














However, it can also be seen that some attributes correlate

quite well, although they are clustered in different groups.

Another powerful method is Linear Discriminant Analysis

(LDA), which minimizes the intragroup variance and maxi-

mizes the ratio of the intergroup variance to the intragroup

variance by searching for a linear combination of descrip-

tors. In other words, LDA visualizes, in this case, 36-dimen-

sional data, so that the groups are separated as well as

possible into a two-dimensional plot. Figure 6(c) confirms

the clustering results, showing that found clusters are reason-

able. In addition, LDA suggests that the clusters can be

approximately presented in a two-dimensional space, since

the first two canonical variates sum up to 88.5%.

The formed groups each consist of 7 to 16 individual

attributes each (see Table II). First, the minor branch of the

dendrogram has two groups, named Reverberance_1 and

Reverberance_2. They clearly differ from other groups, and

the LDA analysis shows that the division of reverberance

attributes into two groups is clear. Based on the individual

attributes, it could be stated that Reverberance_1 is related

to the size of the space. Individual attributes can be trans-

lated as the reverberance, reverb, and size of the space. In

contrast, Reverberance_2 seems to be related to enveloping

reverberation since four nonreverberation attributes are

broadness, envelopment, width, and bass.

Balance clearly differs from other groups as suggested

by LDA. Based on attribute descriptions Balance is evenly

related to the timbre (balance between low and high frequen-

cies) or to the localization/direction (left-right balance).

LDA further suggests that two more groups, namely, Width

of Sound and Definition, differ from the main cluster

because individual attributes form nonoverlapping separate

groups. Width of Sound has a variety of individual attributes.

Some of them are related to source width, some others to

broadness, envelopment, and how the sound is filling the

space. Timbre-related attributes, such as balance or bass, are

also indicated by three assessors. Definition could be

described as the clarity or separability of instruments or

FIG. 7. (Color online) Loadings of individual attributes on the two main axis of the MFA space. (a) The behavior of assessors. (b) Loading of main cluster

attributes to two main dimensions. (c) Loading of the rest of the attributes to two main dimensions.

TABLE II. All collected 102 attributes grouped in 9 subgroups.

Group Individual attributes (translated to English) N

Reverberance_1

(size of the space)

reverberance (X41), reverberant (X77), reverb (X34), sonority (X103), amount of reverb (X94), drr (X60), size

of the space (X105)

7

Reverberance_2

(envelopment)

reverberance (X26, X3, X67, X86), reverberation (X50), broadness (X55), reverb (X106), envelopment (X61), width

(X46), emphasis on bass (X5)

10

Width of Sound (bass) width of sound (X39), wide (X13), wideness (X95, X80), width (X92), sense of space (X10), 3-dimensional (X20),

focused sound (X107), envelopment (X83), naturalness (x7), bass (X109), balance between warm and cold (X71),

amount of bass (X99)

13

Loudness loudness (X37, X2, X43, X96, X69), full-flavored (X8, X85), dynamics (X57), volume (X47), approach of sound (X91) 10

Distance distance (X82, X24, X28, X48, X44, X88, X100, X108, X97), distant (X76), closeness (X18, X65) 12

Ungrouped spread of sound (X17), breadth (X74), neutral (X78), brightness (X66), liveness (X64), muddy (X98), stand out (X9),

intimacy (X90), eq (X62), sharpness (X104), width of sound (X23)

11

Balance balance (X31), directed (X52), symmetry (X11), brightness (X38, X36), balanced (X6, X111), clearness (X16) 8

Openness soulless (X15), naturalness (X14, X73), openness (X84), depth (X70), clearness (X30, X75, X89), pronounced (X79),

presence (X81), definition (X87), discrimination (X40), distance of source (X32), intensity (X72), closeness (X4, X54)

16

Definition (separability,

clarity)

definition (X27, X35, X102, X53), distinctness (X59), clarity (X58), localizability (X63, X101), treble (X110),

transparency (X22), tone color (X56, X33), precise (X12), softness (X42), texture (X19)

15

842 J. Acoust. Soc. Am., Vol. 130, No. 2, August 2011 Lokki et al.: Concert hall evaluation

Downloaded 15 Aug 2011 to 130.233.46.247. Redistribution subject to ASA license or copyright; see http://asadl.org/journals/doc/ASALIB-home/info/terms.jsp



melodies. In addition, localization- and timbre-related attrib-

utes are mentioned, mainly about the high frequency content

of the signals (clarity).

Finally, the largest cluster is formed with Loudness,

Distance, Ungrouped, and Openness, although the hierarchi-

cal clustering separates the last one. Although assessors

seem to have rated samples similarly according to Loudness

or Distance attributes, they are considered two separate

groups. The Loudness group contains individual attributes

that are all related to loudness and dynamics. The Distance

group has individual attributes, such as distance and close-

ness. Ungrouped cannot really be separated from Loudness

and Distance. Openness can be described by the ability of

music to breath freely, or the degree of airiness is the music.

In addition, a few assessors describe the separability of

instruments. Interestingly, a few distance-related attributes

are also in this group confirming the closeness of the Open-

ness cluster to the main cluster.

B. Sensory profiles

The collected 102 individual attributes describe the per-

ceptual characteristics based on which the assessors were

able to discriminate between samples. Such a list of attrib-

utes is very interesting information for acousticians. The

grouping of individual attributes is an interpretation of the

authors of this article to study the halls more generally. For

example, based on this grouping and these samples the sen-

sory profiles of the studied concert halls can be formed, as

presented in Fig. 8. These sensory profiles show the listening

test data for each recording position as an average of individ-

ual attributes within a group.

Figure 8(a) illustrates the sensory profiles of positions in

the Konservatorio hall. The front position R1 is rated the

highest with all perceptual dimensions except Reverberance

1 and Reverberance 2. In contrast, the far position on the bal-

cony (R6) is in the totally reverberant field giving low rat-

ings for Definition, but very high ratings for both

Reverberances. Figure 8(b) (Sello hall) shows that this hall

has no surprises, the ratings go as expected when the dis-

tance to the orchestra grows. Finally, Fig. 8(c) reveals that

on the balcony of the Tapiola hall (R6) the sound is not loud

although reverberation gives a feeling of a large space. In

addition, the position at rear in stalls (R8) is rated very low

with all attributes.

Interesting comparison between the plots in Fig. 8 can

be done with the dashed lines which show the perceptual

profiles of R4 positions. The Konservatorio hall has the larg-

est values, except for Definition, then the Sello hall, and the

Tapiola hall was rated the least loud and enveloping. The

dotted lines of the Konservatorio and Sello halls are from

position R1 which was very close to the loudspeaker orches-

tra. Obviously, the direct sound in these positions was domi-

nating, thus these seats gave similar sensory profiles.

C. Ordination with multiple factor analysis

In addition to clustering, ordination complements the mul-

tivariate analysis. Ordination orders multivariate objects so

that similar objects are near each other and dissimilar objects

are farther from each other. In analysis of individually elicited

sensory data Multiple Factor Analysis (MFA)35,36 is often

applied since it derives an integrated picture of the observa-

tions and of the relationships between the descriptive attrib-

utes. The basis of MFA is the Principal Component Analysis

(PCA). First, the data is grouped into 20 groups by assessors

(as shown in Fig. 5), and PCA is performed on the data set of

each assessor. It is reasonable to group the data by assessors

because they were advised to find the independent descriptors

of the spatial aspects of sounds. Each set is then normalized by

dividing all its elements by the square root of the first

FIG. 8. (Color online) Spider plots of the data for all positions, (a) Konserva-

torio, (b) Sello, and (c) Tapiola. Note that positions R4 (marked with dashed

line) are at equal distance from the loudspeaker orchestra in each hall.
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eigenvalue of its PCA, and thus the maximum axial inertia of

each group of variables is set to 1. Then, all 20 sets are merged

into a single matrix and a global PCA is performed on it.

Finally, the individual data sets are projected onto the global

analysis.

MFA analysis was performed with the FactoMineR

package37,38 on the centered and scaled data, organized as

depicted in Fig. 5. The variances explained by the first eight

components can be seen in Table III. The first two dimen-

sions explain 65.7% of the data, and the contribution of

higher dimensions is rather small. Thus, it is reasonable to

analyze the results on the first two dimensions.

First, the behavior of assessors is presented in Fig. 7(a).

The figure expresses how each assessor is related to the main

principal components. The proximity of the assessors, except

AS03 and AS30, and the value close to one on the first axis

proves that the assessors had good consensus regarding the

main axis. On the second axis, assessors performed more dif-

ferently: some low values close to 0 suggest that these asses-

sors did not apply attributes contributing to the second

dimension.

The loadings of all 102 attributes to two main principal

axes can be visualized with a variable factor map, as pre-

sented in Figs. 7(b) and 7(c). In this representation, a vector

points in the direction where the variance of the data points

is largest and the length of the vector shows the goodness of

the projection. A color indicates the group, based on hier-

archical clustering and LDA. The attribute groups Loudness,

Distance and Ungrouped that contribute to the main princi-

pal axis, are plotted in Fig. 7(b). The consensus between

assessors is very good since all vectors are in a dense pack-

age. Figure 7(c) shows attributes of the other six groups.

Reverberance_1 and Reverberance_2 both comprise the sec-

ond dimension. However, as shown by hierarchical cluster-

ing and LDA, the reverberance is divided into two

subgroups, one possibly related to the size of the space and

another one related to enveloping reverberation. This is

interesting because the detailed definitions of attributes al-

ready indicate such a division, but the data clearly show it.

Width of Sound attributes form a well-defined and dense

group suggesting good consensus among assessors. The

Width of Sound attributes are also located between envelop-

ing reverberance (Reverberance_2) and Loudness/Distance.

Openness is mainly in the principal direction, although a few

individual attributes overlap with Definition attributes. Inter-

estingly, Definition attributes are pointing in almost the op-

posite direction as Reverberance_1, which is related to the

size of the space. This is an expected result, since individual

attributes in the Definition group are related to the ability to

hear individual instruments and to localize them. Finally,

Balance attributes are quite distributed in several directions

and the lengths of the vectors suggest that higher dimensions

would explain the variances of these attributes better.

Finally, MFA makes it possible to see how individual

samples are mapped to the space defined by principal com-

ponent dimensions. Here all 36 samples (3 halls� 3

positions� 4 signals) are plotted on a biplot in Fig. 9. First

of all, it seems that the three halls have a characteristic sound

since they are more or less separated, as illustrated with col-

ors. On top of the samples, the average vectors of the indi-

vidual attributes in each attribute group are plotted. These

directions can be considered as perceptual dimensions and

their orientations show the directions of the largest variances

TABLE III. Multiple factor analysis, variances explained by the first eight

components.

Eigenvalue

Percentage of

variance

Cumul. percentage

of variance

comp 1 16.89 51.37 51.37

comp 2 4.71 14.33 65.70

comp 3 1.17 3.56 69.26

comp 4 0.96 2.91 72.17

comp 5 0.85 2.59 74.76

comp 6 0.74 2.24 77.00

comp 7 0.59 1.78 78.78

comp 8 0.57 1.73 80.51

FIG. 9. (Color online) MFA results

for the recording positions. The

abbreviations are Se¼Sello,

Ko¼Konservatorio, and

Ta¼Tapiola for halls, and

mo¼Mozart, be¼Beethoven,

br¼Bruckner, and ma¼Mahler for

signals. For example KoR1 months

means position R1 in Konservatorio

hall with stimulus signal Mozart.
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in the data. When the samples are projected to these percep-

tual dimensions, it can be seen how individual samples are

ordinated by the assessors. The main dimension is the Loud-

ness/Ungrouped/Distance/Openness direction where close

listening positions (R1s) and distant listening positions (R6s

and R8, cf. Fig. 4) are mapped to both ends. The Ungrouped

attributes are nearly overlapping with Loudness attributes,

suggesting that assessors have possibly ordered the samples

based on loudness, even though they have used some other

attributes. The Reverberance_2 dimension best separates the

halls, regardless of the listening position or music. Con-

versely, Reverberance_1 orders the positions so that the

highest rates are given to the farthest positions, confirming

the interpretation of the Reverberance_1 as describing the

size of the space. The Definition direction is also well justi-

fied, since the clearest sound is at the nearest or middle posi-

tions, which contrasts with the very diffuse and reverberant

fields of farther positions, e.g., KoR6 on the balcony in the

Konservatorio hall. Finally, the Width of Sound direction

indicates that the Konservatorio and Sello halls produce

wider perceived sound than Tapiola hall. In addition, a per-

ceived wide sound is generally considered a function of low

frequency energy, and in particular, lateral energy:39 there-

fore, the Width of Sound vector between enveloping Rever-

berance_2 and Loudness is well justified.

D. Confidence ellipses

As Fig. 9 suggests, there is a clear difference between

halls. In addition, listening positions also seem to be spa-

tially separated, but this should be validated with statistical

methods. A good method for visualizing the significance of

differences is with the use of 95% confidence ellipses, which

are empirical descriptions of the variability of the sensory

evaluations.40 Such analysis calculates the distributions of

the centers of gravity with resampling and then deduces a

confidence region for each of them. Figure 10 shows the con-

fidence ellipses for independent variables.

Figure 10(a) shows that the panel of 20 assessors pro-

vided sensory profiles that are different for each concert hall.

There is also a significant difference between halls because

the confidence ellipses do not overlap. Listening positions

are quite well separated, as only some R1, R4, and R5 ellip-

ses overlap. The size of the confidence ellipses indicates that

the extreme positions (TaR6, TaR8, KoR6, and SeR1) have

less variability than the others. Finally, the ellipses of the

stimulus signals are superimposed, which means there are no

significant differences, although the orientation of the

Mozart ellipse suggests that Mozart has been perceived

slightly differently.

E. Hierarchical multiple factor analysis with objective
data

The Hierarchical MFA (HMFA)41 is an extension to

MFA that allows the analysis of hierarchical data, including

objective room acoustic parameters. When the data are

organized as shown in Fig. 11, HMFA applies the MFA first

for the data of each musical piece, and then another MFA on

the novel factors to rotate the factor spaces. Finally, the

result is linked with equal weight to the PCA of the objective

data to enable the comparison of all data in the common fac-

torial space.

The objective data, i.e., room acoustic parameters were

analyzed from the impulse responses measured from 24

loudspeaker channels to all receiver positions. Table IV

shows the means of 24 values for each receiver position,

computed according to the guidelines of the ISO3382-1

standard.42 Table IV is adapted from the standard and it sug-

gests the objective parameters and their relevant octave

bands to describe subjective listener aspects. Note that the

measurements were not strictly according to the standard

because the sound sources were not omnidirectional.

FIG. 10. (Color online) Scatter plots of the data with 95% confidence

ellipses.
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However, the small active loudspeakers are not far from

omnidirectional in the octave bands used.

Figure 12 shows the HMFA results. The data are quite

well presented in two dimensions because dimensions 1 and

2 explain 74.5% of the total variance of the data. The plots

illustrate the mapping of listening positions on the common

factorial space. In addition, the objective data are included

as individual vectors and the subjective perceptual dimen-

sions are shown with average vectors of attribute groups for

each musical piece.

The first comparison in Fig. 12(a) is done in the main

principal direction, by plotting the vectors of Loudness and

Distance, and subjective level of sound as defined in Table

IV. With all pieces of music, the average vectors point

almost to the same direction as the objective loudness vector,

meaning that G orders the samples in the same order as

assessors when they rated samples according to Loudness

and Distance related attributes. In other words, G predicts

the perceived loudness and distance in these three concert

halls very well. Figure 12(b) shows that perceived Width of

Sound is well predicted with the objective listener envelop-

ment (LEV), but not with the objective Apparent Source

Width. This suggests that the assessors might have been lis-

tening to the overall width of the sound field, not particularly

the width of the orchestra.

The ISO3382-1 suggests that perceived reverberance

can be measured with mid frequency early decay time

(EDT). Figure 12(c) illustrates the perceptual dimensions of

Reverberance_1 and Reverberance_2 for each piece. The

objective reverberance vector is in the middle of all vectors,

thus EDT predicts to some extent the reverberance. How-

ever, only one objective measure cannot explain the differ-

ence of two reverberance attribute groups, in particular when

the musical piece seems to also introduce variation to the

data. Finally, Fig. 12(d) shows that the objective clarity

measures TS and C80 point exactly to the opposite directions

and the averages of Definition attributes are not parallel with

this line. Therefore, neither TS nor C80 could predict well

the judged definition or clarity for the used samples.

VI. DISCUSSION AND FUTURE WORK

The clustering and (H)MFA analyses show that the

applied IVP method is suitable for concert hall acoustics

evaluation. IVP enables identifying salient perceptual attrib-

utes, without prior knowledge. (H)MFA was performed

based on the individual attributes of each assessor, but a con-

sistent and reasonable grouping of the attributes and ordering

of the samples were obtained. In other words, the individu-

ally elicited attributes worked surprisingly well and provided

a good consensus between assessors who were trained

during the experiment but cannot be considered as expert

assessors.14

The vocabulary elicitation provided a long list of attrib-

utes that are very useful for future studies on the perception

of concert hall acoustics. Due to the chosen music samples,

many attributes are related to loudness or distance since they

were obviously the easiest criteria with which to rate

FIG. 11. The organization of the data for the HMFA analysis.

TABLE IV. Acoustic quantities grouped according to listener aspects according to ISO 3382-1 (2009) standard (Ref. 42). Note that G and Lj are only relative

values because the sources were not omnidirectional as defined in the standard.

Subjective listener

aspect

Acoustic

quantity

Average of

octave bands

Sello Konservatorio Tapiola

R1 R4 R5 R1 R4 R6 R4 R6 R8

Subjective level of sound G in dB 500 to 1000 9.3 9.5 8.5 9.8 8.9 9.4 7.3 5.5 4.8

Perceived reverberance EDT in s 500 to 1000 1.7 1.5 1.6 2.2 2.1 2.2 2.0 2.0 1.8

Perceived clarity of sound

Perceived clarity of sound

C80 in dB 500 to 1000 � 0.4 0.4 0.5 � 0.4 � 2.3 � 3.4 � 1.1 � 1.8 � 0.9

TS in ms 500 to 1000 119 108 112 135 159 168 141 146 137

Apparent Source Width jLF in % 125 to 1000 35 34 31 35 33 30 26 25 31

Listener Envelopment Lj in dB 125 to 1000a 2.0 0.6 � 0.3 1.5 1.0 2.3 � 2.0 � 4.0 � 4.1

aEnergy averaged.
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samples. Almost all assessors introduced at least one attrib-

ute related to reverberation and one attribute on definition or

clarity. Many attributes also described width, broadness or

source width, probably due to instructions given to concen-

trate on the spatial aspects of the samples. Interestingly, the

list has some attributes describing the timbre or frequency

content of the sound, but these attributes are spread out in

several clusters. Finally, attributes on the overall quality of

the samples or coding artifacts do not exist at all.

The clustering was done based on hierarchical cluster-

ing, but some attributes could be moved to another group.

For example, both LDA and MFA analyses suggest that at-

tribute X5 (emphasis on bass) could be in the Width of

Sound group instead of Reverberance_2. In fact, all other

attributes related to bass perception are in the group of

Width of Sound. In spite of such borderline cases, the clus-

tering of attributes is quite clear.

The result of this study suggests that at least five percep-

tual dimensions were identified. They are reverberance related

to the size of the space, enveloping reverberance, width of

sound, loudness/distance, and definition. The findings are well

inline with previous studies. Loudness, for example, has been

found to be an important factor in many studies.2,3,5,7,8 In

addition, reverberance is also a major factor in related stud-

ies.2–5,7,9 Other found perceptual dimensions include many

attributes familiar to acoustics researchers.

This study demonstrated the potential of the sensory eval-

uation method for assessing concert hall acoustics. However,

obvious future work includes development of the methodol-

ogy to achieve more detailed results. First, the loudspeaker or-

chestra requires some development for a better-sounding,

fully controllable orchestra. In addition, some absorption and

diffusive elements on the stage would simulate better the real

orchestra, consisting of dozens of players. The recording and

the sound rendering processes produce good quality spatial

sound, but they are not perfect yet. The concert halls chosen

could represent better and well-known halls, and the recording

positions should not be as extreme as in this study. This strat-

egy would reduce the dominance of loudness and distance

attributes and hopefully would reveal more details of

perceptions.

VII. CONCLUSIONS

Sensory evaluation of concert hall acoustics, imple-

mented with individual vocabulary profiling, has been

FIG. 12. (Color online) HMFA results of recording positions (MO¼Mozart, BE¼Beethoven, BR¼Bruckner, MA¼Mahler). (a) Loudness. (b) Apparent

Source Width. (c) Reverberance. (d) Clarity.
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studied. It was shown that such methodology works well for

assessing subjective differences between concert halls and

between seats in one hall. The study measured effective per-

ceptual characteristics in a statistically robust manner and

helped identify salient perceptual attributes. The method

allowed the simultaneous comparison of sound samples,

which were recorded in three concert halls by using a virtual

orchestra consisting of 34 loudspeakers.

The results include the clusters of individual attributes,

sensory profiles of studied concert halls and the ordination

of sound samples. The main cluster was formed with attrib-

utes describing loudness and distance because such attrib-

utes discriminate best between the sound samples. Attributes

related to reverberation were divided into two subgroups.

One of them was related to enveloping reverberance and the

other to the size of the space. The samples were also ordered

based on definition or clarity where the order is reversed

compared to the reverberation describing the size of the

space. The three recorded concert halls were clearly dis-

tinct from one another and musical signals seem to provide

each a slightly different sensory profile. Even though the

results are good, it should be noted that they depend heav-

ily on the used stimulus set. More similar studies are

needed in the future to have better overall understanding of

concert halls.
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37S. Lê, J. Josse, and F. Husson, “FactoMineR: An R package for multivari-

ate analysis,” J. Stat. Software 25, 1–18 (2008).
38F. Husson, J. Josse, S. Le, and J. Mazet, FactoMineR: Factor Analysis

and Data Mining with R (2009), available at http://CRAN.R-project

.org/package¼FactoMineR, R package version 1.12 (Last viewed April

8, 2010).
39T. Okano, L. L. Beranek, and T. Hidaka, “Relations among interaural

cross-correlation coefficient (IACCE), lateral fraction (LFE), and apparent

source width (ASW) in concert halls,” J. Acoust. Soc. Am. 104, 255–265

(1998).
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