with full-range, spectrally-dense auditory imagery distributed
across all five channels. This ensured that all of the programs would be as
equally revealing and sensitive to possible spectral and spatial differences

related to the different loudspeaker-room combinations.

Table 5

Program Selections Used in the Experiments

Program Source

JV (Jazz Vocal) Gordon Goodwin’s Phat Pack, “The Phat Pack,” CD-DVD
(2006). Track 2: Too Close for Comfort (featuring Dianna

Reeves)

LL (Lyle Lovett)  Lyle Lovett, “Joshua Judges Ruth,” DVD Audio/DTS
(2002). Track 2: Church

SD (Steely Dan)  Steely Dan, “Two Against Nature,” DVD Audio (2001).
Track 1: Gaslighting Abbie
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4.2.1.4 Successive and intermixed treatment conditions of room

The experimental context in which auditory stimuli are presented has been
shown to influence preference choices or ratings (Rumsey, 2006). The context
under which different loudspeakers (Olive, 2004a; Olive, 2004b) and listening
rooms (Olive et al., 1995) are compared has also been shown to potentially affect
how listeners scale their preferences. In a similar manner, it has been
demonstrated that the trial ordering of music programs has influenced preference
choices for different multichannel microphone techniques (Kim, de Francisco,
Walker, Marui, & Martens, 2006; Martens, Marui, & Kim, 2006). Some
researchers have argued that context influences listeners’ preferences to such a
degree that measures of preference should be avoided altogether in audio
research (Zielinski, 2006).

The conclusion that preference should be avoided due to the influence of
context is a hasty supposition because it ignores two highly significant facts: (1)
that there are effective methods for controlling contextual effects in preference
experiments, and (2) that humans make preference choices everyday where
context is an integral factor in their decisions. To remove context and preference
from sound-quality listening tests severely limits the external validity and
generalizability of their results to how humans respond in the reail-world. To fully

understand the complex cognitive decision processes behind listeners’
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loudspeaker preference choices, scientists should not exclude the influence of
context in listening tests. For these reasons, context should be viewed, not as a
nuisance variable, but as integral factor worthy of investigation (Baird, 1997,
Martens, 2006).

To study how preference and room acoustic adaptation might be
influenced by context, two different trial ordering schemes were used to evaluate
the stimuli. The two trial ordering schemes, referred to as the successive and
intermixed treatment conditions (Keppel & Wickens, 2004), are graphically
illustrated in Figure 14. The trial and session orders were randomized in a
balanced way for both the successive and intermixed treatment conditions to
control for any order-related biases.

A successive treatment condition, where the room was held constant
throughout a single session, and only changed between subsequent listening
sessions, was utilized for the first group of listeners as they evaluated the stimuli.
The second group of listeners evaluated the stimuli using an intermixed treatment
condition, where the room was always changed in subsequent trials within the
listening session.

The differential exposure to the room acoustics was expected to produce
differences in room acoustic adaptation. Based on a similar study where

successive treatments of room were used (Olive et al.,, 1995), it had been
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anticipated that the successive treatment condition would produce more room
acoustic adaptation (i.e. less room effect on the preference ratings) due to the
longer exposure time (nine trials) to the same room acoustics. Correspondingly, it
had been expected that the intermixed treatment condition would produce less
room acoustic adaptation (i.e. more room effect on the preference ratings) due to

the shorter exposure time (one trial) to the same room acoustics.

Sesston 1 Session 2 Session 3 Session 4
% Legend:
X o RoomR1 |
Q=
% 3 Room R2 .
@ M ;
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A Room R4

Time {min)

Session 1 Session 2 Session 3 Session 4

Intermixed
Room Blocking

Titme (days)
Figure 14. The successive and intermixed room blocking schemes with the three

different programs used in this experiment designated as P1, P2, and P3.
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4.2.2 Dependent Variables (Preference Rating and Preference Choice)

All stimuli in these experiments were evaluated on an 11-point preference
scale that included semantic descriptors on every second interval to encourage
the listener to specify his/her intensity level of like or dislike for the scaled
stimulus (see lower diagram within Appendix D). Each listening session began
with a block of six trials, where the listener made preference choices between
paired comparisons of the four loudspeakers (see upper diagram within Appendix
D).

The purpose of these pre-trials was to familiarize the listener to the stimuli
during an easier task before moving to the more challenging multiple-preference
rating task (Kousgaard, 1987). The paired-comparison task provided the means
to study how the complexity of the listener’s task affected their performance and
preference ratings. The simpler pre-test took much less time to complete, and
possibly produced less room acoustic adaptation, than the multiple-comparison
preference rating task. The results of the preference choice trials are not reported

in this paper because they are outside the scope of this dissertation.

4.2.3 Selection of Listeners
A total of 28 paid volunteers participated in the listening experiments. The

listeners were current or former employees of Harman International, who were
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screened for normal audiometric hearing (ISO 389-1, 1998; ISO 8253-1, 1989).
Each subject passed a training task that required them to identify spectral
distortions added to music (Olive, 2001).

Of the 28 total listeners, 12 (43%) were considered experienced, having
had 2 or more years of experience in controlled loudspeaker listening tests. The
remaining 16 listeners (57%) were relatively inexperienced, having had less than
6 months of experience in formal loudspeaker listening tests.

The ages of the listeners ranged from 20 to 48 years (median age = 32.5,
SD = 9.7 years), and 93% were male. Previous studies (Toole, 1986b; Toole &
Olive, 1994) have demonstrated that gender is not a significant variable in
loudspeaker preference ratings. Therefore, the high percentage of male
participants in this study should not have unduly impacted the extent to which the
results can be generalized to females.

All of the listeners were given written listener instructions (Appendix D)
before beginning the experiments. Prior to participating in the experiment, the
potential subjects were required to read the prospective participant instruction
form (Appendix E), and to sign the participant content form (Appendix F). Prior to
commencement of the experiment, the author qualified for and was granted a
certificate of ethical acceptability of research involving humans from McGill

University (Appendix G).
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4.2.4 Loudspeaker Setup and Binaural Room Scanning (BRS) Measurements

Loudspeaker and listener positioning in the room (the listener’s physical
position within both the room and in relation to the loudspeaker) were treated as
nuisance variables in this study. In order to control loudspeaker and listener
positional biases, all of the loudspeakers were scanned in the same positions in
the room from the same listening position. In all four rooms, the loudspeakers
were set up symmetrically according to ITU-R BS.775-1 (1994).

The symmetrical arrangement ensured that no loudness, timbre, or spatial
imbalances were present between the left and right channels in any of the rooms.
Controlling these significant nuisance variables made it possible to trace any
perceptual effects to the physical differences in the loudspeakers and/or their
interaction with the room acoustics. The exclusive use of symmetrical setups and
rectangular rooms in this study may have somewhat limited the extent to which
these results can be generalized to loudspeaker setups more commonly found in
consumers’ homes.

In each of the four different listening rooms, BRIR measurements were
taken at the listening location, for each loudspeaker, at each of the five positions
at 2° angular resolution over a horizontal azimuth of 60°. In total, over 4,720
BRIR measurements (4 [loudspeakers] x 5 [positions] x 4 [rooms] x 59 [head

positions] = 4,720) were taken to capture all of the experimental test conditions.
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The distances and angular positioning of the loudspeakers relative to the listener
were compliant with ITU-R BS.775-1 (1994):

1. £ 30° for the front left and right loudspeakers

2. (° for the center loudspeaker

3. * 115° for left and right surround channels

The loudspeakers were symmetrically arranged in a circle with each
loudspeaker positioned equidistant to the listening location in the middle of the
circle, the so-called listening ‘sweet spot.” Precise calibration of the loudspeakers’
positions in each room was performed through the use of a laser pointer,
attached to each loudspeaker, and a small white reflective dot on the binaural
manikin’s nose. Further confirmation of loudspeaker positional accuracy was
achieved by inspecting the in-room frequency responses and the BRIRs of each
loudspeaker to ensure that they matched the previous measurement. Precise
loudspeaker positioning was necessary to ensure that the direct sound was
constant across all loudspeakers, positions, and rooms in terms of its: (1)
frequency response, (2) level, (3) relative time arrival among the five channels,
and 4) angle of sound incidence at the listener location. The BRS measurement

parameters are summarized in Table 6.
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Table 6
Binaural Room Scanning (BRS) Measurement Parameters for the Experiments

Parameter Value

Sampling rate 48 kHz

Bit rate 16 bits

Average in-room S/N 75 dB

Impulse length (ms) 500 ms

Spatial resolution 2° resolution £ 60° horizontal azimuth

4.2.5 Binaural Room Scanning (BRS) Playback of Loudspeakers and Rooms
The BRS playback of the different loudspeakers and rooms was done
using the calibrated playback system that is detailed in Figure 15. The server
computer (HP xw8200) controlied the entire listening test through its custom
listening test software. The output from its digital sound card (M-audio Firewire
410) was sent to a master volume control (Lexicon MC-12 Balanced), and then to
the eight-channel sound card (RME HDSP 965 with ADI-8 DS interface). The
eight-channel sound card was connected to the BRS playback convolution
engine. The output from the BRS engine was sent to a headphone amplifier
(AKG phone amp V6HP) that powered the listener's headphones (Sennheiser
HD 600). The azimuth of the listener's head position was monitored with a

Logitech Ultrasonic Head-tracker that transmitted the current angle to the BRS
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playback engine. Upon receiving the current head position angle, the BRS

engine switched to the corresponding set of BRIR filters.
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Figure 15. The playback system used for the experiments.
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The listener was able to switch at will between the different surround
sound loudspeaker systems using a hand-held, wireless Pocket PC (HP model
hx2490) that was equipped with a custom listener software application known as
the “Pocket Car Evaluator.” The Pocket PC sent control commands wirelessly to
the server computer, which instantly switched to the set of BRIRs for the
specified loudspeaker surround system. BRS playback of the stimuli was
conducted in the Harman International Reference Room, one of the four rooms
binaurally scanned for this experiment.

To enhance the realism and presence of the BRIR playback, a set of high-
quality loudspeakers were set up in the identical ITU-R configuration used for the
BRIR measurements (see Figure 16)14. The listener sat in the same ‘sweet-spot’
where the binaural manikin was placed for the BRS measurements. The average
playback level of the program selections at the listeners blocked meatus was a
comfortable 76 dBA (slow). The playback level remained fixed for the duration of

the experiment.

4 While Figure 16 is an accurate depiction of the loudspeaker configuration, the acoustical

treatment is not representative of the room during the BRS measurement.
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Figure 16. A listener in the Harman Reference Room using the BRS playback

system.

4.2.6 Listener's Task

Each listening session began with a series of six pre-trials where the
listener made a simple preference choice between different pairs of surround
sound loudspeakers for one program selection (LL). Using a Pocket PC equipped
with the Pocket Car Evaluator software, listeners could switch at will between the

stimuli and enter their responses (see upper diagram within Appendix D). Once
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the final ratings were entered and stored in the database, the next trial
automatically began.

Listeners generally completed all six preference choice pre-trials within 5-
10 min and then began their multiple-comparison preference rating task.
Listeners were required to complete all nine trials and enter their ratings using
the GUI (see lower diagram within Appendix D). The software automatically
checked for tied ratings, forcing the listeners to make a preference choice
between the loudspeakers. Typically, the entire listening session took about 25-
30 min to complete. Listeners were only allowed to participate in a maximum of

two sessions per day, with a break between the morning and afternoon sessions.

4.3 Experimental Results: Preference Rating Test
The analysis of data from the experiment described in the previous section

is reported in this section.

4.3.1 Statistical Analysis
A repeated measures analysis of variance fora 2 x 4 x 4 x 3 x 3 full
factorial model was used for analysis of the independent variables: trial order

method (two levels), loudspeakers (four levels), rooms (four levels), programs
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(three levels), and observation (three levels). The dependent variable was

preference rating. An alpha level of 0.05 was used for all statistical tests.

4.3.2 Main Effects: Room

The analysis of variance presented in Table 7 indicated that room was the
main effect; F (3, 78) = 3.89, p = 0.01. There were significant interactions
between the independent variables of room and loudspeaker; F(9,234) = 3.22, p
= 0.001, and also between the independent variables of loudspeaker and
program; F (6,156) = 2.15, p = 0.05. The mean preference ratings and the 95%
confidence intervals are shown in Figure 17 for the variable room. In order of
decreasing preference, the mean ratings for each listening room were: R1 = 5.22,

R2 =5.07, R3 = 5.05, and R4 = 4.76.
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Table 7

The Analysis of Variance Table for the Preference Rating Experiment

Source daf MS F p Lambda Power
Method (M) 1 12146  .109 744 109 .061
Subjectgroup (S) 26  111.851
Room (R) 37.841 3.890 .0120* 11.671 .813
RxM 3 20.039 2.060 1123 6.181 .500
RxS 78 9.727
Loudspeaker (L) 3.632 .333 .8018 .998 A11
LxM 7.449 682 .5656 2.047 184
xS 78 10.919
Program (P) 7115 1.041 .3602 2.083 214
PxM 14.458 2.116 .1308 4.232 403
PxS 52 6.832
RxL 9 16.237 3.219 .0011* 28.968 .983
RxLxS 234 5.045
RXP 6 2517 795 5754 4.768 .303
RxPxS 156 3.167
LxP 6 5.624 2.149 .050* 12.892 757
LxPxS 156 2.617

Note. p*=<.05
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Figure 17. The mean preference ratings and the 95% confidence intervals for

room.

A Scheffe post-hoc test was performed to determine if the differences in
ratings between each pair of rooms were statistically significant (see Table 8).
The results of this test indicate that Rooms R1, R2, and R3 were all preferred
over Room R4. However, there were no significant preferences among the three
rooms. Lastly, there were no statistically significant effects related to the
variables loudspeaker or the trial ordering method (successive versus

intermixed). This will be discussed further in chapter 5.
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Tabie 8

The Scheffe Post-Hoc Test Results for the Variable Room.

Room p
comparison difference difference
R1,R2 156 251 .3872
R1,R2 A71 251 .3018
R1,R4 ..464 251 <.0001*
R2,R3 .015 251 .9987
R2,R4 .308 251 .0081 *
R3,R4 293 251 .0138 *
Note. p*<.05

4.3.3 Interaction Effects

The following sections describe the interaction effects that were present in

this experiment.

4.3.3.1 Loudspeaker and room interaction

The analysis of variance in Table 7 demonstrated that there was a

significant interaction between the independent variables loudspeaker and room.

The mean preference ratings and 95% confidence intervals for this interaction

are plotted in Figure 18 below. The graph in Figure 18 clearly establishes that

loudspeaker preference ratings were dependent on the room in which the ratings

were given. In Rooms R4 and R2, there were significant differences in the



Interaction Between Loudspeakers and Room Acoustics 159

loudspeaker preference ratings, whereas, in Rooms R1 and R3, there were none.
Overall, the loudspeakers were rated the lowest in Room R4, and the highest in
Room R1. The loudspeakers with the largest variance in preference ratings
because of room acoustic variations were L2 and L4. The preference ratings for
Loudspeaker L1, and, to a lesser extent, L3, were the least influenced by room

acoustic variations.
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Figure 18. The mean preference ratings and 95% confidence intervals for

loudspeaker and room.
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4.3.3.2 Program and loudspeaker interaction

The analysis of variance table indicates that a second significant
interaction between the independent variables program and loudspeaker took
place. Figure 19, which plots the interaction between loudspeaker and program,
shows that Program JV (jazz band with female vocalist) and Loudspeaker L4 are
largely responsible for this interaction effect. When Loudspeaker L4 was

auditioned using Program JV, it received significantly lower ratings.
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Figure 19. The mean preference ratings and 95% confidence intervals for the

interaction between loudspeaker and program.
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4.3.4 Effects Related to Prior Experience in Loudspeaker Listening Tests

Previous studies on the subjective evaluation of loudspeakers have shown
that there are significant differences in the performances of trained and untrained
listeners (Bech, 1992; Gabrielsson, 1979; Gabrielsson et al., 1990; Olive, 2003).
Although the resulting overall rank ordering of loudspeaker preferences among
trained and untrained listeners have essentially remained the same (Olive, 2003),
the general consensus is that trained listeners give more reliable and
discriminating loudspeaker preference rating.

The influence of a listener’s training and experience was examined post
hoc in this study to determine what role, if any, it had on the reliability and
discrimination of a listener’'s loudspeaker preference ratings. A second goal was
to determine whether a prior history of participation in controlled listening tests
had any effect on loudspeaker preference, room preference, and/or room
acoustic adaptation.

Although all of the subjects in this study had been screened to ensure that
they possessed normal audiometric hearing, there were significant differences
among the listeners regarding their level of experience, in terms of time,
participating in formalized loudspeaker tests. Of the total number of listeners who
participated in this study, 57% were recent recruits, having had less than 6

months of experience participating in these types of tests. The remaining
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subjects (43%) possessed 2-15 years of experience in formalized loudspeaker
listening tests. Using this criterion, the subjects were divided into two groups
based on whether they had two or more years of experience. Although the two
groups were not equal in overall size, an equal number of experienced subjects
were placed in both successive and intermixed treatment conditions for the
purposes of the statistical analysis.

A repeated measures analysis of variance of the experimental data was
performed, with experience as the between-subjects factor. Experience was
shown to be a main effect; F (1, 26) = 9.27, p = 0.005. The interaction effect
between experience and loudspeaker was almost statistically significant; F (3,
78) = 2.37, p = 0.08). This was also true for the interaction between listening
experience and room; F (3, 78) = 2.28, p = 0.09). Figure 20 plots the mean
preference ratings and upper 95% confidence intervals for experienced listeners
(2 or more years of experience) and inexperienced listeners (less than 2 years of

experience).
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Figure 20. The mean preference ratings and 95% confidence intervals for

experienced and inexperienced listeners.

Figure 20 reveals a familiar scaling effect related to listener experience
and training as previously observed in Olive (2003). Experienced listeners tended
to use the lower part of the preference scale, and spread their ratings further
apart on the scale, ostensibly, to register their more critical and discriminating
sentiments.

The individual listener’s F has been utilized by researchers to assess and
compare the discrimination and reliability of a listener’s loudspeaker preference
ratings (Bech, 1992; Olive, 2003). A two-way analysis of variance was performed

on each individual listener to calculate their F statistic for the independent
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variables loudspeaker and room. The mean individual listener's F statistic for
these independent variables is shown in Figure 21 for both experienced and
inexperienced listeners.

The large confidence intervals, particularly for the experienced subjects,
reflect the small sample size (12 subjects) and range of differences in their
performances. However, the graph illustrates an interesting trend. The higher
loudspeaker F-statistic for the experienced listeners (versus inexperienced
listeners) indicates that they are more discerning and/or reliable in rating

loudspeakers than the inexperienced listeners.
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Figure 21. The mean individual listener’s F-statistic.
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For the variable room, the opposite trend is found; inexperienced listeners
are more discerning and/or reliable than the experienced listeners when rating
room effects. This contrast seems to suggest that experienced listeners may
focus more on loudspeaker differences, whereas inexperienced listeners focus
more on room effects. To explore this idea further, the mean loudspeaker and
room preference ratings are plotted for both experienced and inexperienced
listeners in Figures 22 and 23, respectively.

As noted earlier, the experienced listeners in this study gave lower
preference ratings on an absolute scale. However, Figure 22 shows that they
were more discriminating amongst the loudspeakers than the inexperienced
listeners; particularly as regarded Loudspeaker L4, which they rated lower than
the other three loudspeakers. On the other hand, the inexperienced listeners had
no significant loudspeaker preferences.

Figure 23 illustrates that the inexperienced listeners were more
discriminating among the different rooms than the experienced listeners. They
were much more disapproving of the highly reflective room, Room R4, than the
experienced listeners. In contrast, the experienced listeners had no strong room
preferences, although they tended to give lower ratings than the inexperienced

listeners in Room R3, the room with the highest ratio of direct-to-reflected sound.
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Figure 22. The mean preference ratings and 95% confidence intervals for

experienced and inexperienced listeners.
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Other studies have reported parallel differences in how trained versus
untrained listeners weigh the relative importance of timbre and spatial attributes.
Ando (1977) found that trained musicians preferred lower levels of reflected
sounds than non-musicians. In the same vein, Rumsey and his colleagues
(Rumsey, Zielinski, Kaissier, & Bech, 2005a, Rumsey et al., 2005b) found that, in
surround sound reproduction listening tests, expert listeners assigned more
weight to the timbre and frontal stage spatial fidelity than the untrained listeners,
who cared more about the envelopment of the surround sound channels.

Rumsey (1999) also found similar responses from audio experts, who
preferred the original stereo material to a five-channel, up-mixed version of the
same program. Evidently, untrained listeners were generally more willing to
sacrifice some timbral accuracy and frontal stage spatial fidelity in exchange for
the added sense of envelopment that the lateral energy from the surround
speakers and room reflections provided.

The same underlying principles may well have been at work in this study.
If we assumed that the respective loudspeaker and room effects are timbrally,
rather than spatially, related this could explain why experienced listeners were
more influenced by loudspeaker (i.e. timbre) effects, and inexperienced listeners
were more influenced by room (i.e. spatial) effects. The experience gained in

years of formal loudspeaker listening tests clearly helped the experienced
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listeners to focus on the more subtle loudspeaker effects, rather than the more
obvious room effects, which the inexperienced listeners gravitated towards in
their preference ratings. The dichotomy between experienced and inexperienced
listeners in terms of how they weigh the relative importance of timbral and spatial
attributes in sound reproduction is a fascinating topic that requires further

research.



Chapter 5 Discussion Of Experimental Results

Chapter 5 discusses the experimental results reported in the previous
chapter within the context of the three main research questions posed at the
onset of this dissertation study (see section 1.1). In order to further validate the
conclusions drawn from these results, the findings of the current study are
compared to those of related prior studies, as well as to current theories on the
perception of loudspeaker-room interactions.

For the sake of clarity, the three main research questions of this
dissertation are restated as follows:

1. To what extent are listeners’ preferences for multichannel music imagery
influenced by variation in loudspeakers, variation in room acoustics, and
interactions between these two variables?

2. Can these effects and their interactions on listener preference be
explained by acoustical measurements of the loudspeakers and room

acoustics?
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3. To what extent does room acoustic adaptation diminish the effect of room

acoustics on listeners’ preference ratings?

The experimental results reported in this dissertation provide the clearest
answer to the first research question presented above. The obtained results

support the following conclusions:

1. Room acoustics have a significant effect on preferences for multichannel

auditory imagery.

2. The specific room acoustic conditions in which listeners are exposed

affect the pattern of their loudspeaker preferences.

3. Program selection influences listener loudspeaker preference.

4. Having a prior history of participating in loudspeaker preference tests
influences how listeners weigh the relative importance of loudspeaker and

room effects when formulating their preference ratings.

Section 5.1 discusses these four findings and shows that these
conclusions generally agree with the results of previous related studies as well as

with current theories on the perception of loudspeaker-room interactions. Section
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5.2 addresses the second research question posed in this dissertation: Can
these effects and their interactions on listener preference be explained by
acoustical measurements of the loudspeakers and room acoustics? Acoustical
measurements of the same loudspeaker taken in each of the four rooms show
that there were significant differences among the respective physical patterns of
reflections arriving at the listening location. Based on the experimental results, it
seems clear that the reflectivity of the different rooms played an important factor
in the room and loudspeaker/room interaction effects on preferences observed in
this experiment.

Section 5.3 addresses the third research question of this dissertation: To
what extent does room acoustic adaptation diminish the effect of room acoustics
on listeners’ preference ratings? It was hypothesized that the longer exposure
times to a particular room acoustic condition across successive treatment
conditions would produce room acoustic adaptation, yielding a relative decrease
in the effect of the room on the loudspeaker ratings. On the other hand, the
intermixed treatment condition was expected to produce less room acoustic
adaptation, yielding an increase in the effect of the room on the loudspeaker
ratings. The analysis of variance of the experimental results, as discussed in
chapter 4, failed to produce conclusive statistical evidence that room acoustic

adaptation had occurred. However, further analysis of the successive and
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intermixed treatment conditions provides evidence that room acoustic adaptation
may have occurred in this study.

A previous study by the author provides stronger evidence that room
acoustic adaptation does occur under some experimental conditions (Olive et al.,
1995). The two studies are compared to determine what differences in their
experimental design and methodologies, with particular emphasis on the
differences in their selection of the independent variables (loudspeaker, room,
program, and use of different trial ordering schemes), accounted for their differing
conclusions. Furthermore, a post-hoc analysis of the experimental results
presented in this section suggests that, although it was not conclusively
established by the overall experimental results, relatively rapid room acoustic
adaptation may well have occurred during the experiment reported in this
dissertation.

Finally, section 5.4 discusses the importance of the dissertation findings in
view of current knowledge in the perception and measurement of acoustical
interactions between loudspeaker and rooms. Additionally, this section discusses
the broad implications of this study’s experimental results for the future design,
measurement, evaluation, and specifications of both loudspeakers and listening

rooms.
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5.1 The Influence of Variations in Room Acoustics, Loudspeakers,
Programs, and Listening Experience on Loudspeaker Preference
Ratings
The four key findings of this experimental investigation are that: (1) room
acoustics have a significant effect on preferences for multichannel auditory
imagery; (2) the specific room acoustics to which listeners are exposed affect the
pattern of their loudspeaker preferences; (3) program selection influences listener
loudspeaker preference; and (4) having a prior history of participating in
loudspeaker preference tests influences how listeners weigh the relative
importance of loudspeaker and room effects when formulating their preference

ratings. Each of these findings is discussed separately in the four sections below.

5.1.1 Room Acoustics Influence Preferences for Multichannel Auditory Imagery
The first key finding of this dissertation study is that room acoustics
influence listener preference ratings for multichannel auditory imagery. The room
effect itself was largely due to presentations made in one particular room, R4,
where listeners, on average, gave lower loudspeaker preference ratings than in
the other three rooms.
No known studies have investigated the relationship between the

reflectivity of a listening room and its influence on sound quality ratings for
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multichannel audio reproduction. Two previous related studies (Bech, 1993; Olive
et al., 1995) compared loudspeakers in rooms using single loudspeakers
reproducing monophonic signals, rather than a multichannel setup as used in this
experiment. This raises several concerns regarding whether the results of the
previous studies that used mono setups in different rooms can be compared with
the multichannel setups used in the current investigation.

There are at least three concerns bearing on the validity of comparisons
between the results of the current study to the studies by Bech (1993) and Olive
et al. (1995). The first concern is that both mono and stereo loudspeaker tests
may be biased towards wider dispersion loudspeakers that produce strong lateral
room reflections, a prerequisite for LEV. For multichannel evaluations of
loudspeakers, the use of loudspeakers exhibiting wider dispersion may not be
necessary because the additional surround loudspeakers can easily replicate the
increased LEV produced by wider dispersion loudspeakers in mono. This issue is
discussed in more detail in a later section.

The second concern to be considered when comparing the current study
to the previous two studies is that the pattern and ratio of the direct-to-reflected
sounds in a multichannel loudspeaker setup is likely to be fundamentally different
from what would be measured in the same room using a mono or stereo setup.

As Toole (2006) has pointed out, domestic rooms do not have isotropic diffuse
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fields due to their low ceilings and unequal distribution of absorptive, reflective,
and scattering objects. However, increasing the number and distribution of
loudspeakers around the room creates a greater likelihood that the listener will
hear a more “diffuse” sound in the room than what might be heard in the same
room with a single loudspeaker. This could change how the room, the
loudspeakers, and their interactions affect listeners’ sound quality ratings.

The third concern that should be addressed when comparing the current
study to the previous two studies is that comparisons across multichannel and
mono/stereo loudspeaker evaluations may be invalid because of the perceptual
mechanisms (the precedence effect and spectral compensation) that suppress
and compensate for room reflections have not yet been investigated within the
context of multichannel audio reproduction in reflective rooms. The initial build
up, fusion, and breakdown of the precedence effect depends on cognitive factors
that are sensitive to the expectations of the listener as well as to abrupt changes
in the direction, level, and spectrum of the direct and reflected sounds.

Multichannel recordings are potentially more capable than mono/stereo
recordings of producing such disruptions, which may or may not result in a
change in the audibility of the reflections from the listening room. Whether or not

the effects of the listening room and the off-axis response of the loudspeakers
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are more audible under mono versus multichannel listening conditions is an
important question that needs further research.

The related study by Olive et al. (1995) reported no significant room
effects on the preference ratings for the successive treatment condition of the
room variable. However, none of the rooms in that study were as large or as
reflective as Room R4 used in the current study. In fact, the authors reported that
all four of the rooms in the prior study fell within the reverberation times found in
domestic homes: RTeo of 0.4 s with a standard deviation of 0.1 s from 80 Hz to 4
kHz (Bradley, 1986). The authors concluded: “It is sufficient to say that all of the
four rooms meet or closely approach some, or all of the IEC specifications, and
that none are atypical of average, real-world, domestic rooms” (Olive et al., 1995,
p. 4).

Bech (1993) evaluated four loudspeakers in three different rooms, and
found that the loudspeaker fidelity ratings tended to be higher in one of the three
rooms. The in-room measurements of the four loudspeakers were not published
to provide a possible explanation of the nature of the effect. However,
reverberation measurements of the rooms were provided. The preferred room
had a relatively constant RTeo of 0.4 s between 125 Hz and 8 kHz, which is

typical for most domestic listening rooms (Bradley, 1986). The second room had
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significantly less reverberation (RTsp = 0.25 s), whereas the third room had
significantly more reverberation, between 160 Hz-500 Hz.

The results of the Bech (1993) study support the findings of the current
study; that overly reflective listening rooms produce lower loudspeaker
preference ratings. Furthermore, his study also warns that having too few
reflections in the room can lead to lower loudspeaker sound quality ratings as
well. The benefits of room reflections in listening spaces (established in section
2.3.4) include an increase in loudness, intelligibility, spatial extent (LEV and
ASW), and timbral richness.

A common finding in the related previous studies (Bech, 1993; Olive et al.,
1995), partially confirmed by this dissertation study, is that listeners prefer
loudspeakers in listening rooms that are neither too reflective nor too absorptive.
Whether the loudspeakers are auditioned in mono (as in the previous studies), or
in multichannel configurations (as in this dissertation study), listeners prefer
rooms that approximate the acoustic conditions of an average domestic listening
room, as surveyed by Bradley (1986). This makes the design of listening rooms
rather straightforward, and potentially very cost-effective. Other than furniture,
carpet, and a well-stocked bookshelf or wine rack, no additional esoteric room

acoustic treatment or acoustic expertise are necessarily required to set up a



o~
7

Chapter 5 — Discussion of Experimental Results 178

listening room that acceptably approximates those typically found in domestic

settings.

5.1.2 Room Acoustics Influence Loudspeaker Preferences

The second key finding of the current study is that the specific room
acoustic conditions in which listeners are exposed affect the pattern of their
loudspeaker preferences. The interaction between loudspeaker and room
acoustics is illustrated in Figure 24 (which also appears in chapter 4 as Figure

18).

Room
@ RI

g
'_,_,
1

=& R3

[}
[
1

Cell Mean for Preference Rating
I

I
~a
—

L1 L2 L3 L4
Loudspeaker

Figure 24. The mean preference ratings and 95% confidence intervals for the

loudspeaker-room interaction.



Interaction Between Loudspeakers and Room Acoustics 179

Examination of the mean loudspeaker ratings across the four rooms
establishes that the reflectivity of the room is an influential factor that enables
listeners to better hear differences in, and to formulate preferences among, the
loudspeakers. This conclusion is based on the following observations:

1. The more reflective rooms in this study (R4 and, to a lesser extent, R2)
generally produced larger differences in mean loudspeaker ratings than in
the less reflective Room RS3.

2. The loudspeakers with the poorest measured off-axis responses (L3 and
L4; see Figure C1) generally received significantly lower ratings in the

most reflective room (R4).

It had been anticipated that the loudspeakers with the poorest off-axis
frequency responses (L3 and L4) would be less preferred in the more reflective
room (R4) due to the relatively higher proportion of off-axis sounds that arrived at
the listener compared to the less reflective room (R3). This hypothesis was
generally confirmed because Loudspeakers L3 and L4 received comparatively
lower ratings in Room R4 than in the less reflective Room R3. In fact, in the room
(R3) that produced the highest ratio of direct-to-reflected sounds at the listening
location, there were no significant loudspeaker differences whatsoever: Indicating

that listeners were less able to discriminate among the loudspeakers in rooms
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that were less reflective. The absence of significant loudspeaker differences was
particularly pronounced in Room R3, where the listeners received the lowest
levels of early lateral reflections than in any of the other rooms, due to the
significantly greater distance of its side walls from the loudspeakers and listener.

There were two notable exceptions in this study’s results to the general
trend that the off-axis loudspeaker colourations were more audible in reflective
rooms, as depicted in Figure 24. The first exception occurred in Room R4, where
one of the loudspeakers with a smooth off-axis response (L2) was rated lower
than expected. The second exception occurred for Loudspeaker L1, which had a
similarly good off-axis response, but was rated lower than expected in Room R2.
Clearly, the room and loudspeakers (and perhaps the listeners) were interacting
in ways that cannot be explained by the anechoic loudspeaker measurements
alone. Further analysis of the in-room loudspeaker measurements will hopefully
unravel this mystery. The analysis will not be shown here because they fall
outside scope of this dissertation, and will be presented in a future paper.

The effect of room reflectivity on loudspeaker preferences as reported in
this PhD study confirms findings from a previous study (Olive et al., 1995, p. 8).
In that study, the smallest and most acoustically dead room (Room A) produced
the smallest differences in loudspeaker preferences. The authors attributed this

effect to the lack of room reflections at mid and high frequencies, where the
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dominant loudspeaker colourations were present. The largest and most reflective
room in their study (Room L) was found to be much better for revealing

loudspeaker preferences. As stated by the authors (Olive et al., 1995):

In the case of Room L, speaker-position interactions were not a factor.
Therefore, there was likely some acoustical characteristic about the room
that made audible differences between the speakers subjectively more
apparent. Perhaps, it was a combination of the room’s liveness and
asymmetry that produced a greater variety of reflections arriving at different
angles of incidence and times. This would have certainly placed more
extreme demands on the off-axis performances of the loudspeakers, which

the measurements indicate were as different as their on-axis ones. (p. 13)

While these comments are in agreement with the findings of the present
study, they are admittedly speculative in nature; the authors were not able to
confirm the relationship between the off-axis. frequency response of the
loudspeakers and the rooms’ reflectivity because the loudspeakers used in the
study were variable in both their direct and reflected sounds.

In conclusion, the results of this dissertation study confirm that the
reflectivity of the room is an important influence on listener loudspeaker
preferences. Furthermore, this study provides direct evidence that the off-axis
frequency response of the loudspeaker becomes an increasingly important factor

in listeners’ preference ratings as the reflectivity of the listening room increases.
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No previous study has been able to confirm this for either mono, stereo, or
multichannel setups because they did not experimentally control the direct and
reflected sounds radiated by the loudspeaker. Therefore, this dissertation study

makes both an original and important contribution to the scientific field of audio.

5.1.3 Program Influences Loudspeaker Preference

Previous studies have reported that program or music selections can
significantly influence listeners’ sound quality ratings of: (1) different
loudspeakers (Gabrielsson & Lindstréom, 1985; Klippel, 1990; Olive, 2003), (2)
different listening rooms (Bech, 1993; Olive et al.,, 1995), and, even (3)
recordings made with different multichannel microphone techniques (Kim et al.,
2006).

In the current study, a small, but statistically significant, interaction
between program and loudspeaker was shown (see Table 7). The interaction
was largely isolated to Program JV (jazz band with female vocalist) and
Loudspeaker L4, which had the poorest off-axis frequency response. The finding
suggests that the loudspeaker colourations were more audible for this particular
program. To confirm this supposition, a separate experiment would be required to
measure the intensities of the perceptual attributes of each loudspeaker for each

program.
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Program interactions can also occur when the program itself contains a
distortion that is complementary to a similar, but opposite, one in the
loudspeaker. For example, a ‘bright’ program can make a ‘dark’ loudspeaker
sound neutral.

Interactions between the directivity of the loudspeaker and the “genre” of
music have also been reported by Klippel (1990) and Voelker (1985). Klippel
found that listeners preferred more directional loudspeakers for speech, and less
directional loudspeakers for music. Similar program interactions with room
acoustics have been found as well. In a study on the preferred acoustics of
professional control rooms, Voelker (1985) found that the more reflective control
rooms (RTeo = 0.7s) were preferred for chamber and organ music, whereas the
less reflective control rooms (RTeo = 0.4 s) were preferred for pop and disco
music. Finally, a nearly reflection free room (RTso = 0.2 s) was preferred for solo
drum music. The notion that certain acoustic spaces are preferred for different
genres of music is well established among concert hall designers, and
composers have even written music with specific performance spaces in mind.

A more recent study by Weisser and Rindel (2006) also found that the
reverberation characteristics preferred by listeners in small rooms are largely
dictated by program. Listeners made comparative ratings of a single loudspeaker

reproducing monophonic programs in seven different small rooms, via binaural
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recordings, reproduced over headphones. Subjective ratings included overall
sound quality, boominess, and boxiness (also referred to as colouration). The
preferred reverberation time for speech was as low as possible, and was 0.3 -
0.5 s for music. Objective metrics based on the rooms’ 1/3-octave reverberation

times were able to predict the subjective ratings with reasonably good accuracy.

5.1.4 A Listener’s Experience Influences How They Weigh the Relative
Importance of Loudspeaker and Room Effects in Formulating Preference
Having a prior history of participating in loudspeaker preference tests
influences how listeners weigh the relative importance of loudspeaker and room
effects when formulating their preference ratings. Listeners with 2 or more years
of prior experience in formal loudspeaker listening tests gave lower ratings than
the inexperienced listeners with less than 6 months of prior experience. s
Furthermore, experienced listeners were more discerning of loudspeaker effects,
whereas inexperienced listeners were more discerning of room effects in their

respective formulations of preference ratings. This effect of experience was

15 As previously discussed in chapter 4, a similar finding was reported in a study by Olive (2003);
that experienced listeners use lower preference ratings than inexperienced listeners when
evaluating loudspeakers. While the ratings of the experienced listeners were found to be more
discriminating and reliable than the inexperienced listeners, the overall rank ordering of

loudspeaker preferences was the same.
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previously discussed in some detail in section 4.3.4, where several studies were

cited that generally confirm these results.

5.1.5 Differences in Loudspeaker Preference Due to Number of Channels

This dissertation study is the first known study to examine listener
loudspeaker preferences based on evaluations of multichannel music programs.
All of the previous loudspeaker preference studies were based on comparisons
of either one (mono) or two (stereo) loudspeakers. An important issue, as
discussed earlier in this chapter, is whether the results of the previous studies,
done exclusively in either mono or stereo, can be validly generalized to today’s
multichannel setups? At the heart of this inquiry lies the issue of whether listeners
become less discerning and discriminating of loudspeaker sound quality as the
number of loudspeakers is increased. If this hypothesis is true, it would imply
that, as the number of loudspeakers increase, a lower quality loudspeaker would
become more accepted.

Toole (1983, 1986a) has reported that listeners were less discriminating
when evaluating loudspeakers in stereo than they were when evaluating
loudspeakers in mono, even though the rank ordering of loudspeaker fidelity
ratings tended to be the same. Over the years, different explanations for this

phenomenon have been proposed that remain largely untested.
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A possible explanation posited by the author is that, as the number of
loudspeakers increases, so do the spatial and timbral complexities, and
variability, of the sound field. The variability comes from the wider dynamic range
of directional cues in the recording itself (Choisel & Wickelmaier, 2006; Gustavino
& Katz, 2004; Rumsey, 2001), and from more complex acoustical interactions
between the room and the multiple sound sources, which are themselves more
sensitive to variations in the program and listening position than monophonic
evaluations (Toole, 2006; Welti, 2002; Welti & Devantier, 2006). These
increasing, added compilexities and variations in the sound field require the
listener to divide his/her attention between the timbral and spatial attributes of the
auditory imagery that they are evaluating. The increased complexity of the
listeners’ task naturally leads to less discriminating and reliable ratings than
would occur during mono evaluation.

Evidence from the current study and previous studies (see section 4.3.4)
establishes that experienced listeners tend to weigh the importance of certain
timbral and spatial attributes differently than inexperienced listeners. This relative
difference may exert the strongest effect on loudspeaker preference ratings when
the program is stereo, and an even a greater effect for multichannel programs
because they contain a wider variation and range of spatial effects than mono

programs. This consequentially creates greater intra-listener variance in the
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ratings due to potentially larger loudspeaker-program interactions, and more
inter-listener variance in the ratings related to experience, when compared to
tests that utilize monophonic recordings.

Toole (1983, 1986a, 1986b) has indicated that the amount of stereophonic
versus monophonic information in the recording used in stereo loudspeaker
evaluations is an important nuisance variable. According to him, loudspeaker
discrimination in stereo was vastly improved if the stereo recordings had a strong
monophonic component, as commonly found in multi-track recordings made with
single microphones (Toole, 1983).

More recently, Toole (F. Toole, personal communication, July 14, 2007)
has postulated that the differences in mono-versus-stereo loudspeaker
preference ratings may be related to listeners making trade-offs between the
loudspeaker’s timbral accuracy and its perceived spaciousness. When different
loudspeakers are evaluated in mono, listeners may overlook loudspeaker off-axis
colourations, within certain limits, if the loudspeaker has wider dispersion (i.e.
lower directivity) that produces the stronger lateral reflections necessary for the
perception of LEV.

Toole further observed that this spatial advantage becomes less apparent
when the same group of loudspeakers are evaluated with stereo recordings that

have a strong inter-channel phase difference as is commonly found in recordings
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made with widely-spaced pairs of microphones. The spatial benefit accrued from
wider dispersion that is highly appreciated in mono becomes less apparent in
stereo because the strong inter-channel phase differences in the stereo
recording produces a similar sense of LEV through all of the loudspeakers under
test, regardless of their directivities. At this point, the loudspeaker's timbral
accuracy may become a more important determining factor in listeners’
loudspeaker preferences (F. Toole, personal communication, July 14, 2007).
How this interaction effect operates with multichannel loudspeakers and
recordings is largely unknown, and requires more research and experimental

verification.

5.2 The Relationship Between the Acoustical Measurements of the
Room and Listener Preference Ratings
The acoustical differences among the four listening rooms in terms of their
reflective energy are plotted in Figures 25 (a)-(d). The energy-time curves (ETC)
of each room are displayed. Normally, the ETC is calculated from the impulse
response (Heyser, 1971a, 1971b, 1971¢; Vanderkooy & Lipshitz, 1990), but here
the BRIR (left ear only) is used. Consequently, the ETCs depicted in Figure 25
contain the frequency response and directional properties of the binaural

manikin.
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Figure 25. The energy-time curves (ETC) for rooms: (a) R1, (b) R2, (¢) R3, and
(d) R4. The ETC is calculated from the BRIR (left ear only) measured at the

listening location using the left front loudspeaker.

The BRIR was measured at the listening location using Loudspeaker L1,
located in the left front position. Only the first 300 ms of the ETCs are shown

because, at that point, most of the energy in the room has decayed. Looking at
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Figure 25, the energy decay patterns were very similar in Rooms R1, R2, and
R3, with some small differences in their finer details.

The general similarity of the ETCs for Rooms R1-R3 may partially explain
why the loudspeaker preference ratings did not vary significantly among these
three rooms, even though the differences in their reverberation times were
outside the mid-frequency RTgo difference limens (0.042 s = 0.015 s) for small
rooms (Niaounakis & Davies, 2002). This confirms the results of a previous study
(Olive et al., 1995) that found that the reverberation time of a listening room is not
necessarily a reliable predictor of how the room will affect the sound quality of
loudspeakers.

On the other hand, Room R4 has significantly higher levels of late
reflected energy beginning at 60 ms that are 15-20 dB higher than the levels of
later arriving reflections that were found in the other three rooms. These late-
arriving, higher-level reflections likely contributed to the lower preference ratings
observed in Room R4.

A formal scientific investigation into the underlying perceptual attributes of
the four different listening rooms utilized in this dissertation study has not yet
been initiated. However, informal comments solicited from listeners revealed that
Room R4 sounded “excessively reverberant, very reflective, overly live, and too

bright, with emphasis on the midrange frequencies.” These comments were
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related to the clarity and spectral balance of the auditory imagery, and may have
provided the listeners’ justifications for the lower preference ratings that they
gave in this room. Interestingly, there was a general absence of listener criticisms
related to the early reflections. For example, adjectives associated with a
description of auditory image shift and/or a wider ASW were not given by the
subjects. The lack of criticisms regarding image shift and/or a wider ASW confirm
that the levels of the lateral reflections in these rooms were below the threshold
at which these reported effects occur (Okano et al., 1998; Toole, 2006).

Later arrival lateral reflections (>80 ms) produce higher LEV values
(Soulodre et al.,, 2003), a desirable attribute for concert halls (Bradley &
Soulodre, 1995, 1996). However, in listening rooms, these late arriving,
temporally dense reflections may produce a loss of clarity for discontinuous
signals, such as speech, due to increased temporal masking. It is important not
to attenuate early reflections arriving before 50 ms because they have been
shown to actually improve speech intelligibility, particularly when listeners are
outside the main axis of radiation of the loudspeakers, or at listening distances
where the direct sound is weak (Bradley et al., 2003; Nakajima & Ando, 1991;
Soulodre et al., 1989).

To verify the exact physical cause of the lower ratings in Room R4,

additional experiments would be required that systematically manipulated the
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reflective properties within the room. In addition to the ETC, the author is
considering other acoustical measurements of the room and loudspeaker that
might further explain the influence of the loudspeaker-room interactions on

listener preference.

5.3 Did Room Acoustic Adaptation Occur in This Study?

It had been hypothesized that successive treatment conditions would
produce more room acoustic adaptation than the intermixed treatment conditions
due to prolonged exposure to the same room acoustics. In this study, the
differential exposure to the varying room acoustics administered through the
successive and intermixed treatment conditions failed to produce a statistically
significant difference in listeners’ loudspeaker preference ratings due to the effect
of room. Stated differently, the interaction between method (successive and
intermixed treatment conditions) and room was not statistically significant; £ (3,
78) = 2.06, p = 0.11. Therefore, no direct statistical evidence was produced that
proved that room acoustic adaptation occurred.

The fact that this study did not produce statistical evidence to support this
hypothesis does not necessarily mean that room acoustic adaptation did nof
occur. One possibility is that adaptation may have occurred for the both the

successive and intermixed treatment conditions if the time course over which the
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intermixed treatments were evaluated was simply too long for listeners to avoid
adaptation to the room acoustics; this potentially explains why the results for both
treatment conditions are the same.

In the previous study (Olive et al., 1995), evidence for room acoustic
adaptation was based on a different test paradigm than the one utilized in the
current study. In the previous study, the breakdown in room acoustic adaptation
occurred when listeners made contemporaneous comparative ratings among the
four rooms via a binaural playback device, which produced significant room
effects that had not occurred in the successive treatment conditions of the
listening rooms. The contemporaneous comparisons of the rooms meant that
listeners literally had just a few seconds to adapt to the room acoustics before
they changed. This test paradigm would have enhanced the audibility of room
acoustic differences in the current study by making room acoustics the changing
feature in the listening trial, while the loudspeaker remained constant.’®¢ The time
course employed by this paradigm was much shorter than the 1-2 min time
course used for evaluating the intermixed treatment conditions in this dissertation

study. These observations give further credence to the notion that room acoustic

16 By experimentally manipulating one component of an audio signal over a short time course, the
features in that component become more audibly prominent as compared to when they are time-
invariant (Moore, 1996, p. 200).
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exposure times must be significantly reduced in order to produce a breakdown in
room acoustic adaptation.

Additional evidence exists that suggests that room acoustic adaptation
may have been at work in the current study. The mean preference ratings and
95% confidence intervals for the four listening rooms for both the successive and

intermixed treatment conditions are plotted in Figure 26. Although the interaction
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Figure 26. The mean preference ratings and 95% confidence intervals for the

four listening rooms for the successive and intermixed treatment conditions.
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is not statistically significant; F (3, 78) = 2.06, p = 0.11, it is considered for the
purpose of determining whether further investigation is warranted. There are two
notable differences between the successive and intermixed treatment conditions
in the pattern of preferences related to the room acoustics. First, the preference
ratings for the intermixed treatment conditions were lower than the successive
treatment conditions for three of the four rooms. Secondly, the intermixed
treatment condition was more sensitive to the effects of the room acoustic
variations than the successive treatment condition. The effect was most
pronounced in Room R4, where the intermixed treatment condition produced
significantly lower preference ratings than were measured in the other three
rooms, and significantly lower ratings than measured in the same room using a
successive treatment condition. This provides evidence that the intermixed
treatment conditions may have produced less room acoustic adaptation than the
successive treatment conditions.

The efficiency and speed with which listeners adapt to different acoustic
environments may seem surprising at first glance, until one considers that
humans frequently adapt to room acoustics, often without being aware of it.
Every day we walk through different acoustical spaces, at home or at work,
where the acoustical properties often vary significantly. Yet, we hardly notice the

effect of the different rooms or environments on the timbre, spatial properties, or
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intelligibility of the people we converse with. The timbral and localization
constancy of sound sources within these different reflective spaces indicates that
powerful, room-compensating, perceptual processes are at work. It is only when
we move into in a large reflective space, such as a concert hall, that we become
aware of how the room changes the timbre, intelligibility, and spatial aspects of
the sounds around us. The fact that we can adapt to and actually prefer these
effects in concert halls suggests that our learning, experience, and expectations

all play an important role in how we adapt to and prefer certain room acoustics.

54 The Importance of the Findings of This Dissertation
The findings reported in this dissertation have broad implications on the
design, measurement, and evaluation of both the loudspeakers and listening
rooms used for multichannel audio reproduction. These findings also have
important implications for the design of listening tests and the interpretation of
their results. They are summarized as follows:

1. Listening room designs that produce high levels of late reflected sounds
should be avoided because they produce lower preference ratings for
multichannel music reproductions.

2. The off-axis frequency response of the loudspeaker has a significant

influence on loudspeaker preference, and this becomes increasingly
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important as the reflectivity of the listening room increases. The design,
measurement, evaluation, and specification of loudspeakers should
carefully account for the off-axis performance of the loudspeaker.

3. The program can significantly influence the preference rating of the
loudspeakers; therefore, this variable needs to be carefully controlled
when evaluating loudspeakers.

4. Listeners with a prior history of participation in formal listening tests are
more discerning of loudspeaker differences, whereas less experienced
listeners are more influenced by room effects. This finding has important
implications in the selection and training of listeners used in both scientific

experiments and consumer audio product marketing research.

The majority of consumer and professional listening rooms will generally
have lower levels of late arrival reflections than the levels found in Room R4,
where listeners gave the lowest preference ratings. R4 had only 17% of its total
surface area covered with sound absorptive material (see section 4.2.1.1), and
very few sound scattering objects in the room (only a chair and a low cabinet).
The current study, interpreted together with the prior relevant studies, indicates

that, provided that the listening room is not overly reflective or too absorptive,
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listeners will generally be satisfied with its effect on the quality of audio
reproductions.

Three of the four rectangular rooms used in this study had acoustics that
approximated a range of typical domestic listening rooms, and produced uniform,
and higher, preference ratings than Room R4. This finding suggests that
approximating the acoustics of an average domestic room is a good design target
and bestows an additional benefit because it indicates that no special acoustical
treatment or expertise is required to produce a room that is suitable for high-
quality multichannel audio reproduction.

The results of this study do not support the notion that the early reflections
(arriving within 15 ms after the direct sound) should be avoided, as advocated in
several current professional audio recommendations (ITU-R BS.775-1, 1994;
Producers & Engineers Wing Surround Sound Recommendation Committee,
2004). In fact, the smallest and most preferred room, Room R1, had the
strongest and earliest first arrival side wall and ceiling reflections. Therefore, it
would seem that the results of the current study have the potential to contradict
this popular view, although further investigation into the respective rooms’
acoustical measurements would be required before this could be confirmed.

The importance of the off-axis frequency response of a loudspeaker has

been generally well accepted among loudspeaker researchers. However, this is
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the first known study that has proven, beyond doubt, that it influences listeners’
loudspeaker preferences. Unlike previous studies, this study carefully controlled
the direct sound while manipulating only the off-axis response above 300 Hz.
Loudspeaker positional biases were not a factor since each loudspeaker was
evaluated in the same position using a BRS measurement and playback system.

Given the importance of the off-axis performance of the loudspeaker
demonstrated in this study, loudspeaker manufacturers, audio magazine
reviewers, consumer and professional audiophiles, and the loudspeaker
standards organizations need to reconsider its importance in the design,
measurement, evaluation, and specifications of loudspeakers. The off-axis
performance of a loudspeaker can only be assessed by analysis of a set of
comprehensive anechoic measurements with fine spatial and frequency
resolution, such as those shown in Appendix C. Loudspeaker measurements
based on a single curve done in the listening room, or even in a reverberation
chamber, will not suffice.

For loudspeaker manufacturers, this finding underlines the importance of
subjectively evaluating loudspeakers in rooms that are sufficiently reflective, so
that the audible nature of their timbre colourations can be accurately assessed
under the most sensitive listening conditions. In this way, the loudspeaker

manufacturer gains some degree of assurance that the loudspeaker will be well
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received by consumers, regardless of the degree of reflectivity in their listening
rooms.

The influence of program on loudspeaker preferences is well documented
in the scientific audio literature. While more research is needed to explain the
exact nature of the program-loudspeaker interaction in this study, the results
emphasize the value of carefully selecting programs, as well as the importance of
using several different programs to balance any potential bias effects on listener
loudspeaker preferences. The selection of programs for evaluation of
multichannel audio systems is particularly challenging because there are
considerable variations among the recordings in their use of the front, center, and
surround channels to create the auditory imagery (Rumsey, 2001).

Finally, the effect of listening experience on the results of this study
confirms the need to carefully consider the selection and training of listeners
when designing listening experiments. Although experienced listeners are highly
desirable due to their more reliable and discerning sound quality ratings, the
exclusion of less experienced listeners in a study may reduce the extent to which
the results can be dgeneralized to populations of inexperienced listeners.
Therefore, the effect of listening experience has important implications on the

listening test design and interpretation of the results.



Chapter 6 Conclusions

This final chapter summarizes the conclusions of this experimental
investigation into the influence of room acoustic variations, and room acoustic
adaptation, on listeners’ loudspeaker preferences. This chapter is divided into
five sections. Section 6.1 surveys the aspects of the literature review that
motivated this research. Section 6.2 is a review of the BRS measurement and
reproduction system, without which this research would have been possible. The
conclusions of the experimental results are summarized in section 6.3. Section
6.4 discusses the limitations of the experimental results in terms of their
generalizability to real-world, multichannel audio setups and listening rooms.
Section 6.5 identities the areas for future research that can potentially address

some of the most important questions raised by this investigation.
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6.1 Summary of the Literature Review

The central purpose of the literature review is to identify the
psychophysical variables that influence audio reproduction in rooms; specifically
those relating to loudspeakers, listening rooms, and acoustical interactions
between them. A summary of the literature has been previously provided in
section 2.5, so that only the central themes that motivated this research are
highlighted.

A review of several previous listening test studies where the nuisance
variables were well controlled established that loudspeakers affect the quality of
sound reproduction (see section 2.2). Other studies have further confirmed that
the overall sound quality of the loudspeaker is related to nine perceptual
attributes that fall under the categories of timbre, spatial, loudness, and nonlinear
distortion (see section 2.2.4). Researchers are in agreement that all of the
perceptual attributes (except nonlinear distortion) relate to the frequency
response and directivity of the loudspeaker. In sharp contrast, little consensus
exists about how to best measure the frequency response of the loudspeaker in
a way that most accurately characterizes its perceived sound quality in a listening
room (see section 2.2.1).

To directly answer this question, the author conducted a previous study

(see section 2.2.2.4) that compared the accuracy of different models designed to
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predict loudspeaker preference ratings based on set of frequency response
measurements. The models were compared using the three most common types
of loudspeaker frequency response measurements believed to most accurately
represent its sound quality: (1) in-room frequency responses; (2) sound-power
frequency responses; and (3) a set of comprehensive, spatially-averaged,
anechoic measurements that aliow separate measures of the direct and reflected
sounds radiated by the loudspeaker.

In his previous study, the author performed a series of well-controlled
loudspeaker listening tests to determine the loudspeaker preference ratings.
These observed ratings were then compared to the predicted ratings of the three
models, each using a different type of measurement to arrive at their respective
predictions. The model based on anechoic measurements produced the most
accurate predictions of loudspeaker preference (r = 0.86). Models based on the
in-room measurements provided significantly less accurate predictions than the
anechoic measurements, and the sound-power measurements provided the least
accurate predictions of the observed preference ratings. Both the in-room and
sound-power measurements integrated the loudspeaker's direct and reflected
sounds into a single curve, which could not adequately represent how the listener

perceives the sounds from the loudspeaker.
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In conclusion, the above study provides evidence that accurate predictions
of listener loudspeaker preferences requires separate measures of the direct,
early, and late reflected sounds radiated by the loudspeaker Still, the perceptual
importance of the loudspeaker’s off-axis frequency response can only be inferred
because its radiated direct and reflected sounds were not isolated, or
independently evaluated, in a controlled way. Furthermore, the listening tests
were completed in one listening room only, clearly limiting the extent to which
these results can be generalized to other rooms.

To adequately address these issues, a more direct way of validating the
importance of the loudspeaker's off-axis performance in different rooms is
required. The practical and methodological challenges of testing loudspeaker-
room interactions using conventional in situ listening test methods are,
practically-speaking, insurmountable (see section 3.0), and this provides the
most probable explanation for why such an experiment has not yet been done.
Yet, such an experiment would greatly improve our scientific understanding of the
perception of acoustical interactions between loudspeakers and rooms. The fact
that such a study has not been done is a key motivating factor behind the
experimental investigation of this dissertation.

Parallel studies in concert halls have demonstrated the perceptual

importance of the direct, early, and late reflected sounds. The physical properties



Interaction Between Loudspeakers and Room Acoustics 205

of these three components affect our perception of a sound source’s timbre, its
localization (direction, distance, spatial extent), and its intelligibility. This suggests
that the physical properties of the off-axis sounds of the loudspeaker, which
primarily arrive at the listener as reflected sounds, are perceptually important to
its perceived sound quality.

Much research has focussed on why listeners are able to accurately
identify the timbre, direction, distance, and intelligibility of a sound source, even
in the presence of interfering reflections (see section 2.3.4). Listeners are aided
by two auditory perceptual mechanisms (the precedence effect and spectral
compensation) that both suppress, and compensate for, the interfering effects of
room reflections. Cognitive processes occurring in the central auditory stage of
the brain use auditory information and cues from other sensory modalities to
decide which reflections should be suppressed, and which ones should be
compensated for. If the reflection patterns are redundant, time invariant, and
plausible, the reflections will generally be fused with the direct sound.

Sudden physical changes to the pattern of direct and reflected sounds will
cause a breakdown in the fusion of the direct and reflected sounds. Whether or
not this breakdown could be triggered by the manner in which the signals are
mixed in a muitichannel recording is not known. Studies on the precedence effect

indicate that the suppression of a reflection decreases as the spectra of the direct
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and reflected sounds become more dissimilar. The off-axis frequency response
of the loudspeaker and the frequency-dependent absorption in the room can both
significantly alter the spectra of the reflected sounds, potentially reducing the
effectiveness of the precedence effect, and the extent to which listeners adapt to
the room acoustics.

Both the precedence effect and spectral compensation have not been
studied within the context of multichannel audio reproduction in listening rooms,
which raises some questions regarding their operation under these conditions.
This also motivated the author to embark on the current investigation.

The literature review in chapter 2 established that the listening room is a
major source of variability in the quality of reproduced sound. Many studies have
presented physical evidence of the acoustical interactions between the
loudspeaker and the room, but few have experimentally validated their
perception (see section 2.3).

At low frequencies (below approximately 300 Hz), the modal behaviour of the
room dominates what the listeners hear (see section 2.3.1). Additionally, changes
in low-frequency gain due to solid angle effects and room boundary effects occur
that are related to the position of the loudspeaker in the room. Single or multiple
subwoofers can be equalized and judiciously placed to reduce the typical + 15 dB

low-frequency variations that have been reported (see sections 2.3.2 and 2.3.3).
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Above 300 Hz, the physical properties of the room reflections (their level,

arrival time, direction, and spectrum) relative to the direct sound significantly

influence the listener’s perception of the auditory imagery (see section 2.3.4). A

thorough review of the room reflection literature relating to domestic listening

rooms can be summarized in a few salient points:

1.

Most of the reflections in domestic rooms are generally below the
detection threshold at which negative effects occur (e.g. image shift,
secondary images or echoes, comb-filtering, and/or poor intelligibility). In
other words, the precedence effect and spectral compensation are able to
operate effectively in these rooms, at least for mono and stereo
loudspeaker setups.

Certain reflections, particularly lateral ones, produce subjective effects that
are considered positive and lead to improved intelligibility, loudness,
timbre richness, and enhanced spatial impression (ASW and LEV).
Spatially-deprived stereophonic setups may benefit from these additional
lateral room reflections. However, the preferred amount of reflections
seems to depend on the genre of the music.

Multichannel audio provides more flexible control of the spatial and timbral
qualities of the reproduced auditory imagery due to the greater spatial

distribution of loudspeakers around the listener; this arguably relaxes the
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various requirements for specific room acoustics and loudspeaker

directivities for different genres of music.

There have been very few systematic studies of the perceptual effects of
loudspeaker-room interactions. Several studies have shown that the
loudspeaker position in the room can significantly affect its perceived sound
quality due to effects above and below the room’s transition frequency. Only
three studies have evaluated how the loudspeaker preference ratings of
loudspeakers varied across different rooms; but two of those studies were
limited to monophonic comparisons of single loudspeakers, and the third was
done in stereo.

In conclusion, many studies have provided ample physical evidence of
acoustic interactions between the loudspeaker and the room, but only a few
studies, limited to mono or stereo reproductions, have experimentally
validated how these interactions affect the quality of reproduced sound. The
lack of experimental data on the perception of loudspeaker-room interactions
related to multichannel audio reproduction makes this study an original, and
long overdue, contribution to the scientific field of audio research.

An important research objective of this dissertation is to examine the role

of room acoustic adaptation in the perception of room acoustic variations, and
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their subsequent influence on loudspeaker preference. Only one previous
study (by the author and several colleagues) on room acoustic adaptation is
related to the current one (see section 2.4.2). In that study both in situ and
binaural methods were used to evaluate three different loudspeakers (in
mono), located in three different positions within four different rooms. When
listeners evaluated the different loudspeakers in successive blocks of rooms,
the room variable had no effect on the loudspeaker preferences ratings, while
the loudspeaker effects were highly significant. The lack of room effect was
thought to have been caused by room acoustic adaptation.

To test this further, the authors used a binaural record-playback device that
allowed listeners to make contemporaneous, comparative ratings of the same
loudspeaker among the four rooms, without a time gap in between the
comparisons. By manipulating the context in which the different loudspeakers
or rooms were compared and evaluated, the loudspeaker and room effects on
listener preferences were reversed in that study. While the study provided the
first experimental evidence that room acoustic adaptation occurs, the
questions left unanswered by this study provided further motivation for the

current dissertation study.
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6.2 Summary of the Binaural Room Scanning (BRS) Method

Research in the perception of loudspeaker-room interactions is challenged
by several practical and methodological constraints (see section 3.0). Controlled,
double-blind, real-time, multiple comparisons among the salient loudspeaker and
room parameters are not practical, or even possible, using conventional in situ
tests. For this reason, the author chose an alternative method, known as BRS,
for this dissertation’s experimental investigation. BRS allows the different
loudspeaker setups and rooms to be adjusted in a very controlled way, which are
captured and stored as a set of BRIRs. The multichannel music is subsequently
convolved in real-time with the stored BRIR filters, and then reproduced through
high-quality headphones equipped with a low-latency head-tracker. This
maximizes the similarity between the reproduced headphone signals, measured
at the listeners’ ears during BRS playback, and the signals measured during an
in situ listening test, where the listener was allowed to move their head (see
sections 3.1 to 3.4).

The BRS measurement and playback system contains several sources of
errors that have been categorized in this dissertation as either individualized or
non-individualized, and further, as either directionally dependent or directionally
independent (see section 3.5). To a significant degree, many of these errors can

be minimized through proper calibration. A calibration procedure was described
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that aims to reproduce the same signals at the listeners’ ears during playback
through headphones as would be measured in situ at the listeners’ ears (see
sections 3.6 to 3.8).

An important question is whether an individualized calibration is required for
loudspeaker preference tests conducted in virtual rooms. Prior to beginning the
main experiment that forms the basis of the study reported in this dissertation,
the literature was surveyed (see sections 3.4 and 3.5) and a validation test of the
BRS system was conducted in order to answer this key question (see section
3.9). A total of 8 trained listeners gave loudspeaker preferences in situ, as well as
through headphones reproducing the captured BRIRs of the loudspeakers, both
situated in the same reflective room. The loudspeaker ratings were virtually
identical for the in situ and BRS system playback. On the basis of those resullts,
the author concluded that the BRS system was a sufficiently accurate and
reliable vehicle for the subsequent investigation into room acoustic adaptation

that forms the basis for this PhD study.
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6.3 Main Conclusions of the Experiment on the Interactions Between
Loudspeakers and Listening Rooms
A listening experiment was designed to answer several research
guestions relating to the effects of loudspeaker-room interactions on listener
preference ratings made in response to auditory imagery associated with
multichannel music reproduction, and the extent to which listeners adapt to these
effects. The three main research questions were:

1. To what extent are listeners’ preferences for multichannel music imagery
influenced by different loudspeakers, room acoustics, and the interaction
between loudspeakers and room acoustics?

2. Can the effects and interactions of loudspeakers and room acoustics on
listeners’ preferences be explained by acoustical measurements of the
loudspeakers and room acoustics?

3. To what extent has room acoustic adaptation diminished the effect of

room acoustics on listeners’ preference ratings?

Listener preference ratings were measured for auditory imagery
associated with three different five-channel music selections reproduced through
four different 3/2 surround loudspeaker systems set up in four different listening

rooms. The loudspeakers differed only in their off-axis frequency responses
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above 300 Hz, meaning that the loudspeaker variations were only present in the
reflected sounds received at the listeners’ ears; the direct sound remained
constant across all loudspeaker and room conditions.

Listener preferences among the four different five-channel loudspeaker
systems were observed in four different virtual listening rooms via a binaural
room scanning (BRS) measurement and playback system. To study room
acoustic adaptation, two groups of listeners evaluated identical stimuli according
to two different trial blocking schemes, termed either the successive or
the intermixed treatment. In the successive treatment condition, all of the
loudspeakers were evaluated under a given room acoustic condition before
moving to the next block of trials under a different room acoustic
condition. In the intermixed treatment condition, loudspeakers were
evaluated under a different room acoustic condition on each trial within a
given block of trials.

The results were analyzed as a 2 x 4 x 4 x 3 repeated measures analysis
of the variance model where the dependent variable was preference rating, and
the independent variables were: (1) trial ordering method (two levels; successive
and intermixed treatment conditions), (2) loudspeakers (four), (3) room (four),
and (4) program (three). The trial order method was treated as a between-

subjects factor. All statistical tests were performed at an alpha level of 0.05. The
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four main conclusions that resulted from this analysis are summarized in the

following sections.

6.3.1 Room Acoustics Influence Listener Preferences for Multichannel Auditory

Imagery

The variation in room acoustics had a significant effect on listener
preference ratings for the multichannel auditory imagery. Lower preference
ratings were observed in Room R4, which had higher levels of late arrival
reflections than the other three rooms. This was confirmed by examining the ETC
of Room R4, which had 15-20 dB more energy than the other three rooms in its
reflections that arrived 60-300 ms after the direct sound. Informal comments from
listeners further confirmed what the ETC had already revealed; that Room R4
was “too reverberant,” “overly live,” “exceedingly bright,” and “lacked clarity.” The
other three rooms had similar looking ETCs, and there were no significant

differences among the mean preference ratings given in those three rooms.

6.3.2 Room Acoustics Influence Loudspeaker Preference
The specific room acoustic conditions in which listeners are exposed affect
the pattern of their loudspeaker preferences. This study provides direct evidence

that the source of this variation is related to both the reflectivity of the room and
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the off-axis frequency response of the loudspeaker. As the reflectivity of the
listening room increases, the off-axis colourations in the loudspeaker become
easier to detect, and this leads to lower preference ratings.

The largest range of loudspeaker preference ratings were observed in the
most reflective room (R4). In contrast, there were no significant loudspeaker
preference ratings in the least reflective room (R3). In the most reflective room
(R4), listeners generally preferred those loudspeakers that had the smoothest off-
axis frequency responses based on an analysis of their anechoic measurements

(see Appendix C).

6.3.3 Program Selection Influences Loudspeaker Preference

A significant interaction was found between program and loudspeaker that
was largely isolated to Program JV (jazz band with female vocalist). This program
produced lower ratings for Loudspeaker L4 than it received when coupled with
the other two programs. Loudspeaker L4 had an irregular off-axis frequency
response and generally received the lowest preference ratings across the board
as well. Program interactions with loudspeakers have been confirmed in several
previous studies (see section 5.1.3). While the exact cause of this interaction in

the present study is still under investigation, it is likely that the unique spectral
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and temporal characteristics of this program revealed colourations in the

loudspeaker that were not apparent with the other two program signals.

6.3.4 Prior Participation in Loudspeaker Tests Affects the Influence of

Loudspeaker and Room Effects on Listener Preference

Having a prior history of participating in loudspeaker preference tests
influences how listeners weigh the relative importance of loudspeaker and room
effects when formulating their preference ratings. The listener's level of
experience was also a factor in how sensitive their responses were to the
loudspeaker and room effects. Listeners with over 2 years of experience had, on
average, higher loudspeaker Fratios than the inexperienced listeners, indicating
that experienced listeners were more discerning of loudspeaker differences. On
the other hand, the inexperienced listeners had higher room F ratios, indicating
they were more discerning of room effects than the experienced listeners.
Previous studies, where spatial versus timbral trade-offs were made in
multichannel reproductions, have shown that experienced listeners tend to weigh
timbre effects more heavily than inexperienced listeners. Inexperienced listeners,
on the other hand, weigh certain spatial effects more heavily than experienced

listeners (see section 4.3.4).
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When viewed within the context of this study, the author posits that
experienced listeners, through their conditioning, are more responsive to the
loudspeaker effects, which are more timbre-related. Likewise, the inexperienced
listeners are more responsive to the room effects, which are more spatial-related.
Experienced listeners use lower preference ratings overall, which confirms the
findings of a previous study by the author that compared the preferences of

trained to those of untrained listeners.

6.3.5 Relationship Between Preference and Acoustical Measurements of Room
This section summarizes results related to the effects above and below

the transition frequency of the listening room, which differ significantly.

6.3.5.1 Above the room’s transition region

Room preferences related to acoustic effects above the transition
frequency (300 Hz) can be partially explained by the ETC of the BRIR. The room
(R4) that received the lowest preference ratings had significantly higher level,
later arrival reflections than found in the other three rooms. In comparison to the
other three rooms, the later arrival reflections in Room R4 were 15-20 dB higher

over a time period of 60-300 ms after the arrival of the direct sound.
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6.3.5.2 Below the room’s transition region

Acoustical measurements of loudspeaker-room interactions below the
room transition region (about 300 Hz) are not reported in this paper because they
are beyond its scope. Analysis of these effects will be the topic of a future paper.

Preliminary analysis of the frequency response of the loudspeakers
measured at the listening position in each room reveal significant differences
among the rooms below 200 Hz. The highest preference ratings were observed
in Room R1, which produced more bass at the listening position between 70-100
Hz than the other three rooms. While listeners informally commented that there
were differences in bass qualities among the rooms, the dominant room effects
appear to be related to differences in their reflectivity above the transition
frequency. The most and least reflective rooms (R4 and R3, respectively) were
the primary source of variance in the preference ratings. An alternative, and
perhaps controversial, explanation is that listeners may have adapted to the room
effects below 200 Hz. Very few perceptual studies exist on this important topic.
More research is clearly warranted to explain why listeners’ preference ratings
are unaffected by the significant variations between the rooms in their low-

frequency responses, measured in room.
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6.3.6 The Effect of Room Acoustic Adaptation on Loudspeaker Preference
Differential exposure to the different room acoustics failed to produce a
significant effect on listeners’ preference ratings. Therefore, no direct statistical
evidence was produced that proves either proposition: (1) that room acoustic
adaptation occurred, or (2) that it didn’t occur. Most likely, the length of time (1-2
min) that was required to complete a trial in the intermixed treatment condition
was simply too long to prevent room acoustic adaptation from occurring. If this is

true, listeners appear to adapt very quickly to the listening room’s acoustics.
Evidence that room adaptation may have occurred can be derived by
comparing the preference ratings given to the individual rooms for both the
successive and the intermixed treatment conditions (see Figure 26). The
intermixed treatment conditions were more influenced by variations in the room
acoustics than the successive treatment conditions were. Overall, the intermixed
treatment conditions produced lower preference ratings than the successive
treatment conditions. The highly reflective room (R4) produced particularly lower
preference ratings from the intermixed treatment condition when compared to the
ratings from the successive treatment condition. While this evidence is not
conclusive, it clearly mandates more research, and also prevents the author from

concluding that room acoustic adaptation did not occur.
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6.4 Generalizability of This Study

The experimental findings of this study may, or may not, apply to listening

conditions outside the ones tested here. The generalizability of a study, or its

external validity, describes the degree to which the findings will be true over a

range of conditions outside of those tested in the laboratory. Below are some

possible factors in this study that may limit its generalizability and/or external

validity.

1.

Rooms: The listening rooms in this study are all simple, windowless,
rectangular-shaped rooms, with dimensions that fall within a range of real-
world values. While rectangular rooms are very common, many domestic
listening rooms have an irregular shape, others have several doors and
windows, many have an open floor plan, and some even feature a
cathedral ceiling. Differences between the rooms utilized in this
experiment and the vast range of features in domestic rooms naturally limit
the generalizability of this study’s experimen.tal findings. However, the
author is hopeful that some of these types of room will be included in his
future studies.

Acoustic Treatment of Rooms: Three of the rooms in this study have

reverberation and acoustical treatments that fall within the range of typical
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domestic rooms (Bradley, 1986). Room R4 is unusually reverberant, and
is likely outside of the range of most domestic rooms its size.

. Loudspeakers: A conscious decision was made not to include poor quality
loudspeakers in this study in order to avoid possible stimulus recognition
biases that might have swamped any room effects and/or room acoustic
adaptation. All four loudspeakers in this study were among the best
examples of their kind sold today. Speakers with unusual directivities were
purposefully not represented in this study as justified in section 2.2.3.

. Loudspeaker Setups: A limiting factor in the generalizability of this study
was the use of only ITU-R BS.775-1(1994) setups. Perfect, symmetrically
arranged circles of equidistant loudspeakers are not common in
consumer’s homes, since practical, aesthetic, or spousal-related
considerations usually take priority. ITU loudspeaker setups are most
commonly used by audio academics, scientists, and serious audiophiles.
More data are needed for loudspeaker setups that are arranged
asymmetrically, diagonally in a corner, and/or with different angular
(vertical and horizontal) positioning of the surround speakers.

. Programs: The temporal and spectral envelope of the program affects the
detection of reflections and resonances, as well as other spectral

irregularities in loudspeakers and rooms (see section 2.3 for a review).
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This study used three five-channel selections of pop and jazz vocal music
that all contained both temporally continuous and discontinuous signals.
Not included in this study were highly impulsive signals, such as clicks or
percussive transients, that are known to produce Ilower detection
thresholds for late arrival reflections. In highly reflective rooms, the
precedence effect and room acoustic adaptation may not be as effective in
suppressing reflections using these types of signals.

. Room Acoustic Adaptation: There may be other factors that influence
room acoustic adaptation that are not tested in this study. These factors
may include: (1) the nature and complexity of the listening task, (2) the
physical properties of test signals, (3) the number of loudspeakers used,
(4) the listeners’ training and experience, (5) the exposure time to the
room acoustics, and (6) the acoustic properties of the loudspeakers and
rooms. Shorter room acoustic exposure times (< 30 s) than used in this
study are recommended for future studies in order to produce less room

acoustic adaptation.

6.5 Future Research

As is often the case in scientific research, this study raises many new

questions regarding the perception of acoustical interactions between
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loudspeakers and rooms, and the role played by room acoustic adaptation. This
study provides evidence that room acoustic adaptation occurs very quickly,
however the exact time course over which it most effectively operates is still
unknown, and requires more study.

This study did not attempt to identify the underlying perceptual attributes
affected by the acoustical interaction between the loudspeakers and rooms, and
how they relate to the observed change in listeners’ preference ratings. Informal
feedback from listeners in this study indicates that both timbral and spatial
attributes are affected by the acoustical interactions between loudspeakers and
rooms. Further research is needed to identify the exact number and nature of
these perceptual attributes.

Additional research is needed to test and validate whether the evaluations
of loudspeakers made using multichannel recordings can be generalized to
evaluations made using mono or stereo recordings. The experience of the
listener should be included as a variable in this research, since this study, along
with previous ones, confirms that listeners weigh the importance of certain timbral
and spatial attributes differently in the formulation of their preferences, depending
on their prior listening experience.

Finally, this study brings to light the need to identify the relative perceptual

importance of acoustical effects that occur above the room’s transition frequency
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compared to the effects that occur below the transition frequency. Additional
listening tests and analysis of the BRIRs captured at the listening location may
provide answers to this question. If listener preference ratings are primarily
affected by loudspeaker-room interactions that occur at frequencies below 300
Hz, then an effective loudspeaker-room correction scheme may be able to
effectively correct the problem.

This dissertation has only begun to scratch the surface of the myriad of
challenging and ground-breaking research opportunities in this new area of
scientific audio research. The author is hopeful that this dissertation will generate

significant interest and fruitful results in the near future.
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Figure A1. An overview of the calibration method used in this experiment,
depicted as follows; (a) in situ playback and measurement for calibration, (b)
BRS playback (uncalibrated) and measurement for calibration, and (c) schematic
representation of calibration process. A is the signal that should appear at the
listener's ears in the test room, B is the signal that does appear using the

uncalibrated BRS playback.
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Appendix B

Room Dimensions and Loudspeaker Setup

Room R2

584 m

—————
N
~
I
3

Room R3
Room R4

Figure B1. Diagrams of the loudspeaker setups in each of the four listening rooms used
in this study (R1, R2, R3, and R4). All setups are compliant with ITU-R BS.775-1
(1994); with the left and right front channels at +30°, the center loudspeaker at 0°, and

the left and right surrounds at £115°. See Table 3 for more information on the rooms.
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Appendix C

Measurements of Loudspeakers Used in This Study
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Figure C1. The anechoic frequency response measurements of the four loudspeakers

used in this study: (a) L1, (b) L2, (c) L3, and (d) L4. The curves in each graph represent

from top to bottom: the on-axis response (black curve), the average direct sound (green

curve), the early-reflections (red curve), and the sound-power response (blue curve).

The two bottom curves represent the directivity indices based on the sound power (blue

curve) and the early reflections (red curve). See Table 4 for more details on the

loudspeakers, and Devantier (2002), for more information on the derivation of the

curves.
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Appendix D

Listener Instructions

In these tests you will be evaluating binaural headphone reproductions of
different 5.1 channel surround sound systems. Your preferences among the
different surround sound system should reflect your overall personal tastes and
preferences in sound reproduction quality. In formulating your preference choices
and ratings, consider both the spectral and spatial qualities of each surround

sound system.
Paired Preference Choice Task

You are asked to first complete 6 trials, where you are presented pairs of
different surround systems. You switch between the two surround sound systems
by clicking on Buttons A and B using your stylus (see Figure D1) and listen as
long as you like. Enter a rating of 1 for the system you prefer, and a rating of O for
the system that is not preferred. The rating can be changed by moving the slider
with your stylus or using the Up-Down buttons on the PDA. Once your final
preference choices are made click on the Buttons OK, and then DONE (note: If

you give tied ratings, you will be prompted to re-enter your ratings).

After you have hit DONE, your results will be automatically saved and the next
trial will be loaded. The same program selection (Jazz Vocal) is used for all 6
trials. When you have completed all 6 trials, the experimenter will instruct you to

begin the preference rating test.
Preference Rating Task

In this test, you will complete 9 trials where four different surround sound systems
are presented in each trial. Three different program selections will be used in this
test. Like the previous test, you can listen and switch among the four different

surround systems as long as is necessary by clicking on Buttons A through D
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(see Figure D2). Using the slider and/or Up-Down PDA buttons, enter a rating for

each surround system using the 11-point preference shown below.

- | 1 Preferred

- | 0 Mot Preferred

10
9 Sirong Like
8
7 Like
5}
5 Neither Like/Dislik
4
3 Dislike
2
- | 1Strong Dislke
- 10

We are more interested in the relative differences in preferences among the

different surround sound systems, rather than how you feel about them on an
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absolute basis of overall sound quality. Therefore, we encourage you to use as
much of the scale as necessary in order to discriminate and express your relative
preferences among each surround sound system presented. We give the
following guidelines in how you express the relative differences in preference

among two different surround sound systems.

A strong preference between two surround systems (e.g. A and B) is expressed

as separation of 2 or more ratings.

1A
9 e
8 e B
A moderate preference is a separation of 1 to 2 ratings.
1A
B

A slight preference is a separation of 0.1 to 0.5 rating.
10 —A

B

9 b
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Appendix E

Information Supplied to Prospective Participants

Dear Participant,

You are invited to participate in a study entitled “The Effects of Room Acoustic
Adapftation on Loudspeaker Preferences in Mulfichannel Music Reproduction”
which is being conducted by Sean Olive as part of his PhD research at McGill

University.

Purpose of the research: These listening tests are carried out in order to gain
information on the human perception of multichannel music recordings
reproduced via different loudspeakers setups in different listening rooms; and in

particular, how these factors affect your sound quality preference ratings.

What is involved in participating: In this study, | would like you to listen to and
compare short multichannel music samples that have been reproduced through
different five-channel loudspeaker systems setup in different listening rooms. All
samples represent typical music recordings that are reproduced at normal
listening levels, so there is no chance for hearing damage. You can switch
between each sample by clicking on the buttons on the graphical user interface
(GUI) of the Pocket PC. Please make your responses using the buttons and
sliders provided on the screen. After you have confirmed your input response by
clicking on the provided button, the next sound sample will be presented. No
feedback will be given to the listener at any point during the study, but questions

about the study will be answered at the end of the study.

Each session will be completed in approximately 20 minutes, and after the

session you can take a break. Your participation will require less than two hours



Interaction Between Loudspeakers and Room Acoustics 233

total per day. Though the whole experiment consists of 4 sessions over a time
period of 2 weeks, you may discontinue participation in this study at any point
during the process. Your name will not be disclosed at any time. In oral and
written presentations of the results of this study, your responses will be assigned
a number and will be grouped with those of the other participants for later
analysis. The aim of this test is not to evaluate your individual performance, but
to gather findings about human auditory responses to reproduced sound. For
participation in this study, you will receive a $15 gift certificate (reimbursable at
Amazon.com or MyHarman.com) at the end of each listening session. At the
completion of the fourth session, you will also receive a set of Harman Kardon
EP-730 headphones (retail value of $199.)

If you would like to learn about the results after the end of the study, please
contact Sean Olive at (818) 895-5776 or via email at solive@harman.com. |

would like to thank you for your interest in this investigation.

Should you have any further questions or concerns regarding this study you may
also contact my PhD supervisor, Dr. William Martens at (514) 398-4535 x089795

or by email at wim@music.mcgill.

Sincerely,

Sean Olive
Manager Subjective Evaluation, R&D Group

Harman International


http://MyHarman.com
mailto:solive@harman.com

Appendices 234

Appendix F

Participant Consent Form

Participant Consent Form

My participation in the study “The Effects of Room Acoustic Adaptation on
Loudspeaker Preferences in Multichannel/ Music Reproduction,” conducted by
Sean Olive is voluntary. | understand that | may discontinue participation at any
point during the experiment and that my name will not be disclosed at any time
during the analysis or the dissemination of the findings. | have read the above
information and the Information for Prospective Participants, and | agree to

participate in this study.

Participant’s Signature: Researcher’s signature:

Participant’'s Name: Date:

(Please print)
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Appendix G

Certificate of Ethical Acceptability of Research Involving

Humans
® McGill
Regenrch Ethics Board Office Tel: (514) 393-683 ¢
MeGill University Fax: (514} 398-4644
845 Sherbrooke Street West Ethics website: www.megilheafresearchoffice/compliance/human/
James Admintstration Bldg.. o 419
Montreal, QC HIA TS
Research Ethics Board I}

Certificate of Ethical Acceptability of Research Involving Humans

o
& by

REB File #: 140-0107

Project Title: The effects of room acoustic adaptation on loudspeaker preferences in mulit-channel music
reproduction

Principal Investigator:  Sean Olive Department: Schulich School of Musie

Status: PhD. student Supervisor: Prof. W. Martens

Funding Agency and Title (if applicabley; N/A

Expedited Review ol
Fuli Review

Blaine Ditto, PhD.
Chair, REB lI

Approval Period: 00 [ ix [t

This project was reviewed and approved in m:a with the requiremenis of the MeGill University
Policy on the Ethical Conduet of Research Involving Human Subjects and with the Tri-Council Policy
Statement: Ethical Conduct For Research Invalving Humans.

* All research involving human subjects requires review on an anpual basis. A Request for Renewal form
should be submitted at Teast one month before the above expiry date.

* When a project has been completed or terminated a Final Report form must be submitted.

* Should any modification o other unanticipated development occur before the next required review, the
REB musi be informed und any modification can’t be initiated until approval is received.
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