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Abstract

The architectural and acoustic designs of concert halls
influence their overall appearance and aesthetic appeal.
However, it can be challenging to achieve both visual
appeal and acoustic excellence. Concert halls are often
categorized as vineyard or shoebox types, which are
specified by the relationship between the orchestra
and the audience, the surrounding surfaces, and the
general shape of the space. In contrast, ceiling shapes
can vary independently of typology and range from
horizontal to curved to tilted.

This paper examines how ceiling geometry affects the
spatial and temporal distribution of sound energy to
listeners in concert halls. A parametric study is pre-
sented in which the shape, height, and surface proper-
ties of the ceiling are varied using the ray tracing tool
misuka, which was developed at TU Berlin. Substan-
tial differences in sound energy decay were found when
comparing non-flat (e.g., pyramidal) and flat ceilings,
depending on their surface structure. Conversely, only
minor changes were observed in established sound
strength parameters. Furthermore, changes in spatio-
temporal sound energy incidence are discussed.
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1. Acoustic-architectural interplay

During the planning phase of a concert hall, several
decisions in terms of acoustical and visual aesthetics
have to be made. However, excellent properties are
expected from both. From an acoustical point of view,
the influences of architectural decisions on the acous-
tical properties of the hall have to be understood and
matched with the desired expectations. Simultane-
ously, findings from the perception of sound can lead
to different architectural approaches. The latter can

Corresponding author: Linus.Staubach@mbbm-bso.com.
Copyright: ©2026 Linus Staubach et al. This is an open-access
article distributed under the terms of the Creative Commons
Attribution 3.0 Unported License, which permits unrestricted
use, distribution, and reproduction in any medium, provided
the original author and source are credited.

be seen by looking at a historical overview of different
basic shapes of concert halls.

Until the middle of the 20" century, the predomi-
nant shape for a concert hall was rectangular, also
denoted as shoebozx. Until now, its general acoustical
properties have been rated as highly preferable [1].
With the construction of the Philharmonie Berlin in
1963, the vineyard or surround-shape halls mark a
rather radical but successful change in approaching
architecture and acoustics. Characteristic for this
typology is the more central position of the orches-
tra. The audience is located on terraces all around,
providing excellent sightlines and therefore a good
supply with direct sound. Special attention was paid
to surfaces that provide listeners with early reflected
sound energy from all around, which is supposed to
acoustically surround the audience [1]. A prime ex-
ample of a reflection-focused design of a concert hall
is the Christchurch Town Hall. Large tilted reflec-
tors surrounding the listeners in the upper wall area
provide plenty of lateral sound components. This is
supposed to increase spatial impression (SI) and thus
give a certain ”premium quality of sound” [2]. Because
early energy is directed towards a highly absorbing
surface, namely the audience, this design can be defici-
tal in preserving sound energy and thus providing late
reverberance.

Independent on its general typology, the ceiling, in-
cluding the upper wall structure of concert halls, can
be found of various shapes. Although the most com-
mon one for shoebox halls is a flat horizontal ceiling,
the Tokyo Opera City Concert Hall (TOC) marks
an exception with its pyramid-shaped ceiling with a
stepped surface structure [3]. Equal variety can be
seen in vineyard-type halls, where shapes range from
almost horizontal (e.g., in the Gewandhaus, Leipzig)
via curved to tilted ones (e.g., Philharmonie, Berlin;
Elbphilharmonie, Hamburg). In most cases, the ceil-
ing shape is a combination of larger surfaces with
smaller irregularities and elements. Although concert
hall typologies have been part of extensive previous
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research regarding perceptual and physical properties,
the influence of the ceiling structure remains mostly
unconsidered.

2. Parametric simulation study

A parametric study based on room acoustical sim-
ulations has been carried out to inspect changes in
sound incidences in the audience caused by variations
in ceiling shapes. In the simulations, the total height
of the ceiling geometry has been incrementally varied
from a flat ceiling to four abstracted ceiling shapes
shown in Fig. 1.
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Figure 1: Simulated base concert hall model with ground
plan and sectional views (see green box) with audience
surfaces marked in green, stage surface in red and hall
surfaces in white. Dots in the stage and audience area
mark the source and receiver positions. Modified ceiling
shapes derived from the initial, blue coloured flat or hori-
zontal ceiling are illustrated on the right hand side, where
maximum states are coloured in yellow. The shapes are
refered to as gable (a)), pyramid (b)), stepped gable (c))
and stepped pyramid (d)).

The calculations have been performed with misuka [4],
an open-source acoustical ray tracing algorithm. A
suitable version of the tool had to be built to be used
as a Python package. In addition, Python scripts for
the simulations were developed that implement the
general acoustic simulation conditions, the geometry
modifications of the ceilings, and the room acoustical
parameters. To verify the plausibility of the results,
a comparison with the commercial simulation tool
Odeon has been made.

2.1. Concert hall models and ceiling shapes
The starting point for each series of simulations is a
shoebox-shaped hall with a raked seating area. With
overall dimensions of 20m x 40m x 16m (w x I X h)
and a volume of V = 11416 m?2, it can be seen as a
small concert hall for symphonic music. The estimated
seating capacity is about 1000 listeners, resulting in a
volume per listener ratio of 3 = 11.4m3.

Based on current ceiling designs in concert halls, two
simplified types, flat and raked or pointed ceilings,
will be considered. Examples of these shapes include
the Musikvereinssaal in Vienna or the Konzerthaus
in Berlin, with their flat ceilings, as well as the Phil-
harmonie in Berlin or the TOC, with their pointed
or raked ceilings [1]. The series of simulations iter-
ates between both types starting from the flat ceiling
and ending in two abstract geometries, shaped like a
gable roof and an asymmetric pyramid. Furthermore,
different structures of ceiling surfaces are considered
as stepped variants, inspired by the ceiling of the
TOC [3]. The minimum and maximum states of the
simulated ceiling geometries are presented in Fig. 1.
Variations in ceiling shape are implemented by varying
the total height of the ceiling structure. The corre-
sponding vertices are shifted vertically to preserve
the horizontal dimensions. Simultaneously, the ceiling
structure is lowered to ensure equal volume across
all variations. In their maximum states, the ceiling
geometries account for 77% (gable-like variants) and
68% (pyramid-like shapes) of the total room height.
Changes in total surface area are inevitable, whereby
deviations in absorption area and room acoustical
parameters are to be expected.

2.2. Simulation conditions

The acoustical surface properties of the concert hall
models are specified in Table 1, resulting in a Sabine
reverberation time of Tgapinefat = 2.1s and a simu-
lated one of That = 2 (see Fig. 2) for the initial hall
model with a flat ceiling.

Table 1: Absorption and scattering coefficients assigned
to the surfaces of the simulated concert halls.

Surface name | absorption scattering
coefficient v | coefficient &

audience 0.86 0.7

stage 0.62 0.4

ceiling 0.09 0.3

hall surfaces | 0.09 0.3

The simulations have been performed at a single fre-
quency of 1000 Hz, and thus frequency dependencies
of parameters and surface properties are neglected.
Air damping was considered according to ISO 9613-1
[5] with a relative humidity of h, = 50.0%, an atmo-
spheric pressure of p, = 101.4kPa and a temperature
of ¥ = 20.0°C. The speed of sound is considered with
c=343 2.
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The results from the misuka simulations represent
impulse responses in the form of energy time curves
H(t), extracted in the first order Ambisonics format
(FOA), thus including one omnidirectional and three
directional channels. The energies are gathered in a
time resolution of 1/48000s. For each combination
of the one source and seven receiver positions (see
Fig. 1), a total number of n, = 1062961 rays has
been calculated. Across all calculations, the spatial
distribution of the rays has been kept constant to
preserve comparability between the results.

2.3. Room acoustical parameters

From the energy time curves H(t), which are equiva-
lent to squared impulse responses p?(t), several room
acoustical parameters are calculated to quantify the
effects of the ceiling shapes. They are chosen to re-
trieve information about sound energy contributions
in respect of temporal and spatial aspects and the
slope of sound energy decay, thus the reverberation.

2.3.1. Reverberation

The physical and perceptual reverberation properties
of a room are described by the reverberation time T
and the early decay time EDT [6].

T is defined as the time it takes the sound energy to
decay 60dB from an acoustically excited room in a
steady state. It can be estimated from the decay of
the recorded sound pressure level or the level of the
energy decay curve (EDC), the backward-integrated
impulse response. A linear regression is performed in
an interval starting from 5dB below the direct sound
and ending above static noise, or in this case uncer-
tainties due to simulation limits. Here, an estimation
interval of 20 dB has been chosen. Subsequently, the
decay time in this interval is extrapolated to a decay
of 60 dB, while the reverberation time is denoted as
TQ().

The EDT is calculated to provide a parameter closer
to the perception of reverberation compared to 7. Its
estimation procedure is nearly equivalent to that of
T, but the regression interval spans the first 10dB of
the decay of the sound energy.

2.3.2. Sound energy relations
The loudness of a concert hall is estimated by the
sound strength G. It is defined by

to=00
H(t)dt
GZlOlg t1=0 ()

Jo° Hio(t)dt )

where H(t) denotes the energy time curve measured
with an omnidirectional source and receiver at distinct
points in a concert hall. Hyo(t) describes the energy
time curve measured with an equivalent source and
receiver combination in a distance of 10 m under free-
field conditions. The integration intervals span from
the start of the impulse response ¢; = 0s, thus the
direct sound, to its end t; = ocos.

Total sound energy contributions to the sound strength
can be divided into an early part consisting of the
direct sound and the early reflections and a late part,

denoting energies from the statistical decay. The
transition time between both parts is defined to be
at 80ms. From this, the early sound strength Gearly
can be derived from Eq. (1) by changing the upper
integration limit of H(¢) to to = 80ms. Similarly,
Ghate can be derived from Eq. (1) by substituting the
lower integration limit of H(t) with ¢; = 80 ms.

By further parameterizing these transition limits with
the variable 7, functions representing the relative
buildup of sound energy Geary(7) and relative decay
of sound energy Glate(7) can be derived. The range of
T is equal to the length of the impulse response start-
ing from direct sound. Additionally, Gate(7) can be
seen as the FDC normalised to the reference sound
level Ly 10, the total level of Hyp(t). It is thereby

defined as
Glate(r) =101 er (B
ate\T) = . TO0 17 TN .
fot & Hyp ()t (2)

= EDC(t = T) - Lp,l() dB.

2.8.8. Spatial parameters

The spatial perception of sound in concert halls can
be estimated using parameters based on directional
receivers according to ISO 3382-1 [6]. The early lateral
energy fraction Jpr is an estimator of the apparent
source width (ASW). Tt is calculated from the first
80 ms of an impulse response as the relation between
the energy measured with a figure-of-eight receiver
and an omnidirectional one. The null of the directional
receiver is oriented towards the source.

The impression of listener envelopment (LEV) can
be estimated by the relative late lateral energy level
Ly, sometimes denoted as Gr1, or Glateral,late, Which
inspects the lateral contributions after 80ms. It is
calculated similarly to Giate described in Section 2.3.2,
where the omnidirectional receiver H (t) is substituted
with a figure-of-eight receiver Hy,(t) as used in Jpp.
Furthermore, the perceptual time periods represent-
ing ASW, LEV and running reverberation proposed
by Green et al. [7] are calculated as variants of Lj.
The lateral figure-of-eight receiver approximates the
directional dependence in the time periods. Further
directional information is gained by a vertically ori-
ented variant and another one directed towards the
front and back.

3. Simulation results

The results of the room acoustical simulations are
shown for four representative ceiling shapes, as pre-
sented in Fig. 1. The ceiling height is normalised as
ceiling geometry deformation, where 0 represents a
flat horizontal ceiling and 1 the maximum state of the
altered ceiling shape. All results represent averaged
values across all receiver positions.

The series of simulations has been repeated with three
additional source positions, an altered pyramid ceil-
ing shape, and a more freeform-shaped hall with a
pyramid-shaped ceiling geometry. The resulting ef-
fects remain equal compared to the findings presented
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below.

3.1. Reverberation
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Figure 2: Reverberation times T5p as well as the early
decay times E DT during the incremental deformation of
four ceiling geometries from flat or horizontal to their
maximum ceiling shape.

Changes in reverberation times T5y and early decay
times EDT as a function of ceiling geometry deforma-
tion are presented in Fig. 2.

The simulation results show that 15, as well as the
EDT are reduced when changing the height of the
ceiling geometry. Unstructured ceiling surfaces (gable
and pyramid) lead to a reduction mostly proportional
to the ceiling geometry height. The change in Thg
is approximately —19%, when comparing the maxi-
mum ceiling deformation state with the flat ceiling
state, where Tho fat, = 2. Stepped ceilings (stepped
gable and stepped pyramid) mitigate the effect with a
reduction of only approx. —7%.

The EDT shows similar relative changes due to the
variations in ceiling geometry compared to T5y. From
the initial state, where EDTq,; = 1.88s, the de-
viations in the maximum ceiling state are within
AEDTax € [0, —17]%. An exception to the changes
that mainly appear to be proportional to the ceiling
geometry deformation is the unstructured pyramid
shaped ceiling. The majority of its changes occur only
in the first half of the deformation series. From then
on, the ceiling geometry has almost no influence on
the EDT.

3.2. Energy components

The total sound strength G is slightly changed when
varying the height of the ceiling geometry, as can
be seen in Fig. 3. Stepped ceiling surfaces lead to

lower values of GG, while the maximum change rela-
tive to the flat ceiling state where Gg,y = 5.5dB is
AGgtepped,pyramid = —0.54dB. Unstructured surfaces
lead to a slight increase in G over the span of changing
the ceiling height. The maximum deviation from the
flat ceiling state is AGpyramia = 0.32dB. By looking
at Gearly and Giate, & large proportion of the changes
in G can be attributed to the late sound energies from
80ms and beyond. Relative changes from the flat
ceiling state, where Glate fiat = 2.62 dB, are within a
range of AGate € [—0.92, 0.54] dB.

Early energy components deviate slightly, but are not
proportional to the ceiling geometry height. From
the flat ceiling state, where Gearly,fat = 2.33dB, the
maximum deviations are within the range of AGearly €

[~0.17, 0.34] dB.
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Figure 3: Sound strength G as well as the early and late
sound strength Gearly and Glate during the incremental de-
formation of four ceiling geometries from flat or horizontal
to their maximum ceiling shape.

8.2.1. Temporal changes in sound energy

Changes in Giate of, for example, the unstructured
pyramid-shaped ceiling variant can be seen by inspect-
ing Glate(7 = 80ms) in Fig. 4. The effect of a rising
Ghate(T) when the deformation of the ceiling increases
can be seen in the first 100 ms. After around 150 ms
the effect inverts, where late energy parts decrease
with increasing ceiling height. This results in a highly
non-linear energy decay behaviour caused by non-flat
ceilings. This pivoting behaviour in the first 10dB of
Ghate(7) can be seen as the cause of the changes in
the EDT.
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In Fig. 5, the decays of sound energy Glate(7) from the
simulated concert hall with stepped pyramid ceilings
are shown. Again, as can be seen in the reverbera-
tion parameters and the sound strength components,
nearly all changes disappear when structuring the ceil-
ing surfaces in a stepped pattern. Only the decrease
in total sound strength remains visible as an overall
lowering of Glate(7) while the slope of the decay curve
is nearly unchanged.

—_

Glate(T) in dB

ceiling geometry deformation
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Figure 4: Giate(7) and thus the normalized energy decay
curve during the incremental deformation of the pyramid
shaped ceiling with an unstructured surface from flat or
horizontal to its maximum ceiling shape.
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Figure 5: Giate(7) and thus the normalized energy decay
curve during the incremental deformation of the pyra-
mid shaped ceiling with a stepped surface from flat or
horizontal to its maximum ceiling shape.

3.3. Spatial sound incidences

The results of the spatial parameters state only little
changes in the parameters associated with ASW. The
early lateral energy remains nearly constant across all
ceiling states and variants starting from Jpr gaz = 0.3.
The unstructured gable ceiling variant, as an excep-
tion, exceeds the JND of ISO 3382-1 [6] in deformation
states, where the total ceiling height accounts for more

than 67% of the total room height. Equal behaviour to
Jir can be seen in the ASW-linked time period from
Green et al. [7], here represented by Glateral,5 ms—60 ms-
Parameters associated with LEV present more sub-
stantial changes. The relative late lateral sound level
Lj is reduced by variants of stepped ceilings from the
initial state where Lj g.¢ = —1.63dB by an average of
ALj stepped = —0.95dB in its maximum states. Un-
structured ceiling variants differ from this behaviour
by rising if the ceiling structure height is more than
approx. 27% of the total room height. From the di-
rectional analysis of the time periods from Green et
al. [7], these changes can be attributed to direction
independent sound incidences in the time interval of
80ms to 150 ms. The maximum differences between
unstructured and stepped ceiling variants in the three
directional analysis range from 0.7dB (front/back) to
1.2dB (lateral).

4. Discussion

The results state that the shape of the ceiling can
heavily influence the reverberation time, as well as the
early decay time, depending on its surface structure.
Inclined unstructured ceiling surfaces lead to a strong
decrease in reverberation time, whereas usual mea-
sures of sound energy components, such as early, late,
and total sound strength, tend to rise slightly. By fur-
ther inspecting the slope of the energy decay Gate(7),
this observation can be explained. The higher the
ceiling structure, the more nonlinear the sound decay
behaviour becomes. Early sound energies of the im-
pulse response until around 80 — 100 ms decay in a
nearly unchanged way but rise in total with increased
ceiling deformation. Therefore, the majority of early
reflection patterns are mostly preserved. They are
composed of all first reflections, which do not interact
with the ceiling surfaces. The subsequent components
from 80 — 100 ms to 150 ms mark a pivot point where
the most relevant changes occur in the contribution
of sound energy. This is due to the delay of energies
that interact with the ceiling, which gather until they
arrive as a cluster after approximately 80 — 100 ms.
This point in time is likely to vary depending on the
room volume and especially the total room height as
both aspects change the time of arrival of 15 to 3"
order ceiling reflections. By this, indications from
common extended sound strength parameters such
as Gearly and Giate may be misleading due to differ-
ent energy contributions from the ceiling in the time
region of around 80ms after direct sound. Due to
the strong energy contribution in the first part of the
impulse response, latter energies after around 150 ms
are attenuated more and more pronounced. In total,
this creates a faster decay of sound energy, and thus
a reduction in T' and EDT.

However, the height of the stepped ceiling shapes
only slightly influences T', the EDT, and sound en-
ergy components such as G, Gearly, and Giage, as their
changes are small compared to other variants of ceiling
surfaces. These variations can be attributed to the
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increase in total surface area. Interestingly, the slope
of the sound energy decay Glate(7) remains nearly
identical and linear. Consequently, energies are con-
tributed in a similar way in terms of their temporal
structure, and the majority of reflection patterns are
preserved. Reflections from interactions with the ceil-
ing are spread in time, but are distributed more evenly
compared to the unstructured ceiling variants. Losses
in sound energy created by an additional surface area
in the upper hall section contribute more gradually
over the span of the late decay.

The origin of the changes in T, the EDT, and the
sound strengths can be estimated by correcting the
simulated parameters by the theoretical influence of
the change in the surface area of the concert hall. This
is done using Sabine’s statistical reverberation the-
ory. The corrected values therefore represent changes
where only geometrical factors influence the results.
Considering the correction, the effect of raked stepped
surfaces is nearly mitigated and the changes due to
unstructured, raked ceilings are amplified. It can be
concluded that the majority of the effects in the simu-
lation results from unstructured ceiling variants are
due to the sole change in ceiling geometry.
According to statistical reverberation theory, a linear
decay of sound energy is expected when the sound
field is sufficiently diffuse. Therefore, the nonlinear
energy decay created by raked unstructured ceilings
suggests a less diffuse sound field. The audience, as the
main absorption area, contributes disproportionally
to the loss of sound energy. Stepped ceiling surfaces,
on the other hand, preserve the state of diffusivity.
Additionally, vertical or parallel surfaces in the upper
hall are beneficial for preservation of energy and create
a certain “reverberation reservoir”. The effect caused
by structuring the ceiling in a stepped manner cannot
be replicated by increasing the scattering properties
of the unstructured ceiling surfaces.

Perceptual impacts on the spatial impression can be
concluded by considering changes in the spatial dis-
tribution of energy incidences. In general, changes in
parameters that are predictors of LEV and ASW can
be observed but are either below their JND or take
up only a small portion of common values specified in
the literature. Both parameters consider lateral sound
energy contributions, but variations could be observed
from all directions. The only perceptually relevant
difference caused by the change in ceiling geometry
is observed in the EDT and thus the perceived (run-
ning) reverberation. If the height of the unstructured
ceiling structures exceeds 28.6% — 33.9% of the total
ceiling height, the JND of AEDT = 5% specified in
ISO 3382-1 [6] is passed. Thus, flat and raked ceilings
are likely to be perceived differently in terms of rever-
beration. Nevertheless, further quantification of the
effect on SI requires a listening test.

5. Conclusion

A series of simulations has been conducted, in which
the total height, shape, and surface properties of ceil-

ing geometries have been varied. The results state
that the shape of the ceiling has a decisive influence
on the reverberation in concert halls. When the to-
tal geometry is altered from horizontal or flat and
thus its surfaces are tilted, the reverberation time and
the early decay time drop. Simultaneously, the slope
of the sound energy decay behaves more non-linear.
Both effects can be counteracted by structuring the
ceiling surfaces in a stepped manner, where parallel
surfaces can preserve sound energy.

In addition to the EDT, which is modified by the
inclined ceiling beyond its JND, when the total ceiling
shape accounts for more than approx. 30% of the
total room height, a relevant perceptual effect could
not be predicted by parameters estimating SI. Fur-
ther statements about the perceptual effect of ceiling
shapes require a listening test.

Further details of this research are presented in [8].
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