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ABSTRACT

At present the most common measures for assedsigg acoustic conditions on concert hall stagesheré&upport
measures STeaiy and STye These measures are based on monophonic omnidiraictesponses obtained at 1 m
from the sound source, on a stage without a fuigyony orchestra (or similar group of people) pneésBoth objec-
tive and subjective studies have been conductedatter using questionnaires with several orchesand dialogue
with musicians. Objective studies involved measumeis on real stages of the Support measures ard atbustic
measures such ds EDT, Cgo, G7_s50 Ge (Go_gg andG, (Ggo,) as well as a set of proposed architectural measur
These have been complemented with analytical dsaseicale and computer model investigations iatmd behav-
iour on both empty and occupied concert stages.mar results from these studies are presentdtiisnpaper
along with a discussion of alternative approacloesagsessing stage acoustic conditions. One imparault con-
cerned the relevance of directions from which eeaglections arrive regarding perceived ensembleditions, an

objective factor not assessed by the Support mesasur

INTRODUCTION

The ST measures are a set of room acoustic measures origi

nally proposed by Gade (1989a) for assessing acasidi-
tions for the performers on stage. T®iEmeasures were later
revised by Gade (1992) and renamedStRan, STae and
STotar TheSTmeasureSTeqny andSTe are now included in
ISO 3382-1:2009 (ISO, 2009 Teary is associated with per-
ceived ensemble conditions aBd,, with perceived rever-
berance. These measures assess the level of thstiaa®-
sponse returning back to a musician on stage. Toenr
acoustic response should be obtained by use ofmaidaec-
tional loudspeaker and an omnidirectional microgharith
chairs on stage, i.e. orchestra absBiit,, assesses the total
level of reflections within 20—100 ms, whi&T,,. assesses
the total level of reflections with 100—1000 ms.eToom-
bined level of the direct sound and the floor mfen within
0-10 ms of the response is used as reference level.

This paper is based on results from a three-yegegirwhere
acoustic conditions for symphony orchestras in ednlealls
were studied. See Dammerud (2009) for more detgard-
ing approaches and results for this project. Thajestive
surveys within the three-year project showed thearimg
others is paramount for orchestral musicians, lait hearing
self and hearing a response from the auditoriumide im-
portant. Regarding hearing others, the attenuatfosoand
across the stage (caused by other players andi®bjestage
blocking the direct sound propagation path) is tbua be
significant. Within this project the first detailegiantitative
study of the orchestra attenuation effect was edriout.
Measurements showed that attenuations of aboutBl@td
2 kHz occur across a typical stage (14 m sourceirec
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distance, attenuation measured relative to unatistidirect
sound over the same distance). A major role folagesen-
closure has to be to counteract this attenuatioalloav the
furthest instruments to be heard, without introdgchew
acoustical problems for the orchestra.

This paper focuses on the validity of tB& measures and
other measures commonly used in music auditorigerév
the results suggest that both 8iEmeasures and other exist-
ing measures have limited subjective relevancefohestral
musicians hearing other performers. The searchrfarbjec-
tive measure related to hearing others has bearcoessful.
However good correlations have been found betweetain
objective measures and perceived auditorium respdiog
performers). The most valid measure from our sfodyudi-
torium response i§,, the level (or strength) of late sound on
stage for a source on stage. Based on these reselts
strategies for improving the subjective relevanteljective
measures of concert hall stages are presentediscussed.
This discussion is followed by some consideratiohsvhat
appear to be beneficial design principles for seggosures
based on our results.

PHYSICAL VALIDITY OF ACOUSTIC
RESPONSES AND MEASURES WITHOUT THE
ORCHESTRA PRESENT ON STAGE

The physical validity of acoustic responses obthinghout
a full symphony orchestra present was investightedse of
scale modelling. A series of impulse response nmreasents
were carried out on stage in a generic concert $edle
model with a model orchestra present and abseptg&heric
concert hall scale model was a shoe-box shapecetonall
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with a stage enclosure having detachable panelsyatioe
walls and ceiling. The detachable panels enabled ddfer-
ent stage enclosures to be configured with the sawveeall
shape, but with the degree of acoustic diffusiorying: non-
scattering walls and ceiling within the stage esate, scat-
tering side and back walls only, scattering ceilordy, and
scattering side and back walls as well as ceilidgitionally
a riser system was designed for the stage. Thidteesin
eight different stage conditions. Similar investigas were
carried out by use of computer modelling wheredsfferent
stage enclosures were attached to the same maitorawrd.
The main scope for these studies was to investigatéhich
degree the change of acoustic responses were tEmsigth
and without a full symphony orchestra present. thanges
of the following acoustic measures when addingotithestra
were studiedSTeany STiate T, EDT, Cgo, G750 Ge (Go_s9 and
G (Ggo,). Values ofG,, G;_spand G, were calculated from
measuredG (Strength),Cg/Cso and the energy ratio of re-
sponse within 0—7 ms compared to within 7-50 ms.

The results from these studies suggest that thastcore-

sponse within the first 50 ms is highly affectedtbhg pres-
ence of the orchestra (using a source-receiveardist within
6—12 m). Beyond 100 ms, the responses look simiidrowt

and with orchestra, but the results suggest thlatdtuctions
of integrated levels beyond 80 ms also are sigmitiy af-

fected by the design of the stage enclosure. Ofgyveof the

acoustic measures showed reductions being closenstant
when adding the orchestra under different stagdosue

conditions and designs. The acoustic measGyeand STiye

and to a certain degree al$pCgy and ST,y Show the most
consistent reductions. The reductionsE T, G, and G;-s5

appear highly dependent on both presence of risetgrop-
erties of the stage enclosure.

PHYSICAL RELIABILITY OF
THE ST MEASURES

The ST measuresTeary STae aNdSTqa) assess the level of
reflections returning back to the stage within efiént time
intervals. According to ISO 3382-1:2009 the souruest be
set on stage with the microphone at 1 m distanem fthe
(centre of the) source to simulate a musician vhiti'her
instrument. Both loudspeaker and microphone shoeldthl
or 1.5 m height. The reference for the measuredcdevel
is the combined level of the measured direct scamdl the
floor reflection, summed within the time interva:1D ms.
To keep this reference consistent, Gade recommemalgdg
no objects on stage that would reflect sound argivivithin
the time window for the reference level (0—10 ndg)dition-
ally for STeany the source and receiver should be at least 4 m
from any reflecting surfaces (except from the f)or avoid
any of early reflections arriving before 20 ms.

An alternative t0STeay, is the measurés,;g 100 (G Within
20-100 ms) at 1 m. Whil$T..y uses the direct and floor
reflection energy for referenc&,o_1q9 effectively uses the
source power as a reference. More precisglyalues are
based on the direct sound level at 10 m as referaneraged
for 29 source rotations (according to ISO 3382-090to
minimise the effect of source directivity. The difént
source-receiver distance used for the referencd (@0 in-
stead of 1 m) contributes to values®@teing 20 dB higher
compared tdBTeany Goo-100ignores the contribution from the
floor reflection (and interference effects betwdba direct
sound and floor reflection), which roughly contribsi an-
other 1 dB difference betweeByy-100 and ST,y (totally
roughly 21 dB difference). How a single measureSaf,,,
relates tdG,q-100iS €xpressed in Equation (1), wheyeepre-
sents the effect of the floor reflection inclusionthe refer-
ence,e, represents the variations caused by the souree-dir
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tivity and ¢3 represents variations due to offsets from 1 m
transducer heights and source-receiver distance.

STeary = Goo-100— 20 +e1 + &5 + &3 1)

From the observations above one could claim thatsomes
based orG are likely to be more reliable compared to &
measures. MeasurinG with source-receiver distance well
above 1 m will offer greater accuracy. If takingegr care
when obtainingST the values oty ¢, ande; will be small.

But sinceG over the last 20 years has become a common
room acoustic measure it appears preferable tocGusden
relating to levels of reflected sound.

RELIABILITY OF SUBJECTIVE CHARACTERI-
STICS OF ACOUSTIC STAGE CONDITIONS

Subjective impressions by musicians of individutdgss
were collected through two different questionnaiteveys
and dialogue with the musicians. The first studyolmed
eight orchestras within England and Norway, whertees
second study investigated in the detail eight ef plerform-
ance spaces one of the English orchestras perfoimegju-
larly.

To obtain the most valid and relevant judgementsnfithe
players the results from the questionnaire sun&yggest
that the following conditions need to be fulfilled:

* When asking about conditions relating to ensemtiie
halls judged should all have an acoustic respoasatde for
a symphony orchestra. If including halls the playénd too
‘dead’ or ‘live’, sufficiently valid comparisons naot be
made of different stage enclosure designs.

* The players should play regularly in the halleyttare re-
quested to judge, but home venues should be extlufle
halls visited only occasionally or home venuesinctuded,
the validity of their judgements could suffer dwelimited
experience or adaptation to certain acoustic cimmdit

Previous studies of stage acoustic conditionsudioh Gade
(1989b), have not been carried out according toctredi-
tions above. This means that the results from tistseies
may not be entirely valid for large orchestras tags. This
may help explain why some results from this projamttra-
dict the results of others.

Regarding the reliability of judgments of acoustimditions
on stage, the variations of judgments appear aiedb per-
sonal preferences and training as much as thaimetit they
play. When studying orchestra average value of ailver
acoustic impressionJAI —the overall satisfaction with the
acoustic response on stage) the halls receivintpthest and
highest score differed significantly (based on istiagl
analysis — Student t test using a significancelleie& %).
For medium ranging halls, no significant differesceere
found between these halls from the quantitativeistu This
shows that quantitative studies have clear linateti

SUBJECTIVE RELEVANCE OF
THE ACOUSTIC MEASURES

When relating the subjective characteristics to spial
acoustic conditions, the study was in general gjgitn two
parts based on the guidelines listed in the abewgo:

1) Subjective characteristics of conditions on stagjated
to the acoustic response from the stage enclosure.

2) Subjective characteristics of conditions on stagjated
to the acoustic response within the main auditorium
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For studying the effect of the stage enclosurethadl halls
included were judged by orchestras visiting theslks iand
other halls) regularly and had a level of acousponse that
the players did not comment clearly negatively abAll the
stages studied had a riser system installed. Anhajof the
stages had a riser system with the players at dlck bf the
stage on risers (with all the string players onflaefloor).

For the first subjective study the acoustic measilire&sTeany
andG, were included, with values & estimated from meas-
uredT and hall volume/ based on Barron & Lee (1988). For
the second subjective study a total of 21 acoumtBasures
based on monophonically measured acoustic respoveses
studied, includingT, Cgo, G, Ge Gr_so STeary and ST
Stage average values of these acoustic measurescoBTr-
pared to subjective characteristics, as well agltesat indi-
vidual positions on stage and results versus seaasEver
distance. The acoustic measures were based on reeesus
with an unoccupied audience area and chairs onlgtage
(47-80 chairs totally on stage).

The results from the two subjective studies sugtjestexist-
ing acoustic measures based on monophonically mezhsu
responses without the orchestra present are mesddyant
regarding the following: the level of the acoustésponse
provided by the main auditorium to the stage anthieystage
enclosure. In particular the late acoustic respaisgond
80 ms) appears relevant. Measures related to lefvehe
early acoustic response provided by the stage smaovere
not found to be significantly relevant to subjeetisharacter-
istics.

The results also imply that the acoustic measutéshwvere
found most valid in objective physical terms (riglgtto the
conditions experienced by the players) also caeelzest
with subjective characteristics of overall acoustipression
(OAl) and sound levels. The exception appears t8Rg,
showing reasonably consistent reductions with trubestra
introduced, but no significant correlations to géved condi-
tions. These results were based on studying batfesaver-
age values and results at individual positions giffdrences
between individual positions.

Why acoustic measures related to early reflectidasnot
correlate significantly with subjective charactgcis could be
related to the following factors:

« Assessing levels of early reflections with suéfitt reliabil-

ity and validity compared to conditions with orctragpresent
appears difficult. The low reliability appear tdaemainly to

the level of early reflection vary significantly alifferent

locations on stage, and the low validity appeaefer mainly

to the orchestra significantly attenuating earReions.

* For STeany the direction of early reflections is ignored, and
the reference level used contributes to reducedighlyreli-
ability. The direction of early reflections appeaighly rele-
vant for perceived ensemble conditions.

Based on the above and other investigations condiukie
ing the project, the relevance of existing measti@sed on
monophonic responses on stage without the orchestsent
appears to be as follows:

* The level of late acoustic response provided H®y ain
auditorium to the stage appears relevant for pesdei
‘bloom’ (acoustic support) and ‘projection’ (acasstom-
munication with the audience) among the playere iost
popular halls within this project have<lG, < 3 dB (within
500-2000 Hz).G, within the audience area was estimated
from global average value @f(unoccupied) and hall volume
V (using a source-receiver distance of 15 m) or oreas
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within the stalls area (unoccupied, with sourcesiegr dis-
tance within 10-20 m and excluding measurementtiposi
in balcony seats and below balconies). What optirangje
may apply for other ensembles, like chamber grobas,not
been investigated. The validity 6 within the audience area
will depend on the type of audience seats used.optienal
range found is based on moderately upholstered.siédhe
hall has a lack of acoustic response it will befidlift to
compensate for this by having a very reflectivgstanclo-
sure, since this apparently contributes to an ekeedoud-
ness and lack of clarity of sound on stage. An ssive
loudness can be compensated for to a certain déyréiee
musicians playing softer. But it will often limit ehdynamic
range since not all instruments will be able toypsaftly
enough, and the wanted character of the soundfisuti to
achieve if playing very softly.

* To what degree the stage is acoustically expdasethe
main auditorium appears relevant for the experierfcero-
jection’ (acoustic communication with the audiene®)ong
the players. The most popular stages within thigeot have

3 < G < 5 dB (within 500-2000 Hz) on empty stage with
chairs — approximately 2 dB above the level witta stalls
section. A lack of late acoustic response on stagebe more
validly detected, since the orchestra will conttéto reduce
levels further. The audibility of the late acoust&sponse
may be assessed wilyy measured on stage.

» Overall levels of early and late reflections welet for per-
ceived loudness and detection of early reflectievels that
potentially can provide compensation for low within
orchestra levels. Extreme levels (too low or toghfiof early
and/or late acoustic response can to a certaireddge de-
tected by measurin®J/G;-s5, G; and Cgy On stage. Exces-
sively low values of5,, G, above 500 Hz on empty stage can
be a valid indication of problematic conditionsyc@ levels
will be further reduced with the orchestra present.

* Measured values at the octave bands 63 and 12nHmn
empty stage should be sufficiently valid compamedandi-
tions with orchestra present.

¢ Conditions with orchestra present will be most tcos
efficiently studied in computer or scale models.tdils of
measured impulse responses and values of for test@n
and G, on stage (without the orchestra present) can tsed
calibrate the models if studying existing stagesabures
based on measured have within this project been found
highly reliable.

The results suggest that average values within Z0@3- Hz
and at single octave bands from 125 (63 preferabdy)
4000 Hz are relevant. Results at individual positiorstage
average values may be used, but studying resuhsliatdual
positions instead of stage average values appeanske the
acoustic measures less correlated. ValueG, aheasured at
different locations on stage with a source-receiistance
above 6 m (preferably above 8 m if having the tdacsrs
1.2 m above the stage floor) show low standard afiewi.
This suggests that the results@fon stage are not very sen-
sitive to howG, is obtained (like actual measurement posi-
tions used and looking at individual instead ofjstaverage
values) by using a source-receiver distance wailvald m.
The use of source-receiver distances above 6 mirwiken-
eral also focus on paths within the orchestra whiegeacous-
tic response from the stage enclosure appearsarnitcal.

If values ofG, are not available, values ©fmay be used as a
substitute. The proposed relevant measures appesuiyt be
relevant for revealing the most problematic acaustndi-
tions on stage. The measures do not discriminate hee
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tween halls receiving overall acoustic impressiathiw 4—10
(out of 10).

NEW ALTERNATIVE STRATEGIES

From the questionnaires and qualitative studiethefstage
enclosures judged by the orchestras it became thaarit

would be relevant to study the direction of refiecs pro-

vided on stage. The directions of early reflecti@ppear
relevant for the ability to hear the other playdesarly, while

the directions of late reflections and reverberatappeared
relevant for impression of acoustic support (‘bldpmand

acoustic communication with the audience (‘proath. The

way a symphonic orchestra is organised on stag®say
low ‘within-orchestra’ sound levels without any géaenclo-
sure present — players far apart on the flat flexperience
very low mutual sound levels (typically string péaig). These
low within-orchestra sound levels are competinghwiigh

levels from typically percussion and brass, andccend up
being completely masked perceptually. One of thegoirant

aspects of the stage enclosure appears to be dotieély

compensate for low within-orchestra levels withthe intro-

duction of more competing sound. The competing dazan

also perceptually mask the acoustic response flemiain

auditorium. This led to the concept of discrimingtbetween
‘compensating’ and ‘competing’ reflections provided the

stage enclosure.

To incorporate quantitative measures related todtrection
of dominating early reflections, a set of archieat meas-
ures were developed. These measures would alseddan
degree give an indication of the direction of laiving
reflections and to what degree the stage is aaaligtiex-
posed to the main auditorium. Figure 1 illustratesv the
architectural measures were obtained.

Figure 1. Plan and long section of a generic stage showing
the method for obtaining the proposed architectonedsures.

* W (width reflecting surfaces strings) is found as #ver-
age distance between surfaces likely to reflechdaan the
sides within the front half of the stage, where streng play-
ers normally sit.

* H,, (height reflecting surfaces brass) is found asatlerage
height from the average floor height between baaskstring
section, up to a reflective surface likely to reflsound from
brass (as well as percussion) instruments downrtsivtne
string section. With tilted or smaller reflectingriaces above
the orchestra, there will be a question about higwificantly
these surfaces reflect the brass down towardstting sec-
tion. Often an overhead reflector is tilted to patj sound
towards the audience — in such a case the pres#nites
reflector is ignored when obtaining,,. The height up to
reflecting surface(s) above the string playéts, was also
considered. Since this measure was found to cteriighly
with Hy, (r = 0.88) it was not included among the architec-
tural measures studied in detail for this project.
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OAl

10

« D is found as the distance between the back erfieaftage
accessible to the orchestra and the average stage If the
line defining the back of the stage for instanceusved, an
average value is found. The distance to reflecBogace
relating toD was ignored for the following reasons: the verti-
cal surface behind the orchestra are in some hadide ab-
sorbing, and the space accessible to the orcheggrfi-
cantly affects direct sound levels within the osthe.

¢ The ratiosH,y/W,s and D/W,s were also calculated. One
could potentially also study,,-D/W,, combining all the
effects of W, H,, and D. This has not been implemented,
since such a measure for instance will make iticdiff to
isolate the effect dfl,, from the effect oD.

In both subjective studies, these architecturalsmess were
found to correlate significantly with subjective achcteris-
tics, such as the ability to hear one’s own insgnmhearing
other players and overall acoustic impressi@Alj. The
architectural measures also correlated signifigantth OAI

for 20 purpose-built concert halls (including teall® from

the first subjective study, six from the second jsctive

study and five halls from Cederlof (2005)); thesen2ls had
a wide range of different stage enclosure desighsse re-
sults support the concept mentioned above regarcimy-

pensating and competing early reflections providgd stage
enclosure (based on all the string players sittngthe flat
floor for a majority of the stages studied). Thehdtectural
measures offer useful rules-of-thumb, but are noédace-
ment for objective acoustic measures.

A range of different aspects relate to perceiveddd®ns.
The results from this project suggest that a coatimn of
objective measures, acoustic as well as archit@ctiogether
can provide some overall guidance when assessemge st
enclosures. The apparent likelihoods for resul@?y based
on measured,, andH,, andH,,/W,s are shown in Figure 2.
OAl is here ranging from 1 to 10. The white areashis t
figure represent optimum values of the objectiveasoees
and the objective measures are mutually dependbaoth-G,
and the architectural measures need to be in tti@apange
for being likely to achieve a high value ©Al. Only whenG,
is within the optimum range it will be relevant study H,,
and H,/W,, leading toOAIl below 4 being very unlikely
when studyingH,, and Hy/W,s. Within the optimum ranges
there is a significant spread in possible value®Al, but the
lowest values 0OAl is likely to be avoided.

10
<
o
4 4
1 . 1

G| Hrb and Hrb/Wrs
Figure 2. Tendencies dDAl relating to the acoustic measure
G, and architectural measurnds, andH,,/W,s. The white
areas defin©Al within 4-10 regardings and
within 7-10 regardindf,, andH /W,

The significant spread @Al is associated with the exclusion
of other objective measures that could be relevhatsimpli-
fied representation of the acoustic response bytjective
measures, and insignificant differences betweenranding
halls when relating to averageAl. This demonstrates the
limitations of quantitative objective and subjeetigtudies.
For instance the finer details of the stage encéosue not
represented by,/W,s and the direct sound levels are af-
fected by the riser system used. Though the fimtails of
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the stage enclosure appear to be most criticahfermediate

values ofH,/W,s andH,,. The overall shape of the area de-

scribing the likelihood folOAl based orH,, and H,/W is
based on thaDAl is likely to ‘saturate’ at approximately 4—6
for extremely low or at approximately 8-10 for extrely
high values oH,, andH,y/W,s. A similar saturation will also
occur for extreme values @, as indicated by the overall
shape of the area of likelihood regardig

For detailed studies of the acoustic response fifmmstage
enclosure the results from this project suggestttieorches-
tra must be included and that directional inforomatis rele-
vant regarding both early and late acoustic responsstage.
Studies of acoustic responses with the orchestraept can
be cost-effectively studied by use of scale or catepmod-
els. The results from the computer modelling shagmi-
cant differences in level and time arrival of comgeting and
competing reflections provided by different stagelesures.
The differences in acoustic responses between iffexemt
stage enclosure designs were found more signifieéhtthe
orchestra present compared to absent. In compubelels
the direction of reflections can also easily bedstd and
acoustic measures based on omnidirectional respansgy
prove more valid when being based on responses avith
orchestra present. Measurements on empty stageGdiknd
G, will be relevant for calibrating models of exigistages.

In general the quantitative methods, both objectind sub-
jective show significant limitations regarding disaination
between mid-ranging halls. The limitations may kplaned
by the objective measures only providing a simgdifrepre-
sentation of the acoustic conditions experiencethbyplay-
ers. Additionally, perceptual effects like level sking and
temporal masking, the precedence and the cocldaiyp
effect appear relevant for the players’ impressibmearing
all other players clearly. These effects are netleguantifi-
able. This suggests that the most valid studiedagfe acous-
tic will involve a full symphony orchestra playinmder real-
istic acoustic conditions, where the players idgritie dif-
ferences between highly controllable varying adousindi-
tions. The quantitative methods included in thigigtappear
most useful for detecting acoustic conditions thiditlead to
the worst cases and detecting a potential for @toondi-
tions. For discrimination of mid-ranging halls djtetive
information appears essential, like discussingpgbeceived
conditions with the players, studying the properta the
stage enclosure and resulting echograms with otrehpse-
sent in detail. Good communication between acoasticand
musicians about the quality of acoustic conditiampears
beneficial to further raise an understanding ofrthesicians’
point of view and how the different factors invalvare inter-
related.

DESIGN OF STAGE ENCLOSURES

In design terms, though an overhead reflector atzostage
might seem potentially useful, it would appear twthelp
hearing of others. To hear an individual musiciaig neces-
sary that their sound is not perceptually maskethhy from
other musicians, such as those closer by. It apptat a
lower overhead reflector does nothing to make tistadt
musicians more audible relative to those near¢hédisten-
ing musician. Indeed we have evidence that a Idtgeand
horizontally oriented overhead reflector at low dghi just
increases the sound level, reduces the audibilitheacous-
tic response from the main auditorium as well asiceng the
clarity of sound on stage — all acoustic conditiarisch the
musicians in one particular hall disliked.

The preference for a narrower stage width suggéstsre-
flections from the side help audibility of distantisicians, in
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particular for string players sitting on the fl&dr. Also the
low frequencies of the double basses are enhancédving
reflecting surfaces close to the double bassesingdke top
sections of the side walls vertically tilted willsa provide
unattenuated early reflections across the stags, dffec-
tively compensate for low within-orchestra sounekls. The
need for compensating reflections provided by tiages en-
closure will depend on the design of stage risérde out-
most string players are on risers — for instancaugy of a
circular riser system — the need for compensatifigations
is likely to be reduced (not studied in the detaithis pro-
ject).

Vertically tilted sections may also be useful retjag the
audibility of the acoustic response from the maidisorium:

tilted sections (as well as outward sloping siddlsvand

ceiling) are found to contribute to reduce the dhuip of

reverberant sound within the stage enclosure angl atsen

help project late reflections from the main auditor to-

wards the musicians. By making the enclosure hige,
negative effects mentioned in the previous pardgagpear
to be lowered as well as keeping the late acoussigonse on
stage sufficiently coupled with the late acoustisponse
from the main auditorium. Meyer (2008) has alsoppsed
that a narrow, high enclosure appears to be the beyeefi-

cial for conductors.

For cases where for instance the enclosure iswighy or an
orchestral enclosure is not well linked to the meaiditorium
(like for a proscenium stage), carefully designegrbead
reflecting surfaces (reducing the height on stagey im-

prove conditions even though they may not fully pemsate
for reflecting surfaces at the sides that are #mate from
the string players. For instance introducing conspéng
reflections with a minimum delay at a sufficientdéappears
more difficult with overhead reflecting surfaces.itical

aspects of overhead reflecting surfaces (not stuitieletail
in this project) appear to be the balance of corsatémg and
competing reflections, build-up of late reflectionghin the

stage enclosure as well as projection of the latistic re-
sponse from the main auditorium towards the playersjec-
tion of late reflection from the main auditoriumn@ards the
stage appears particularly important for stages éina not
highly exposed (acoustically coupled) to the mairtito-

rium.

The critical aspects mentioned above are only yantni-

tored by the architectural and acoustic measuteiest. Our
results indicate that these aspects are best dtirdiscale or
computer models by investigating the details ofultesy

impulse responses across the stage obtained wtbrthes-
tra present. From resulting impulse responses étel land
time delay of early reflections for sound across filont half
of the stage can be studied, as well as presencengbeting
reflections from instruments at the back of thgystand the
dominating direction of the late acoustic respamsstage.

Some possible improvements regardilig may be to obtain

-

one value oW for reflections from 125 Hz and below, and
one value founobstructedeflections with orchestra present

at frequencies above 500 Hz. This would betteraisothe
effect of compensating reflections and low frequern-
hancement of the double basses in the design precasd
may lead to better subjective relevancé\afandH /W,

CONCLUSION

In terms of acoustic measures used as design &alsfor
assessing existing stages, the results from tieeywar pro-
ject covered in this paper suggest that existingustic
measures based on omnidirectional acoustic respoose
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stage without the orchestra present have verydihthysical
validity and subjective relevance. The level of ldte acous-
tic response assessed in the audience area aasnatil stage
appears relevant for an impression of acoustic @tipp
(‘bloom’) and acoustic communication with the aumie
area (‘projection’). These subjective aspects appeabe
important for the players, but are mainly relate¢dmmuni-
cation with the audience, not communication betwplry-
ers. Communication between the players (the alitithear
all other players clearly) appears paramount antbaglay-
ers. Ease of communication between players appeaetate
to complex perceptual effects which are not easyutantify
(like level and temporal masking effects, the pdecee
effect and cocktail-party effect). No acoustic mgas have
so far been identified to assess communication dxtvplay-
ers on stage. For valid measurements on staggpiass
essential to include the orchestra. For point sotocpoint
receiver measurements, the direction of early caflas ap-
pears important for within orchestra communicatia-
though no acoustic measure was found to relateaoig of
others by the orchestra, a set of architecturalsomes were
found to be relevant both to this specific issue amerall
satisfaction for musicians of individual stage eamments.
Such architectural measures offer simple rulesiofrtb for
designers.

Regarding existing acoustic stage measur$%.4, and
STae), these measures appear mainly relevant for asgess
the level of the acoustic response provided bynth@é audi-
torium to the stage and provided by the stage sooés. In
particular the level of the late acoustic respofiseyond
80 ms) has been found subjectively relev&W%,, was de-
signed for assessing the late acoustic respongeGbis
found to be physically more reliable. Wi, resulting val-
ues in the audience area can also be studied éstigate the
level of the late acoustic responses provided ey rifain
auditorium on stage (relevant for perceived acoustimmu-
nication). Values o6, obtained with source-receiver distance
above 6 m appear highly reliable and sufficientblid/ in
physical terms without the orchestra present tosbigjec-
tively relevant. By assessirtg both in the audience area and
on stage some indication of the direction of the Ecoustic
response is provided. Values &f can be estimated from
measuredr and hall volumeV or calculated from measured
G andCg — in some cases without the need for carrying out
new measurements since results for these measueasiya
exist. The use of andCgy assessed on stage has also been
found subjectively relevant associated with pergivever-
berance. The results for such acoustic measuréutithe
orchestra present have been found relevant onlgligmover-
ing the most problematic conditions.

The ST.any is found to have poor subjective relevance if only
studying stages where the level of the late acoustponse
from the main auditorium is apparently suitable éosym-
phony orchestra. The lacking subjective relevampeears to
relate to the direction of early reflections notngeassessed
and that values ® T, are obtained at 1 m distance around
the centre area of the stage. No acoustic meabakesbeen
found or proposed to repla&dc.ny, but a set of architectural
measures have been proposed. The architecturalumeeas
proposed are found to be a practical and subjdgtieéevant
substitute for not having measures of acoustic itiond with
orchestra present and information of directionarfyereflec-
tions available. Measures of the early acoustiparse based
on omnidirectional responses may prove subjectivetye
relevant if including the orchestra and obtainirjues be-
tween positions on stage where the players arelyhigh
fected or highly dependent on the early reflectiprsvided

by the stage enclosure. This can be done costteBcin
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models, where also the direction of the reflectieasily can
be studied.

For future investigations of the relationships kedgw physi-
cal objective conditions and perceived condition®ag the
musicians, it appears essential to not be limiteduantita-
tive studies only and that realistic and relevahysical
(acoustic) conditions are studied. The results ftbenthree-
year project suggest that the presence of the strehen
stage is important when considering acoustic camditand
that a lot of factors which are not easily quaabife are
highly relevant for perceived conditions.
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