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Perceptual differences between sound reproduction systems with multiple spatial dimensions have
been investigated. Two blind studies were performed using system configurations involving 1-D,
2-D, and 3-D loudspeaker arrays. Various types of source material were used, ranging from urban
soundscapes to musical passages. Experiment | consisted in collecting subjects’ perceptions in a
free-response format to identify relevant criteria for multi-dimensional spatial sound reproduction of
complex auditory scenes by means of linguistic analysis. Experiment Il utilized both free response
and scale judgments for seven parameters derived form Experiment |. Results indicated a strong
correlation between the source materigbund sceneand the subjective evaluation of the
parameters, making the notion of an “optimal” reproduction method difficult for arbitrary source
material. © 2004 Acoustical Society of AmericdaDOI: 10.1121/1.1763973

PACS numbers: 43.66.Lj, 43.66.Qp, 43.38.WK ] Pages: 1105-1115

I. INTRODUCTION overall sound quality of multi-channel systems. The subjec-
_ ) ) tive evaluation of spatial features remains however at a very
The use of multi-channel audio for the reproduction oreayly stage in its development compared with other auditory
simulation of multi-dimensional sound fields is becoming attributes such as timber or loudness, and the need for a more
more common in research, artistic performances, home anglcyrate description of spatial attributes becomes clear to
commercial installations. In the field of psychoacoustic re- erceptually optimize multi-channel audio systems.
search, the ability to reproduce a multi-dimensional spatiaP In the present work we examine the results of a set of
sound field in laboratory conditions is advantageous for th‘ﬁstening tests in which several spatial loudspeaker configu-
study of auditory perception and cognition in complex sonicrations were compared, with a variety of source material.
environments. A key question concerns the influence of th%ubjects were presented with a reproduction of the same re-
spatial presentation on a person's perception of various akorded sound scene over different systems. Subjects were
tributes of the reproduced sound field. In particular, howasied to evaluate the different configurations using verbal
complete(spatially must the information be for subjects to gescriptions and value scales. Perceptual evaluations of the
be “convinced” of the reproduction? In addition, are there gjtferent systems as a function of their dependence upon the
potentially negative effects linked to providing “too much” soyrce material are of particular interest, as the results high-

information, and what if any is the balance? Is there ajgnt the fact that there is no single system that is optimal for
tradeoff between different perceptual aspects of the reprog)| conditions.
duced sound scene when more or less spatial information is
included?

_S_ound quality assessment_of reproduc_tlon m_ethods havl?_ EXPERIMENTAL SYSTEM
traditionally been concerned with non-spatial attributes, con-
centrating primarily on timbral and distortion issues whenA. Recording and reproduction setup

assessing the qualities of loudspeakers in monophonic repro-

ductions (e.g., Eisler, 1966; Gabrielsson, Rosenberg, and,cing spatially distributed audio. The recording industry has

Sjogren, 1974; Gabrielsson and §jen, 1979. Spatial at- developed a wide range of methods over the years starting
tributes have however been investigated quite extensively ifom 2_channel stereo. to 4-channel quadraphonic, and the

the field of room acousticge.g., Beranek, 1962; Schroeder, .\,rent trend of 6-channel 5.1. Various other, often more

Gottlob, and Siebrasse, 1974; Kahle, 1p9@ore recently,  cqmpiicated, systems have been developed for theatrical and
the increasing use of multl-channel_ audio has led resear_Cheb%rformance situations using greater and greater numbers of
to study spatial sound perception in the context of auditory.pannels in the recording and/or reproduction. Each system

displays (Rumsey, 1998, 2002; Berg and Rumsey, 199904 ires its own recording and reproduction technique, these
2000, 2001, 2002; Zacharov and Koivuniemi, 2)0dince being closely linked.

spatial attributes are considered an important contributor to 5+ aim in the present work is to investigate the subjec-

tive differences regarding the spatial complexity of multi-
dElectronic mail: brian.katz@limsi.fr dimensional audio reproduction. The interest of this work

There are various approaches for recording and repro-
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concerns the perceptual effects of spatial presentation and is
not intended to be an evaluation of different recording tech-
niques. The method employed in this study was a versatile
recording and playback method which consists in recording
the sound field with a compact 3-D microphone, containing

near-coincident elements. This method, termed Ambisonics
(Gerzon, 197Y, was chosen as the best suited method for
this study, since an Ambisonics recording can be decoded
onto a variety of speaker configurations. For each sound
scene, a single recording was used and only the spatial pre
sentation of the information varied. In this manner, the ef-

fects of recording techniques, multiple microphone place-

ments, and other bias in the technical aspect were minimized.

Ambisonics is an approach to sound field recording and

reproduction that decomposes the spatial sound field into
spherical harmonics. Currently available 1st order micro-

phones provide four signals: Wzeroth order omni- FIG. 1. Listening room visual surfaces indicating 3-D hexagonal structure.
directiona) and XYZ (1st order components representing the-0cations for the 2-D and 3-D arrays are shown. The 1-D consists of solely
Cartesian axis with figure of 8 directivity pattefnFhis out- ;he fr?nt pair of loudspeakers to generate a stereo pair. A chair is included

or reterence.
put result, termed B-format, captures the spatial information
of the sound field, resolved into a mono reference signal and

left—right, front—back, and up—down information, thus en-yhe fioor and ceiling. The visual boundaries of the room are
abling the reproduction of full 3-D information. Reproduc- defined using acoustically transparent panels having a neutral

tion of the sound entails a decoding process from the . . .
; . gray color, allowing for the structural and acoustic design of

B-format signal to the array of loudspeakers. The decodin X
he room, as well as all of the loudspeakers, to be hidden

process results in a signal to each loudspeaker being co m view

posed of a combination of the spherical harmonics depende , )
upon the location of the speaker. There are various param- | N€ reproduction system provides for 13 channels of

eters in the decoding process, but their discussion is beyorf§iScrete playback, including a low frequency subwoofer for
the Scope of this papd[:f Gerzon, 1977’ Fe”gett’ 1974, frequencies beIOW 100 Hz. Sma” h|gh qua“ty |OUdSpeakerS
Gaskell, 1979; Daniel, 2000All recordings used were made (low frequency roll-off at~100 Hz) are suspended on a pipe
with a B-format Soundfield model ST250 microphone andgrid that encircles the room and extends from floor to ceiling
decoded without shelf filterin¢Furse, 2008on an array of  behind the visual screens. The subwodfat response to 20
Studer Al speakers and included a JBL 4545C subwoofer.Hz) is placed in one corner of the room. Six speakers are
located at seated listening level at the corners of the hexagon.
B. Design of the listening room The additional six are placed in two sets, three at ceiling

A prototype |istening room was Created for th|s experi_level and three at f|00l’ |eVe|, CorreSponding:'t@fg" on a.l'
ment to test different reproduction methods with the concepternating sides of the hexagon. This provides slightly re-
tual goal of easing the process of abstraction from the listenduced coverage for elevation sounds and full horizontal cov-
ing room to the original environment. The design of theerage in the listening plane. The level of the speakers was
room can be divided into three parts: the acoustics, the viearefully adjusted to achieve a flat frequency response across
sual, and the reproduction system. the crossover frequency of 100 Hz. The 12 full range speak-

The acoustics of the room were designed to be as dry agrs were time and level aligned at the center of the listener
possible, given architectural limitations, in order to allow for position.

the reproduction of outdoor soundscapes. The room has a flat The result is a room far from the “standard” listening
frequency response and a reverberation time<0{05 sec-  yoom, peing in direct contrast to recommendation ITU-R
onds for frequencies above 200 Hz. Below 200 Hz the revergs 1116-1 for multi-channel sound systeffiBU-R, 1997.

beration t|r_ne mcre:?\sed gradually 0 0.2 second_s at. 40 HZI'he area is one-third the minimum area, the reverberation
The room is acoustically isolatgfloated constructionwith

internal dimensions 2.7273.24xX3.62 m.
The visual design of the room, the most strikingly dif-

time is one-half the prescribed value, and the room geometry
contradicts the rectangle/trapezium prescription. However,

ferent aspect as shown in Fig. 1, is based upon a hexagont’c“e recommendation onIy. prescribes for a muItl-(?hanr!eI
shape. The goals were to create a room with minimal referloudspeaker array conforming to the 5.1 format. While suit-

ence to the sounds being reproduced or the subject’s frame gple for evaluating various audio processing techniques, it is
reference, as well as to ensure that subjects are not visualljPt clear that the “standard” listing room is suitable for more
aware of the test configuration. Other than the point of enspecific situations such as psychoacoustic testing on indi-
trance, there is no Cartesian frame of reference. To furtheyidual subjects or more complex sound scenes such as out-
this effect, the room is hexagonal in the vertical plane as weltloor material, where low reverberation times and abstraction
as the horizontal plane, resulting in slanted walls tapering afrom the listening room are necessary.
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IIl. EXPERIMENT I: URBAN SOUNDSCAPES IN 2D

Outside’ ‘Inside’
AND 3D ., - |
resence
A. Method , .
27 subjects with normal hearing, aged between 23 and Poor | o

59 participated in the experiment. They were expert listeners, Readabiity

either studying or working in the field of acoustics. The par- :
ticipants served without pay. 'Disfant' ‘Close'
The stimuli were five urban Parisian soundscapes se- Distance
lected from a list of places previously identified as represen-
tative of city noises by Maffiolo(1999. Live recordings ‘Muffled! ‘Clear
were used rather thap synthesized source material to fully coloration : )
capture complex spatial sound scenes and focus on the “you ; : : B 20
are there” approach to sound reproduction according to the 30 20 10 0 10 20 30
concept of ecological validity, developed by Gibs@®79. Number of occurrences
Indeed, the familiarity of the sound material, together withFig. 2. The number of occurrences of spontaneous descriptions for the
the instructions given to ease the required process of abstratproduction methods within different discriminating categof29 and
tion, enabled the subjects to treat the stimuli with cognitive3D)- OPposing terms are represented on opposite sides of the graphs.
processes elaborated in real-life situation. The test samples
were 45 to 60 seconds long. The B-format files were decodetihg from free verbalizations. The verbal data was lemma-
using the full in-phase decoding scheme without shelf filtertized, i.e., inflectional and variant forms of a word were re-
ing (Furse, 2008 The test configurations were the 2{b- duced to their lemma: their base form. Synonyms were
channel and 3-D(12-channel arrays with and without the grouped together, as well as linguistic devices constructed on
subwoofer(x and x.1, following the familiar 5.1 conventipn  the same sterte.qg., “bright,” “brightness”). Lexical devices
Configurations were equalized in level at the center of théelonging to the same semantic field as indicated in a French
listening position using a reverberant room recording ofthesaurus(Pechoin, 1992, were grouped into semantic
white noise decoded over each system. The subwoofer chathemes. Semantic themes with fewer than 3 occurrences
nel content was identical between 2-D.1 and 3-D.1 configuwere excluded from the analysis. Two coders independently
rations and level matched to provide a flat frequency recombined semantic themes into larger semantic categories
sponse over the crossover region. relating to presence/immersion, readability of the scene/
sense of space, distance to the scene, timber, stability, local-
ization, and hedonic judgmentg.g., “annoying,” “pleas-
ant”). Finally, all occurrences in each category were counted.
Subjects were presented with a reproduction of the same
sound scene over four different systems, randomly orderecb Results
Instructions were given to subjects to direct their response
strategy towards everyday listening situations, so that they The results of the comparison test show a strong prefer-
would react, to some extent, as if there were in the actusgnce for the 2-D Configurations over other methods. Total
situation, i.e., in an ecological valid waiGibson, 1979  results for the “naturalness” selection for the four reproduc-
rather than in the abstract situation of a laboratory experition setups were 62D), 452-D.1), 423-D), and 2@3-D.1).
ment. For each sound example, a free verbalization task anthe number of occurrences for each reproduction method
a multiple comparison task were conducted: subjects listenedithin discriminating semantic categories, namely presence,
to the four reproduction methods as many times as desiregadability, distance, and coloration is presented in Fig. 2. It
and were asked to freely describe the four versions, choodg interesting to note that nonspatial attributes were sponta-
which onés) sounded the most like their everyday experi- neously evoked, although only the spatial presentation var-
ences, and justify their choice. This elicitation method, useded. The 2-D configuration&-D and 2-D.] were spontane-
in previous studies to investigate the sound quality of comously described in the open questionnaires as very
plex auditory scenes(Maffiolo, 1999, Dubois, 2000, enveloping, spatially well defined, and providing a good
Guastavino and Chemiag 2003, was chosen to identify Sense of immersion in the scene, equating to a high degree of
perceptually relevant features without constraining the anPresence. Furthermore, subjects mentioned that the sound
swers into predefined categories. More specifically, subjectlield reproduced by the 2-D systems sounded close to them.
were not instructed to focus on spatial attributes. The naturéhe 3-D configurationg3-D and 3-D.} on the other hand

of the test and the details of the reproduction systems usediere described as poorly enveloping and sounding farther
were not disclosed to the Subject prior to the test. away from the listener. Subjects indicated that space was

poorly defined and indistinct. Regarding timber, the sound
field recreated by the 3-D configurations was described as
“muffled.”

A semantic analysis was conducted on the spontaneous The 2-D.1 and 3-D.1 configurations were described as
descriptions of recreated acoustic environments. A total ofich and too rich in low frequencig81 and 39 occurrences,
512 phrasings were classified in semantic categories emergespectively, but were chosen for realism in the traffic noise

B. Procedure

C. Analysis of the verbal data
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TABLE I. Details of the six soundscapes used in Experiment II.

Name Description Recording position
Train Announcement on a traiismall enveloping scene  Seated within train car
Market Walk in an open-air markémany sources at Walking head height
various distancgs
Symphony String orchesti@osition close to conductpr Above and behind conductor position
Organ Organ music in a very large reverberant cathedral. Well into the reverberant field
Traffic Urban traffic nois€many sources at various Corner of intersection
distances and levels
Improvised ~ Modern improvisational music with organ, Well into the reverberant field
music percussions, and wind instruments in a large

reverberant cathedrgdame as organ

recordings. A further analysis of the comments suggestedhent |, such that the B-format recordings were decoded us-
different ratings or different sound examples, depending oiing a 60% in-phase decoding scherf@omparable to a
the relevance of the low frequency information in the scenéhyper-cardioid directivity patteinwithout shelf filtering.
(meaningful in traffic noise to recreate the rumbling of heavyThis decoding option was seen as an improvement over the
vehicles, meaningless in pedestrian areas where no low frgonfiguration in Experiment | as it provided the best com-
quency events are “expected” to occur regardless if it ispromise between localization of sources and sensitivity to
actually present or npt listening position in preliminary listening tests. In addition,
No distinction between the different configurations the low frequency level was adjusted to better compensate
could be established on the basis of descriptions of stabilityor the response of the microphone. The subwoofer channel
of the image, localization, or hedonic judgments. The dis-content was identical between all three configurations. The
tinction between 2-D and 3-D configurations relies mainlyggt samples were 13 to 36 seconds long, and the subjects
on spatial attributes, but in an unexpected way. The 2-D sySsouid listen to them as many times as desired.
tgms provide a bgtter feeling of presence and spatial defini- e test configurations were 1-2.1), 2-D (6.1), and
tion and a closer image than the 3-D systems. 3-D (12.1) arrays, all equalized in level at the center of the
Relevant criteria for the perceptive evaluation of COM-jigtening position. The subwoofer was included in all sound

plex soundscapes were identified by considering Semant'§amples as it has been shown in Experiment | that the low
categories with the greatest number of occurrences. Six peffequency channel contributes to realism. Subjects were
rameters were derived from the linguistic analysis: readabil-asked to compare perceptual differences between the three
ity, presence, distance, localization, coloration and Stabi”tyrandomly ordered versions

of the image. Experiment Il was designed to evaluate multi- It should be noted that.the 1-D, or stereo, configuration

channel spatial reproductlons along these parameters OnV\?as not a simple 2.1 channel system. Due to the very low
wider range of auditory scenes.

reverberation time in the listening room, the acoustics were

IV. EXPERIMENT II: VARIOUS SOUNDSCAPES IN 1D, deemed too dry for standard stereo. To present stereo in a

2D. AND 3D more typical and favorable condition, a virtual listening
' room was utilized. The concept for this approach was to
A. Method create a computer model of a good listening ra@aiowing

26 subjects with normal hearing, aged between 23 an@ LEDE design with diffusionusing CATT-Acoustic, a geo-
62 participated in the experiment. They were expert listenergnetric room acoustic simulation software. The virtual room
either studying or working in the field of acoustics. All the had a mid-frequency reverberation time of 0.2 sec. The ste-
participants served without pay. reo speakers were placed in the model at the correct locations

The stimuli were recordings of six different soundscaperelative to the listener and 10 hyper-cardioid microphones
excerpts as described in Table I, providing a wide variety ofwere placed at the positions of the remaining speakers, point-
scenes. The decoding configuration was slightly altered, foling away from the listener. The predicted impulse responses
lowing observations and comments obtained from Experifrom the virtual microphones were convolved with the

TABLE Il. Perceptual parameters with extreme values as presdtrauslated from the original Frencim

Experiment I1.

Parameter Additional description Left limit-) Right limit (+)
Readability{Lisibilité ) Spatial definition, readability of the scene Well defined Poorly defined
PresencéPresence Sense of “being there,” feeling of being Inside Outside
Distance(Distance The auditory scene sounds ... Close Distant
Localization Localization of the sources/precision of Precise Indistinct
(Localisation the image

Coloration{Coloratior) Spectral coloration/timber Muffled Clear
Stability (Stabilite) Stability/sensitivity to head movements Stable Unstable
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'‘Outside’ 'Inside’

Presence

'Absent’ 'Present’

Rear sound

‘Poor’ 'Good'

Preference totals

Readability

Distance

- s - 30 20 10 0 10 2 30

Number of occurrences

FIG. 3. Naturalness responses for the 3 types of soundscape. -
FIG. 4. The number of occurrences of spontaneous descriptions for the

) ) reproduction methods within different discriminating categotie®, 2-D,
B-format 2-channel decoded signal, thus creating a 12.&nd 3-D. Opposing terms are represented on opposite sides of the graphs.

channel simulation of a 2.1 system reproduced in a good

listening room. This method avoided the use of B-formatpected to be surrounding and coming from abtmnounce-
synthesis for the room, maintaining the separation betweement in the train, organ in the cathedrahe 3-D system was
systems. No negative effects were reported, and the systegelected. For this grouping analysis, the Organ example was

was described as a very natural stereo reproduction. classified in the “Indoors” category rather than “Concert”
due to the fact that the verbal data suggest that subjects paid
B. Procedure greater attention to the room effect of the church than to the

For each sound example, subjects were asked to listen {gusical con_tent. It should be state(_j that the O_rgan recording
the three reproduction methods, freely describe the three velaS made in the far reverberant field of the instrument, as
sions, choose which versits) sounded the most like their Noted in Table I.
everyday experiences and justify their choice, as in Experi-
ment |. Following this, the six parametefreadability, pres- 2. Analysis of the verbal data
ence, distance, localization, coloration, and stability of the A total of 453 phrasings were classified in semantic cat-
image were presented, in random order, with slider barsegories emerging from free verbalizations using the same
corresponding to each of the three samples for comparativihguistic analysis as in Experiment . Free descriptions were
judgments. An optional open questionnaire for each also exclassified in semantic categories relating to the spatial distri-
isted for comments or explanations of perceptions. The sepution of the sound, presence, realism, readability, spectral
mantic scales for this test, and their extreme values as présalance, and localization. The number of occurrences for
sented on the slider scales, were derived from theach reproduction method within discriminating categories,
spontaneous descriptions collected in Experiment |. Thesgamely presence, readability, rear sound, and distance is pre-

are listed in Table II. sented in Fig. 4.

As regards perceptive evaluation, two major distinctions
C. Results were established. The first one distinguishes the 1-D array
1. Naturalness from the 2-D and 3-D arrays on the basis of spatial distribu-

tion of sound. The 2-D and 3-D configurations were de-
"scribed as providing sound all around the listener, including
rRehind and above the listener, as opposed to the 1-D configu-

versus the other systems. A more detailed analysis shows thf’ﬁtlon’ whph was ;pontgneously described as frontal. The
second distinction, isolating the 2-D set-up, was observed on

the subjective ratings depend heawly on the soqndscapg. the basis of presence. The 2-D configuration was described
For concert scenes, where clarity and precise localiza-

tion of the instruments would be expected, the 1-D and 2-07° providing the most immersive environment.

systems were equally selected. We believe that modern lis- ] )

tening habits also accounts for the choice of the 1-D systen- /Mteraction between semantic scales

as many subjects often listen to music on a stereo set-up and Cross-correlations were computed for every possible
are thus inclined to choose this familiar configuration aspair of variables over all ambiances. Results indicated a cor-
seeming “natural.” For complex outdoor environments, relation between readability and localization for all three re-
where the sounds are expected to be surrounding at the levetoduction methodsré=0.28,p=0.01) as well as between

of the listener, but also with precise locations of the numerpresence and distance?E0.23, p=0.02). The analysis of
ous sources, the 2-D system was selected, confirming theerbal comments confirmed these interactions: 14 comments
results of Experiment | on the reproduction of urban soundindicated that an immersive scene sounds close, and 6 com-
scapes. For indoor environments, where the sounds are ements indicated that sources can easily be located in a spa-

General results of Experiment I, as shown in Fig. 3
show a subjective impression of a more “realistic” or “natu-
ral” representation of the soundscape using the 2-D syste
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: ' ' ] other two configurationg1D and 3D. Similarly, the 2-D
Method - . .
Soundscape array was evaluated as providing a higher degree of readabil-
Method*Soundscape || ity, i.e., a more readable presentation of the sound scene,
than the other two{=0.05).

Results concerning the variables of presence and dis-
tance confirmed the counter-intuitive subjective judgments
observed from the verbal data in the first experiment. Indeed,
1 the 2-D set-up was again considered as more immersive and
producing a closer auditory scene than the 3-D arrpy (

- =0.01 for presence ang= 0.05 for distance But the sound

_ field recreated by the 1-D configuration was judged even less
immersive and farther awayp& 0.01 andp=0.05, respec-
tively). Concerning localization and coloration, the 3-D re-
production was perceived as indistinct and muffled in com-
parison to the 1-D and 2-D reproductions, which were
described as clearer and more precige= 0.05 for localiza-

FIG. 5. ANOVA results p-valug for a multivariate analysis of subjective tion andp=0.01 for coloration Finally, the auditory recre-
parameters. Significant effects, evident from lpwalues, of the method  ation by the 1-D configuration was evaluated as more stable

were observed for all variables : choidd=(2,25)=3.58], readability than the other two when the listeners moved away from the
[F(2,25)=6.0], presenc¢F(2,25)=162.7], distanceg F(2,25)=43.6], lo-

calization [F(2,25)=6.5], coloration [F(2,25)=16.7] and stability sweet spot I(?ZO'O:L)' L
[F(2,25)=41.67). A significant effect of soundscape was observed on dis- The main effect of soundscape was significant for the
tance F=6.5). Significant effects of methtdoundscape were observed perceived distance only. Along this variable, the three repro-

f_or choice F=1.9), distance k=8.2), localization £=2.0) and colora-  duction methods were ranked from “close” to “far” in the
tion (F=3.2). (2-D|3-D|1-D) order for all ambiances but the Organ, for
which the order(1-D|2-D|3-D) was observed. An analysis of
tially well defined environment. The verbal data further sug-the verbal comments indicate that the 1-D set-up recreated a
gested an interaction between distance and coloration, withore direct frontal sound of the organ and less reverberated
12 comments associating “muffled” with “distant,” or room effect than the 2-D and 3-D set-up, thus making the

p-value
o
(o]

<
~
T

xR

R R R R R EREARAI IR RRERR

LB

“clear” with “close.” listener feel closer to the instrument.
4. ANOVA 5. Variations between sound scenes
A three (reproduction methodsy six (sound samplgs To further examine the effect of soundscape on the vari-

by seven(variable3 ANOVA on the ratings was calculated. ous parameters, a statistical summary of the judgments is
The Green—Greenhouse correction was used for a violatiopresented in Fig. 6, showing the responses for coloration,
of the sphericity assumption. The main effect of the repropresence, and distance for each soundscape separately. While
duction method on the seven variables was significgnt ( all recordings were made with the same microphone model
<0.05) for all sound samples. Figure 5 presentsiRrandp (and all but the Symphony excerpt were made with the same
values with regards to the relevance of method, soundscapphysical microphoneand processed in an identical manner,
and the combination of methbdoundscape for each vari- there is a noticeable variation in coloration judgments be-
able. tween soundscapes. This indicates a potential bias in subjec-
The results show that the responses to all variables aréve evaluations of coloration as the responses are based
strongly linked to the reproduction method. Aside from theupon the expectations of signal content, and not necessarily
distance parameter, all responses were invariant with regards the actual content. This effect is further complicated by
to soundscape. Finally, there was an evident correlation behe variations between methtbesbundscape which indicate
tween choice of the most “natural” method and the specificthat the spatial distribution of timbral information, and its
soundscape. This correlation was also seen for three othexpected distribution, is linked to coloration judgments.
parameters: coloration, localization, and distance. To a lesser The presence parameter judgments show the clear dis-
extent this correlation existed for presence. Significant eftinction between the methods, regardless of soundscape. Fi-
fects of method and methdoundscape were observed onnally, the distance parameter shows the same general trend
both spatial and timbral attributes. Gabrielsson, Rosenberdpietween soundscapes, but the distribution dependence on
and Sjagren (1974 also found a significant effect of both soundscape is interesting. For example, there is little varia-
method and soundscape and a significant interaction betweeion for the Organ sample, while for the Improvised music
the most “true-to-nature” reproductiofmonophonic repro- excerpt there is a strong variation. This is most interesting as
duction on different loudspeakgrand sound sample@lif-  the microphone placement is identical and the Improvised
ferent music sections music excerpt contains the same ordaith additional in-
Post-hocanalyses for the present study were conductedtruments at the same locatjprthough playing a modern
using Bonferroni’'s comparison tests. Concerning the binarymprovisational piece. For the Organ piece, verbal comments
variable of choice, results indicated a strong tendengy ( indicate that all subjects expected a large reverberant space,
=0.07) for subjects to select the 2-D set-up rather than theamely a church, whereas for the Improvised music excerpt,
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interactions,” i.e., differences in the physical properties of
the sound samples. The present results suggest that such in-
teractions can also be attributed to cognitive attributes, such
as semantic content of the sound samples and subjects’ ex-
pectations.

6. Principal component analysis

The subjective ratings obtained using the sliders provide
information regarding the perceptual differences in the vari-
ous methods according to the six parameter questions. In an
attempt to reduce the complexity of the data space the Prin-
cipal Component Analysi§PCA) reduction method is used.
This technique is highly suitable for reducing the dimensions
of a complex space into a smaller number of orthogonal di-
mensions, which are composed of a linear combination of
the initial parameters. PCA analysis is commonly used in
psychoacoustics to investigate sound quality attributes
(Kahle, 1995; Susini, McAdams, and Winsberg, 19%hd
has previously been used in particular to study the perceptual
evaluation of sound reproduction systefes., Eisler, 1966;
Gabrielsson and Sgwen, 1979; Zacharov and Koivuniemi,
2002.

The PCA analysis on the slider dataset presents an or-
thogonal data space as described in Table Ill. Using the PCA
projection, 74% of the variance of the responses can be ex-
plained using the first three components, and 84% with the
first four. Projections of the subjective responses to the six
parameters into the space defined by the first four compo-
nents of the PCA are presented in Fig(sée Table Il for
+/— direction definitions of parameter vectorérom this
analysis, it is possible to examine perceptual differences be-
tween the three spatial reproduction schemes.

The projection plane defined by PCXIPCA2 shows a
clear separation betweéf-D) and (2-D and 3-D presenta-
tions. The 1-D is more “distant” and “outside” while being
more “stable,” as shown by the apparent data clustering
separations along theé distance,+ presence, ane stability
vectors. In addition, 1-D and 2-D are more “clear” in col-
oration than 3-D. Finally, 3-D is more “indistinct” and
“poorly defined” in reference to the 1-D and 2-D presenta-
tions. The projection planes defined by PCARCA3 and
PCA2X PCAS3 show similar tendencies. There is an evident
correlation between “localization” and “readability” in both
planes. The projection plane defined by PCARCA4
shows a separation of “localization” and “readability” with
1-D being more “poorly defined” than 2-D and 3-D, with

FIG. 6. A summary of slider parameter responses for the parameters “Collocalization becoming more precise when going from 1-D to
oration,” “Distance,” and “Presence” for each soundscape and the three3_D to 2-D

different spatial presentation methods. Data shown as whisker plots span-
ning from the lower to upper quartiles, with the narrowest point identifying

To summarize, there is a noticeable difference between

the median. The effect of soundscape on perceptive judgments is clear, &D and(2-D and 3-D in terms of perceived distance, pres-

indicated in the ANOVA analysis.

ence, and stability. The judgments for the 3-D representation
fall between the 1-D and 2-D method values for all param-

no specific architectural configuration was expected, as ieters but coloration.

could have been recorded in different pladesncert hall,

Similar PCA analysis studies have been performed

studio, at various distances from the instruments. This indi-which showed correlations between Sense of space, Sense of
cates that a change in style and content of the audio infordepth, and Sense of movement, and with these three at-
mation can affect the perceived distance of the events. Galtributes loading positively Preferen¢8acharov and Koivu-
rielsson (1979 stated that interactions between parametersiiemi, 200). It was also found that Penetration and timbral
(and/or method and sound material are due to “physical Emphasis were negatively correlated to Preference. It is un-
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clear from the citation the exact meanings of these paramdescriptions are similar to those tested in other spatial sound
eters, but we have noted that the original term for Penetratioreproduction studieBerg and Rumsey, 1999; Zacharov and
(Pistavyys) can also be translated from the original Finnish Koivuniemi, 2002 although using different sound material,
as Piercing, and may therefore help explain the evaluation ahulti-channel configurations, and methodology.

this parameter toward a negative judgment. Berg and Rumsey1999 used the Repertory Grid Tech-
nique developed by Kelly1955 to elicit a structure of per-

D. Discussion ceptual features from free verbal descriptions of perceived

1. Spatial attributes similarity and dissimilarity between various spatial reproduc-

tion systems. Four perceptual attributes relating to spatial

Traditionally, quantifying perceptual attributes involvesf identified: | henticity. feell f
rigorous subject training to minimize differences among Sub_eatures were identified: naturaingsithenticity, feeling o

jects and to identify small differences between parametrizefi"€Senck source localizatiofwidth and lateral positioning
stimuli. However, in the absence of clearly identified subjec-€NVelopment(positioning of the sound field relative to the
tive dimensions for spatial sound perception, a free explorSubjects, and depthability to perceive different distances to
atory approach was considered more appropriate to allowthe sources These attributes seem to be related to the pa-
subjects to define their own attributes rather than imposéa@meters of naturalness, localization, presence, and readabil-
predefined factors of interest. An experimental protocol wadty derived from Experiment I. Berg and Rumsg00) fur-
designed to elicit relevant features by analyzing spontaneou$er validated these attributes with a new group of subjects
verbal descriptions without constraining the answers into catlistening to new stimuli. These results were also extended
egories predefined by the experimenter. Interestingly, most dfom stimuli differing in modes of reproduction to stimuli
the semantic scales derived from the analysis of spontaneouscorded with different surround sound microphones tech-

TABLE lll. Principal Component Analysis data reduction results for slider parameters. Data indicates the linear weighting components of edehiparam
constructing the new orthogonal data space. Values are also presented indicating the percentage of variation in the data which can be exphained by eac
principal component. The major contributions for each component are indicated with an

Coloration Presence Readability Localization Stability Distance % Explained
PCA-1 0.16 —0.58 —0.46 —0.44 -0.13 —-0.47 34.7
PCA-2 -0.18 -0.52 0.32 0.38 0.61 -0.27 26.7
PCA-3 0.28 0.38 -0.28 -0.33 0.76 0.01 12,5
PCA-4 -0.39 -0.35 —0.45% -0.01 0.14 0.71 10.2
PCA-5 0.82 —-0.22 -0.11 0.44 —0.05 0.28 9.1
PCA-6 0.21 —0.28 0.62 —0.60¢ 0.03 0.36 6.8
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niques(Berg and Rumsey, 2002As regards interactions be- ment with the analysis of the verbal data and help provide a
tween attributes, the strongest correlation was observed belear method for interpreting the perceptual variations of the
tween naturalness and presefiBerg and Rumsey, 2001in reproduction systems.
agreement with our findings. Results of the perceptive evaluation can be summarized

The parameters used in this study can also be comparezb follows. The 1-Dtraditional 2-channel steréconfigura-
to the 12 attributes elicited by Zacharov and Koivuniemition was characterized as providing precise localization in a
(2009 through guided discussion as follows: Sense of spacefrontal image, stable with regards to head shifting, but distant
Sense of depth, Sense of directions, Sense of movefaknt from the listener and spatially poorly defined. The 2-D con-
four similar to “readability”), Penetratior(or piercing, as a figuration (a periphonic horizontal 6-channel circular axay
negative quality, Distance to eventg“distance”), Broad-  on the other hand, was judged as providing a very immersive
ness(similar to “localization”), Naturalnesgthe “choice”  and spatially well defined environment, but less stable rela-
parametey; and four timbral attribute¢'coloration”) Rich-  tive to head shifting. The judgments for the 3-D configura-
ness, Emphasis, Tone color, and Hardness. tion (a 12-channel spherical arnaiypterestingly fell between

It is encouraging to note that a certain consensus beginge 1-D and 2-D method values for all parameters but col-
to emerge in the field of spatial sound reproduction for peroration and localization. The 3-D configuration was charac-
ceptual attributes relating to spatial features, although theerized by a salient “muffled” coloration and a poor local-
semantics of these terms vary across languages and may gietion.
rise to different interpretationdor a review of terminology As regards sound quality, results suggest that presence
and meanings of spatial attributes, cf. Rumsey, 208Bw-  and readability make a strong contribution to overall sound
ever, results suggest that these attributes are not independejifality of reproduction methods. However, the selection of a
dimensions as interactions between factors were observed {fhiversally optimal reproduction method remains difficult, as
the present experiments as well as in other sound qualitjaturalness depends highly on the sound material. Indeed,
evaluation studiegGabrielsson, 1979; Susini, McAdams, the 3-D configuration appeared to be more adapted to indoor
and Winsberg, 1999; Zacharov and Koivuniemi, 2000he  environments, the 2-D configuration to outdoor environ-
diversity of spontaneous descriptions of the systems and th@ents, and the 1-D configuration to frontal musical scenes,
interdependency between perceptual attributes suggest though the choice of the 1-D for musical scene can possibly
sound quality is a complex concept aggregating variouge attributed to it resembling a home listening environment
physical propertiegspatial and spectraand semantic fea- and not necessarily the live performance environment. Fur-

tures such as judgments of pleasantness. thermore, interactions between parameters were observed,
consistent with other perceptual evaluation studies.
2. Overall quality In similar experiments, Guastavirid003 observed that

Results of the linguistic exploration of free responsesthe choice of reproduction methods differed for different

suggest that presence and readability play an important rof@&0uPs of subjects_. Several r_ecorphngs of indoor and outd_oor
in the evaluation of the overall sound quality of reproduction™aterial were carried out using simultaneously a Soundfield
methods. Furthermore, the most frequently selected configdlicrophone, binaural microphones on a dummy head, and a
ration was evaluated as providing a significantly strongeS€t-UP Of five noncoincident microphones. A multiple com-
feeling of presence and better readability of the sound scen@arison task was carried out on three groups of subjects:
However, a significant interaction was observed betweefound engineers, acousticians, and nonexperts. When asked
choice of the reproduction method and soundscapes. Logistf® Sélect which recording sounded more like their everyday
regression procedures have been tried to model the choice §%Periences, audio engineers gave greater attention to the
a function of the parameters, but the weights differ signifi-localization and precision of t'he sources, whereas the. othgr
cantly between different methods and soundscapes, furth&¥0 groups based their selection on presence and spatial dis-

suggesting that the selection of a universally optimal reproffibution of sound. Similarly in the present study, a conflict
duction method remains difficult was observed between precise localizatiovith the 1-D

configuration and presencéwith the 2-D configuratiop
leading to different choice strategy among subjects. Similar
differences were already observed by Gabriel94®&79 for

The approach presented here brings together methodronophonic reproduction. When comparing various repro-
ological tools derived from psycholinguistics and statisticalductions for similarity, experts based their judgment on
analyses to investigate spatial quality for reproduced soundbrightness” rather than “loudness,” while nonexperts
In Experiment |, relevant criteria for sound quality were tended to do the opposite. Furthermore, the reproduction
identified by means of linguistic analysis of spontaneous vermethod must be well suited for the tasks of the listening test.
bal descriptions. This exploratory study of verbal descriptorsGuastavino, Katz, Polack, Levitin, and Dubdsubmitted
resulted in six parameters: presence, coloration, readabilitghowed that stereophonic reproduction was ecologically
timber, localization, and stability of the image. In Experi- valid for source identification tasks, but not for processing
ment Il, three configurationd-D, 2-D, and 3-D loudspeaker complex auditory scenes in a global manner. It was further
arrays were evaluated using scale judgments and free reshown that a multichannel reproduction was necessary to
sponses along these parameters on a wider range of auditoepable subjects to process urban soundscapes in laboratory
scenes. These results of the statistical analysis are in agreesnditions as they would in real life situation.

V. CONCLUSION
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