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An experiment was conducted to identify the perceptual effects of acoustical properties of domestic

listening environments, in a stereophonic reproduction scenario. Nine sound fields, originating

from four rooms, were captured and spatially reproduced over a three-dimensional loudspeaker

array. A panel of ten expert assessors identified and quantified the perceived differences of those

sound fields using their own perceptual attributes. A multivariate analysis revealed two principal

dimensions that could summarize the sound fields of this investigation. Four perceptual constructs

seem to characterize the sensory properties of these dimensions, relating to Reverberance, Width &
Envelopment, Proximity, and Bass. Overall, the results signify the importance of reverberation in

residential listening environments on the perceived sensory experience, and as a consequence, the

assessors’ preferences towards certain decay times. VC 2019 Acoustical Society of America.
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I. INTRODUCTION

Reverberation has been used as an umbrella-term to

conjointly describe the acoustical properties of a space and

the related effects on the perceived aural experience. The

dominant and perceptually pleasing role that reverberation

exhibits in performance spaces, such as concert halls and

auditoria, has naturally steered the primary focus of architec-

tural acoustics research. A plethora of scientific studies1

sought to better understand reverberation in those spaces,

focusing on its key physical properties as well as decompos-

ing its multidimensional perceptual character. In contrast,

the effects of reverberation in geometrically smaller spaces,

which we experience most often, e.g., residential and

ordinary-sized listening rooms, are still not well understood.

The importance that reverberation holds within domes-

tic listening spaces has been highlighted in recent years, as

new spatial audio technologies and multi-loudspeaker

rendering protocols have been challenged by its effects.

Hughes et al.2 indicated that the reverberation of the repro-

duction room had a major influence on the accurate realiza-

tion of spatial audio rendering when attempting to recreate

divergent kinds of soundscapes in an ordinary listening

room. Grosse et al.3 expanded those results and argued that

similar behavior occurs in sound field synthesis schemes,

i.e., higher order ambisonics (HOA) and wave-field synthesis

(WFS). These results indicate that the perceived aural

impression of the reproduced sound scene is distorted, as the

recorded signal is superimposed with the spatiotemporal

response of the reproduction room. Those effects limit the

performance of the latest spatial audio technologies in

domestic settings, and they contradict with the primary aim

of a sound reproduction system: to deliver a faithful repre-

sentation of the recorded sound field (creator’s intent) to a

reproduction space.

The knowledge that currently pertains to sound

reproduction is such spaces as complete sound fields are lim-

ited. Investigations in this domain have primarily focused on

the interaction of single reflections and loudspeakers’ prop-

erties in simulated4 or real5 sound fields. It is still unknown

which elements of the reverberant field in domestic listening

environments evoke certain sensations and how these rela-

tionships operate. This limits our ability to address the above

degradation and restricts the further domestication of

advanced spatial audio.

Understanding the effects of reverberation in typical

residential spaces may enable new reproduction systems to

introduce spatial and temporal compensation on the per-

ceived effects, allowing a perceptually accurate spatial audio

reproduction, even in domestic listening environments.

Our research interest focuses on the imposed effects of

reverberation in domestic enclosures in a sound reproduction

scenario. In this initial investigation, we attempt to decom-

pose the fundamental perceptual characteristics of thosea)Electronic mail: neo@bang-olufsen.dk
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sound fields and understand more deeply the effects of rever-

beration in domestic listening environments. Our aims were:

(i) investigate the extent to which the properties of

reverberant sound field in residential-sized rooms affect the

perceived sensory experience of a reproduced sound field,

(ii) identify the major perceptual attributes underlying these

properties and the relationships between them, and (iii)

examine possible influences of the physical and sensory

characteristics of these fields on assessors’ preferences.

In Sec. I A, the background and the rationale behind the

experimental design is discussed. Section II presents the

experimental methods, including the experimental condi-

tions, the apparatus, and the evaluation procedures followed.

The statistical analysis of the experimental results is then

described in Sec. III. The findings are further discussed in

Sec. IV along with the limitations of the study. Finally, the

study’s major findings are summarized in Sec. V.

A. Background and motivation

Over the last decades, the effects of reverberation in per-

formance halls have been well studied, revealing numerous

perceptual attributes that describe the properties of such

sound fields. Those findings have been instrumental for

architects and designers of concert halls, and form the antici-

pated characteristics for enhancing the sound of an orchestra

or an act.6

Naturally, it has been speculated that the prosperous

research on reverberation in halls and auditoria could be uti-

lized for smaller spaces, such as domestic-sized rooms. A

recent review1 on the majority of published literature on

reverberation evaluated this hypothesis. It was shown that

the current literature in psychological and acoustical

research suggests that the direct link between findings in one

domain, e.g., in performance halls, cannot be assumed for

another, e.g., in ordinary-sized listening rooms. The diver-

gence between the purpose-made performance spaces and

residential rooms, has significant influence both on the phys-

ical characterization of the fields, i.e., the standard objective

metrics, and the perceived sensations of human listeners.

In architectural acoustics, the resultant sound field is

known to be dependent on (i) the features of the emitted

sound signal, (ii) the properties of the excitation source, and

(iii) the physical characteristics of the enclosure.

In domestic listening rooms the restricted physical

dimensions of the enclosure, compared to the larger perfor-

mance halls, result in dissimilar reflection patterns. The tem-

poral and spatial distribution of the reflections within the

field seem to affect our auditory processing schemata and

the weighting of perceptual cues;1 for example, reducing the

influence of the overall loudness and direct to reverb ratio
(DRR) as a cue for estimating the perceived room size in

small rooms compared to large spaces.7

Moreover, the excitation source is typically a loud-

speaker, encompassing its own properties, which interact

heavily with the room. A wealth of scientific investigations

in sound reproduction have shown that the interactions

between loudspeakers characteristics and the boundaries

influence both the timbral and spatial characteristics of the

perceived listening experience,5 as well as listeners’ prefer-

ence.8 In an attempt to better understand the perceptual

effects of the temporal integration of distinct early reflec-

tions in such reproduction scenarios, later studies identified

the audibility thresholds9 and perceptual relevance of

distinct, early reflections4 on the perceived qualities of

loudspeakers.

Those studies have highlighted the implications of

reproduced sound in domestic-sized listening environments

and formed the basis of subsequent standards, such as ITU-R

BS.111610 and IEC 60268–13.11 Aiming to provide an

invariable reference for critical evaluation tasks, those stand-

ards define several constraints on the physical properties of

the reproduction rooms. Nonetheless, the effects of complete

sound fields on the perceived experience are still unknown,

as much as the ways in which they relate to the fields’ physi-

cal properties.

Identifying the perceptual attributes that characterize the

experience within those acoustical fields, and understanding

their underlying relationships to the physical characteristics

of the sound field may encourage the development of

perceptually-relevant compensation algorithms capable of

controlling both the spatial and the temporal response of the

perceived sound fields. This could improve the capacity of

reproduction systems to recreate divergent kinds of sound

fields and soundscapes in domestic environments, and enable

a more faithful reproduction of the recorded signals.

II. METHODS

The common approach in perceptual assessment of

architectural acoustics is based on the identification of co-

occurring characteristics of reverberant fields, by comparing

the features of real spaces.1 That is, the perceived sensations

of complete sound fields are directly compared to each other,

so that common trends and dissimilarities between the two

are identified, and conjointly quantify both the perceptual

and physical aspects of the fields. Naturally, such evaluation

follows in situ protocols, requiring long time intervals

between comparisons. The limited auditory memory that

humans exhibit12 and the low level multi-modal processes

associated with room adaptation,13 where the assessors’ psy-

chological state and perceptual sensitivity is modified,1 have

been found to alter assessors’ judgments in auditory tasks14

limiting the robustness and generalization of such

investigations.

Recently, it became possible to conduct such evaluation

schemes in a controlled laboratory setting by capturing and

reproducing the sound fields using spatial audio rendering

schemes.15 Those schemes enable controlled, blind, and

instant comparisons between diverse acoustical conditions,

which are required when scientific experimental frameworks

are to be followed. Nonetheless, human assessors are still

exposed to complete sound fields, which are, by nature,

highly complex stimuli that pose a limitation for standard

audio evaluation schemes that are designed to assess specific

signal properties. Attempting to overcome the limitations

that an evaluation of complex stimuli encompasses, sensory
analysis (SA)16 techniques originating from food science
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have been applied to several domains of audio assessment

with promising results, including spatial audio reproduction

on loudspeakers17 and headphones,18 concert hall acous-

tics,19 and automotive audio.20,21

In this work, the evaluation of the sound fields was con-

ducted in a laboratory. Human assessors were presented with

the auralized three-dimensional (3D) sound fields, based on

in situ measurements in real enclosures. As common SA

techniques tend to be time consuming, this study uses a rapid

method, namely, the flash profile (FP).22 FP is believed to be

suitable for initial studies on room acoustic properties. It

consists of both attribute elicitation and quantification tasks,

and the obtained perceptual data can be statistically com-

bined to objective metrics. In previous work, the rationale23

and the practical implementation21 of the experimental

methodology was discussed in detail. In this section, the

applied methodology is presented briefly.

A. Experimental conditions

Four listening rooms were used in the experiment aiming

to create a range of possible acoustical scenarios of a domestic

environment. All four rooms, labeled as Rooms A–D, comply

with the size and structural requirements of IEC:60268-1311

that depicts the “average” residential listening environment,

such as a typical living room. The structural and acoustical

characteristics details are given in Table I.

Rooms A, B, and D, comprise of wooden floors and

ceiling, and acoustically treated rigid boundaries.24 They

all include ordinary furniture and fully comply with

IEC:60268-1311 specifications. Room C is a critical listening

space10 built to host multichannel reproduction layouts.25 It

is characterized by larger volumetric size, highly absorptive

boundaries, no furniture, and a lower reverberation time
(RT) than a typical room.

In order to capture a wider range of possible acoustical

fields than Rooms A–D, the interior of Room D was physi-

cally modified. Room D has a modular structure with

adaptable acoustic panels which allowed the successive

modification of the boundaries’ properties, such as the addi-

tion/removal of absorptive, diffusive, or reflective acoustic

panels in all boundaries, including the ceiling. The modifica-

tions varied the RT30 as uniformly as possible across

frequency. Modifications in the lateral plane were completed

in symmetry. The reproduction system was fixed and the

direct paths between the source, ceiling, floor, side walls,

and the receiver were not modified. This ensured constant

contribution of the first reflection points in these measure-

ments, as shown in Table I.

Aiming to primarily focus on the perceived effects of

reverberation in a complex acoustical scenario, certain steps

were required to minimize known influencing factors that

affect the sound field. It is well known that the loudspeaker’s

characteristics, e.g., its size, directivity, and placement, inter-

act with the acoustical properties of the reproduction room

and modify the aural experience.5 Here, the reproduction sys-

tem was identical and it was positioned at a common relative

point in all rooms. The ratio between the loudspeaker position

and the boundaries was common across rooms.26 This process

was followed to neutralize the effect of the rooms’ dissimilar

modal regions as much as possible,5 and maintain the contri-

bution of first order reflections, to avoid timbral alterations by

comb filtering. Figure 1 depicts the overlaid diagrams of the

setup during the acquisition of sound fields in all rooms.

B. Acquisition of room impulse responses and
analysis

In situ measurements were conducted to obtain spatial room
impulse responses (RIR). The excitation sources, two full-range

loudspeakers (Genelec 1031 A with 7041 A subwoofer), were

placed in a 2-channel stereophonic configuration.11,25 The sour-

ces were level-matched individually and the total system was

calibrated at the listening position, at 82 dB (C-weighted) sound

pressure level, using 10 s of pink-noise at�37 dBFS.

The acoustical field was captured by a 3D vector inten-

sity probe (50VI-1, G.R.A.S, Denmark), comprising of two

capsules on each axis, separated by 25 mm. The RIR of each

loudspeaker was measured separately at the reference listen-

ing position, using a 5 s logarithmic sine sweep27 at 192 kHz

sampling rate using RME UFXþ soundcard.

The captured RIR were analyzed using spatial decom-
position method (SDM).28 SDM provides a spatiotemporal

analysis, where the instantaneous direction of each discrete

sample is estimated using time difference of arrivals in short

time windows. The estimated directions are then combined

TABLE I. Physical properties of the acoustical conditions used in the experiment. Acoustical parameters were calculated based on ISO:3382 (Refs. 31 and 32).

Side, Floor, Ceiling, indicate the difference between direct sound and the corresponding first reflection point.

Condition V(m3) RT30 0:5�1k (s) EDT0.5�1k(s) DRRa TS(s) C50(dB) Side (dB) Floor (dB) Ceiling (dB) Compliance

Room A 80 0.32 0.34 �7.49 0.28 0.55 �9 �6 �5 Fully (11)

Room B 62.4 0.36 0.37 �8.90 0.24 1.22 �12 �8 �6 Fully (11)

Room C 172 0.17 0.11 3.64 0.05 21.90 �25 �7 �14 Fully (10) & Partial (11)b

Room D-1 90 0.30 0.29 �4.33 0.17 5.85 �9 �8 �10 Fully (11)

Room D-2 90 0.43 0.39 �6.22 0.24 3.09 �9 �8 �10 Fully (11)

Room D-3 90 0.50 0.46 �8.92 0.33 �0.37 �9 �8 �10 Fully (11)

Room D-4 90 0.65 0.56 �9.79 0.38 �1.49 �9 �8 �10 RT 500 Hz > (11)

Room D-5 90 0.67 0.61 �12.25 0.45 �2.66 �9 �8 �10 RT 250�4k Hz > (11)

Room D-6 90 0.83 0.72 �13.05 0.53 �3.99 �9 �7 �9 RT 63�8k Hz > (11)

aDRR.
bSize and geometry only.
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with the pressure signal and they are distributed to a set of

discrete reproduction points, i.e., a loudspeaker layout, using

a parametric rendering scheme. In this study, lower frequen-

cies (<75 Hz) were analyzed and synthesized using a recent

development of SDM29 where the analysis occurs in fre-

quency bands and adaptable window sizes, providing more

accurate results at that frequency range. Finally, the nearest

neighbor30 scheme was applied for a purpose-designed sym-

metrical array of forty loudspeakers positioned in a spherical

orientation. The sound field acquisition, analysis, and repro-

duction schemes are graphically summarized in Fig. 2.

C. Room acoustic parameters

During the acquisition of the RIR described above, an

additional set of measurements was performed for the calcu-

lation of standard acoustical parameters.31,32 The acoustical

energy was emitted by an OmniSource 4295 (Br€uel & Kjær)

and a subwoofer YST-W300 (Yamaha) at three positions

and captured by four arbitrarily placed microphones (1/2 in.

40AZ, G.R.A.S., Denmark), as recommended for precision

measurements. The acquisition of the RIR was achieved by

the sine-sweep method27 sampled at 48 kHz. The estimation

of RT30 was based on Schroeder’s backwards integration

method32 on the RIR, averaged across ten repeats for each

source-receiver combination to reduce the noise floor at

lower frequencies.33

D. Stimuli

Nine acoustical conditions were used in this listening

experiment: the unmodified sound fields of Rooms A, B, and

C, and a set of six acoustical modifications of Room D. They

are labeled from Rooms D-1 to D-6, ranging from the lowest

measured RT30 to the highest, respectively. This set provides

a range of possible RT of an average living room as

described in IEC:60268–13,11 including the extreme cases of

Rooms C and D-6. The resulting sound fields formed the

nine levels of the first independent variable (IV), the acousti-

cal conditions. The details of the acoustical conditions are

summarized in Table I. The measured sound pressure at the

listening positions is shown in Fig. 3)(a) and the calculated

RT30 in Fig. 4.

To reproduce the acoustical conditions in the laboratory,

the analyzed spatial RIR were convolved with the three pro-

gram materials, loudness-matched before convolution at -

15 dBLUFS.34 The program materials included: (1) Shola
Ama—You might need somebody, 0:09–0:25, (2) Anechoic
Kongas African Rhythms—B&O Music For Archimedes,
0:24–0:33, (3) Female Speech English—EBU SQAM,
0:00–0:15. Their spectral properties are shown in Fig. 3(b).

These three excerpts were selected based on the relevance

given for the experimental scenario, their dissimilar spectral,

dynamic, and spatial properties, and their ability to

FIG. 1. Experimental setup used in the measurements, including the dimen-

sions of the four rooms used in this study, and the relative position of the

reproduction system. The overlayed diagrams are in scale.

FIG. 2. A schematic describing the processes followed during acquisition,

analysis, synthesis, and presentation of the sound fields. Loudspeakers are

placed in symmetry at Azimuth and Elevation, respectively:

[0,�20],[0,0],[15,0], [0,90], [15,20], [30,�35], [30,0], [30,45], [50,�10],

[50,10], [70,�20], [70,0], [70,25], [90,0], [110,�15], [110,10], [130,0],

[130,30], [150,�10], [150,20], [180,�10], [180,10], [180,40], [�150,�10],

[�150,20], [�130,0], [�130,30], [�110,�15], [�110,10], [�90,0],

[�70,�20], [�70,0], [�70,25], [�50,�10], [�50,10], [�30,�35], [�30,0],

[�30,45], [�15,0], [�15,20], where 0,0 indicates the forward-facing median

FIG. 3. The magnitude response across frequency for: (a) the pressure at the

listening position, and (b) the program types used in the experiment. Levels

were normalized and 1/3 octave averaging was applied for visualization

purposes.
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complementary excite the acoustical conditions under inves-

tigation, as typically recommended for audio evaluations.35

These excerpts formed the three levels of program and are

further referred to as music, percussion, and speech,

respectively.

E. Experimental apparatus

Forty full-range loudspeakers (Genelec 8020 C) and

three subwoofers (Genelec 7050B) were placed in a spheri-

cal orientation of 1.55 m radius, in the anechoic chamber at

Aalborg University, Denmark. The physical placement of

the reproduction loudspeakers was based on a spatiotemporal

analysis36 of the RIR captured in four standard listening

rooms. The placement ensured that the spatial energy distri-

bution between the reproduced and the original was mini-

mized, according to the human localization acuity.37 The

reproduction of direct and first early reflections were

maintained.

The reproduction array is depicted in Fig. 2. The toler-

ance between the individual loudspeakers, in situ, was

61.5 dB at 25–16k Hz. All 43 loudspeakers were temporally

matched at the listening position electronically using delays

to account for any inconsistencies of their physical positions.

To avoid possible visual biases, the assessors were

guided in the anechoic chamber by the experimenter under

dark conditions. The experimental setup included an acoustic

curtain that separated physically and visually the assessors

and the experimental apparatus. During the experiment, the

reproduction level was set to 75 6 0:5 dBLAeq(15s) at the lis-

tening position across all stimuli.

F. Experimental procedure

The experiment was completed in a single session and

comprised of three phases: pre-screening, introduction, and

the main experiment. The experimental procedure is summa-

rized in Fig. 5.

First, the assessors completed a questionnaire where

background information was collected and consent was

given. During pre-screening, the assessors’ hearing sensitiv-

ity was tested.38 They were then introduced to the experi-

mental methodology, including the principles behind FP, in

verbal and written form. As eliciting attributes requires

assessors to be able to verbalize their perceived differences

using uni-dimensional, scalar, and non-hedonic descriptors,

a training session was followed on such task. The elicitation

task was conducted for a selection of visual stimuli to avoid

aural biases. A set of dissimilar visual objects was presented

on screen and the assessors were asked to characterize the

differences. At the end, the assessors familiarized with the

user interfaces.

The main listening experiment included four parts: the

attribute elicitation, the attribute definition, the ranking, and

the preference task. These tasks were conducted in the

experimental apparatus described in Sec. II E, under dark

conditions.

During the attribute elicitation phase, the assessors were

asked to provide as many verbal descriptors as necessary to

characterize the perceived differences between the presented

sound stimuli. They were allowed to label the extreme inten-

sities of that attribute, e.g., for the attribute “width” one

could set high intensity to “very wide” and low intensity to

“narrow.” All stimuli were available on screen, including the

nine acoustical conditions and the three program types. The

graphical user interface is shown in Fig. 6(a). Following the

attribute elicitation, the assessor provided definitions for the

given attributes and ordered them based on the perceived

audibility and perceptual importance.

Then, the assessors performed a ranking task. A block

design was followed where each block evaluated one attri-

bute in three trials, one for each program type. At each trial,

the assessors were exposed to ten stimuli, the nine acoustical

conditions, and a hidden repeat. The scales were presented

as a continuous vertical slider, 15 cm long,16 as shown in

Fig. 6(b). Assessors were able to loop any time segment of

the presented stimulus, as in standard evaluation proce-

dures.39 The presentation order of attributes, program types,

and acoustical conditions were randomized.

After successful completion of the FP procedure, asses-

sors were asked to indicate their personal preference to the

presented stimuli. Prior to this phase, assessors were not

informed about the context of the presented sound fields to

allow faithful and unbiased judgments between the stimuli.35

For the preference task, however, it was deemed necessary

to inform the assessors about the experimental details so that

an ecologically valid scenario could be realized and the

appropriate hedonic response could be evoked. Literature

pertaining the evaluation of real scenarios in the labora-

tory17,40 recommends that it is possible to envisage assessors

to a given situation. In the current study, the assessors were

given the instruction of: “Imagine that you are in a typical

residential room, listening to a 2-ch stereophonic reproduc-

tion over loudspeakers. Please rank the presented stimuli in a

way that expresses your preference from ‘highly dislike’ to

FIG. 4. The reverberation time (RT30) of the sound fields used as the experi-

mental conditions in the study, calculated in octave bands. The recom-

mended tolerances of IEC60268-13 (Ref. 11) are shown in red.

FIG. 5. Experimental procedure. Arrow depicts the timeline.

3566 J. Acoust. Soc. Am. 146 (5), November 2019 Kaplanis et al.



‘highly like’.” The attribute “preference” and its anchors

were presented on screen, and assessors performed three

trials, one for each program type, and all acoustical

conditions.

During all the experimental phases, assessors followed

self-paced and self-controlled procedures using a tablet. No

time limits were set to complete the tasks, but short breaks

were regularly followed to avoid possible listening fatigue.

The whole experimental procedure, including breaks, was

completed in 55–125 min (Mean¼ 84 min).

G. Assessors

Ten assessors participated in the experiment as volun-

teers. The assessors are considered as expert listeners, with

an average experience of 11.4 years [standard deviation

(s.d.) 6 5.5] in acoustics research and development, spatial

audio reproduction, and critical listening as part of their pro-

fession. All assessors reported proficiency in standard audio

evaluation procedures. Seven assessors were familiar with

standard sensory analysis protocols for evaluation of audio

material, of which six had performed attribute elicitation

procedures before. They were aged between 27 and 47 years

old (M¼ 34.1, s.d. 6 6.2). Their hearing sensitivity was

above 20 dBHL between 125 and 8 kHz, confirmed by stan-

dard audiometric evaluation38 at the time of the experiment.

III. RESULTS

In this experiment, nine acoustical conditions were eval-

uated in terms of their sensory characteristics and preference,

for three program types. All ten assessors correctly identified

the hidden repeats41 in both tasks and no data points were

eliminated for the statistical analysis. The experimental

dependent variables (DV) included a total of 48 individually

elicited attributes, quantifying the perceptual differences

between the stimuli. These observations are further referred

to as sensory data. The assessor’s preferences were also col-

lected in a free ranking task, and they are further referred to

as hedonic data. The physical properties of the sound fields

will be referred to as physical data. The datasets are summa-

rized in Fig. 7.

In standard implementations of FP, i.e., in food prod-

ucts,16 the statistical analysis of such data is based on multi-

variate techniques such as generalized procrustes analysis
(GPA)42 and multiple factor analysis (MFA).43 When

evaluating audio material, however, the stimulus-under-test

is always the product of an acoustical condition, e.g.,

FIG. 6. (Color online) Graphical user interfaces during the two phases of the experiment. Buttons labeled as A–J provide switching between the stimuli. In

elicitation, all programs � acoustical conditions were available on screen. In ranking, each trial assessed the acoustical conditions for one attribute and one

program type, in a block-design. (a) Interface during elicitation. (b) Interface during ranking.

FIG. 7. Data structure used in the statistical analysis. Each hierarchical node, denoted as sensory, physical, and hedonic, describe the observations of a given

dataset. The horizontal lines identify the hierarchical nodes for a given hierarchy tree. Sensory data included the individually elicited attributes, used for calcu-

lating the sensory profile in Sec. III A. Physical data included RT30 and EDT for each of the 31.5–8 kHz octave bands, C50, DRR, and three metrics for the per-

ceived bass, namely the Bass -Strength, -Punch, and DeepBass. The sensory and physical data were combined for calculating the physical profile, in Sec. III D.

Hedonic data include the preference ratings of each assessor grouped by program type. All three datasets were combined to provide a global preference profile,

presented in Sec. III E.
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spectral modification, and an excitation program, e.g.,

speech signal.35 This poses a challenge in the analysis, as

possible interactions between the two factors, the acoustical

conditions and the excitation programs, may not be easily

identified by those statistical methods. To overcome these

challenges, an extension of MFA was followed, the hierar-
chical multiple factor analysis (HMFA).44

Similar to MFA, HMFA provides a multidimensional

solution of a given dataset which is typically shown as a

graphical ordination of the observations in a common facto-

rial space, known as factor map. HMFA applies a multivari-

ate analysis to a group of variables that are hierarchically

inter-related. In a given dataset, HMFA performs a factorial

analysis at each hierarchical node of a defined hierarchy.

The contribution of each node is equal to the global factorial

space.43 This enables a balanced statistical analysis of sev-

eral multi-table datasets, aiming to identify the most promi-

nent components between them and their underlying

relationships. In an audio evaluation protocol, this allows the

analysis of the perceptual dimensions for all assessors in a

common factorial space, while the within-inertia (within-

variance), of each excitation program and each assessor, is

individually computed and preserved. Yet, their contribution

to the global solution is equal.

In the following sections the data analysis is described.

In Sec. III A, the ordination of sensory data is presented for

each program level. This is followed by a classification of

the perceptual attributes underlying the identified factorial

solution in Sec. III B, which are then projected to the sensory

profile of the acoustical conditions in Sec. III C. Following a

comparison of the perceptual and physical data on the sen-

sory profile in Sec. III D, the sensory, hedonic, and physical

data are combined in Sec. III E.

A. Ordination of sensory data using HMFA

Initially, an HMFA45 was conducted on the sensory data

to evaluate the main effects of the design’s IVs, the acousti-

cal condition and program. The three hierarchical nodes of

the sensory data included the observations of the nine acous-

tical conditions, for each program type separately, i.e.,

speech, music, percussion, as shown in Fig. 7.

Figure 8 depicts the factor map of the sensory data,

including the partial contributions of the hierarchical nodes,

the program levels. The partial points for each condition

denote the direction of the variance, explained by the three

data sets, i.e., the observations when listening to music,

speech, and percussion. The barycenter of these points gives

the mean ordination of the individual acoustical condition,

across all programs.

The first two dimensions represent adequately the data,

accounting for almost 80% of the total variance. All acousti-

cal conditions are well separated, and no overlaps can be

seen. On the first dimension, Rooms C and D-6 hold the

extreme points, and the remaining conditions are ordered in

between these. It can be seen that the acoustical conditions

with low RT30 values are positioned negatively on this

dimension, and the more reverberant conditions, on the posi-

tive side.

The second dimension is mainly driven by Rooms A

and B, while the remaining acoustical conditions share simi-

lar vertical coordinates. In some conditions, e.g., Rooms A,

B, and C, a strong opposition between the different program

types is apparent, especially on the second dimension. To

further analyze this, the axial inertia46 for each of the hierar-

chical nodes for the first five principal components of the

HMFA solution was calculated, shown in Table II. The ana-

lyzed axial inertia in Table II and the spread of programs in

Fig. 8 indicates that music ratings were more sensitive to the

perceptual property underlying the second dimension com-

pared to when percussion and speech were used as the exci-

tation signal. That is, although the solution of HMFA is

balanced across program types, the second dimension in this

analysis is driven by the assessors’ ratings for program type

music, compared to ratings when assessors listen to speech,

and percussion, on the same acoustical conditions.

B. Clustering of individually elicited attributes

In the above analysis, the sensory data were summarized

in global factorial solution. This factorial solution depicts

the ordination of the experimental stimuli based on the per-

ceived differences and similarities of all assessors and the

effect of program levels to this solution was explored. It is

possible that the perceptual attributes underlying these facto-

rial relationships are included in the same analysis, sugges-

ting the perceptual factors that drive this ordination. This is a

FIG. 8. Factor map showing the sensory profile of the experimental condi-

tions. The profile is a result of three separate analyses, one for each program

type. The mean is then calculated based on equally weighted contributions

via the HMFA analysis, and the individual components are visualized in a

common factorial space as partial points.

TABLE II. Decomposition of inertia of the HMFA analysis, in eigenvalues,

split by each program type.

Dim. 1 Dim. 2 Dim. 3 Dim. 4 Dim. 5

Percussion 0.99 0.09 0.13 0.05 0.04

Music 0.95 0.43 0.09 0.09 0.07

Speech 0.99 0.07 0.05 0.06 0.05

Total Inertia 2.93 0.59 0.28 0.20 0.17

Total Inertia % 65.44 13.17 6.16 4.48 3.70
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trivial matter when assessors use a common list of attrib-

utes,47 known as a consensus vocabulary, as each attribute is

a common variable across all assessors.16

In individual vocabulary methods, such as the FP, each

assessor uniquely labels, defines, and rates the perceived dif-

ferences with no guidance or intensity training. Naturally,

this limits the extent to which one could summarize the per-

ceptual dimensions of all assessors by assuming semantic

equivalence. In order to identify the common perceptual
constructs underlying the individually elicited attributes

across all assessors, a post hoc analysis is required, whereby

attributes are classified into collective categories based on

the data structures between them.

Here, the grouping of the collected attributes followed

agglomerative hierarchical clustering (AHC), similar to previ-

ous individual vocabulary studies in audio.19,21 An AHC based

on the Euclidean distances of the MFA coordinates of each

attribute was calculated in conjunction with Ward’s criterion.48

As AHC assigns equal weight to all attributes, independent of

the contribution to the principal components, any individual

attribute that did not correlate well to any of the first two prin-

cipal components was excluded,1 i.e., jrjDim1=Dim2 < 0.65. A

total of 43 attributes were used in the AHC analysis49 as the

best representative drivers to the dimensions of interest. All

elicited attributes are given in the Appendix.

Figure 9 shows the two main clusters of the analysis,

comprising of four main groups of variables. The first cluster

splits into two branches. The first branch highlights attributes

relating to the perceived effects of reverberance, e.g.,

ReverberationA01,08, Room SizeA03,09. The second branch

consists of attributes relating to the main components of spa-

tial impression50 of the sound field, i.e., the perceived width

and envelopment. Last, the second cluster clearly identifies

attributes relating to the perceived bass content on its first

branch. Its second branch includes attributes relating to the

perceived distance, closeness, and proximity. For consis-

tency with previous studies,19,51 this cluster will be referred

to as proximity, indicating how close the auditory event is

perceived, as defined by the assessors.

These four clusters form the perceptual constructs of

this study and they will be further referred to as reverber-
ance, width and envelopment, bass, and proximity.

It is noted that AHC seeks to classify interrelated attrib-

utes into a group. The attributes whose ratings were similar

across the conditions are classified as homologous. This is

also evident in our data. For example, BassA10 appears in the

same cluster as ProximityA10 and DistanceA06,07,09,10. The

semantic equivalence between the attributes within certain

clusters may not be strongly inferred at this point. This is a

common observation in free verbal elicitation experiments,47

where assessors label and quantify their perceived sensations

without guidance. The clusters were therefore labeled based

on the given attribute definitions by the assessors and the

related literature.1 Further analyses of these hypotheses fol-

lows in Sec. III D.

C. Sensory profile of acoustical conditions

Figure 10 shows the ordination of the acoustical condi-

tions, i.e., the mean coordinates calculated in Sec. III A, and

the projections of the perceptual constructs, identified in Sec.

III B, in the form of vectors. The direction of each vector

indicates the direction of inertia within the stimuli that is

driven by the ratings of the clustered attributes, i.e., the per-

ceptual construct. In effect, the projected vectors provide a

perceptual explanation for the positioning of the acoustical

conditions in this two-dimensional factorial space. The

length of each vector indicates the quality of representation

of the perceptual construct to the factorial space, i.e., its

cumulative correlation to the principal components. In con-

sequence, the projections with low correlation to the solution

will be poorly represented due to their low contribution to

the explained variance.

The analysis summarized in Fig. 10 shows that the first

dimension is driven positively by the perceived reverberance
and width and envelopment. Proximity vector faces the oppo-

site direction, which indicates its negative correlation to the

dimension. This relationship is well known to room acoustics,

as the perceived distance increases as a function of reverbera-

tion, commonly explained by the lower values of DRR.52

The second dimension is described by the perceptual

construct of bass. All variants of Room D share similar posi-

tions on this dimension, indicating perceptual equivalence to

the perceived bass content. This is an expected result as the

loudspeaker position was constant in Room D variations;

thus, the coupling to room modes was not altered. Room A

and B are perceived as less bassy compared to the remaining

acoustical conditions. One should expect such results, as low

frequencies in small enclosures are mainly driven by the

modal behavior of the enclosure, in consequence, their phys-

ical dimensions. Based on the current evidence, one could

infer that this dimension describes the perceived low fre-

quency content in terms of spectral dissimilarity between the

different rooms. This is also evident when contrasting the

magnitude responses between the rooms, in Fig. 3(a), as

Rooms A and B indicate the least energy levels below

100 Hz, compared to the other rooms.

FIG. 9. Clustering dendrogram of indi-

vidually elicited attributes of each

assessor, based on the MFA coordi-

nates of each attribute. The assessor’s

number is also included for each attri-

bute, denoted as “A01-10.”
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D. Physical profile

In the previous analysis, the sensory profile was con-

structed based on the assessors’ sensory quantification and

tangible explanations of the profile were identified and

projected to a factorial solution. This analysis showed the

sensory characteristics of the presented acoustical condi-

tions, e.g., their perceived differences and similarities, and

constructed a factorial plane describing these relationships

based on solely perceptual data.

Using HMFA, it is possible to assess the construct valid-
ity of the applied experimental methodology. That is, the

extent to which the identified perceptual constructs and sen-

sory profiling relate to the physical characteristics of these

fields. To evaluate this, the sensory data (the perceptual

responses given by human assessors) and the physical data

(the acoustical parameters of the sound fields) formed the

hierarchical nodes of the HMFA. This analysis compared the

profile of the stimuli based on the sensory characteristics

alone, as given by the assessors’ responses, and the profile

based on the physical properties of the acoustical condi-

tions—for example, the RT30 of an acoustical condition.

Figure 11 shows the ordination of the acoustical condi-

tions based on this analysis in the first two dimensions. The

explained variance of the analysis is 80%, suggesting a well

represented dataset. Moreover, the close positioning of the

partial points indicates a good agreement between the physi-

cal profile and the sensory profile as they hold similar coor-

dinates in both dimensions. The partial points on Rooms A,

B, and C, seem to differ in the second dimension, denoting a

slight disagreement of the two datasets for these conditions.

To further investigate this, it is possible to project both

the physical metrics and the perceptual constructs into the

factorial space in a biplot, as shown in Fig. 12. The acousti-

cal conditions are positioned in the factorial plane based on

the mean coordinates of the sensory and physical ordination.

The projected vectors indicate the directions of variance

explained by the variables.

On the first dimension, the variance explained by the

measured RT30 and the early decay time (EDT) of the acous-

tical conditions indicate an excellent relation to the

perceptual construct of reverberance. The metrics relating to

the temporal distribution of energy in the rooms, i.e., the

clarity index (50 ms) (C50) and DRR, indicate strong corre-

lation to the perceived proximity, opposing the perceived

width & envelopment. Center time (TS)32 correlates well to

the first dimension, indicating its inversely proportional rela-

tionship to perceived proximity of the source, as well as its

direct relation to the physical measure of RT30.

Based on the sensory data in Sec. III C, it was argued that

the second dimension relates to low frequency content of the

conditions, as suggested by the perceived construct of bass. To

objectively verify this hypothesis, a physical metric for the per-

ceived bass content was included in the analysis. Recently,

Volk et al. proposed a series of perceptually-based metrics, the

BassPunch,53 BassStrength,54 and DeepBass,55 aiming to assess

the perceptual properties of broadband signals at low frequen-

cies.56 As shown in Fig. 12, the direction of inertia of all met-

rics suggests that the second dimension relates to spectral

differences at low frequencies between acoustical conditions.

The previously identified interaction between the pro-

grams seen in Sec. III A is also apparent here. The projection

of the partial vector of bass when assessors evaluated music

content suggests a good correlation to the second dimension

and the factorial solution. In contrast, the relatively short

lengths of the partial vectors of bass relating to the other two

program levels confirm a low quality of representation. This

is an expected result, as the low frequency content of percus-

sion and speech is limited, indicated in Fig. 3(b). It could be

inferred that when these programs were used as an excitation

signal, the audibility of these spectral differences between

conditions was reduced, and in consequence the assessors’

discrimination ability was affected.

In the previous analysis, described in Sec. III B, a hierar-

chical clustering was employed to identify the common per-

ceptual constructs. The clusters were then labeled based on

the semantic definitions of assessors’ own attributes and pre-

vious studies. In Sec. III C, the clusters were projected into

the factorial space, aiming to understand the perceptual rele-

vance of the dimensions of the sensory profile. In this sec-

tion, the analysis suggests that the factorial space

constructed from the assessors’ quantification of the per-

ceived differences relates to the physical characteristics of

the sound fields used in this investigation, supporting the

FIG. 10. Biplot showing the sensory profile of the acoustical conditions.

Vectors indicate the direction of inertia, given by the mean coordinate each

cluster, i.e., the perceptual construct, and colored based on the identified

clusters. FIG. 11. HMFA factor map depicting the resulting profile of sensory and

physical data. Partial points identify the ordination of the stimuli for the two

hierarchical nodes of this analysis.
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hypotheses described in Sec. III A, and the observed con-

struct validity of the experimental design. The identified per-

ceptual constructs using AHC and the proposed labels come

in agreement with the physical characteristics of the sound

field, as the projections of the identified perceptual con-

structs share high similarities to the physical metrics that are

known to excite such sensations.

E. Sensory, hedonic, and physical data—Global
profile

In the final part of the experiment, the assessors’

hedonic responses were also collected in a preference task.

In order to understand the relations between the sensory,

physical, and hedonic responses of assessors, preference-
mapping techniques are typically followed. Such analysis

allows the direct identification of each acoustical conditions’

sensory and physical characteristics, driving the assessors’

preferences. For complex multi-table datasets, as the data in

this study, preference mapping is achieved by computing the

factorial solution of all the datasets simultaneously, and pro-

jecting the driving variables in that space.19

The common factorial solution of sensory, hedonic, and

physical data of this experiment are graphically shown in

Fig. 13, indicating the drivers of the inertia in this factorial

plane from all three data structures.

The position of Room D-6 opposed the construct of

preference, suggesting that this condition was the least

favorite across assessors, whereas Rooms C, D-1, and D-2

were the most preferred. The perceived sound in these sound

fields exhibit high proximity and they are identified as less

reverberant, wide, and enveloping. Assessors’ preference is

explained well by lower decay times given by RT30 and

EDT, higher levels of DRR and C50, and in consequence

lower values of TS.

The perceived bass does not seem to explain the prefer-

ence ratings adequately; yet, it indicates a contribution to the

variance due to its position on the first dimension. The

depicted partial vectors, indicating the direction of inertia for

a perceptual construct split by program type, have similar

directions, including the preference vector. That confirms that

the mean directional vectors of the perceptual constructs could

explain adequately the factorial space, and no interactions

between these partial programs can be seen in this analysis.

IV. DISCUSSION

The primary findings suggest that the aural experience

within domestic listening environments is highly affected by

its acoustical properties and reverberation’s characteristics.

Both timbral and spatial characteristics of the reproduced

sound fields were found to be altered, even when the

differences of the rooms are subtle and within the proposed

recommendations of audio evaluation standards, such as the

ITU-R 60268-13.11

In the statistical analysis described above, it is apparent

that two factorial dimensions seem to characterize the per-

ceptual space evoked by the presented sound fields; the

explained variance in those dimensions was �80%.

Berkley and Allen57 have previously argued upon a

two-dimensional perceptual space, which humans seem to

follow when the perceptually evaluated simulated small

rooms. In that study, listeners judged the room similarities

based on the decay times and the differences in stimuli’

spectrum. Zahorik et al.58 reported analogous findings for a

larger number of synthesized fields. Our results are consis-

tent with the previous findings, whilst the method provided a

more realistic sound field presentation to assessors and fol-

lowed a controlled sensory analysis protocol.

The followed methodology allowed for the identifica-

tion of the perceptual sensations as well as to quantify those

numerically. This has been achieved by HMFA, where it sta-

tistically combined the quantitative sensory data with the

perceptual attributes describing those, and contrast the

results with the physical properties of the presented sound

fields, all of which seem to support a perceptual space of two

major dimensions. In our study, the first and dominant

dimension relates to the decay times and reverberation’s

cognate percepts, whilst the second dimension relates to

spectral characteristics. This was supported by analyzing

both the sensory data, i.e., the perceived spatial and timbral

characteristics given by the assessors, as well as the physical

characteristics of the presented sound fields.

The main aim of the study was to decompose the facto-

rial dimensions to the individual perceived sensations that

they underline. The data indicate that assessors were able to

identify four perceptual constructs,59 and appropriately

quantify the differences within the stimuli. In the first dimen-

sion, the factorial drivers relate to the perceived reverber-
ance, width and envelopment, and proximity. The second

dimension relates to the perceived bass as described by the

assessors and the perceptually-relevant metrics.

The claimed multi-dimensionality of reverberation and

its interdependent perceptual components found in concert

hall research is also apparent in this study where the focus

was smaller listening environments. For example, although

assessors reported attributes relating to perceived width and

the perceived envelopment independently during the elicita-

tion, those have been identified as components of one

FIG. 12. Biplot depicting the common profile for sensory and physical data

and the directions of inertia driven by variables in the sensory and physical

data. EDTmid and RT30mid, refer to the average values between 500 Hz and

1 kHz as recommended (Ref. 32) for perceptual relevance.
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perceptual construct when AHC was performed on the asses-

sors ranking data. This is a known challenge in evaluations

of realistically-complex soundfields, and several studies1

have shown that the perceived width and envelopment are

attributes that listeners show difficulty in separating.

Nonetheless, it is generally agreed that whilst perceived

width and envelopment relate to the earlier energy of the

sound field, reverberance relates to the later energy. In our

data, reverberance and width and envelopment have been

identified as two separate perceptual constructs, yet the

direction of the inertia explained by them on the major

dimensions is similar. This suggests that a condition that has

been described and quantified as more reverberant by the

assessors has also elicited a more wide and enveloping feel-

ing and vice versa. This relates to the low levels of RT and

early reflection points within the stimuli set, for example,

Room C. As the assessors’ task was to identify and quantify

the perceived differences between the stimuli, the perceived

reverberance and width and envelopment were determined

and quantified as separate percepts. Moreover, in this study,

there was no intention to systematically vary the early reflec-

tion patterns in a specific manner, but rather compare com-

plete sound fields of typical listening environments. Those

inherently include several variations of the acoustic sound

field and a number of uniform spatial alterations of RT.

It is therefore suggested that the four perceptual con-

structs identified in the study form major characteristics of

perceived aural experience in the studied scenarios.

Finally, the preference profile (Sec. III E) combined the

sensory, physical, and hedonic observations. This analysis

supports previous findings,60 that assessors systematically

preferred the sound fields with lower RT. In our study, the

most preferred acoustical conditions presented fields that

evoked the sense of being less reverberant and less wide and

enveloping. The sources were perceived as closer to the

listener, exhibiting high levels of proximity. It is also impor-

tant to note that the current results suggested that a negative

preference is apparent for acoustical conditions with RT

higher than 0.4 s, the proposed mean value in the IEC recom-

mendation.11 Differences relating to the low frequency con-

tent within the presented conditions have also influenced

assessors’ preference, but at a lower degree than one could

expect; this may relate to the specific programs used in the

study and the controlled experimental apparatus followed.

Summarizing, the results signify the effects of acoustical

properties on the perceived sound and indicate the impor-

tance of strict RT limits in standard listening rooms, when

loudspeakers11 and impairments of audio signals10 are evalu-

ated. It was shown that alterations of the RT, e.g., �0.1 s

between Rooms D-2 and D-3, evoked different hedonic and

sensory percepts, as well as the perceived intensities between

them. This is an important element when room-in-room

effects are observed in the domain of spatial audio and

soundscape rendering, in small listening spaces.

A. Limitations and future work

Following the described experimental paradigm, it was

possible to identify and accurately quantify the human sensa-

tions using a rapid sensory analysis method, the FP. The

method followed seems to have overcome multiple chal-

lenges relating to evaluation of room acoustics properties.

Spatial aspects of the sound fields that one typically per-

ceives in a real environment, i.e., distance from the source

and apparent source width, were evoked and appropriately

quantified in a consistent way when using spatial reproduc-

tion over loudspeakers compared to previous investigations

that failed to reproduce such attributes.23,58 Similarly, tem-

poral, and dynamic elements of the fields were also evoked

and quantified in an expected manner.

FIG. 13. Biplot summarizing the common factorial space for sensory, physical, and hedonic data. Vectors indicate the direction of inertia for the presented varia-

bles. Thinner vectors decompose the averaged inertia, per program, labeled as speech, music, and percussion, accordingly, indicating possible program interac-

tions. The lilac vector shows the direction of preference for the presented acoustical conditions; D-1 and D-2 are the most preferred in contrast to D-5 and D-6.
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The current approach has several methodological limita-

tions. The study utilized a panel of expert assessors, trained

in the domain of audio evaluation. The robust and consistent

quantification of the perceived sensations in individual

vocabulary methods without training depends highly on the

experience of the assessors, which is a fundamental principle

of FP protocol. By conducting FP with expert listeners, the

experimental time required was significantly reduced23 and

only a few assessors were needed to complete the task, as no

aural or vocabulary-based training was required.61

Inexperienced assessors are known to have difficulty

verbalizing the perceived sensations and clustering a consen-

sus lexicon using statistical methods is therefore expected to

be more challenging. Nonetheless, the professional experi-

ence of the assessors in this study is likely to have implica-

tions on hedonic responses, such as preference and likeness.

All assessors were accustomed with standard listening rooms

and critical listening environments due to their profession. In

consequence, their internal inference and reference of a typi-

cal reproduction system may differ from an average listener.

It is therefore noted, that the current findings relating to

assessors’ preferences may not reveal the judgments and sen-

timents of an average listener.

Further work is required to expand the limited scope of

the study and generalize the results. In this experiment, the

stimuli set comprised of nine sound fields excited by a ste-

reophonic setup in acoustical settings defined by

IEC:60268–13 recommendation,11 at a single listening posi-

tion. The main scope was to verify the extent to which altera-

tions within those standards affect the listening experience

and attempt to decompose those into the perceptual attributes

that describe those basic reproduction scenarios. Those

results stipulate possible relationships to physical quantities,

such as standard acoustical metrics.

The extension of this work should follow an extensive

objective analysis of such fields, such as spatial and temporal

analysis, that could improve our understanding of the per-

ceptual aspects of the fields, as identified here. This may

include the investigation of the effects of early reflection pat-

terns on the perceived sound from different directions, and

the effects of more geometrically varied rooms, including

irregular shapes, as well as asymmetric and multichannel

reproduction setups.

In the current experimental design, a controlled acquisi-

tion procedure was followed aiming to avoid strong modal

behavior at low frequencies, a well known influencing factor

in those spaces, and focus on the spatiotemporal properties of

the sound field. Still, the effects of low frequency differences

between Rooms A and D seem to be an important perceptual

aspect; here labeled as bass, which explained �13% of the

variance of the sensory data. One could infer that variance of

low frequency modal resonance would have impacted the per-

ceived sensation of bass, both in terms of temporal notion, as

a longer decay, as well as perceived bass level. This should

postulate further research in the domain where the temporal

and spectral content at those frequencies is evaluated.

Finally, future work could investigate the sensory sensi-

tivities and hedonic responses of non-trained assessors for

such stimuli set in order to identify the extent to which of the

findings can be generalized, as the current contextual para-

digm cannot support this.

V. CONCLUSIONS

This experiment investigated the perceptual effects of

reverberation in residential listening rooms in a basic multi-

loudspeaker sound reproduction scenario. Nine sound fields

were used in the study, representing a range of possible

decay times according to the IEC:60268–13 recommenda-

tion,11 including maximal anchors. The sound fields were

captured in situ and reproduced over a spherical loudspeaker

array in an anechoic chamber. A blind experimental protocol

was followed, where ten expert assessors identified their

own perceptual attributes and quantified their perceived sen-

sations for the presented sound fields. Using multidimen-

sional factorial analysis, HMFA, a sensory profile for the

acoustical conditions was calculated depicting the perceived

differences between the acoustical conditions. The main

drivers of this profiling, i.e., the common perceptual con-

structs, were identified and further validated against physical

properties of these sound fields. The assessors’ hedonic

responses were collected and analyzed indicating the asses-

sors’ preferences for a typical reproduction setup, in a

domestic listening room.

Three research aims were the basis of this investigation:

(i) explore the extent to which reverberation affects the per-

ceived sound experience, (ii) identify the related perceptual

attributes that characterize this, and (iii) attempt to link those

to objective metrics.

Overall, the current results suggest the significance of

reverberation on human perception in residential-sized

rooms, supplemented by spectral modifications at the low

frequencies. This supports previous studies4,5 and suggests

that the perceived sound field can be significantly altered by

the acoustical properties of the reproduction room. The pre-

viously argued two-dimensional character of small room

acoustics57,58 was also apparent here. In our study, those

dimensions seem to be driven by four perceptual constructs

that underline the factorial space in this investigation. The

perceived reverberance, width and envelopment, and prox-
imity seem to explain the majority of perceptual differences

between the sound fields used in the experiment, in addition

to alterations of the perceived bass at a lower degree.

A global analysis of the experimental conditions com-

bining the sensory, hedonic, and physical properties of the

presented sound fields allowed the identification of the main

drivers of assessors’ preferences. The analysis indicated that

rooms described by lower RT are preferred. It is evident that

a critical value seems to exist, close to the recommended

mean value of 0.4 s,11 above which assessors’ preference

degrades. This is an interesting result and follow up studies

should investigate the influence of that from assessors’ back-

ground, the program material, and the listener-loudspeaker

positioning within the rooms.

It is our belief that further work in the domain would be

highly beneficial for future domestication of spatial audio at

home. Understanding the acoustic influence of these environ-

ments on the reproduced sound field will enhance the
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system’s ability to recreate a sonic experience in acoustically-

dissimilar enclosures,62 in a more accurate and perceptually

relevant way. For example, one could attempt to alter the

DRR within a field by means of directivity control in the loud-

speakers, aiming to evoke certain perceptual aspects that

would otherwise be dominated by the room’s natural acousti-

cal field. This desire is evident, as recent advances in spatial

audio reproduction over loudspeakers63 target domestic repro-

duction environments where the current knowledge is limited.
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APPENDIX: ELICITED ATTRIBUTES & DEFINITIONS

Table III.

TABLE III. Individual Elicited attributes grouped by AHC.

Group Attribute Low-High Anchors Definition

Reverberance ReverberationA01 Little-much Two effects, decay and transient smearing (danish Efterklang)

ReverbA08 Low-high Reverberance, its tail length

Room SizeA03 Small-big Size of the room due to reverb

Room SizeA09 Dry-reverby How big the room is, small is dry, big is not.

ReverbA10 Short-long Roominess, especially on vocals, dry or not?

ReverberanceA05 Low-high Reverb time, tail length in time

Reverb TimeA06 Short-long Room size, damping or not

ReverberantA02 Dry-reverberant Perceived reverb time, decay but also spatial effects, room type

EnvelopingA04 Less-more Feeling of being surrounded by the field

FocusedA04 Less-more Sound comes from single point or not

SpaciousnessA02 Small-large The amount of directions the sound/reflections appears from

SpaciousnessA03 Focused-diffused Centre sound comes from single point or diffused due to reflections

SpaciousnessA06 Small-big Band in front of you or surrounding

EchoesA04 Dry-echoy Audible discrete reflections or not

Width & Envelopment Lateral EnergyA05 Low-high Ability to detect discrete reflections coming from side or above

MidrangyA02 Weak-dominant Mid frequencies dominance, spectral balance difference related

ReverbA07 Dry-wet Point source or not, from damped room to church feeling

SurroundnessA07 Point-diffuse Width plus reverb, from a point to diffused, all around sound

BrightnessA06 Dark-light Level of high frequency sound

WidthA07 Narrow-wide Location of source in front or wider, still horizontal front.

CrassnessA04 Low-high Midrange aggressiveness, sound annoying due to balance

WidthA03 Point-wide From single point source to diffused, all around sound

WidthA04 Narrow-wide The source width at the front horizontally

WidthA08 Narrow-wide Sound stage, from localized to all over sound

EnvelopmentA10 Front-surround How surrounding the sound is, is it frontal or surrounding?

TrebleA01 Little-much High frequency level (danish Diskant)

Bass Amount of BassA05 Low-high Bass level and higher-bass i.e, speech low content

BassA06 Weak-strong Bass level aural and feel, mainly on music track

BassA07 Low-high Amount of bass, both aural and feel

BassA08 Nobass-rumble Energy of (any) low end, level related

BassA09 Light-heavy Transient of bass, ringing sometimes-big room feeling

DarknessA02 Thin-full Bass level-related. the full has more bass

Proximity ProximityA01 Little-great Closeness, distance of source

PresenceA01 Little-much Feeling that I am there (danish Naevaer)

ClosenessA05 Near-far How close/far is the source

DistanceA10 Close-far How close/far is the source

ProximityA03 Close-far Feeling of source being close to your face

DistanceA06 Close-far Singer in front of you or far away

DistanceA09 Near-far Sound ‘in your face’ or far away

DistanceA07 Near-far How close/far I perceive the sound

BassA10 Weak-strong Bass level, noticeable on music mainly

NaturalnessA04 Artificial-natural Is the source properties (i.e,. voice) as you expect?

MellemtoneA01 Little-much Midrange, strong vocal dominance on image, all tracks

Excluded BassA01 Little-much Bass level, dominance, but not in all tracks

PunchA04 Not-punchy Feel-vibration related at mid-bass

ResonanceA02 Clear-ringing Feel of resonating frequencies, masking vocals

AirnessA02 Dull-shy Similar to treble, if not there sound is shy

HeightA08 Low-high Sound perception at elevated positions
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