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Abstract: The acoustics ofreligious buildings represents one ofthe most complex cases ofarchitectural acoustics. This is especially
due to the fact that the different liturgical functions require other listening requirements. More specifically, in churches, there is
often acoustical design conflict between the intelligibility of the spoken word and conditions for enjoyment of music. These spaces
can be evaluated by objective or subjective parameters of the acoustic quality of listening positions. This article focuses on the
evaluation the reverberation time, as well as the spatial and directional distribution ofthe acoustic energy of three churches in Zlin,
which are distinguished by the time of construction, the architectural style and the building structure.
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1. INTRODUCTION

Buildings serving for rituals and worships have become so-
cial spaces of a symbolic significance which have been high-
ly sought after since ancient times [1], For this reason, these
"social places" have been given a great deal of attention from
the earliest times. Churches and other places of worship have
been the highlights of construction work for centuries and
their architecture has always dominated in the proper style of
art [2]. Over years each religious community had its charac-
teristics requirements for dealing with spatial shapes, disposi-
tions and structural elements that have signed on the space
not only visually but also by their listening qualities. One ofthe
main priorities was that the acoustic response of the sacred
space had to correspond with a certain tradition and offered
a real experience to the visitor [3]. In the old days, all architec-
tural solutions have been based on the intuition and personal
experience of interested professionals [4]. Developments in ar-
chitecture have forced the newly formulated requirements for
the construction of buildings and at the same time with the in-
creasing global attention to the issue of acoustic energy trans-
mission, the objective methods have begun to arise alongside
those subjective. Subsequently, these objective methods help
us in terms of acoustics design, evaluate and adjust large types
of spaces. In recent decades, a lot of attention has been paid
to objective quantities that are based on the ratios of certain
parts of sound energy for defined periods of time. Currently,
the most important acoustics quantities considered for the
evaluation the listening qualities of the space are reverbera-
tion, spatiality, distinctness, clarity and many others. However,
despite the knowledge of these criteria, a reliable prediction of
the acoustic quality of large spaces cannot be a hundred per-
cent guaranteed [5]. At present, almost all acoustic analyses
are performed using virtual models and simulations.

1. UvoD

Stavby slouzici k ritudlnim a bohosluzebnym gelim se jiz
v davné minulosti staly spoleCenskymi prostory se symbo-
lickym vyznamem, které jsou jiz od pradavna vysoce vyhle-
davanymi misty[1], Z toho dlivodu byla od nejstarsich dob
t&mto ,spoletenskym mistim" vénovana zasadni pozornost.
Sakralni stavby pfedstavuji po staleti vrcholy stavebni ¢innosti
ajejich architektura vzdy dominovala v pfislusném dobovém
slohu [2]. Kazdé naboZenské spoletenstvi se v priib&hu let vy-
znacovalo vlastnimi specifickymi pozadavky na feSeni prosto-
rovych tvar(, dispozic a konstrukénich prvkd, které se na dany
prostor podepsali nejen vizualnég, ale také svymi poslechovymi
vlastnostmi. Mezi hlavnimi prioritami bylo, aby akusticka ode-
zva posvatného prostoru odpovidala jisté tradici a nabidla na-
v§tévnikovi opravdovy zazitek[3]. V pfipadé dob davnych bylo
veSkeré architektonické FeSeni zaloZzeno na intuici a osobnich
zkuenostech zainteresovanych odbornik(i[4], S rozvojem ar-
chitektury, které si vynutily nové formulované pozadavky
na vystavbu budov, a sou€asné se zvySenim celosvétové po-
zornosti o problematice prenosu akustické energie, zacaly
vznikat vedle subjektivnich hodnoticich metod také objektiv-
ni metody, které nadm v soucasné dobé pomahaji navrhovat,
hodnotit a upravovat rozsahlé typy prostord. Problematice ob-
jektivnich kritérii, zaloZenych na pomérech urcitych ¢asti zvu-
kové energie v daném prostoru pro definované ¢asové Useky,
se v poslednich desetiletich vénovala v celosvétovém meéfit-
ku velkd pozornost. V sou¢asné dobé se mezi nejvyznamné;si
pomeérova kritéria, charakterizujici mistni poslechové pod-
minky, fadi mira doznivani, prostorovosti, zfetelnosti, jasnosti
a mnohé dalsi. Nicméné spolehliva predikce akustické kvality
poslechovych mistv rozsahlych prostorech nenizarucena i pfi
znalosti téchto kritérii. [5] V souCasné dobé se témer veSkeré
akustické analyzy provadi za pomoci virtualnich modeld a si-
mulaci daného prostoru.
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This contribution deals with the description of sacral buildings
from the point of view of spatial acoustics. From this perspec-
tive, the article also mentions the complexity of such a build-
ing. Part of the contribution is also evaluation ofacoustic prop-
erties of three churches in Zlin, which are distinguished by
the time of construction, the architectural style, the building
structure and the internal arrangement of the other elements.
It should be emphasized that this is not a complex acoustic
evaluation with all acoustics quantities. Meanwhile, the mea-
sured data has been evaluated in terms of reverberation and
character of decay curves. Furthermore, the calculated param-
eters also indicate the spatial distribution of acoustic energy.

2. ACOUSTIC REQUIREMENTS

The history of sacred architecture describes a wide variety of
functional requirements and how they have been adapted
over time: spatial shapes, process layout and structural ele-
ments. Traditional worship spaces consist of multiple zones
serving different liturgical functions, characterised by different
acoustic needs [6]. Considering these zones may be intercon-
nected to some extent, it is clear that there may be a discrep-
ancy between the different listening requirements. Especially,
the sound source location (priest, organ, choir) and dimen-
sional dis-position of zones are key factors that determine the
interaction between interconnected zones [6],

The complexity of the solution of particular spaces depends
primarily on their primary purpose [7], If space is primarily used
for speech, several factors influence the quality of its transmis-
sion. For preaching, it is the intelligibility of the spoken word,
whilst for prayers, it is the noise protection [7], Flowever, in the
case of musical productions, the situation is much more com-
plicated. The point is that subjective perceptions at the listen-
ing position are influenced by many factors already, and some
ofthem are related to the physical nature of matter and anoth-
er of them with an emotionally aesthetic content of accepted
musical signals [8]. And because of this considerable variation
of individual requirements is acoustics of sacral structures one
of the most complex cases of architectural acoustics [3], which
is also the main reason for the necessary cooperation between
architects and acoustics throughout the project.

In solving such a project, itis necessary to consider the mu-
tual relations between the objective (and measurable) acous-
tic quantities and subjective parameters of the acoustic qual-
ity at selected locations in the space. From the point of view
of listeners own enjoyment, those subjective parameters have
a higher priority than the objective ones, the reason is the fact
that although the objective quantities, such as reverberation
time, spatial and directional distribution of acoustic energy,
reach optimal values, the audience's assessment may not be
positive [7], An example may be the occurrence of echoes that
are very common in large spaces. Long propagation paths
and different distances from the sound source can very eas-

ily cause these problems [9]. The next chapter develops these
issues.

Tento prispévek se zabyva popisem sakralnich staveb z po-
hledu prostorové akustiky a bere si za cil z tohoto pohledu
uvést, jak slozité stavebni dilo takovéa stavba pFedstavuje. Sou-
Casti prispévku je i hodnoceni akustickych vlastnosti tfi koste-
IG ve Zling, které se odliduji dobou vystavby, architektonickym
slohem, stavebni konstrukci a vnitfnim uspofadanim ostatnich
prvk(. Je nutné poznamenat, ze se nejedna se o komplexni
akustické hodnoceni se vSemi pomérovymi Kkritérii. Pofizené
nameéry byly prozatim hodnoceny pouze z hlediska doznivani
a charakteru poklesovych kfivek. VypoC€tené parametry také
poukazuji na rozlozeni akustické energie v prostoru.

2. AKUSTICKE POZADAVKY

Pfi sledovani historie Ize pozorovat rozvoj a zplsob Fedeni
jednotlivych funkénich prvkd tak, aby bylo docileno poZado-
vanych poslechovych vlastnosti [6], Tento rozvoj je charakteri-
zovan predevsim feSenim prostorovych tvar( a konstrukénich
prvk(. Tradiéni bohosluzebné prostory se sestavaji z vétsiho
poétu zon slouzici k rliznym liturgickym funkcim vyznagujici
se odliSnymi akustickymi potfebami [6], Vzhledem k tomu, Ze
tyto z6ny mohou byt dojisté miry vzajemné propojeny je zfej-
mé, Ze mlze dochazet k rozporu mezi rliznymi poslechovymi
poZadavky. PfedevSim umisténi zdroje zvuku (knéz, varhany,
sbor) a rozmérové dispozice z6n jsou klicovymi faktory, které
urcuji vzajemnou interakci propojenych zén [6].

SloZitost FeSeni jednotlivych prostord se odviji od jejich
primarniho Gcelu [7], Jde-li v téchto prostorech o fe€, rozho-
duje ojejich kvalité nékolik faktor(. Pro kazanije to srozumitel-
nost mluveného slova, v pfipadé modliteben je to predevsim
ochrana proti neziddoucimu hluku [7], Na druhou stranu v pfi-
padé hudebnich pfedstaveni je situace vyrazné komplikova-
néjsi, nebot’ na subjektivni viemy v mistech poslechu ma vliv
jiz cela fada faktord, z nichz nékteré souvisi s fyzikalni strankou,
jiné napf. semocionalné estetickym obsahem pfijimanych hu-
debnich signalG[8]. Pravé na zakladé této znacné rozdilnosti
jednotlivych pozadavkd, pfedstavuje akustika sakralnich sta-
veb jeden z nejslozitéjsich piipad( architektonické akustiky[3],
coz je také hlavnim ddvodem nezbytné kooperace architekta
a akustika po celou dobu projektu.

PFi feSeni takovéhoto projektu je nutné uvazit vzadjemné vzta-
hy mezi objektivnimi a zarovei méfitelnymi veliCinami akus-
tického pole a subjektivnimi parametry akustické kvality po-
slechovych mist prostoru. Z hlediska vlastniho pozitku maji
ty subjektivni vySsi prioritu neZ ty objektivni, a to pfedevsim
proto, Zze i kdyz nékteré objektivni veliCiny (doba dozvuku,
prostorové a smérové rozlozeni akustické energie) dosahuji
optimalnich hodnot, nenizaruéeno, ze hodnoceni posluchag(
bude kladné [7]. Pfikladem mohou byt napfiklad tzv. diskrétni
ozvény, kterymi jsou pomérné Casto postizeny velké prosto-
ry. Dlouhé cesty pfenosu a rozdilné vzdalenosti poslechovych
mist od zdroje zvuku mohou velmi snadno zp(sobit tyto
problémy [9], Tato problematika je vice popsana v nasledujici
kapitole.



3. SOUND PROPAGATION
SPACE

IN AN ENCLOSED

Many waves of varying shape characteristics can propagate in
the space simultaneously. Eigenfrequencies have a significant
influence on the acoustic properties of the space, as the excita-
tion of the sound source occurs when the excitation and the
eigenfrequency match the resonance [9], This fact indicates
that the acoustic properties of the enclosed space in terms
of the sound propagation from the source to the receiving
position are highly dependent on the frequency. Therefore,
to ensure a good sound propagation, it is important that ap-
propriate frequency band contains as many eigenfrequencies
as possible [9]. This implies that the lowest eigenfrequency
should occur at a much lower frequency band than the one
on which the sound is propagated [7]. However, in the case
of large spaces, this has already been accomplished from low
frequencies [10].

Besides the sound propagation, the eigenfrequencies
have an effect to temporarily occurring phenomena, ie. at the
beginning the sound source excitation and its end because
the sound energy growth due to reflections from the bound-
aries or expires due to absorption on the walls and in the
air [11]. These phenomena most often appear in the form of
echoes and the nature of the sound that does not exponen-
tially expire. When two or more eigenfrequency fade out at
the same time, the so-called heterodyne effect appears, which
is reflected by the decay curve distortion. The actual distribu-
tion of sound energy in space is directly dependent on how
the eigenfrequencies of space correspond with the frequency
band on which the sound energy is propagated [9]. In order to
achieve preferably the monotonous dependence of increasing
and decreasing of sound energy at a given frequency, it is nec-
essary to ensure that even the lowest frequencies contain as
many eigenfrequencies as possible, even for small spaces [7],
This could only be achieved by a suitable design of the dimen-
sions of the subject space [12]. For this reason, in the con-
struction of sacral buildings in a certain period style, a specific
proportion of individual dimensions was applied in order to
optimize sound propagation over a wide range of frequencies.

4. DESCRIPTION OF CHURCHES

This chapter is devoted to the basic description of three
churches that have been the subject of evaluation of acoustic
parameters in relation to building architecture. The chapter is
compiled in a chronological way and includes mainly the con-
structional and shape description of the interior space.

The Church of St. Filip and Jakub

It is a parish church of the local Roman Catholic parish, which
forms one of the dominant of the centre of the city of Zlin
and is dedicated to St. Filip and Jakub. Since its construction,
dating from 1390 to 1420, the church has undergone a lot
of repairs, rebuilding and expansion. The most important
adaptation of the church was requested at the beginning of
the 19th century due to the lack of capacity and the impos-
sibility to extend the construction in the original direction,
the orientation of the church was changed by turning the
church from the east to the south and extending the nave [9].

3. SIRENI ZVUKU V UZAVRENEM PROSTORU

V prostoru se mize ve stejném ¢asovém okamziku §ifit mnoho
vin s rliznou tvarovou charakteristikou. Vlastni kmity maji pod-
statny vliv na akustické vlastnosti prostoru, nebot pfi buzeni
zvukovym zdrojem dochazi pfi shodé budiciho a vlastniho
kmito€tu k rezonanci[9]. Tento fakt udava, Ze akustické vlast-
nosti uzavieného prostoru z hlediska prenosu zvuku od zdroje
k sledované pozici v prostoru jsou znacné zavislé na frekvenci.
Ma-li byt zajistén dobry ptrenos zvuku, je dilezité, aby sledova-
né frekvencni pasmo obsahovalo co nejvétsi pocet vlastnich
mél vyskytovat na mnohem nizsim frekvenénim pasmu nez
je sledované frekvencéni pasmo [7], Nicméné v pfipadé velko-
objemovych prostor je tato skute€nost splnéna jiz od nizkych
frekvenci [10],

Rozlozeni vlastnich kmitd ma, krom pFenosu zvuku, i zasadni
vliv na pfechodné se vyskytujici jevy, tj. pfi po€atku a ukon-
¢eni plsobeni zvukového zdroje, nebot zvukova energie na-
sledkem nékolikandsobnych odrazd od ohraniéujicich ploch
narQista, popr. vlivem pohlcovani zvukové energie okolnimi
sténami a také ve vzduchu, zanika [11]. Zminéné jevy se pro-
jevuji v podobé ozvén a charakteru doznivani zvuku, ktery ne-
probihd exponencialné. Doznivaji-li sou¢asné dva popf. vice
vlastnich kmitd najednou, dochéazi k tzv. zazné&jam, coz se pro-
jevuje zvinénim prdébéhu poklesu. Skute¢né rozlozeni zvukové
energie v prostoru se pfimo odviji od toho, jak vlastni kmity
prostoru koresponduji s frekven€nim pasmem, na kterém je
zvukovéd energie pfenédsSena [9]. Aby se dosdhlo pokud moz-
no monotoénni zavislosti narlistani a zanikani zvukové energie
na konkrétnim kmitoctu, je zapotfebi dbat na to, aby i pro nej-
niz§i kmitoCty a malé prostory pfipadal na urcity kmitoctovy
interval co nejvétsi pocet vlastnich kmitd [7]. To ovéem mize
byt dosazeno pouze vhodnym navrhem rozmérd predmét-
ného prostoru [12]. Z toho ddvodu se pfi vystavbé sakralnich
staveb v ur¢itém dobovém slohu uplatfioval urcity pomérjed-
notlivych rozmérd, aby doslo k optimalnimu Sifeni zvuku na $i-
rokém rozsahu frekvenci.

4. POPIS KOSTELU

Tato kapitola je vénovana zakladnimu popisu tii kosteld,
které se staly predmétem hodnoceni akustickych paramet-
rl ve vztahu se stavebni architekturou. Kapitola je sestavena
chronologicky a zahrnuje pfedevsim konstrukéni atvarovy po-
pis vnitfniho prostoru.

Kostel sv. Filipa a Jakuba

Jednéa se o farni kostel mistni fimskokatolické farnosti, ktery
tvofi jednu z dominant centra mésta Zlina a je zasvécen sv.
Filipovi a Jakubovi. Kostel od svého vybudovéni, které se da-
tuje na obdobi 1390 az 1420, prodélal velké mnozZstvi oprav,
na pocatku 19. stoleti, kdy z dlvodu nedostatecné kapaci-
ty a nemoznosti rozsifit stavbu do plvodniho sméru, doslo
ke zméné orientace otocenim kostela z vychodni na jizni
a také k rozsifeni chrdmové lodi [9]. Dalsi rozsahlou opravu si



Another extensive repair was requested by the church due to
the great fire that Zlin suffered in 1819 and then also in 1849.

In the framework of repairing the damaged church, the
original building almost disappeared under the Baroque re-
construction, even though the original perimeter walls and
vaults were used [9]. The architecture of the interior space is
mostly composed of elements typical for the Baroque style,
where the influence of Renaissance morphology was still
largely influenced. Perfectly there is a Baroque sense of com-
position and symmetry. When entering the church, the en-
trance portal passes into the inner spiritual space of the cross-
ground plan with the dome up to the main altar. The altar and
the floor are made of marble, walls are made up of acombina-
tion of stone and brickwork. The walls are further painted in
the spirit of the liturgical regulations of the church.

From an acoustic point of view, this is a space whose sig-
nificant area consists of concave walls and materials with very
low sound absorption coefficient. The internal volume is esti-
mated at 5600 m3Together with the great value ofthe internal
volume, it is obvious that this space will be characterized by
a relatively high reverberation time in comparison with the
following churches.

Fig. 1 The Church ofSt. Filip and Jakub (exteriorand interior)

Evangelical Church

The Evangelical Church, built in 1936-1937, is one of the most
successful sacral buildings of Czechoslovak interwar architec-
ture. Balanced proportions and functionalist simplicity per-
fectly correspond to the Bata architecture of Zlin. Just as in
the past, the church now uses a large number of non-Catholic
churches.

During its existence, the interior of the church changed
its appearance several times. However, there were no major
structural modifications. In most cases, this arrangement only
concerned changes in colour and the addition of liturgical
symbols [9], The interior space consists of a vestibule and in-
dividual halls. The basic building material is brick, or stone ma-
sonry, along with wooden elements (benches, tables, pulpit,
wooden panelling on the walls). The floor is largely covered
with a higher-pitched carpet, as well as seat cushions on the
benches.The ceiling structure is also equipped with an acous-
tically absorbent material.

kostel vyzadal kvdli velkému poZzaru, ktery Zlin postihl v roce
1819a poté také v roce 1849.

V rdmci oprav poni¢eného kostelu téméF plvodni stavba
zmizela pod barokni ptestavbou, i kdyz bylo vyuzito plvodni
obvodové zdivo a klenby [9]. Architektura vnitfniho prostoru
je nejvice tvofena prvky typickymi pro barokni sloh, kde se
jesté ve znacné mife uplatiioval vliv renesanéniho tvaroslovi.
Dokonale je zde uplatnén barokni smysl pro kompozici a sy-
metrii. Pfi vstupu do kostela pfechéazi vstupni portal do vnitf-
niho duchovniho prostoru kfizového pldorysu s kopuli az
k hlavnimu oltéfi. OIt&¥ i podlaha je tvofena mramorem, stény
tvofeny kombinaci kamenného a cihelného zdiva. Stény jsou
déale opatfeny malbami v duchu liturgickych predpisd daného
kostela.

Z akustického hlediska se jedné& o prostor, jehoZ vyznamnou
plochu tvofi vyduté stény a materialy s velmi nizkou hodnotou
soucinitele zvukové pohltivosti. Spole¢né s velkou hodnotou
vnitfiniho objemu, jehoZz odhadovana hodnota se pohybuje
kolem 5600 m3je zfejmé, Ze tento prostor se bude vyznacovat
pomeérné vyssi dobou dozvuku nez u néasledujicich kosteld.

Obr. 1 Kostel sv. Filipa aJakuba (exteriér a interiér)

Evangelicky kostel

Evangelicky kostel, vystaveny v letech 1936-1937, patfi mezi
nejzdarilejsi sakralni stavby ceskoslovenské mezivale¢né
architektury. Vyvazenymi proporcemi a funkcionalistickou
jednoduchosti dokonale koresponduje s batovskou architek-
turou Zlina. Stejné jako v minulosti i nyni kostel vyuziva vétsi
mnozstvi nekatolickych cirkvi.

V pribéhu své existence zménil interiér kostela vicekrat
svlj vzhled. Nicméné nejednalo se o Zadné zasadni stavebni
Upravy. VétSinou se dand Uprava tykala pouze zmény barev
a doplnéni liturgickych symbold [9], Vnitini prostor se sklada
z vestibulu ajednotlivych sall. Zakladnim konstrukénim mate-
ridlem je cihelné, pfip. kamenné zdivo spolu s dfevénymi prv-
ky (lavice, stoly, kazatelna, dfevény obklad na sténach). Podla-
ha je z velké ¢asti pokryta kobercem s vy3sim chlupem, stejné
tak i sedaky na lavicich. Stropni konstrukce je jeSté opatfena
akusticky pohltivym materialem.



From an acoustic point of view, this space can be described
as a partially rectangular hexahedron where the ceiling and
the floor are not parallel. The internal volume is approximately
2400 m3according to the measured dimensions. The mean
sound absorption coefficient of the whole space due to the
wide variety of materials is noticeably higher than in the previ-
ous case.

Fig. 2: Evangelical Church (exterior and interior)

The Church of the Panna Marie the Helpers of Christians

This isthe newest church in Zlin, whose construction started at
the beginning of 2000. Architecturally, the church is a unique
example of the new Zlin Functionalism, designed to avoid any
visual disturbance of the existing character of the settlement
on which it is located [9]. Since it is a recently constructed
building, there have been no major changes over the years, as
in previous cases.

The church skeleton is made up of a reinforced concrete struc-
ture, while the ceiling design is in a cassette form. The base of
the church is almost square in shape with cut corners, the floor
is tiled. The interior also contains elements that effectively
adjust the overall acoustic performance of the space. There
are mainly acoustic absorbers which are located on the ceil-
ing and the front of the balcony. Based on the approximate
measurement of the interior dimensions, the internal volume
is about 4100 m3

Since the church is relatively new, the design and imple-
mentation have been done to meet most listening require-
ments (speech intelligibility and transparency for music per-
formances).

Z akustického pohledu lIze prostor oznacit jako ¢astecné pra-
vouhly Sestistén, kde strop a podlaha nejsou rovnobézné.
Vnitini objem se dle naméfenych rozméri pohybuje kolem
2400 m3 Stfedni Cinitel zvukové pohltivosti celého prostoru
vzhledem kvelké rliznorodosti materiall je znatelné vyssijako
u pfedchoziho pfipadu.

Obr. 2: Evangelicky kostel (exteriér a interiér)

Kostel Panny Marie Pomocnice kiestand

Jedné se o nejnoveéjsi kostel ve Zling, jehoz vystavba byla za-
pocata za¢atkem roku 2000. Architektonicky je kostel jedinec-
nym pfikladem nového zlinského funkcionalismu, ktery byl
navrzen tak, aby nedoslo k vizualnimu naruSeni dosavadniho
charakteru sidlisté, na kterém se nachazi [9], Vzhledem ktomu,
Ze se jedna o nedavné vybudovanou stavbu, nedoslo v pri-
béhu let k zddnym zdsadnim Gpravam jako v pfedchozich pfi-
padech.

Kostra kostela je tvofena zelezobetonovou konstrukci, pfi-
¢emz fedeni stropni konstrukce je v kazetové podobé. Podsta-
va kostela je témérf ¢tvercového tvaru s useknutymi rohy, pfi-
¢emz podlaha je opatfena kachlovym obkladem. Interiér také
obsahuje prvky Gcelné upravujici celkovou akustiku prostoru.
Pfedevsim sejedné& o absorbéry umistény na stropni konstruk-
ci a Cele balkonu. Na zé&kladé orientaéniho méfeni rozmérd
vnitfniho prostoru je vnitfni objem cca 4100 m3

Vzhledem ktomu, Ze kostel je pomérné novy, navrh irealizace
byla provedena tak, aby doslo kvyhovéni poZadavk( na srozu-
mitelnost mluveného slova a prezentaci hudby.



Fig. 3: The Church ofthe Panna Marie (exterior and interior)

5. METHODOLOGY

Reverberation time is one of the main parameters determin-
ing the indoor reverberation characteristics, thus, itis primarily
used to assess the acoustic quality of enclosures [9], For this
reason, measuring reverberation was an integral part of the
evaluation itself. More specifically, the shape and structure of
the decay curve of the impulse response of sound propaga-
tion throughout the interior of the churches were analyzed.

Measuring Equipment

The core of the entire measuring chain is the GRAS GS-40AF
omni-directional microphone unit and the Nor1209 pream-
plifier, both from Norsonic company. The output voltage of
the microphones and preamplifiers is fed to a multichannel
Nor850 and then to a sound power module software which
running the state-of-the-art Windows platform. This station al-
lows the connection of multiple input/output measurement
modules. Communication between the data logger and the
device for recording and analyzing measured data (PC) is pos-
sible wirelessly via WLAN or Bluetooth, or alternatively offers
a LAN and USB wired alternative.

For the measurement process, it is very important to set
a sampling rate value that must be as small as possible for the
decay curve analysis. In this case, the value of 5 ms was se-
lected.

Description of Measurement

The measurements were made when there were no people
in the churches or a minimum. The acoustic evaluation was
based on the impulse response of the inner space of the
churches. The measurement itself was carried out under the
different meteorological conditions shown in Tab. 1 and the
range of mid frequencies, for which all measurements, was
taken, extends from about 50 to 10 000 Hz.
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Obr. 3: Kostel Panny Marie Pomocnice kiestand (exteriér a inte-
riér)

5. METODOLOGIE

Doba dozvuku je jednim ze zakladnich parametrd deklarujici
vlastnosti zvukového pole uzavienych prostor [9]. Z toho di-
vodu bylo pravé méfeni doby dozvuku nedilnou soucésti sa-
motného hodnoceni. Konkrétnéji byl analyzovan tvar a struk-
tura poklesové kfivky impulzové odezvy Sifeni zvuku celym
vnitinim prostorem kosteld.

MéFici aparatura

Zakladni ¢asti celého méficiho fetézce je ucelena jednotka
vSesmérového mikrofonu Norsonic GRAS GS-40AF a predze-
silovace Norsonic Nor1209. Vystupni napéti je pfes mikrofon-
ni kabel pfivadéno do meéfici stanice Norsonic Nor850, ktera
spolu se stejnojmennym softwarem slouzi jako hladinovy
zapisovac akustického tlaku podle funkce Casu. Tato stanice
umozfuje pfipojeni nékolika vstupné/vystupnich méficich
modul. Komunikace mezi méfici Ustfednou a zafizenim pro
zaznam a analyzu naméfenych dat (PC) je mozna bezdratove
pres WLAN nebo Bluetooth popf. nabizi dratovou alternativu
LAN a USB.

Pro méfici proces bylo velmi dilezité vhodné nastavit hod-
notu vzorkovaci frekvence, ktera pro analyzu poklesové kfivky
musi byt co nejmensi. V tomto pfipadé byla zvolena hodnota
5 ms.

Popis méreni

Méfici proces byl proveden v hodinach, kdy ve vySe zminé-
nych kostelich nebyva zadny provoz, popf. minimalni. Akus-
tické hodnoceni bylo provedeno na zékladé impulzni odezvy
vnitiniho prostoru kosteldl na generované akustické vinéni.
Samotné méreni bylo provedeno pfi meteorologickych pod-
minkach, které jsou uvedeny v Tab. 1ato na méficim rozsahu
tfetinoktavovych pasem 50 - 10000 Hz.



The Church of St. Filip and Jakub

Air temperature 16,9 °C
Relative humidity 48,4%
Evangelical Church

Air temperature 11,7 °C
Relative humidity 58,7%
The Church of the St. Panna Marie

Air temperature 134°C
Relative humidity 64,3%

Tab. I: Microclimatic condition during measurement

First, the time background noise was measured in each band
of the monitored frequency range, measured and averaged
at the measuring microphone locations, in the case of rever-
beration time measurement in publicly accessible, the room
impulse response may be contaminated with high-level back-
ground noise the resulting accuracy is substantially reduced
because of a distortion of decay curve slope during the late
decay [16],

Fig. 4. The layout of the churches and the deployment of measu-
ring equipment (a. The Church of St. Panna Maria, b. Evangelical
Church, c. The Church of St. Filip a Jakub)

To measure the reverberation time, the criteria for the exact
measurement method according to [9] were met. The rever-
beration values were obtained using the integrated impulse
response method from a level 5 dB below the initial level to
25 dB below. Due to the relatively large volume of interior
spaces of sacral structures and the assumption that the in-
door acoustic environment is not completely diffused in the
observed frequency range, several series of measurements for
each third-octave band have to be performed in several dif-
ferent microphone positions. The results of the analysis of the
decay curves may vary depending on which part of the slope
of the curve is evaluated. If it is an initial slope of the decay
curve, it is very important to perform more measurements

Kostel sv. Filipa a Jakuba

Teplota vzduchu 16,9 °C
Relativni vihkost 48,4%
Evangelicky kostel

Teplota vzduchu 11,7°C
Relativni vihkost 58,7%
Kostel Panny sv. Marie

Teplota vzduchu 134°C
Relativni vihkost 64,3%

Tab. 1: Mikroklimatické podminky pfi méfent

Nejprve doslo k méfeni hladin ¢asové prlimérovaného hluku
pozadi v kazdém pasmu sledovaného frekvencniho rozsahu,
mérfend a prlmérovana v mistech méficich mikrofond. V pfi-
padé méfeniza provozu na vefejné pfistupnych mistech mlze
byt impulzni odezva méreného prostoru znatné kontami-
novana hlukem pozadi, pfi€emz dochazi ke snizeni vysledné
presnosti namérenych dat, nebot’ nastava zkresleni charakteru
poklesové kfivky v pozdni fazi [16].

Obr. 4: PUdorysy kostelll s rozmisténim méficiaparatury (a. kostel
sv. Panny Marie, b. Evangelicky kostel, c. kostel sv. Filipa aJakuba)

Pro méfeni doby dozvuku byla dodrzena kritéria pfesné meto-
dy méreni dle [9]. Hodnoty dob dozvuku byly ziskany pomoci
metody integrované impulsové odezvy pro vyhodnocovaci
rozsah 5 az 25 dB pod ustélenou hladinou akustického tlaku.
Vzhledem k pomérné velkému objemu vnitfnich prostord sa-
kralnich staveb a pfedpokladu, Ze vnitfni akustické prostiedi
neni na sledovaném frekven¢nim rozsahu kompletné difazni,
bylo zapotfebi provést nékolik sérii méfeni pro kazdé treti-
nooktavové pasmo ve sledovaném frekvenénim rozsahu a to
v nékolika rdznych pozicich mikrofond. Sledovana mista pri-
jmu byla rovhomérné rozmisténa v prostoru pro posluchace.
Analyza poklesovych kfivek zaznamenand ve vice pozicich je
o to vice dllezita, pokud dochazi k hodnoceni pouze brzké



because the slope in this section may vary considerably [18].
For this reason, the measurement process was performed in
six microphone positions and repeated for six different sound
source positions (three positions in the church of St. Jakub
and FilipXsee Fig. 4). Subsequently, the reverberation time was
evaluated using linear regression analysis and least squares in-
terleaving.

6. RESULTS

The measured data were analyzed from several views. At first,
the slope of all decay curves across a wide frequency range
was observed.These curves were obtained for multiple recep-
tion positions and their initial and late state were evaluated.
As can be seen from the Fig. 5, the resulting curve shape is de-
pendent on both the frequency and the receiver position. It is
also possible to see, that curves contain random fluctuations.
Changing the position of receiver or source also occurred in
other fundamental change of the response consisting in a rap-
id decrease in a pressure in the initial stage of a sound decay.
Fig. 5 also shows the evaluation range for T2 Most of the fluc-
tuations were burdened with data obtained in the Church of
St. Filip and Jakub. For the purpose of determining, the shape
of the decay curves was generated the auxiliary lines which
describe average long-term changes in sound pressure. From
these auxiliary lines, it was observed that the drop in sound
pressure in a given frequency range (under 315 Hz) is not en-
tirely linear, as a result of the uneven distribution of eigenfre-
quencies in the space within this range of frequencies.

a)

faze poklesové krivky, které se od sebe mohou znacné lisit [18],
Z tohoto dlvodu byl méfici proces proveden v 6ti pozicich mi-
krofont a opakovan pro 6 riiznych pozic zdroje zvuku (3 pozi-
ce v pripadé kostela sv. Filipa a Jakuba)(viz Obr. 4). Nasledné
byla doba dozvuku vyhodnocena pomoci linearni regresni
analyzy a prokladanim metodou nejmensich &tvercd.

6. VYSLEDKY

Naméfena data byla analyzovana z nékolika pohled(. Nejpr-
ve byl sledovan sklon poklesovych kfivek na celém rozsahu
stfednich frekvenci vSech tfetinooktavovych pasem. Kazdou
takovou kfivku je mozné posuzovat z hlediska brzké a pozdni
Gasti, ato v nékolika mistech pfijmu. Ze zobrazenych pribéh(
(viz Obr. 5) Ize pozorovat, Zze vysledny tvar kfivky je zavisly
na sledované frekvenci a poloze pfijmu. Déale je mozné vidét,
Ze poklesové kfivky obsahuji zna€né fluktuace a mistni poklesy
pfedevsim v brzké ¢asti poklesové kfivky. Obr. 5 dale zobrazuje
ivyhodnocovaci rozsah 5 az 25dB (TX) pod ustalenou hladinou
akustického tlaku. Namérené poklesové kFivky v kostelu sv. Fi-
lipa a Jakuba byly fluktuacemi zatizeny nejvice. Pfi konstruk-
ci pomocnych pfimek pro nizsi frekvence (pod 315 Hz), které
popisuji primérné dlouhodobé zmény akustického tlaku, bylo
pozorovano, ze poklesové kfivky v hodnoceném rozsahu ne-
jsou zcela linearni, coZ je nasledek nerovnomérného rozlozeni
vlastnich kmit{ v prostoru na tomto rozsahu frekvenci.



Fig. 5: Decay curves for selected third-octave bands (a. The
Church of St. Filip a Jakub, b. Evangelical Church, c. The Church
ofSt. Panna Maria)

Subsequently, the results of the reverberation time 76 ob-
tained for the evaluation range of 5 to 25 dB (73 and 5 to
35 dB (73) under the steady sound pressure level were com-
pared. This comparison could be performed only for third-oc-
tave frequency bands higher than 125Hz since the used pulse
sound source was unable to produce sufficient peak sound
pressure over the entire frequency range. For lower frequen-
cies, the results are consistent with the statement in the previ-
ous paragraph, where fluctuations and nonlinearity have been
signed on a different slope of the line indicating the rate of
decrease of the sound pressure (see Fig. 6).

Fig. 6: Comparison of the slope of the selected decay curve for Tig
(short dashed line) a T3(long dashed line) for fr250 and 500 Flz

Furthermore, it was also advisable to focus on the variance
of measured values of reverberation times for multiple ob-
serving positions and sound sources because the variance of
the measured reverberation times affects the propagation of
sound waves and the spatial distribution of sound energy. This
value was calculated as the mean value ofthe quadrant devia-
tions from the mean value [12]. Fig. 7,8 and 9 demonstrate the
sound propagation through space and its instability at lower
frequencies. This phenomenon occurs primarily because of

Obr. 5: Poklesové kfivky pro vybrané tfetinooktavové pasma (a.
kostel sv. Filipa a Jakuba, b. Evangelicky kostel, c. Kostel sv. Panny
Marie)

Dale byl porovnavan sklon poklesovych pfimek ziskanych
z hodnoceni poklesovych kfivek pro vyhodnocovaci rozsah
5 az 25dB (72) a 5 az 35dB (73) pod ustalenou hladinou akus-
tického tlaku. Toto porovnani bylo mozné provadét az pro
tfetinooktavova pasma se stfedni frekvenci vy3si nez 125Hz,
nebot' pouzity impulsni zdroj zvuku nebyl schopen vybudit
na nizSich frekvencich takovou Spickovou hladinu akustického
tlaku, aby bylo mozné vyhodnoceni provést. Pro nizsi frekven-
ce jsou vysledky v souladu s tvrzenim v pfedchozim odstavci,
kdy se fluktuace a nelinearita podepsaly na rlizném sklonu
pfimky udavajici rychlost poklesu akustického tlaku. Nasledu-
jici Obr. 6 zobrazuje vliv uvazovaného vyhodnocovaciho rozsa-
hu na vyslednou hodnotu doby dozvuku, zejména na nizSich
frekvencich.

Obr. 6: Porovnani sklonu vybranych poklesovych kfivek pro roz-
sah TD(kratka carkovana) a Tso(dlouha ¢arkovana) pro fdtf 250
a 500 Hz

Zadouci bylo také zaméfit se na rozptyl, resp. variabilitu roz-
déleni souboru naméfenych hodnot dob dozvuku pro vice
poslechovych mist a zdrojd zvuku. Hodnota rozptylu byla
vypoctena jako stfedni hodnota kvadratu odchylek od stfed-
ni hodnoty. Rozptyl hodnot namérenych dob dozvuku poté
vyjadfuje v zavislosti na frekvenci Sifeni zvukovych vin a roz-
lozenosti zvukové energie v prostoru [12]. Obr. 7, 8 a 9 uva-
di, Ze Sifeni zvuku prostorem je na nizSich frekvencich nestéa-
I¢ z divodu malého poétu na rozdilnou Groven vybuzenych



a small number of excited eigenfrequencies at different levels
and with different constants of attenuation. This is also related
to the number of fluctuations in the sound field when the ex-
cited tone fades. This is due to the waveform ofthe sound field
and the associated with the existence of its eigenfrequencies
causing the irregularity of the frequency characteristic of the
space [9]. It is necessary to take into account the results of
measurements in this frequency range may be affected by the
sound source used, its intensity, directionality and location.
Due to these limitations, it is very complicated to accurately
determine the reverberation time in this frequency range. It
can be seen from Fig. 7,8 and 9 that the length ofthe propaga-
tion paths and the different distances between the receiving
points also affect the resulting values. The most striking is the
situation in St. Philip and Jacob, which is primarily due to the
shape design and the flat surfaces that focus the sound in cer-
tain places. In a contemporary architectural style were these
vault and dome shapes used to concentrate sound in the audi-
torium area and the subjective feeling of spatiality [19]. How-
ever, in the case of the inappropriate choice of placement, di-
mensions and curvature can these elements negatively affect
the acoustic performance of the space [4], Newer architectural
styles focusing on functionality are these elements no longer
featured [6].

a) b)

Fig. 7: The variance of reverberation time for each microphone
position (a. The Church ofSt. Panna Maria, b. Evangelical Church,
¢. The Church of St. Filip aJakub)

Fig. 8: The variance of reverberation time for each sound source
position (a. The Church ofSt. Panna Maria, b. Evangelical Church,
¢. The Church of St. Filip a Jakub)

vlastnich kmitd s odli3nymi konstantami Gtlumu. Popsany jev
stejné jako mnozstvi fluktuaci zvukového pole pfi doznivanije
projevem jeho vinového charakteru a s tim spojené existen-
ce vlastnich kmitd zpUdsobujicich nepravidelnost frekvenéni
charakteristiky prostoru [9]. Pfi hodnoceni vysledk(i méfeni
na tomto frekvencnim rozsahu je také nutné bratv Gvahu pou-
Zity zdroj zvuku ajeho intenzitu v této frekvencni oblasti, jeho
smérovost a samotné polohy mikrofon( a zdroje zvuku. Vzhle-
dem k zminénym omezenim je na téchto frekvencich velmi
komplikované spravné ur€it dobu dozvuku. Z Obr. 7,8 a 9 Ize
pozorovat, ze na vysledné hodnoty se dale podepisuje délka
cest pfenosu zvuku a rozdilné vzdalenosti mezi poslechovy-
mi misty. Nejmarkantnéji je tato situace znatelna v prostorech
kostelu sv. Filipa a Jakuba, coZ je predevsim kv(li objemu,
tvarovému feSeni a vydutym plocham, které zvuk soustfeduji
do urcitych mist. Klenbové a kopulové tvary byly v dobovém
architektonickém slohu vyuzivany za acelem soustfedéni zvu-
ku do oblasti hledisté a subjektivniho pocitu prostorovosti
[19]. Nicméné pfi nevhodném umisténi, rozmérech a zakfiveni
mohli tyto prvky zhorSit akustiku daného prostoru[4]. Noveéjsi
stavebni slohy zaméreny spiSe na funkénost jiz tyto prvky ne-
obsahuiji [6],

Obr. 7: Rozptyl hodnot dob dozvuku projednotlivé pozice mikro-
fonl (a. kostel sv. Panny Marie, b. Evangelicky kostel, c. kostel sv.
Filipa aJakuba)

Obr. 8: Rozptyl hodnot dob dozvuku pro réizné polohy zdroje zvu-
ku (a. kostel sv. Panny Marie, b. Evangelicky kostel, c. kostel sv. Fi-
lipa aJakuba)



Fig. 9: The variance of all reverberation time values based on fre-
quency

Particularly important for the diagnosis of the acoustics of
the spaces is the process of decaying so-called reverberation
[9], The averaged course of the reverberation times for each
church is graphically depicted in Fig. 10.

Fig. 10: The course ofreverberation time based on frequency

It can be seen from the graph that the reverberation time in
the church of St. Filip and Jakub is approximately twice as
high (Z2~4s) compared to other churches on a wide range of
frequencies. It is predominantly at lower frequencies, as the
sound absorption is very low in this range. The loss of sound
energy in higher frequencies is primarily due to the influence
of sound absorption in the air [9]. The resulting reverberation
times for the Evangelical Church and St. The Virgin Mary is very
similar in shape and also in values. The reverberation time is
also very well flattened on awide range of frequencies and the
average value is about 2 seconds. In these churches, it can be
seen that the resulting reverberation time has been artificially
modified, in particular, to provide suitable diffusion properties
from low frequencies.

7. CONCLUSION

Wave theory applied in enclosed spaces does not allow to fully
formulate the conclusions required both in terms of design
and the assessment of the acoustic quality in enclosures. The
time-varying sound field that the listener perceives as a com-
plex stimulus is the resultant of the interaction between the
orchestra, the conductor, the musical work and the space in

Obr. 9: Rozptyl vSech hodnot dob dozvuku v zavislosti na
frekvenci

Zvlast dllezitym pro diagnostiku akustiky prostord je pribéh
doznivanitzv. dozvuk [9]. Primérované pribéhy dob dozvuki
pro kazdou sakralni stavbu graficky znazorfiuje Obr. 10.

Obr. 10: Priibéh doby dozvuku v zavislosti na frekvenci

Z grafu je patrné, Zze doba dozvuku v kostele sv. Filipa a Jakuba
je priblizné dvojnasobna (T2~4s) pfi porovnanis ostatnimi kos-
tely a to na Sirokém rozsahu frekvenci. Dominantni je zejmé-
na na nizSich frekvencich, nebot absorpce zvuku je na tomto
rozsahu velmi nizka. Ubytek zvukové energie v oblasti vy$sich
frekvenci je predevsim zplsoben vlivem pohlcovani zvuku
ve vzduchu [9], Priib&h doby dozvuku Evangelického kostelu
a kostelu sv. Panny Marie vykazuje velmi podobného charakte-
ru i hodnot, vyrovnanych na Sirokém rozsahu frekvenci. Stred-
ni hodnota doby dozvuku se pohybuje kolem 2s. Utéchto kos-
tell Ize vidét, Ze vysledna doba dozvuku byla uméle upravena,
pfedevsim k zajisténi vhodnych difaznich vlastnostijiz od niz-
kych frekvenci.

7. ZAVER

Vinova teorie aplikovand na uzaviené prostory neumozZiuje
piné formulovat zavéry, potfebné jak z hlediska navrhd, tak
i ocefovani akustické kvality uzavfenych prostorl. Casové
proménné zvukové pole, které poslucha¢ vniméa jako kom-
plexni podnét, je vyslednici vzajemného pusobeni hudebniho
télesa, dirigenta, hudebniho dila a prostoru, ve kterém je dilo



which the work is interpreted. Furthermore, the acoustic stim-
uli are also bound by non-acoustic stimuli, related to the given
space, to the musical part, etc. In buildings primarily serving
liturgical purposes, the values of the reverberation time may
reach their highest values, in some cases even more than
8s [21]. This fact has deep rooted into people's heads so
much that churches that have a reverberation time of about
1-2 seconds are found to be unsatisfactory, even though for
cultural use, especially from the point of view of the compre-
hensibility of the spoken word or musical performances are
these values more appropriate [9],

This contribution deals with the evaluation of acoustic
properties of three churches in Zlin, which were built in a dif-
ferent architectural style. When comparing the internal dimen-
sions, respectively the volume and the resulting values of re-
verberation times, it can be argued that the development of
architecture has been moving in the direction of overall func-
tionality. Church of St. Filip and Jakub contain mainly elements
of Baroque style, characterized by large internal volume, con-
cave shapes and acoustically reflective surfaces. In this spaces,
the interpreted music work or speech had to be appropriately
modified to avoid disturbing the clarity of the acoustic sig-
nals produced. In the case of the Evangelical Church and the
Church of St. Panna Marie, the situation is different, as there
were different acoustic demands.These spaces should be used
for certain liturgical as well as for other cultural activities.

On the basis of the above conclusions, the authors plan to
perform the calculation of other acoustics quantities such as
spatiality, distinctness, clarity in the future. The aim is to com-
prehensively evaluate the acoustic quality of these spaces fol-
lowing extensive studies carried out by other experts in this
field.
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interpretovano. Na akustické podnéty jsou vazany i podnéty
mimoakustické, majici vztah k danému prostoru, k hudebni-
mu dilu, apod. Ve stavbach slouZzici pfedevsim k liturgickym
Gceltm dosahuji hodnoty dob dozvukd svych nejvyssich hod-
not, v nékterych pfipadech ivice nez 8s [21]. Tato skute¢nost
se vtiskla do védomi lidi natolik, ze kostely slouzici mimo jiné
i ke kulturnimu vyuziti, vyznacujici se niz8i dobou dozvuku
kolem 1 az 2s, jsou shledavany jako neuspokojivé i presto, ze
tyto hodnoty jsou z hlediska srozumitelnosti mluveného slova,
sborového zpévu, popf. varhanni hudby vhodnégjsi [9],

Tento pfispévek se zabyva hodnocenim akustickych vlast-
nosti tfi kostell ve Zling, které byly postaveny v odlisném ar-
chitektonickém slohu. Pfi pohledu na hodnoty vnitfnich obje-
mU kosteld ve vztahu k vyslednym hodnotam dob dozvuku je
zfejmé, Ze se vyvoj architektury v poslednich desetiletich ubi-
ral spiSe smérem zaméfenym na celkovou funkénost. Kostel
sv. Filipa a Jakuba obsahuje pfedevsim prvky barokniho slohu,
ktery se vyznacuje velkym vnitfnim objemem, vydutymi tvary
a akusticky odrazivymi povrchy. V téchto prostorech muselo
byt interpretované dilo vhodné upraveno podle jistych ener-
getickych kritérii, aby nedo$lo k poruseni zfetelnosti produ-
kovanych akustickych signall. Odlina situace je u Evange-
lického kostelu a kostelu sv. Panny Marie, kde byly na vnitfni
prostory kladeny rliznorodé akustické poZzadavky. Tyto pro-
story jsou vhodné jak pro liturgické funkce, tak ijina kulturni
predstaveni.

Na zakladé vyse uvedenych zavérl autofi planuji do bu-
doucna provést vypocet i ostatnich pomérovych kritérii jako
je mirajasnosti, zfetelnosti a mnohé dalsi. Cilem je komplexné
zhodnotit akustickou kvalitu téchto prostor a dale tak nava-
zat na rozsahlé studie, které byly ostatnimi odborniky v tomto
sméru provedeny.
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