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An audience’s auditory experience during a thrilling and emotive live symphony concert is an inter-

twined combination of the music and the acoustic response of the concert hall. Music in itself is

known to elicit emotional pleasure, and at best, listening to music may evoke concrete psychophy-

siological responses. Certain concert halls have gained a reputation for superior acoustics, but

despite the continuous research by a multitude of objective and subjective studies on room acous-

tics, the fundamental reason for the appreciation of some concert halls remains elusive. This study

demonstrates that room acoustic effects contribute to the overall emotional experience of a musical

performance. In two listening tests, the subjects listen to identical orchestra performances rendered

in the acoustics of several concert halls. The emotional excitation during listening is measured in

the first experiment, and in the second test, the subjects assess the experienced subjective impact by

paired comparisons. The results showed that the sound of some traditional rectangular halls pro-

vides greater psychophysiological responses and subjective impact. These findings provide a quin-

tessential explanation for these halls’ success and reveal the overall significance of room acoustics

for emotional experience in music performance. VC 2016 Acoustical Society of America.

[http://dx.doi.org/10.1121/1.4944038]

[MV] Pages: 1214–1224

I. INTRODUCTION

Listening to music is a source of emotional arousal.1–3

While listening, stimulation of pleasure-specific areas of the

brain yields rewarding effects4 and may even lead to psycho-

physiological reactions like chills or goosebumps.5,6 A live

symphony concert can be a most profound cultural experi-

ence, and since the late 1700s, purpose-built concert halls

have gathered audiences for this purpose. The acoustic prop-

erties of such venues have been studied scientifically for

more than a century. The research has identified distinct

acoustic features that correspond to perceptual qualities such

as the loudness, perceived source width, or the listeners’

sense of being enveloped by the sound.7–9 Certain concert

halls have attained a venerable public reputation,10 and the

reasons explaining the subjective preference for room acous-

tic conditions have attracted continuous interest.9,11–13

Although preferences have been found to correlate with mix-

tures of desired perceptual attributes, measured acoustical

properties have not succeeded in resolving the difference

between acceptable and truly excellent concert hall acous-

tics. We present evidence that the music in outstanding halls

evokes increased emotional impact and pleasurable sensa-

tions—elemental factors that may be essential for a profound

overall concert experience. Previous studies have investi-

gated only subjects’ emotional reactions to sound events in

simulated acoustic environments.14,15 Here we establish a

bridge between orchestral music presentations in various

concert halls and their psychological impact on listeners.

Two experiments measure the psychophysiological effect

and subjective impact of room acoustic conditions and show

that listeners react with varying intensity to the acoustics.

The results offer a substantial explanation for the acclaim of

concert halls with outstanding reputations.

Emotional arousal activates the sympathetic nervous

system, and emotional peaks may be observed in human

physiological functions, e.g., variations in heart and respira-

tion rate, blood pressure, or body temperature.16 The skin

conductance response due to activation of eccreine sweat

glands is a common measure for detecting strong emotional

arousals of positive valence, and they can be linked with

reactions such as shivers, thrills, or tears.5,17,18 Musical gen-

res and compositions that evoke strong responses are highly

individual,16,19 but identified excerpts known to cause, e.g.,

shivers or tears include many Classical and Romantic

orchestral works.18 While individual notes and their interpre-

tation by performers give form to phrases and harmonies, in

other words the musical dictionary, the acoustics of the room

affects the way the sound is being delivered to the audience.

At their best, the room acoustics complement the artistic

expression by providing support to the acoustic instruments’

sound, binding consecutive notes together, spreading the

sound wider in space, or in general, making the bare instru-

ments sound more expressive and impressive. Preceding

research has aimed to either resolve the overall acoustic qual-

ity of concert halls or disentangle preferences by using per-

ceptual or objective room acoustic attributes.9,20–23 The most

authoritative study by Beranek12 resulted in an international

list in which four of the five top ranks are rectangular, so-

called shoebox halls: Vienna Musikverein, Boston Symphony

Hall, Berlin Konzerthaus, and Amsterdam Concertgebouw.

The success of these halls from the acoustical perspective hasa)Electronic mail: Jukka.Patynen@aalto.fi

1214 J. Acoust. Soc. Am. 139 (3), March 2016 VC 2016 Acoustical Society of America0001-4966/2016/139(3)/1214/11/$30.00

http://dx.doi.org/10.1121/1.4944038
mailto:Jukka.Patynen@aalto.fi
http://crossmark.crossref.org/dialog/?doi=10.1121/1.4944038&domain=pdf&date_stamp=2016-03-01


been mostly explained by their strong and enveloping sound24

and more recently by their responsiveness to music dynam-

ics.25 Our study bypasses subjectively reported preference and

concentrates on how room acoustic conditions affect subjects’

psychophysiological responses to music. The differences

found with listening experiments between concert halls would

fundamentally explain the importance of good acoustics and

answer the paramount question of why some concert halls are

considered better than others.

II. METHODS

We conducted two listening tests to explore the psycho-

physiological reactions and perception of acoustics. In these

tests, the subjects listened to sound stimuli consisting of an

anechoic orchestra excerpt from Beethoven’s Symphony No.

7 (Ref. 26) convolved with spatial room impulse responses

measured in two receiver positions (denoted R1 and R2) in

six concert halls. The sound was reproduced using a three-

dimensional (3-D) loudspeaker array in an acoustically

treated listening room. In the first test, electrodermal activity

was recorded during focused listening. In the second test

with a paired comparison approach, the same subjects eval-

uated sound of the concert halls and selected the stimulus

that they perceived as having more subjective impact. The

following sections describe the listening tests in detail.

A. Concert hall measurements and spatial
reproduction

The acoustics of the six compared concert halls (see

Table I and Fig. 1) were measured with a loudspeaker

orchestra consisting of an array of 33 sources27 in 24 individ-

ual channels.13 The loudspeaker layout and dimensions of

the array correspond to a typical orchestra seating arrange-

ment (see Fig. 2). The principal receiver was a G.R.A.S.

type 50-VI 3D vector intensity probe, which consists of six

omni-directional microphone capsules in three co-centric

pairs arranged about the x, y, and z axes. The radius of the

capsules from the probe center is 0.05 m. The spatial room

impulse responses measured at 48 kHz sample rate individu-

ally from the source channels were analyzed with the spatial

decomposition method (SDM).28 The method approximates

the impulse response with plane waves and estimates the

incident direction for each audio sample in the impulse

response by using time difference of arrivals (TDOA) between

the six capsules in the probe in very short time windows. One

of the capsules also represents the omni-directional pressure

signal, which is distributed to the reproduction loudspeakers

using the direction estimates from SDM. The instantaneous

pressure is assigned to the nearest reproduction loudspeaker

without any interpolation or panning between loudspeakers.29

The end result is a spatial convolution reverb from one mea-

surement channel to 24 reproduction loudspeakers in the lis-

tening room (see Fig. 2). The same processing is applied for

all sources, and the convolutions with respective anechoic

instrument recordings are combined in the multi-channel out-

put for the entire orchestra sound.

The spatial impulse response measurements provide

also data for the estimation of objective room acoustic pa-

rameters. The application of figure-of-eight weighting to

the octave-band filtered omnidirectional pressure and SDM

direction estimates enables the calculation of the lateral

energy parameters (lateral energy fraction, LEF; late lateral

fraction, LJ). For binaural parameters, we used dummy

head measurements (Bruel & Kjær H.A.T.S.) available

with the same source setup at five equally spaced positions

down an off-center line beginning 7 m from the stage.

Binaural receiver positions and their relations to the posi-

tions included in the listening experiments are shown in

Fig. 3. Binaural measurements are absent from Helsinki

Music Centre.

Because the acoustic properties depend heavily on the

room geometries and materials, the sound in the included

concert halls varies greatly from each other. Comparisons of

the estimated room acoustic parameters confirm that the

included halls with rectangular and non-rectangular typolo-

gies have different overall acoustics. Due to the measure-

ments in unoccupied halls, the average mid-frequency

reverberation times (T) range from 1.7 to 2.9 s. The ranges

of other objective parameters span over several just noticea-

ble differences. On average, the three rectangular halls have

more reverberation and lateral energy and a stronger sound

but less clarity (C80) than the included non-rectangular halls.

These data and the ranges of parameter values correspond to

earlier studies.10,24

The acoustics of the measured concert halls were

reproduced in an acoustically treated listening room. The

room has a 24-channel loudspeaker system for spatial

sound reproduction in 3-D. The loudspeakers are located at

a 1.5 m nominal distance from the listening position. Small

variations in the true loudspeaker distances were compen-

sated for by applying the respective delays in the loud-

speaker signals. Twelve loudspeakers (Genelec type

8020B) are in the horizontal plane, eight (8020B) in ele-

vated angles, and four (1029A) below the ear level (see

Fig. 2). More loudspeakers are positioned in the frontal

hemisphere because the majority of the sound energy in

concert halls arrives from the directions of the sound sour-

ces. The loudspeaker sound levels at the listening position

were calibrated to within 60.5 dB accuracy. The acoustical

treatment of the listening room provides effective sound-

proofing against possible external noises.

TABLE I. List of concert halls included in the listening experiments. V, N,

G, and EDT denote concert hall volume, number of seats, average strength,

and average early decay time, respectively. Measured values for G and EDT

are averages from 500 and 1000 Hz octave bands over 24 source channels

and both measurement positions.

Id Hall Shape V (m3) N G (dB) EDT (s)

VM Vienna Musikverein Rect. 15 000 1680 3.7 3.0

AC Amsterdam Concertgebouw Rect. 18 780 2040 2.7 2.5

BK Berlin Konzerthaus Rect. 15 000 1575 2.2 2.2

BP Berlin Philharmonie Vineyard 21 000 2220 1.9 1.9

HM Helsinki Music Centre Vineyard 24 000 1700 1.9 2.1

CP Cologne Philharmonie Fan 19 000a 2000 1.9 1.7

aEstimated value.
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The signal chain was comprised of an Apple Macbook

Pro computer with Max/MSP listening test software, an

RME Digiface multi-channel audio interface, and three

eight-channel, Presonus Digimax FS DA-converters. In the

second experiment, the users controlled the test with a

graphical user interface on a 9.7-in. wireless touch screen

(Apple Ipad 2), which was positioned on a stand in front of

the listening position. The height of the screen was adjusted

so that subject could operate the interface while keeping

the head in natural listening orientation yet without

obstructing the surrounding loudspeakers. All equipment

apart from the touch screen were hidden behind a white,

acoustically transparent curtain to ensure a neutral visual

appearance.

The listening room has a mean reverberation time of

0.11 s, and the peak-to-peak level difference between the

direct sound and the strongest reflection averaged over the

1–8 kHz octave bands (12.8 dB) complies with the ITU-R

BS.1116-1 recommendation for subjective audio evaluation

systems. The accuracy of the reproduction method, including

the listening room, was validated by comparing the objective

monaural and spatial room acoustic parameters (T, G, C80,

EDT, LEF, LJ) before and after the spatial sound reproduc-

tion. In essence, we measured the listening room using the

FIG. 1. (Color online) Overlaid floor

plans of the rectangular (a) and non-

rectangular (b) concert halls included

in the listening experiments.

Abbreviations for the concert halls are

explained in Table I. Drawings are

aligned with respect to the receiver

positions (R1 and R2) and the mea-

surement source array on the stage.

Balconies above the main audience

area are drawn in different shade.

Position R2 in Helsinki Music Centre

(HM) is marked separately.
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same microphone probe as in the concert halls and the repro-

duction loudspeakers as the individual sources. The convolu-

tion of the spatial responses (after SDM in Fig. 2) of the

concert hall and the listening room correspond to the repro-

duction chain presented to the subjects. The Pearson’s corre-

lation coefficients between parameters from the original and

reproduced spatial responses for the 12 receiver positions are

r > 0:86; p < 0:0001 (125 Hz to 8 kHz), and r > 0:96; p
< 0:0001 (250 Hz to 2 kHz) for all parameters. At the 63 Hz

octave band, the response of the listening room slightly

increases the proportion of early lateral energy. Reverberation

times at high frequencies are increased by 20% due to the

combination of SDM analysis of the diffuse field in concert

halls and the nearest-loudspeaker reproduction.29 However,

these effects are similar in all compared positions. Because the

relative values for strength and the spectral balance remain

unaltered, the influence to the perception is considered small.

Consequently the overall room acoustic differences remain

constant also between the rectangular and non-rectangular

typologies.

B. Music signal

The music selected for the tests was a passage from

Beethoven’s 7th symphony, first movement, bars 11–18, du-

ration 28 s. The composition belongs to the principal works

in the orchestral literature, as it is one of the symphonies

included regularly in concert programs.30 All instrument

parts were recorded in an anechoic chamber, one at a time.26

The score during the excerpt contains the strings, pairs of

flutes, oboes, clarinets, bassoons, French horns, and trumpets

each and the timpani. To simulate the characteristic tone of a

string section from one respective instrument recording, the

replicated string parts were processed with an algorithm that

varies the time, amplitude, spectrum, and intonation differ-

ences.31 The resulting number of 16 first violins, 12 second

FIG. 2. (Color online) Block diagram of the stimulus generation and loudspeaker locations in the listening room. The signal path represents the processing for

a single measurement source. The corresponding procedure is conducted for other sources and respective anechoic signals. All convolutions for one receiver

position are combined for full orchestra auralization. In the listening room, 12 loudspeakers are in the lateral plane, 7 in elevated directions, 1 directly above

the listener, and 4 in lower elevations.

FIG. 3. (Color online) Illustration of

the receiver positions in room impulse

response measurements for binaural

parameters. Position R1 and R2 in

parentheses indicate the receiver posi-

tions in the listening experiments.

Curly brackets span over the positions

averaged in the BDR (binaural

dynamic responsiveness) (Ref. 25)

values.
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violins, 10 violas, 8 cellos, and 4 double basses corresponds to

a common complement of professional symphony orchestras.

The dynamic and tonal developments during the passage

are the main reasons for selecting this excerpt. The selected

passage begins softly with alternating woodwind chords and

ascending major scales with strings and culminates to a

prominent crescendo and rising dominant scale, finally lead-

ing to a tonic degree with a full orchestra in fortissimo. With

the gradually increasing intensity, the excerpt may evoke

strong attention,32 thus psychophysiological reactions. Here,

with the identical orchestra performance presented in differ-

ent concert hall acoustics, a stronger reaction to the cre-

scendo would suggest a more profound emotional response,

higher impact, and thus, a greater pleasure for the listener.

The stimuli had 2 s fade-in and fade-out times to reduce a

startling effect due to a sudden start of sound.

An early Romantic symphony orchestra sample may

conflict with some listeners’ primary choice for emotion-

evoking music. In addition to high or increasing music dy-

namics, also very delicate passages can provide substantial

emotional impact.18 In related previous studies, the subjects

have been allowed to select music excerpts to their own indi-

vidual taste.16 However, the purpose of the present study

was not to find the excerpts resulting in the strongest psycho-

physiological response but instead explore how various

acoustic environments affect the auditory experience. In the

present case of concert hall acoustics and orchestral music, a

Beethoven symphony can be considered universal. Although

some subjects could find the selected excerpt nondescript,

different acoustics might still render the music more

engaging.

C. Experiments

Twenty-eight subjects (14 female, 14 male) participated

in the tests. Their ages were between 22 and 64 yr, 40 yr on

average. Their musical backgrounds ranged from ordinary

music consumers to music professionals. Audiometry

reported normal hearing for all subjects considering their age

and occupation. All had prior experience in critical listening

as the current experiments were organized in the last of five

listening sessions on concert hall acoustics. Participants’

other sessions were on earlier days. The subjects were aware

that the general topic in the experiments is concert hall acous-

tics, but the authors did not reveal any details on the stimuli.

The music signal in the present experiments was different

from those presented during the preceding listening sessions.

In the first test, the skin conductance of the subjects was

measured with a Varioport-B device (Becker Meditec) using

a 0.5 V constant voltage. The subjects wore Ag/AgCl elec-

trodes in the medial phalanges of the non-dominant hand’s

middle and ring fingers.33 The contact electrolyte between

the electrodes and palmar skin was a 0.5% NaCl paste. The

electrodes were attached in the beginning of the test session

followed by a verbal description of the test procedure to the

subject. Hence the electrode-skin contact was allowed to set-

tle in for at least 5 min before the start of the measurement.

The subjects were instructed to assume a comfortable posi-

tion in the seat to avoid movement during the test.

The pilot signal presented as the first stimulus in the

electrodermal activity experiment contained the same music

excerpt but in acoustics with considerably less impact than

in the 12 positions in the test sequence. This effect was

accomplished by convolving the anechoic signals with room

impulse responses measured identically in yet another hall

(Munich Gasteig, 19 m distance, V¼ 30 000 m3, N¼ 2300).

The large volume of a fan-shape hall and additional trunca-

tion of the impulse responses to the initial 100 ms prior to

convolution purposefully rendered the sound dry and weak,

only for presenting the music excerpt to the listeners.

After the pilot signal and the following silence of 15 s,

the subjects listened to the actual 12 stimuli (six halls� two

positions) in a randomized order, each separated again by

15 s of silence. The total length of listening, approximately

12 min, was kept short enough to reduce the possibility of

major lapses in concentration or biases due to habituation.

The subjects were unaware of the exact number of presented

stimuli to avoid the anticipation of the end of the test

sequence. At the end of the experiment, each participant was

briefly interviewed regarding his or her own recollections

during the test. None of the subjects reported losses or dis-

tractions of attentiveness, or unpleasant experiences.

In the second, more conventional listening test, the sub-

jects’ task was to compare pairs of stimuli and choose the

one that produced a higher overall impact on them. The term

“impact” was verbally described as thrilling, intense,

impressing, or positively striking. The subjects could freely

switch between the two stimuli being played back synchro-

nously. In essence, the test setting corresponds to jumping

seamlessly back and forth between two concert halls while

the orchestra continues an identical performance. Each hall

was compared against others separately in two receiver posi-

tions at different distances. That is, different distances were

not compared against each other. The total number of com-

parisons was 30 (six halls and two receiver positions), and

the presentation order was fully randomized for each

subject.

D. Analysis

The analysis of the skin conductance consisted of signal

conditioning, followed by a separation of the rapidly chang-

ing phasic responses from the underlying longer-term tonic

level. The signal conditioning included, first, median filter-

ing with window length of 0.1 s, second, down sampling

from 1000 to 100 Hz, and finally, a moving-average filter of

0.3 s window length. We ensured visually that the condition-

ing did not alter significant features of the signal but only

removed possible artifacts such as measurement noise. Then

the phasic skin conductance under interest was isolated from

the overall conductance variation by the continuous decom-

position analysis.34 The total responses during each stimulus

were measured as the integral of phasic sudomotor nerve ac-

tivity driver (ISCR) within a selected time window as pro-

posed by Benedek and Kaernbach.34 The processing was

conducted in MATLAB environment with LEDALAB package

(version 3.4.6c).
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An example of the skin conductance from one subject af-

ter the continuous decomposition analysis34 is illustrated in

Fig. 4. The top-left panel visualizes a spectrogram of the or-

chestra music signal. The following panels, from left-to-right,

top-to-bottom, show the continuous phasic conductance level

during the concert hall stimuli presented in random order. The

first stimulus is the pilot signal, which causes a sudden

increase in skin conductance due to a sound starting after at

least 2 min of silence. The increasing intensity in the music af-

ter 12 s elicits varying peaks in the response. Toward the be-

ginning of the following stimulus, the expectation of the next

sound causes the conductance to remain elevated. The subse-

quent stimuli elicit varying responses. However, in some

cases, late stimuli might elicit a strong response, such as in

the given example. These observations are congruent with the

electrodermal measurement guidelines.33

The dataset contains a total of 324 measurements gath-

ered from 12 stimuli with 27 subjects. Data from one origi-

nal subject were discarded due to a gradually declining

electrode contact during the measurement. ISCR values were

converted to logarithmic scale,35 and inter-individual differ-

ences in ISCR ranges were standardized following a general

recommendation,36 as

SCR ¼ log 1þ ISCRð Þ �meanf log 1þ ISCRð Þg
sdf log 1þ ISCRð Þg ; (1)

where sd stands for standard deviation. For clarity, SCR

denotes standardized logarithmic skin conductance

responses in the discussion.

The subjects may have responded strongly to only one or

a few stimuli while other stimuli evoked little response. This

contrast emphasizes the distribution tails in the raw data.

Despite the standardization, data do not fully comply with the

requirements imposed for one-way analysis of variance

(ANOVA). We conducted the primary statistical analysis with

the non-parametric Kruskal–Wallis test with various grouping

approaches for the 12 listening positions, including two hall

types (rectangular and non-rectangular), listening distance,

and background data. In addition, we double-checked the sta-

tistical significance of the main effects using ANOVA.

Electrodermal measurement is a subject to various chal-

lenges in comparison to traditional listening tests. Psychological

habituation occurs when the subjects become increasingly fa-

miliar with similar stimuli presented repeatedly. Evaluation of

the habituation is complex because decreases in the electro-

dermal activity can depend simultaneously on the stimuli and

FIG. 4. (Color online) Example of phasic skin conductance from one subject during the listening experiment. Top left panel shows a spectrogram of the stimu-

lus signals. The orchestra crescendo begins at time of 12.5 s. The shaded area in the conductance plots indicates the time window of responses accepted in

ISCR. Dashed vertical line shows the end of audio in the stimulus sequence.
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habituation. In the literature, threshold of habituation has been

proposed as two or three consecutive stimuli that do not elicit

sufficient responses.33 This kind of criterion might lead to

unnecessarily omitted data, particularly with the present

experiment as some of the presented stimuli are likely not to

elicit noticeable responses. Therefore no data were omitted

due to possible habituation. Instead, randomizing the presenta-

tion order was used as a precaution against result biasing.

Furthermore possible habituation does not cause strong false

positive responses that would artificially increase the average

ISCR rating. Slight variations in the attentiveness by the lis-

teners would have a similar effect. However, none of the sub-

jects reported about lapses of concentration during the test.

The number of stimuli presented during the experiment was

kept small compared to other similar studies.37

Paired comparisons from the second experiment result

in a choice frequency matrix, which can be analyzed in sev-

eral ways. We calculated the probabilities of choosing a cer-

tain hall over others with the Bradley–Terry–Luce (BTL)

model.38,39 It estimates the scale values that underlie the

observed choice frequencies. The analysis model by

Courcoux and Semenou suggests against segmenting the

subjects into groups based on impact, and provides the statis-

tical significance for the differences between halls.40 This

approach also enables testing of hypotheses about perceived

magnitudes in the framework of standard statistical theory.

Grouping by hall geometry is accomplished by adding the

rows and columns of corresponding listening positions to-

gether in the choice frequency matrix. A comprehensive

overview on comparison models and their application is dis-

cussed by Choisel and Wickelmaier.41

Earlier studies have pointed out that listeners could be

categorized according to individual preferences.20,22,42 The

present study does not classify listeners based on their possi-

ble preferences but instead treats them as equal samples of

ordinary concert-goers to reach more generic results, albeit

at the expense of increased variance due to inter-individual

differences.

In addition to the analysis on listening experiment results,

we compared the mean SCR and subjective impact rating to

objective room acoustic parameters with Pearson’s correlation

coefficients. The analysis by ISO3382-1 standard parameters

is augmented with binaural parameters of binaural quality

index (BQI, i.e., inverse of early interaural cross-correlation12)

and binaural dynamic responsiveness (BDR).25

The large number of statistical tests between listening

test data and objective parameters may lead to false positive

discoveries. The Bonferroni-type corrections to p values can

be conservative and thus prone to false negatives (type II

error). Furthermore the objective room acoustic parameters

are not entirely independent, especially over adjacent octave

bands. For these reasons, we applied the Benjamini–Hochberg

step-up procedure43 to control the false discovery rate in the

correlation analysis.

III. RESULTS

Both receiver positions considered, 16 subjects (59% of

all subjects) exhibited their highest SCR in either the Vienna

Musikverein (VM) or Berlin Konzerthaus (BK) [see Fig.

5(a)]. Apart from Cologne Philharmonie (CP) R1, all other

positions ranked within the top half by mean SCR, are from

rectangular halls. The Kruskal–Wallis one-way ANOVA

for normalized SCR revealed that the types of concert hall

geometries (rectangular or non-rectangular) had statisti-

cally significant differences [v2 ¼ 6:71; df ¼ 1; p ¼ 0:01,

see Fig. 5(a)] with a 0.05 significance level. Other statisti-

cal significances exist across all 12 presented positions in

concert halls (v2 ¼ 24:21; df ¼ 11; p ¼ 0:01), receiver dis-

tance (position R1 or R2) (v2 ¼ 8:63; df ¼ 1; p ¼ 0:003) as

well as four combinations of receiver distance and hall ge-

ometry (v2 ¼ 15:40; df ¼ 3; p ¼ 0:002). The rectangular

VM R1 ranked highest, and the surround hall CP R2 ranked

lowest with a significant difference in their mean SCR rank

identified by a post hoc Tukey–Kramer multiple compari-

son test. Additional significant differences are shown with

brackets in Fig. 5(a). In contrast to other halls, Berlin

Philharmonie (BP) and Helsinki Music Centre (HM) eli-

cited marginally higher mean responses in their positions

R2 further from the stage than in R1. We did not observe

significant differences between individual subjects, presen-

tation order or between the six halls with the two positions

combined.

In the second experiment, VM provided prominently

more impact than the other halls, followed by BK in the front

position R1 [see Fig. 5(b)]. The rank order of the halls by

highest impact is changed in R2, where VM and Amsterdam

Concertgebouw (AC) fall behind BK, although there are no

significant differences between the rectangular halls.

Similarly to the SCR measurement, impact in BP was rela-

tively higher in position R2 than in R1. However, HM did

not follow the same pattern, and subjective impact in HM R2

was negligible compared to other halls. Unlike in the SCR

measurement, subjects experienced relatively little impact in

both positions in CP. Both experiments suggest together that

the acoustics provided by the included shoebox-type rooms

provide significantly higher emotional impact. The SCR

results also suggest that the listening position has an effect of

magnitude similar to the hall typology [see Fig. 5(a)].

Analysis of the experiment results and ISO3382-1

objective room acoustic parameters estimated from the con-

cert hall measurements reveals that the parameters related to

the sound strength and envelopment are generally associated

with the increased emotional impact of concert hall acous-

tics. Complete sets of Pearson’s correlation coefficients are

provided in Tables II and III. With all halls and both posi-

tions included, low- and mid-frequency strength (G) has a

strong statistically significant correlation with the mean SCR

(r > 0:7; p < 0:05). Furthermore, the parameter for late lat-

eral energy (LJ) shows significant positive correlations

throughout the frequency bands (r> 0.5, p< 0.05). In R1

positions analyzed separately, the low-frequency strength

(r> 0.7), and the early binaural incoherence12 (BQI;

r � 0:8, p< 0.05) suggest the most prominent relation to the

mean SCR. However, the applied Benjamini–Hochberg cor-

rection indicates that these correlations do not quite reach

statistical significance. In general, high values for BQI sug-

gest that the early reflected sound arrives from lateral
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directions, resulting in a reduced interaural cross-correlation.

The BDR is an objective measure for the variation in percep-

tual balance between the direct sound and early reflections

due to the non-linearities in the orchestra sound and human

spatial hearing at the high frequencies.25 This effect has

been found to be generally more pronounced at larger distan-

ces. The high correlation coefficient (r � 0:87, p< 0.05)

observed in R2 between BDR and SCR suggests the poten-

tial importance of the dynamic25 and spatial42 responsive-

ness of the acoustics to the music. Correlations with other

parameters remain at a moderate level in this condition.

Subjective impact follows the general trend of correla-

tions with objective parameters similarly to mean position-

wise SCR as discussed in the preceding text. Because the

two positions were not mixed in the paired comparison

experiment, Table III presents correlations for R1 and R2

separately. The highest positive correlation coefficients are

observed with sound strength, interaural incoherence, or late

lateral energy (G, BQI, LJ; r � 0:6, p< 0.05). All correla-

tions with p< 0.05 were found significant also with the

Benjamini–Hochberg correction. Objective parameters

describing reverberance (i.e., reverberation time T, early

decay time EDT) are traditionally the first factors considered

in objective and subjective acoustical analysis. While the

correlations with the impact are positive using a linear

model, the respective correlations are only moderate. Apart

from a few exceptions, the correlation coefficients between

the clarity parameter (C80) and both mean SCR and subjec-

tive impact are negative. This underlines the overall impor-

tance of strength and envelopment over high articulation in

emotional impact.

An additional correlation analysis was conducted

between the listening test data and the objective parameters

estimated from the concert hall responses including the

effect by the spatial sound reproduction. Those results are in

agreement with the ones presented in the preceding text; this

FIG. 5. (Color online) Means and 95%

confidence intervals from the SCR

measurement (a) and paired compari-

son test (b). The horizontal bars on the

left side indicate the number of sub-

jects showed their highest SCR value

at the respective position. The follow-

ing three panels show the results

grouped by room geometry (rectangular

or non-rectangular), receiver distance

(R1 or R2), and their combinations,

respectively. Rectangular halls (Rect.)

are denoted with an asterisk (*). (b)

The results are shown from the second

experiment for the subjective impact

by different concert halls. The vertical

axis indicates the probability in

Bradley–Terry–Luce model for choos-

ing one over other alternatives. In (a),

brackets indicate significant differen-

ces (p< 0.05), whereas in (b) the

dashed brackets indicate non-

significant differences (p> 0.05).
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is predictable considering the minor acoustic influence by

the reproduction system.

IV. DISCUSSION

The principal findings prove that with the same orches-

tral music, the intensity of listeners’ arousal and subjective

impact varies depending on the concert hall and that the

included classical rectangular shaped concert halls evoked

higher subjective impact and emotional response than the

other types of included concert halls. These results are in

agreement with earlier hypotheses and assumptions.

Earlier studies have suggested that perceptual proximity

or intimacy has a major effect on subjective preference.22

The difference in mean SCR between positions R1 and R2

demonstrates that the physical proximity does indeed have

an effect on psychophysiological responses to listening to

music. For many members of the audience, an important

motivation for attending a concert is to listen to music and

elicit emotional experiences; our findings show that some

halls offer relatively strong experience also in seats further

back down the hall. The results indicate that the average

emotional response evoked by the orchestra sound in front of

a shoebox concert hall is reduced by the same proportion

when moving to a position further away in a hall of similar

typology or when having the same seat but with the acoustics

of non-rectangular halls included in the experiment [see

fourth group in Fig. 5(a)].

Preceding subjective listening tests have identified the

division of individual acoustic preferences into multiple

groups.9,20,22 Some listeners prefer the strong and envelop-

ing sound that is traditionally associated with the shoebox

halls. In contrast, others tend to find a well-articulated sound,

often provided by halls without prominent reflecting surfaces

or rich reverberance, more important.10,22 Here the included

non-rectangular halls (BP, CP, and HM) had a comparatively

low subjective impact on listeners, and only CP R1 elicited a

high mean SCR. That position has a highly articulated sound

with a relatively strong bass, thus the preference for articula-

tion of some subjects could have increased their psychophy-

siological response in this case. These discrepancies invite

one to speculate on the connection between subjective pref-

erence and psychophysiological response. More precisely,

the preference for articulation could be driven by more ana-

lytic listening and continuous conscious processing, whereas

the preference for envelopment is potentially linked more

directly to an interaction between brain regions specific to

auditory processing and pleasure, as suggested by Salimpoor

et al.44

Results from the first experiment suggest that in certain

halls the position further away yields marginally higher SCR

than the position close to the orchestra. In addition to mean

TABLE II. Pearson’s correlation coefficients between mean SCR results

[Fig. 5(a)] and selected room acoustic parameters in frequency bands.

Correlations are averaged over two octave bands for more robust analysis.

Correlations significant also with the Benjamini–Hochberg correction at the

a ¼ 0:25 false discovery rate are emphasized in bold typeface. None of the

coefficients in R1 and R2 positions are significant with the

Benjamini–Hochberg correction. Parameters listed in the header denote

strength (G), clarity (C80), early decay time (EDT), reverberation time (T),

late lateral strength (LJ), lateral energy fraction (LEF), inverse of early inter-

aural cross-correlation (BQI), and binaural dynamic responsiveness (BDR)

(Ref. 25).

Hz

Room acoustic parameter

G C80 EDT T LJ LEF BQI BDR

Positions R1 and R2

63–125 0.52 0.36 �0.26 0.14 0.54 �0.14 – –

125–250 0.72a 0.05 0.31 0.50 0.65b 0.20 0.60 –

250–500 0.71a �0.30 0.41 0.43 0.63b 0.33 0.33 0.16

500–1 k 0.70b �0.32 0.41 0.42 0.62b 0.29 0.24 �0.06

1 k–2 k 0.70b �0.32 0.42 0.46 0.67b 0.22 0.35 0.21

2 k–4 k 0.64b �0.25 0.35 0.41 0.67b 0.13 0.29 0.27

4 k–8 k 0.49 �0.12 0.08 0.19 0.58b 0.12 0.18 0.05

Position R1 only

63–125 0.79 0.76 �0.55 0.45 0.59 0.59 – –

125–250 0.85b �0.07 0.46 0.58 0.72 0.78 0.90b –

250–500 0.61 �0.60 0.64 0.44 0.58 0.71 0.82 0.53

500–1 k 0.64 �0.56 0.60 0.38 0.52 0.65 0.80 0.29

1 k–2 k 0.74 �0.59 0.67 0.43 0.61 0.65 0.95b 0.03

2 k–4 k 0.69 �0.56 0.63 0.33 0.65 0.76 0.91b 0.14

4 k–8 k �0.05 �0.48 0.52 0.08 0.56 0.80 0.88b 0.44

Position R2 only

63–125 0.12 �0.18 0.28 �0.07 0.33 �0.28 – –

125–250 0.38 �0.13 0.52 0.54 0.41 �0.04 0.38 –

250–500 0.58 �0.37 0.51 0.56 0.53 0.29 0.47 0.02

500–1 k 0.52 �0.50 0.52 0.58 0.57 0.36 0.61 �0.31

1 k–2 k 0.49 �0.65 0.57 0.63 0.61 0.38 0.66 0.95b

2 k–4 k 0.45 �0.66 0.61 0.65 0.56 0.24 0.60 0.87

4 k–8 k 0.22 �0.41 0.54 0.61 0.34 0.24 0.52 0.49

aStatistically significant correlations at the p< 0.01 level.
bStatistically significant correlations at the p< 0.05 level.

TABLE III. Pearson’s correlation coefficients between mean subjective

impact [Fig. 5(b)] and selected room acoustic parameters in frequency

bands. Correlations are averaged over two octave bands for more robust

analysis. Correlations significant also with the Benjamini-Hochberg correc-

tion on a a ¼ 0:25 false discovery rate are emphasized in bold typeface.

Hz

Room acoustic parameter

G C80 EDT T LJ LEF BQI BDR

Position R1 only

63–125 0.63 0.28 �0.24 0.36 0.80 �0.15 – –

125–250 0.90a �0.64 0.45 0.43a 0.91 0.23 0.80 –

250–500 0.78a �0.82 0.53a 0.39 0.84 0.66 0.93 0.65

500–1 k 0.63a �0.80 0.57 0.37 0.78 0.72 0.98 0.22

1 k–2 k 0.80b �0.76 0.54 0.40 0.83 0.69 0.97a 0.75

2 k–4 k 0.92a �0.53 0.40 0.31 0.85 0.68 0.99b 0.73

4 k–8 k 0.76 �0.49 0.35 0.13 0.81 0.68 0.98a 0.84

Position R2 only

63–125 0.52 0.41 �0.13 0.63 0.54 0.09 – –

125–250 0.63a �0.25 0.60 0.70 0.72a 0.55 0.82 –

250–500 0.54 20.63a 0.69 0.62 0.72a 0.69 0.76a 0.53

500–1 k 0.46 �0.66 0.67 0.58 0.68 0.64 0.67b 0.01

1 k–2 k 0.50 �0.62 0.67 0.61 0.72a 0.58 0.72b 0.39

2 k–4 k 0.42b �0.50 0.58 0.53 0.70a 0.58 0.84b 0.54

4 k–8 k 0.16 �0.40 0.40 0.32 0.54 0.60 0.81b 0.59

aStatistically significant correlations at the p< 0.05 level.
bStatistically significant correlations at the p< 0.01 level.
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SCR in BP and HM, the same effect is observed with the

subjective impact in BP as well as in BK and AC. A possible

explanation for this phenomenon is the change in the balance

between direct and reflected sound. In particularly reverber-

ant halls, such as VM, the effect by the room can be per-

ceived already near the orchestra in R1. In contrast, in halls

where the geometry does not provide substantial early reflec-

tions or reverberation, the acoustic response in the front posi-

tions is dominated by the direct sound. With increasing

distance, the reflected and reverberant sound becomes rela-

tively stronger in comparison to other components of the

acoustic response, also supporting higher strength.45,46 In

VM, position R2 can be perceived as too reverberant, espe-

cially when unoccupied, while BK and AC retain a suffi-

ciently defined sound. Along with the generally negative

correlation coefficients between the clarity parameter and

the experiment results, these remarks suggest that envelop-

ing, and reverberant, room presence47 is an essential part of

the overall impact to listeners.

The reverberation in unoccupied halls can be longer

than in an authentic concert situation with the seated audi-

ence. The bare seats with minimal upholstery have a low

absorption especially in VM, and the reverberation time dur-

ing concerts is estimated as approximately 0.5 s shorter com-

pared to the condition presented in the listening tests.10

Without audience, reverberation in R2 may be found exces-

sive. Therefore the influence by occupied reverberance to

the current results would be estimated to marginally reduce

the impact in R1 due to the decrease in the room presence

and increase the impact in R2 as the masking from the rever-

beration is reduced.

Beranek has published the most authoritative studies on

the subjective quality of concert halls.10,12 Based on surveys

with conductors, critics, and expert listeners, several dozen

concert halls were rank-ordered based on their subjective

acoustic quality. While the present experiments represent

only a small overlapping subset of halls included in his sur-

veys, a clear pattern emerges between current results and

Beranek’s rank order. Four halls, VM, BK, AC, and BP,

appear in this order within Beranek’s highest ranked 20

halls. In the present experiments, the higher rated positions

by the SCR and subjective impact in each hall concur

directly with Beranek’s rank ordering.

V. CONCLUSIONS

The primary hypothesis in this article was that the

acoustics in concert halls contribute differently to the emo-

tional impact elicited by the performed music. The hypothe-

sis was tested in two listening experiments where the

subjects listened to an orchestral music excerpt reproduced

in the acoustics of different concert halls. The principal find-

ings from the tests indicated that different acoustics has a

significant effect on the psychophysiological responses as

well as subjective impact. Overall the subjects considered

the presented halls with rectangular typology having a more

impressive sound than other rooms compared in this study.

Furthermore, positions closer to the orchestra were found to

elicit stronger emotional responses. The results of the

subjective impact and psychophysiological responses com-

plement each other.

Earlier research has demonstrated that room designs

favorable for lateral reflections tend to increase the perceived

envelopment, strength, and width of sound as well as

enhance the dynamic range. Objective parameters related to

these attributes were found here to correlate with the subjec-

tive impact. According to previous international surveys of

concert halls,11,12 classical shoebox-shape halls, such as

Vienna Musikverein, Berlin Konzerthaus, or Amsterdam

Concertbegouw, have been generally considered to create the

most preferred acoustic impression. Earlier studies have con-

nected the acoustical success to an enveloping, strong, and

resonant sound. Such factors were found to contribute also to

the increased emotional response and subjective impact,

although none of the associated room acoustic parameters

alone appeared to be sufficient for completely explaining the

elicited emotional impact in all investigated conditions. The

outcome of this study calls for research integrating the fields

of acoustics and psychology to establish a means of further

exploring and predicting the connection between emotional

responses and discrete properties of the sound field.

ACKNOWLEDGMENTS

The research leading to these results has received

funding from the Academy of Finland, Project Nos. 257099

and 289300. The authors thank Dr. Philip Robinson for

discussion and corrections, Jussi Hakala for discussions on

electrodermal activity measurements, and Antti Kuusinen

for discussions on statistics.

1P. N. Juslin and J. Sloboda, Handbook of Music and Emotion: Theory,
Research, Applications, Series in Affective Science (Oxford University

Press, Oxford, UK, 2011).
2L. Dub�e and J. Le Bel, “The content and structure of laypeople’s concept

of pleasure,” Cognit. Emotion 17(2), 263–295 (2003).
3P. J. Rentfrow and S. D. Gosling, “The do re mi’s of everyday life: The

structure and personality correlates of music preferences,” J. Person.

Social Psychol. 84(6),1236–1256 (2003).
4A. J. Blood and R. J. Zatorre, “Intensely pleasurable responses to music

correlate with activity in brain regions implicated in reward and emotion,”

Proc. Natl. Acad. Sci. U.S.A. 98(20), 11818–11823 (2001).
5A. Goldstein, “Thrills in response to music and other stimuli,” Physiol.

Psychol. 8(1), 126–129 (1980).
6V. N. Salimpoor, M. Benovoy, K. Larcher, A. Dagher, and R. J. Zatorre,

“Anatomically distinct dopamine release during anticipation and experi-

ence of peak emotion to music,” Nat. Neurosci. 14(2), 257–264 (2011).
7W. C. Sabine, Collected Papers on Acoustics (Harvard University Press,

Cambridge, MA, 1922).
8M. Barron, “The subjective effects of first reflections in concert halls—

The need for lateral reflections,” J. Sound Vib. 15(4), 475–494 (1971).
9M. R. Schroeder, D. Gottlob, and K. F. Siebrasse, “Comparative study of

European concert halls: correlation of subjective preference with geomet-

ric and acoustic parameters,” J. Acoust. Soc. Am. 56(4), 1195–1201

(1974).
10L. Beranek, Concert Halls and Opera Houses: Music, Acoustics, and

Architecture (Springer, New York, 2004).
11C. Haan and F. R. Fricke, “An evaluation of the importance of surface dif-

fusivity in concert halls,” Appl. Acoust. 51(1), 53–69 (1997).
12L. L. Beranek, “Subjective rank-orderings and acoustical measurements

for fifty-eight concert halls,” Acta Acust. Acust. 89(3), 494–508 (2003).
13T. Lokki, “Tasting music like wine,” Phys. Today 67(1), 27–32 (2014).
14A. Tajadura-Jim�enez, P. Larsson, A. V€aljam€ae, D. V€astfj€all, and M.

Kleiner, “When room size matters: Acoustic influences on emotional

responses to sounds,” Emotion 10(3), 416–422 (2010).

J. Acoust. Soc. Am. 139 (3), March 2016 Jukka P€atynen and Tapio Lokki 1223

http://dx.doi.org/10.1080/02699930302295
http://dx.doi.org/10.1037/0022-3514.84.6.1236
http://dx.doi.org/10.1037/0022-3514.84.6.1236
http://dx.doi.org/10.1073/pnas.191355898
http://dx.doi.org/10.3758/BF03326460
http://dx.doi.org/10.3758/BF03326460
http://dx.doi.org/10.1038/nn.2726
http://dx.doi.org/10.1016/0022-460X(71)90406-8
http://dx.doi.org/10.1121/1.1903408
http://dx.doi.org/10.1016/S0003-682X(96)00060-6
http://dx.doi.org/10.1063/PT.3.2242
http://dx.doi.org/10.1037/a0018423


15D. V€astfj€all, P. Larsson, and M. Kleiner, “Emotion and auditory virtual

environments: Affect-based judgments of music reproduced with virtual

reverberation times,” CyberPsychol. Behav. 5(1), 19–32 (2002).
16V. N. Salimpoor, M. Benovoy, G. Longo, J. R. Cooperstock, and R. J.

Zatorre, “The rewarding aspects of music listening are related to degree of

emotional arousal,” PloS One 4(10), e7487 (2009).
17J. Paksepp and G. Bernatzky, “Emotional sounds and the brain: The

neuro-affective foundations of musical appreciation,” Behav. Process. 60,

133–155 (2002).
18J. A. Sloboda, “Music structure and emotional response: Some empirical

findings,” Psychol. Music 19, 110–120 (1991).
19C. L. Krumhansl, “An exploratory study of musical emotions and psy-

chophysiology,” Can. Exp. Psychol. 51(4), 336–353 (1997).
20M. Barron, “Subjective study of British symphony concert halls,” Acta

Acust. Acust. 66(1), 1–14 (1988).
21F. Winckel, “Die besten Konzerts€ale der Welt” (“The best concert halls in

the world”), Baukunst Werkform 8, 751–752 (1955).
22T. Lokki, J. P€atynen, A. Kuusinen, and S. Tervo, “Disentangling prefer-

ence ratings of concert hall acoustics using subjective sensory profiles,”

J. Acoust. Soc. Am. 132(5), 3148–3161 (2012).
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