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PROJECT AURA: 
ACOUSTIC SIMULATION OF THEATRE HALLS
FROM DIGITAL SURVEY TO VIRTUAL RECONSTRUCTION05

Abstract

The issue of acoustics is an increasingly debated topic in 
WKH� ÀHOGV� RI� GLJLWDO� GRFXPHQWDWLRQ� DQG� &XOWXUDO� +HULWDJH�
preservation, especially in contexts such as theater halls, 
FKXUFKHV�� DQG� DXGLWRULXPV�� 7KHVH� DFRXVWLF� FKDUDFWHULVWLFV�
change over time and thus contribute to structuring the 
historical memory of a place, playing a fundamental role in 
WKH�SHUFHSWLRQ�DQG�IUXLWLRQ�RI�WKH�EXLOW�HQYLURQPHQW��,QGHHG��
the acoustics of an architecture is an intangible consequence 
of its construction and the design choices made on the 
PDWHULDOV�DQG�IXUQLVKLQJ�V\VWHPV�WKDW�ZLOO�FRQVWLWXWH�WKH�WUXO\�
WDQJLEOH�HOHPHQWV�RI�WKH�$UFKLWHFWXUDO�+HULWDJH�
On these theoretical aspects has thus moved the European 
SURMHFW� $85$� ²� $XUDOLVDWLRQ� RI� $FRXVWLF� +HULWDJH� 6LWHV�
8VLQJ�$XJPHQWHG�DQG�9LUWXDO�5HDOLW\��FR�IXQGHG�VLQFH������
E\� &UHDWLYH� (XURSH�� ZKRVH� DLP� LV� WR� H[SORUH� WKH� SRWHQWLDO�

RI� DXUDOL]DWLRQ� ²� D� WHFKQLTXH� IRU� VLPXODWLQJ� WKH� DFRXVWLFV�
RI� D�JLYHQ�SODFH�ZLWKLQ�PRGHOV� ²�E\� FRPELQLQJ� LW�ZLWK� WKH�
three-dimensional-visual representations of the virtual 
HQYLURQPHQW�EDVHG�RQ�DFFXUDWH�GLJLWDO�VXUYH\V�
For this purpose, three emblematic European case studies 
ZHUH� WKXV� H[DPLQHG� ²� WKH� .RQ]HUWKDXV� LQ� %HUOLQ� �'(��� WKH�
7HDWUR�GHO�0DJJLR�0XVLFDOH�)LRUHQWLQR� LQ�)ORUHQFH� �,7��DQG�
WKH�2SHUD�DQG�%DOOHW�7KHDWHU�LQ�/YLY��8$��²�IRU�HDFK�RI�ZKLFK�
an appropriate methodology dedicated to digitization 
DQG� YLUWXDO� UHFRQVWUXFWLRQ� ZDV� FRQFHLYHG�� ZLWK� WKH� DLP� RI�
REWDLQLQJ� UHOLDEOH� DVVHWV� RQ�ZKLFK� VXEVHTXHQW� DXUDOL]DWLRQ�
SURFHVVHV� FRXOG� EH� VHW� DQG�� IROORZLQJ� WKHVH�� WR� GHYHORS�
multisensory, reliable and high-performance 3D models 
both in terms of graphic rendering and virtual fruition, and 
LQ�WHUPV�RI�DFRXVWLF�VLPXODWLRQ�
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Introduction: the AURA project
The development of modern technologies had a 
substantial impact on the Cultural and Creative Industries 
�&&,��� ZKLFK� WDNH� DGYDQWDJH� RI� LWV� SRWHQWLDO� WR� H[SORUH�
QHZ�SHUIRUPDWLYH�KRUL]RQV��FUHDWH�QHZ�EXVLQHVV�PRGHOV�
DQG� DWWUDFW� HYHU�QHZ� DQG� G\QDPLF� XVHUV� >%HUWRFFL� HW�
DO��� ����@�� 7KH� &29,'���� SDQGHPLF� KDV� KLJKOLJKWHG� WKH�
XUJHQW� QHHG� WR� GHYHORS� DOWHUQDWLYH� ZD\V� WR� DFFHVV� WR�
FXOWXUDO� DQG� DUWLVWLF� KHULWDJH�� 7KH� $85$� ²� $XUDOLVDWLRQ�
of Acoustic Heritage Sites Using Augmented and Virtual 
5HDOLW\� SURMHFW�� FR�IXQGHG� E\� WKH� &UHDWLYH� (XURSH� FDOO�
since 2021, aims to explore the potential of auralisation1 
to create immersive virtual experiences that combine 
ERWK�YLVXDO�UHSUHVHQWDWLRQ�DQG�DFRXVWLF�VLPXODWLRQ�
The project is designed to deliver an immersive experience 
ZKHUH� WKH� XVHU� FDQ� LQWHUDFW� ZLWK� WKH� HQYLURQPHQW� DQG�
H[SHULHQFH� KRZ� WKH� SHUFHSWLRQ� RI� VRXQGVFDSH� LV�
LQIOXHQFHG�E\�DUFKLWHFWXUDO�VSDFH��DQG�KRZ�DW�WKH�VDPH�
time soundscape influences the perception of the built 
HQYLURQPHQW�� $FRXVWLF� VLPXODWLRQ� H[SHULHQFHV� DUH�
JHQHUDOO\� EXLOW� DURXQG� D� OLVWHQHU�� ZKLOH� DUFKLWHFWXUDO�
YLVXDOLVDWLRQ� H[SHULHQFHV� UHYROYH� DURXQG� DQ� REVHUYHU��
These immersive experiences stimulate a single sense, 
thus limiting the user’s perceptive possibilities of the 
UHSUHVHQWHG� REMHFW�� 7KH� DFRXVWLF� RI� DQ� HQYLURQPHQW�
SOD\V� D� IXQGDPHQWDO� UROH� LQ� SHUFHSWLRQ�� 7KH� FUHDWLRQ�
RI� 9LUWXDO� $FRXVWLF� (QYLURQPHQWV� �9$(V�� >.DWR� HW�
DO��� ����@� PDNHV� LW� SRVVLEOH� WR� EULQJ� EDFN� WR� OLIH� WKH�
acoustic experience of places that no longer exist, or 
to compare the acoustic of distant places in a virtual 
HQYLURQPHQW� >(OH\� HW� DO��� ����@�� %H\RQG� WKH� SK\VLFDO�
aspect of the acoustic phenomenon, the perception of 
a site soundscape carries a heritage value that needs to 
EH�GRFXPHQWHG� DQG� DUFKLYHG� >'H�0X\QNH� HW� DO��� ����@��
7KLV� ZDV� VSRWOLJKWHG� E\� WKH� ����� 81(6&2� UHVROXWLRQ�
��� &����� ´7KH� LPSRUWDQFH� RI� VRXQG� LQ� WRGD\·V� ZRUOG��

SURPRWLQJ� EHVW� SUDFWLFHVµ�� ZKLFK� FRPSOHPHQWV� WKH�
FRQFHSWV� DQG� SULQFLSOHV� RI� VDIHJXDUGLQJ� WKDW� ZHUH�
LQWURGXFHG�ZLWK� WKH� ´&RQYHQWLRQ� IRU� WKH� 6DIHJXDUGLQJ�
RI� WKH� ,QWDQJLEOH�&XOWXUDO�+HULWDJHµ� LQ�������7KDQNV� WR�
WHFKQRORJ\�DGYDQFHPHQWV��LW�LV�QRZ�SRVVLEOH�WR�GHYHORS�
QHZ� DSSOLFDWLRQV� WKDW� DOORZ� IRU� ERWK� DXGLR� DQG� YLVXDO�
FRQWHQW� LQWHJUDWLRQ�� $5� DQG� 95� DSSOLFDWLRQV� HQKDQFHG�
WKH�XVHU�H[SHULHQFH��DV�WKH\�DOORZ�GHYHORSPHQW�RI�QHZ�
LQWHUDFWLRQ� V\VWHPV� EHWZHHQ� WKH� XVHU� DQG� WKH� YLUWXDO�
H[SHULHQFH��FUHDWLQJ�DQ�LPPHUVLYH�V\VWHP�WKDW�WDNHV�IXOO�
advantage of the dissemination potential of ArcViz and 
$FRXVWLF�H[SHULHQFHV�>%RULVRY�HW�DO�������@�
7KH�$85$�SURMHFW�H[SORUHV�WKUHH�HPEOHPDWLF�(XURSHDQ�
case studies: the Berlin Konzerthaus (DE), the Teatro 
GHO�0DJJLR�0XVLFDOH�)LRUHQWLQR��,7��DQG�WKH�/YLY�2SHUD�
DQG�%DOOHW�7KHDWHU��8$���$Q�DSSURSULDWH�GLJLWLVDWLRQ�DQG�
virtual reconstruction methodology has been developed 
for each of the theatres to create reliable 3D models from 
a graphic rendering and digital accessibility perspective, 
DV� ZHOO� DFRXVWLF�� 6HOHFWLQJ� WKUHH� GLරHUHQW� FDVH� VWXGLHV�

)LJ�� �� �� 7KH� $85$� (XURSHDQ� SURMHFW�� LWV� SDUWQHUVKLS� DQG� WKH� WKUHH� FDVH�
VWXGLHV��WKH�.RQ]HUWKDXV�LQ�%HUOLQ��'(����WKH�7HDWUR�GHO�0DJJLR�LQ�)ORUHQFH��,7��
DQG�WKH�6RORPL\D�6WDWH�$FDGHPLF�7KHDWHU�RI�2SHUD�DQG�%DOOHW�LQ�/YLY��8$��
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from an acoustic, functional, and architectural point of 
YLHZ� ZDV� HVVHQWLDO� WR� GHÀQH� D� UHOLDEOH� DQG� UHSOLFDEOH�
PHWKRGRORJ\�� 7KH� SURMHFW� DQDO\VHV� D� FRQWHPSRUDU\�
EXLOGLQJ�� WKH� 7HDWUR� GHO� 0DJJLR� )LRUHQWLQR� �������� WR�
address issues related to contemporary technologies 
DQG�PDWHULDOV��D�QHRFODVVLFDO�VW\OH�����V�UHFRQVWUXFWLRQ��
the Konzerthaus in Berlin (1984), to address problems 
DVVRFLDWHG�ZLWK� WKH� FRPELQDWLRQ�RI�GLරHUHQW�PDWHULDOV��
VXFK�DV�UHLQIRUFHG�FRQFUHWH��ZRRG�DQG�GHFRUDWLYH�VWXFFR��
DQG�ÀQDOO\�DQ�DUFKLWHFWXUDO�W\SRORJ\�SUHVHQW�WKURXJKRXW�
(XURSH�� UHSUHVHQWHG� E\� WKH� ,WDOLDQ�VW\OH� WKHDWUH� ZLWK�
the neo-baroque features Lviv Opera and Ballet Theater 
�������� ZKLFK� SUHVHQWV� WKH� OLPLWDWLRQV� RI� DUFKLWHFWXUDO�
DQG�GHFRUDWLYH�VWUXFWXUHV�ZKHQ�LW�FRPHV�WR�DFRXVWLF��7KH�
project, completed in December 2022, sets guidelines 
for the creation of multi-sensory virtual experiences to 
PDNH�WKH�DXUDOLVDWLRQ�RI�FXOWXUDO�VSDFHV�HDVLO\�DFFHVVLEOH�
DQG�DSSOLFDEOH�LQ�WKH�IXWXUH���)LJ�����

The importance of acoustic in cultural 
heritage safeguarding strategies
The strategies to investigate and safeguard cultural 
KHULWDJH�� ERWK� WDQJLEOH� DQG� LQWDQJLEOH�� OHDQ� WRZDUGV�
a greater integration and use of acquired data, often 
KHWHURJHQHRXV� DQG� IURP� GLරHUHQW� UHVHDUFK� ÀHOGV�� $�
JURZLQJ� VHQVLWLYLW\� WRZDUGV� D� PRUH� HSKHPHUDO� DQG�
IUDJLOH�DVSHFWV�RI�KHULWDJH�²�VXFK�DV�LWV�DFRXVWLF�IHDWXUHV�
²� OHDGV� WR� WKH� GHYHORSPHQW� RI� QHZ� PHWKRGRORJLFDO�
protocols that reinterpret and integrate approaches 
DOUHDG\� FRQVROLGDWHG�E\� HDFK� LQGLYLGXDO� GLVFLSOLQH�� 7KH�
QHZ� IURQWLHUV� RI� GLJLWDO� VXUYH\LQJ�� �'� PRGHOOLQJ� DQG�
UHQGHULQJ�DSSOLHG�WR�EXLOW�KHULWDJH�DOORZ�WKH�UHFUHDWLRQ�
of a digital copy of the investigated object, preserving 

LWV� LPDJH� RYHU� WLPH� DQG� PDNLQJ� LW� ZLGHO\� DFFHVVLEOH�
WKURXJK�PL[HG� UHDOLW\� WHFKQRORJLHV� �05��� 6LPLODUO\�� WKH�
DXUDOLVDWLRQ�SURFHVVHV�>.OHLQHU�HW�DO�������@�²�ZKLFK�KDG�
been already employed in acoustic design for several 
\HDUV� ²� KDYH� EHHQ� LQWHJUDWHG� E\� YLVXDOO\� DFFHVVLEOH�
PRGHOV� WKDW� FRQWH[WXDOLVH� VRXQG� H[SHULHQFHV�� )RU�
UHVHDUFK� SURMHFWV� RQ� DFRXVWLF� KHULWDJH� ²� SDUWLFXODUO\�
those that investigate the acoustic of an archaeological 
VLWH� RU� D� GDPDJHG� RU� GHVWUR\HG� EXLOGLQJ� ²� D� ZHOO�
balanced integration of acoustic and visual aspects is 
necessary2��2QH�H[HPSODU�LV�(9$$��([SHULPHQWDO�9LUWXDO�
Archeological Acoustics), an umbrella project that 
gathers multiple sub-projects on heritage acoustics 
UHVHDUFK�� YLUWXDO� UHDOLW\� DQG� UHDO�WLPH� DXUDOLVDWLRQ��
Amongst the case studies investigated by the research 
group coordinated by the Sorbonne University of Paris, 
that forms part of the Past Has Ears project (PHE 2020-
2023)3�>.DW]�HW�DO�������@��LV�WKH�&DWKHGUDO�RI�1RWUH�'DPH��
then further explored by the Past Has Ears at Notre-
'DPH�SURMHFW��3+(1'������������>(OH\�HW�DO�������@�>'H�
0X\QNH� HW� DO��� ����@�� 7KH� DFRXVWLFV� RI� 1RWUH� 'DPH� LV�
considered an essential part of its intangible heritage, 
particularly as it may have played a fundamental role 
in the development of musical practices during the 
0LGGOH� $JH�� 7KH� VWXG\� FRPSDUHV� WKH� FXUUHQW� LQWHUQDO�
DFRXVWLFV��IROORZLQJ�WKH�ÀUH�RI�������ZLWK�WKDW�UHFRUGHG�
by archival acoustic measurements, particularly those 
DFTXLUHG� LQ� ����� GXULQJ� DQ� LQYHVWLJDWLRQ� FDPSDLJQ�
IRU� WKH�YLUWXDOLVDWLRQ�RI� WKH�81(6&2�KHULWDJH�VLWH��7KLV�
FRPSDULVRQ� DOVR� DOORZV� IRU� PRQLWRULQJ� WKH� HරHFWLYH�
acoustic correspondence of the restoration project 
during the construction phase and verifying the accurate 
UHVWRUDWLRQ�RI�WKH�RULJLQDO�DWPRVSKHUH�
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The AURA work!ow: developing a 
methodology for VR and acoustic simulation 
of theatre halls
As mentioned earlier, the very purpose of the project is 
WR�H[SORLW�WKH�SRWHQWLDO�RI�WKH�WKUHH�GLරHUHQW�FDVH�VWXGLHV�
WR�GHÀQH�D�PHWKRGRORJLFDO�ZRUNÁRZ�IRU�95�DQG�DFRXVWLF�
simulation of theater halls that can be replicated and 
applied at the European level for the virtualization of other 
YHQXHV�DV�ZHOO��)LJJ�������
7KLV�PHWKRGRORJLFDO�ZRUNÁRZ��PRVWO\�FRPPRQ�WR�WKH�WKUHH�
cases, included an initial phase focused to digital surveying 
XVLQJ�WHUUHVWULDO�ODVHU�VFDQQHU��7/6��LQVWUXPHQWDWLRQ�²�DQG�
LQ� RQH� FDVH� DOVR� WKURXJK� 6WUXFWXUH� IURP� 0RWLRQ� �6I0��
SKRWRJUDPPHWU\�WHFKQLTXHV�²�LQ�RUGHU�WR�HQVXUH�D�UHOLDEOH�
metric basis for the next step concerning the 3D modeling 
RI�WKH�PDLQ�KDOOV�
At the same time, a semantic subdivision of the furniture 
and architectural elements that constitute the main halls, 
WRJHWKHU� ZLWK� D� FODVVLÀFDWLRQ� RI� WKH� UHODWHG� FRQVWUXFWLYH�
PDWHULDOV�� ZDV� DOVR� FDUULHG� RXW�� %DVHG� RQ� WKLV�� HDFK�
PDWHULDO� ZDV� DOVR� FODVVLÀHG� DFRXVWLFDOO\� WKURXJK� RQ�VLWH�
investigations and studies on technical documentation, and 
SURSHUO\�PDWFKHG�ZLWK� WKH� VSHFLÀF� DFRXVWLF�SDUDPHWHUV4, 
in order to develop a parametric acoustic database useful 
IRU� VXEVHTXHQW� DXUDOL]DWLRQ� SURFHVVHV�� $ORQJ� ZLWK� WKHVH�
studies, a series of photographic surveys of the various 
PDWHULDOV�SUHVHQW�ZHUH�DOVR�FDUULHG�RXW�IRU�WKHLU�VDPSOLQJ�
intended for the creation of photorealistic textures for 
PDSSLQJ�WKH��'�PRGHOV�
The next phase involved the actual virtual reconstruction of the 
WKHDWHU�KDOO��7KLV�ZDV�FDUULHG�RXW�WKURXJK�VSHFLÀF��'�PRGHOLQJ�
processes based on the morphometric assets developed from 
WKH�GLJLWDO�VXUYH\�DQG�WKH�VHPDQWLF�DQG�PDWHULDOV�VXEGLYLVLRQ��
7KH��'�PRGHOV�ZHUH�WKHQ�DOVR�VXEMHFWHG�WR�VSHFLÀF�PDSSLQJ�
and texturing operations in order to optimize their graphical 
rendering for ArchViz�VLPXODWLRQ�

1H[W�� D� SUHSDUDWRU\� SKDVH� WR� DXUDOL]DWLRQ� SURFHVVHV� ZDV�
carried out, aimed at creating a parametric and coded 
GDWDEDVH� ZLWKLQ� ZKLFK� WKH� YDULRXV� HOHPHQWV� DQG� WKHLU�
UHVSHFWLYH�FRQVWUXFWLYH�PDWHULDOV�FRXOG�EH�DVVRFLDWHG�ZLWK�
WKH� YDOXHV� RI� WKH� DFRXVWLF� SDUDPHWHUV� LGHQWLÀHG� LQ� WKH�
SUHOLPLQDU\�RQ�VLWH�VWXGLHV�
Finally, the operations related to auralization and 
YLUWXDOL]DWLRQ�RI�WKH�WKHDWULFDO�YHQXHV�²�ZKLFK��KRZHYHU��ZLOO�
QRW�EH�H[SORUHG�LQ�GHSWK�ZLWKLQ�WKLV�SDSHU�²�ZHUH�FDUULHG�
RXW� E\� H[SORULQJ� WKH� PXOWLSOH� SRWHQWLDOLWLHV� RරHUHG� E\�
Unity�SODWIRUP��,QGHHG��WKLV�*DPH�(QJLQH�DOORZV�ERWK�WKH�
creation of virtual and immersive 3D environments and, 
WKURXJK�D�VSHFLÀF�SOXJLQ��DOVR�WKHLU�DXUDOL]DWLRQ�
All of these methodological experimentations thus made 
LW� SRVVLEOH� WR� GHYHORS� DQ� HDVLO\� UHSOLFDEOH� ZRUNÁRZ� IRU�
WKH� FUHDWLRQ� RI� LPPHUVLYH� PXOWLVHQVRU\� 95� H[SHULHQFHV�
LQWHQGHG�IRU�GLරHUHQW�W\SHV�RI�XVHUV��,QGHHG��WKH�ODVW�SKDVH�
of the project involved a series of testing activities on users 
in order to verify the actual response and contribution 
RරHUHG� E\� WKH� DXUDOL]DWLRQ� RI� �'� PRGHOV� GHYHORSHG�
DFFRUGLQJ�WR�WKLV�ZRUNÁRZ�

)LJ������&RQFHSW�RI�$XUD�SURMHFW��7KH�PDLQ�KDOO�RI�WKH�/YLY�2SHUD�+RXVH�
GHSLFWLQJ�WKH�LQWHUDFWLRQ�EHWZHHQ�WKH�WZR��'�PRGHOV��RQ�WKH�OHIW�WKH�RQH�
LQWHQGHG�IRU�DXUDOL]DWLRQ�DQG�RQ�WKH�ULJKW�WKH�RQH�IRU�YLVXDO�UHQGHULQJ��
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)LJ����²�0HWKRGRORJLFDO�
ZRUNÁRZ�RI�WKH�DFWLYLWLHV�

FDUULHG�RXW�IRU�HDFK�FDVH�VWXG\��
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The digital survey for a reliable virtual 
reconstruction of the three case studies
7KH� SURMHFW·V� ÀUVW� VWHS� LV� GLJLWL]LQJ� WKH� EXLOW� KHULWDJH�
through appropriate technologies that ensure a reliable 
YLUWXDO�PRUSKRPHWULF�UHFRQVWUXFWLRQ��6SHFLÀF�DQG�GLරHUHQW�
GLJLWDO� VXUYH\� FDPSDLJQV� ZHUH� WKXV� SODQQHG� IRU� WKH�
GRFXPHQWDWLRQ�RI�WKH�WKUHH�FDVH�VWXGLHV��)LJ�����

Data acquisition activities for the Berlin Konzerthaus began 
LQ� 6HSWHPEHU� ����� DQG� LQFOXGHG� ODVHU�VFDQQHU� VXUYH\V��
7ZR� GLරHUHQW� 7/6� LQVWUXPHQWV� ZHUH� XVHG�� D� Z+F Imager 
5016 and a Faro FocusM 70�� ERWK� ZLWK� SKDVH� GLරHUHQFH�
WHFKQRORJ\��6SHFLÀFDOO\��WKH�ÀUVW�RQH�ZDV�XVHG�WR�DFTXLUH�
����5*%�FRORU�VFDQV�UHODWHG�WR�WKH�H[WHULRU�HQYLURQPHQWV�RI�
WKH�.RQ]HUWKDXV��LWV�IR\HU�DQG�PDLQ�KDOO��ZKLOH�WKH�VHFRQG�
RQH� ZDV� XVHG� WR� DFTXLUH� ���� %�:� VFDQV� RI� FRUULGRUV��
VWDLUZHOOV�DQG�VHUYLFH�DUHDV��)LJ�����

)LJ�����²�'LJLWDO�VXUYH\�DFTXLVLWLRQ�DFWLYLWLHV�RI�WKH�WKUHH�FDVH�VWXGLHV�DQG�SDQRUDPLF�YLHZV�RI�WKH�FRORUHG�SRLQW�FORXGV�RI�WKHLU�H[WHULRU�DUHDV��
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/LNHZLVH��WKH�GLJLWDO�GRFXPHQWDWLRQ�DFWLYLWLHV�IRU�WKH�7HDWUR�
GHO�0DJJLR�0XVLFDOH�)LRUHQWLQR�²�FRQGXFWHG�LQ�HDUO\������
²�LQYROYHG�WKH�XVH�RI�WKH�VDPH�7/6V��WKURXJK�ZKLFK�ZHUH�
DFTXLUHG�UHVSHFWLYHO\�����5*%�FRORU�VFDQV�RI�WKH�H[WHULRUV��
its foyer and main hall, and 110 B/W scans for corridors, 
VWDLUZHOOV�DQG�VHUYLFH�DUHDV��)LJ�����
The digital survey of the Lviv Opera House required instead 
WZR�GLරHUHQW�WHPSRUDO�WUDQFKHV��'XULQJ�WKH�ÀUVW�FDPSDLJQ�
²�FRQGXFWHG�DV�ZHOO�LQ�HDUO\������²�JHRPHWULF�GDWD�RI�PDLQ�
KDOO��IR\HU��DQG�FRUULGRUV�ZHUH�DFTXLUHG�XVLQJ�D�Leica C10 
ODVHU�VFDQQHU��6LQFH�WKH�����VFDQV�ZHUH�FDSWXUHG�LQ�%�:��D�
6I0�SKRWRJUDPPHWULF�VXUYH\�RI�WKH�KDOO�ZDV�FRPELQHG�IRU�
FRORU�GDWD�DFTXLVLWLRQ��$W�WKH�HQG�RI������D�VHFRQG�GLJLWDO�
VXUYH\�FDPSDLJQ�ZDV�SODQQHG��WKURXJK�ZKLFK�PLVVLQJ�GDWD�
from the exterior areas and again some interior spaces 
ZHUH�LQWHJUDWHG�ZLWK�����5*%�FRORU�VFDQV�DFTXLUHG�XVLQJ�D�
Faro FocusM 70��)LJ�����
All of these laser-scanner surveys have thus provided 
D� ODUJH� DPRXQW� RI� GDWD�� ZKLFK� KDYH� EHHQ� VXEVHTXHQWO\�
LPSRUWHG� DQG� SURFHVVHG� ZLWKLQ� D� VSHFLÀF� SRLQW� FORXG�
PDQDJHPHQW�VRIWZDUH��Leica Geosystems Cyclone, through 
ZKLFK� WKH�PDLQ�SKDVHV�RI�ÀOWHULQJ�� UHJLVWUDWLRQ�� FKHFNLQJ�
DQG�SURFHVVLQJ�RI�WKH�SRLQW�FORXGV�ZHUH�GHYHORSHG�
7KH� UHVXOWV� RI� WKLV� ÀUVW� VWHS�KDYH� WKXV�SURYLGHG� D� VHW� RI�
highly descriptive and reliable three-dimensional metric 
DVVHWV�� IURP� ZKLFK� ERWK� PRUSKRPHWULF� DQG� FKURPDWLF�
material information could be extracted and used for the 
development of graphical-technical supports necessary for 
WKH�VXEVHTXHQW�PRGHOLQJ�DQG�DXUDOL]DWLRQ�VWHSV�
In parallel to these digital data documentation activities, the 
PHWKRGRORJLFDO�ZRUNÁRZ�LQFOXGHG�D�VHULHV�RI�RQ�VLWH�VWXGLHV�
on the constructive materials and their acoustic properties, 
investigating the values of the above-mentioned acoustic 
parameters necessary for subsequent auralisation processes 
ZLWKLQ�WKH�FKRVHQ�*DPH�(QJLQH�SOXJLQ�
)RU�WKLV�DFRXVWLF�VXUYH\��YLVXDO�H[DPLQDWLRQV�ZHUH�FRQGXFWHG�
>3RPSROL�HW�DO�������@��WKURXJK�ZKLFK�LW�ZDV�SRVVLEOH�WR�DWWULEXWH�
WR�WKH�DFRXVWLFDOO\�VLJQLÀFDQW�PDWHULDOV�SUHVHQW�LQ�WKH�PDLQ�KDOO�

WKHLU�UHVSHFWLYH�DFRXVWLF�FKDUDFWHULVWLFV�²�LQ�WHUPV�RI�VFDWWHULQJ�
DQG�DYHUDJH�FRHFLHQW�RI�VRXQG�DEVRUSWLRQ�DQG�GLරXVLRQ�DW�
ORZ��PHGLXP��DQG�KLJK�IUHTXHQFLHV�²�UHO\LQJ�RQ�GDWD�IRXQG�LQ�
DFRXVWLF�WHFKQLFDO�UHSRUWV��VFLHQWLÀF�SXEOLFDWLRQV��DQG�DFRXVWLF�
VLPXODWLRQ�VRIWZDUH�VXFK�DV�Odeon� and Ramsete6�>%DUWDOXFFL�
HW�DO�������@�

)LJ�����²�&RORUHG�SRLQW�FORXG�RI�WKH�PDLQ�KDOO�RI�WKH�%HUOLQ�.RQ]HUWKDXV�
GHYHORSHG�IURP�ODVHU�VFDQQHU�VXUYH\V��
)LJ�����²�&RORUHG�SRLQW�FORXG�RI�WKH�PDLQ�KDOO�RI�WKH�7HDWUR�GH�0DJJLR�
developed from laser-scanner surveys
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Processing of 3D digital-twins for auralization 
and visualization purposes
The processing and post-production phase of the acquired 
GDWD� ZDV� GHYHORSHG� E\� SXUVXLQJ� WZR� FRPSOHPHQWDU\� DQG�
methodologically propaedeutic objectives for the auralization 
DQG�YLVXDOL]DWLRQ�RI�WKH�WKUHH�YHQXHV��7KH�ÀUVW�DLPHG�DW�FUHDWLQJ�
highly descriptive 3D models of the main halls based on the 
JHRPHWULF�UHVXOWV�RI�WKH�GLJLWDO�VXUYH\��7KH�VHFRQG�UHJDUGLQJ�
the semantic subdivision of the various architectural elements 
WR�HQULFK�WKH�PRUSKRORJLFDO�FRQWHQWV�ZLWK�LQIRUPDWLRQ�UHODWLQJ�
WR�WKH�LQYHVWLJDWHG�DFRXVWLF�SDUDPHWHUV�
6SHFLÀFDOO\�� UHJDUGLQJ� WKH� ÀUVW� DVSHFW�� WKH� KLJKO\� UHOLDEOH�
metric data obtained through point cloud post-production 
SURFHVVHV�ZHUH�XVHG�WR�YLUWXDOO\�GHYHORS�WKH�GLJLWDO�WZLQV�RI�
WKH�YDULRXV�FDVH�VWXGLHV�IROORZLQJ�WZR�GLරHUHQW�UHFRQVWUXFWLYH�
PHWKRGRORJLHV��)LJ�����
)RU�WKH�FDVHV�RI�WKH�7HDWUR�GHO�0DJJLR�DQG�/YLY�2SHUD�+RXVH��
PRUSKRPHWULF� GDWD� IURP� WKH� UHVSHFWLYH� SRLQW� FORXGV� ZHUH�
extracted and, through a careful data discretization, used for 
WKH�GHYHORSPHQW�RI��'�GUDZLQJV�LQ�CAD environment in order 
to create a geometric basis for modeling each element of the 
PDLQ�KDOOV��7KHVH�GUDZLQJV7�ZHUH�WKHQ�LPSRUWHG�ZLWKLQ�McNeel 
Rhinoceros�PRGHOLQJ�VRIWZDUH�ZKHUH�WKH\�ZHUH�XVHG�DV�PHWULF�
support for the creation of the 3D model of the halls and 
each of their components8, exploiting the management and 
SUHFLVLRQ�SRWHQWLDO�RI�185%6�JHRPHWULHV�
For the Berlin theater, on the other hand, an existing 3D model 
PDGH� DYDLODEOH� E\� WKH� .RQ]HUWKDXV� LQVWLWXWLRQ� ZDV� XVHG��
+RZHYHU��VLQFH�LW�GLG�QRW�PHWULFDOO\�UHÁHFW�WKH�UHDO�GLPHQVLRQDO�
DVSHFWV��VSHFLÀF�PRUSKRORJLFDO�WUDQVIRUPDWLRQV�EDVHG�RQ�WKH�
SRLQW�FORXG�GDWD�ZHUH�FDUULHG�RXW�ZLWKLQ�Rhinoceros�
6LPLODUO\� WR� WKH� PRGHOLQJ� RQH�� D� GXDO� DSSURDFK� ZDV� DOVR�
IROORZHG�ZLWK�UHJDUG�WR�WKH�PDSSLQJ�PHWKRGRORJ\�RI�WKH��'�
PRGHOV�GHYHORSHG��)RU�WKH�FDVHV�RI�WKH�.RQ]HUWKDXV�DQG�7HDWUR�
GHO�0DJJLR��VXUIDFHV�PDSSLQJ�ZDV�EDVHG�RQ�WH[WXUHV�FUHDWHG�
IURP�SKRWRJUDSKLF�VDPSOHV�RI�UHDO�PDWHULDOV��)LJJ���������

For the case of the Lviv Opera House, on the other hand, 
D� GLරHUHQW� PHWKRGRORJ\� ZDV� WHVWHG�� 7KH� 185%6� PRGHO�
GHYHORSHG� IRU� WKH� DXUDOL]DWLRQ� SURFHVVHV�� ZDV� RYHUODLG� ZLWK�
an identical one in the form of a mesh textured by projecting 
RQWR� LW� WKH� SKRWRJUDPPHWULF� GDWD� GHYHORSHG�ZLWKLQ�Agisoft 
Metashape Pro�� ,Q� WKLV� ZD\�� ZLWKLQ�Unity, both the acoustic 
VLPXODWLRQ�GHYHORSHG�E\�WKH�DXUDOL]DWLRQ�RI�WKH�185%6�PRGHO�
and the realistic graphical rendering of the photogrammetric 
PHVK�ZHUH�JXDUDQWHHG�
,Q�SDUDOOHO�ZLWK�WKH�PRGHOLQJ�SURFHVVHV��D�VHPDQWLF�VXEGLYLVLRQ�
RI�WKH�HOHPHQWV�SUHVHQW�DQG�WKHLU�UHODWLYH�PDWHULDO�FODVVLÀFDWLRQ�
ZDV�DOVR�FDUULHG�RXW��$IWHU�SUHOLPLQDU\�RQ�VLWH�VWXGLHV�RI� WKH�
PDWHULDOV��DOO�WKH�HOHPHQWV�LQ�WKH�PDLQ�KDOOV�ZHUH�GLYLGHG�DQG�
FDWHJRUL]HG�ZLWKLQ�WKH��'�PRGHOV�LQWR�W\SRORJLFDO�FDWHJRULHV��
DQG� IRU� HDFK�� D� GLරHUHQW� YLUWXDO� DQG� FRGHG� PDWHULDO� ZDV�
DVVRFLDWHG��7KLV�SURFHVV�WKXV�OHG�WR�WKH�FUHDWLRQ�RI�DQ�DFRXVWLF�
GDWDEDVH�LQ�ZKLFK�HDFK�FDWHJRU\�LV�DVVRFLDWHG�ZLWK�D�VHW�RI�,'�
codes, a material, various numerical-dimensional data, and 
most importantly, the corresponding acoustic parameters 
SUHYLRXVO\�LQYHVWLJDWHG��)LJ�������7KH�YDOXHV�RI�ODWWHU�ZLOO�WKHQ�
EH�DVVRFLDWHG�ZLWK�WKH�YDULRXV�VXUIDFHV�RI�WKH��'�PRGHOV�DQG�
ZLOO�EHFRPH�WKH�EDVLV�IRU�WKH�GHYHORSPHQW�RI�WKH�DXUDOL]DWLRQ�
SURFHVVHV��)LJ������

)LJ�����²�&RORUHG�SRLQW�FORXG�RI�WKH�IR\HU�DQG�PDLQ�KDOO�RI�WKH�/YLY�2SHUD�+RXVH��
GHYHORSHG�IURP�ODVHU�VFDQQHU�DQG�SKRWRJUDPPHWULF�VXUYH\V��UHVSHFWLYHO\��
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)LJ�����²�2YHUYLHZ�RI�GLJLWDO�SURFHVVLQJ�DQG�GLරHUHQW�PHWKRGRORJLHV�XVHG�IRU�YLUWXDO�UHFRQVWUXFWLRQ�RI�WKH�WKUHH�FDVH�VWXGLHV�
)LJ�����²�3DQRUDPLF�YLHZ�RI�WKH�WH[WXUHG��'�PRGHO�RI�WKH�PDLQ�KDOO�RI�WKH�%HUOLQ�.RQ]HUWKDXV�
)LJ�����²�3DQRUDPLF�YLHZ�RI�WKH�WH[WXUHG��'�PRGHO�RI�WKH�PDLQ�KDOO�RI�WKH�7HDWUR�GHO�0DJJLR�
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Development of multisensorial and virtual 
experiences
The research required several tests to develop multisensory 
virtual experiences of the three venues that could simulate 
YLVXDO�DQG�DFRXVWLF�UHDOLW\�VLPXOWDQHRXVO\��7KH�WHVW�UHVXOWV�
LGHQWLÀHG�Unity as the most suitable virtual platform for 
WKLV� VRUW� RI� UHDO�WLPH� DSSOLFDWLRQV�� ,Q� IDFW�� LQ� DGGLWLRQ� WR�

the ArchViz of the developed 3D models, this Game Engine 
DOORZV� WKURXJK� D� VSHFLÀF� SOXJLQ� FDOOHG� 6WHDP�$XGLR� WKH�
development of all auralization processes: importing of 
audio sources, setting of acoustic materials characterized 
by the values of the investigated parameters and the 
DVVRFLDWLRQ�RI�WKHVH�ZLWK�WKH�UHVSHFWLYH�VXUIDFH�PDWHULDOV�
RI�WKH�LPSRUWHG��'�PRGHOV��)LJ������
,Q� RUGHU� WR� PDNH� WKH� YLVXDO�DFRXVWLF� H[SHULHQFH� PRUH�
realistic, in each of the three theaters an orchestra 

)LJ�����²�6HPDQWLF�VXEGLYLVLRQ�RI�WKH�HOHPHQWV�DQG�FODVVLÀFDWLRQ�RI�WKH�PDWHULDOV�SUHVHQW�LQ�WKH�WKUHH�FDVH�VWXGLHV�IRU�WKH�FUHDWLRQ�RI�D�SDUDPHWULF�
DFRXVWLF�GDWDEDVH��
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FRPSRVHG� RI� �'� DYDWDUV� RI� UHDO� PXVLFLDQV� ZDV� SODFHG��
DQG�HDFK�RI�WKHVH�ZDV�DVVRFLDWHG�ZLWK�LWV�UHVSHFWLYH�DXGLR�
source recorded individually in an anechoic chamber and 
PDNLQJ� LW� YLUWXDOO\� DXGLEOH� LQ� D� VSDFLDOLVLQJ� ZD\�� ,Q� IDFW��
ZLWKLQ� WKH�8QLW\�6WHDP�$XGLR�HGLWRU�� LW� LV�SRVVLEOH� WR� VHW�
the sound three-dimensionally so that the volume changes 
ZLWK�WKH�GLVWDQFH�IURP�WKH�VRXUFHV�DQG�ZLWK�WKH�DFRXVWLF�
SURSHUWLHV�RI�WKH�YDULRXV�PDWHULDOV�SUHVHQW��)LJ������
7KXV��WKH�WKUHH�PXOWLVHQVRU\�DQG�YLUWXDO�H[SHULHQFHV�ZHUH�
GHYHORSHG�ZLWKLQ�8QLW\�LQ�WKH�IRUP�RI�95�$SSV��,Q�HDFK�RI�

WKH�WKUHH�WKHDWHUV��HYHQ�WKH�OHDVW�H[SHULHQFHG�XVHU�ZLOO�WKXV�
EH� DEOH� WR� QDYLJDWH� WKH�PDLQ� KDOO� E\�PRYLQJ� WR� VSHFLÀF�
DQG�GHÀQHG�SRVLWLRQV��H�J���IURQW�URZ��EDOFRQ\��VWDJH�����DQG�
GHFLGH�ZKLFK�LQVWUXPHQW�RI�WKH�RUFKHVWUD�VKRXOG�EH�SOD\HG�
by simply activating the respective musician9��)LJ������
7KLV� LQWHJUDWHG� DQG� LPPHUVLYH� DSSURDFK�� LQ� ZKLFK�
photorealistic visualization and acoustic rendering are 
FRPELQHG�ZLWK�GLUHFW�DQG�VLPXODWHG�XVHU�LQWHUDFWLRQ��DLPV�
WR�VLJQLÀFDQWO\�GHYHORS�QHZ�ZD\V�RI�FRPPXQLFDWLQJ�DQG�
GLVVHPLQDWLQJ�$FRXVWLF�DQG�&XOWXUDO�+HULWDJH�

)LJ�����²�([DPSOH�RI�DFRXVWLF�GDWD�HQULFKPHQW�ZLWKLQ�WKH��'�PRGHO�RI�WKH�PDLQ�KDOO�RI�WKH�/YLY�2SHUD�+RXVH�DLPHG�DW�DXUDOL]DWLRQ�SURFHVVHV��



90

Digital & Documentation. From Virtual space to Information database

Conclusions
7KH�UHVXOWV�RI�WKH�$85$�SURMHFW�FRQÀUPHG�WKDW�SUHFLVH�GLJLWDO�
survey campaigns are necessary to develop 3D models that 
LQYHVWLJDWH�WKH�UHODWLRQVKLS�EHWZHHQ�VSDFH�DQG�DFRXVWLF�10 The 
geometric-morphological aspects of the models, as in the case 
RI�WKH�KDOO�RI�WKH�.RQ]HUWKDXV�LQ�%HUOLQ��GHHSO\�LQÁXHQFH�WKH�
VRXQG�UHQGHULQJ�RI�WKH�DXUDOLVHG�PRGHOV�>6FKDXHU�HW�DO�������@�
Through correct data acquisition and accurate sampling of 
PDWHULDOV� DQG� UHODWHG�DFRXVWLF�SDUDPHWHUV�� WKHVH� WRROV� DOORZ�
the documentation of both the material aspects of the built 
heritage and the intangible features related to the soundscape 
RI� WKH� LQYHVWLJDWHG� HQWLW\�� )XUWKHUPRUH�� XVLQJ� WKHVH� WRROV� LQ�
DUFKLWHFWXUDO� GHVLJQ� RරHUV� D� XQLTXH� RSSRUWXQLW\� WR� H[SORUH�
and test acoustic in the preliminary stages of the project, thus 
informing the choice of the best materials and technological 
solutions both from a technological and an aesthetic point of 
YLHZ��2QH�RI�WKH�$85$�SURMHFW·V�REMHFWLYHV�LV�WR�LQYHVWLJDWH�WKH�
possible use of auralised 3D models in the architectural and 
DFRXVWLF�GHVLJQ�ÀHOG��7KH�SURMHFW�IHDWXUHG�D�XVHU�WHVWLQJ�SKDVH�
GHVLJQHG� E\� 9LH� HQ�UR�VH�� ,QJHJQHULD� 6�U�/��� ZKLFK� FROOHFWHG�

IHHGEDFN�IURP�PXVLFLDQV��GHVLJQHUV�DQG�WKH�JHQHUDO�SXEOLF�WR�
RරHU�LQVLJKWV�RQ�WKH�SURV�DQG�FRQV�DQG�SRWHQWLDO�XVH�>%HOORPLQL�
HW�DO������@�
The project also entailed the organisation of a multidisciplinary 
XQLYHUVLW\� ZRUNVKRS� RQ� WKH� WKHPH� RI� DXUDOLVDWLRQ�� ZKLFK�
involved 20 students from the Department of Architecture of 
WKH�8QLYHUVLW\� RI� )ORUHQFH�� 7KH� VWXGHQWV� WRRN� DQ� DFWLYH�SDUW�
LQ�WKH�´WUDQVIHU�RI�NQRZOHGJHµ�SKDVH��DVVLVWLQJ�LQ�GHÀQLQJ�DQ�
approach to disseminate methodological steps to a user base of 
WHFKQLFLDQV�DQG�DUFKLWHFWV��1RWDEO\��WKH�DGRSWHG�PHWKRGRORJLHV�
have proved to be a possible integration in acoustic and digital 
survey classes, training the Next-Gen of architects and building 
HQJLQHHUV�WR�EH�VHQVLWLYH�WR�LVVXHV�UHODWHG�WR�DFRXVWLF�KHULWDJH��
7KHVH� PDWWHUV� DUH� WLJKWO\� LQWHUOLQNHG� ZLWK� %,0� �%XLOGLQJ�
,QIRUPDWLRQ�0RGHOLQJ��DQG�FROODERUDWLYH�GHVLJQ�DSSURDFKHV��
7RJHWKHU��WKHVH�GLVFLSOHV�FUHDWH�D�FRQQHFWLRQ�EHWZHHQ�GHVLJQ�
DQG�,7�VNLOOV�WR�FUHDWH�LPPHUVLYH�H[SHULHQFHV�WKDW�DUH�EHQHÀFLDO�
during the design and development phases of the architectural 
SURMHFW��DV�ZHOO�DV�LQ�WKH�GRFXPHQWDWLRQ�DQG�SURWHFWLRQ�RI�WKH�
DFRXVWLF�KHULWDJH�

)LJ�����²�,PSRUWLQJ�PDLQ�KDOO�PRGHOV�ZLWKLQ�WKH�*DPH�(QJLQH�8QLW\�
SODWIRUP�DQG�DFRXVWLF�SURFHVVLQJ�XVLQJ�WKH�6WHDP�$XGLR�SOXJLQ��

)LJ�����²�7KH�WKUHH�$SSV�IRU�PXOWLVHQVRU\�H[SHULHQFHV�DQG�WKHLU�YLUWXDO�
QDYLJDWLRQ�XVLQJ�95�GHYLFHV��
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)LJ�����²�2Q�WKH�OHIW��SKDVHV�RI�VRXQG�DFTXLVLWLRQ�RI�HDFK�LQVWUXPHQW��6I0�VXUYH\�RI�WKH�UHVSHFWLYH�PXVLFLDQV��DQG�LQVHUWLRQ�RI�WKH�RUFKHVWUD�ZLWKLQ�
8QLW\��2Q�WKH�ULJKW��DXUDOL]DWLRQ�SURFHVVHV�
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Notes
1 Auralization is a technique that simulates the acoustics of a real place 
ZLWKLQ�D�YLUWXDO�VSDFH�
2� 1RWHZRUWK\�� (5$72� SURMHFWV� ������������� IRFXVHG� RQ� WKH� WKHPH� RI�
archaeoacoustics for the analysis and comparison of the acoustic properties 
RI�DQFLHQW�*UHHN�DQG�5RPDQ�WKHDWUHV�>5LQGHO�HW�DO�������@��(&+2�SURMHFW�
�������������LQYHVWLJDWLQJ�WKH�LVVXH�RI�DFRXVWLFV�DQG�WKH�LQWHJUDWLRQ�ZLWK�
digital survey and 3D modelling for the development of virtual experiences 
>.DW]�HW�DO�������@�
3�3+(�²�´3DVW�+DV�(DUVµ�LV�D�UHVHDUFK�SURMHFW�ÀQDQFHG�E\�WKH�-3,&+������
FDOO��ZKLFK� LQYHVWLJDWHV� DQG�GHYHORS� D�PHWKRGRORJ\� IRU� DUFKHRDFRXVWLF�
LQYHVWLJDWLRQV�WKURXJK�KHULWDJH�VLWHV�LQ�)UDQFH��,WDO\�DQG�8.�
4 The acoustic parameters considered for auralisation are essentially three: 
VRXQG�DEVRUSWLRQ�DQG�WUDQVPLVVLRQ�IUHTXHQFLHV��ORZ��PHGLXP�DQG�KLJK��
DQG�VFDWWHULQJ�
��KWWSV���RGHRQ�GN
6 KWWS���ZZZ�UDPVHWH�FRP

��)RU�VRPH�LQVWDQFHV�ZLWK�FRPSOH[�JHRPHWU\�SRUWLRQV�RI�WKH�GHFLPDWHG�
SRLQW�FORXG�ZDV�LPSRUWHG�GLUHFWO\��DQG�IURP�LW��WKURXJK�VSHFLÀF�DOJRULWKPV�
DQG�FURVV�VHFWLRQV��WKH�WKUHH�GLPHQVLRQDO�VXUIDFHV�ZHUH�H[WUDFWHG�
8�)RU�WKH�0DJJLR�FDVH�VWXG\��LQ�DGGLWLRQ�WR�WKH�DUFKLWHFWXUDO�HOHPHQWV�RI�
WKH�KDOO��WKH�HQWLUH�DFRXVWLF�UHÁHFWLRQ�V\VWHP��VXFK�DV�GLVSHUVLQJ�SDQHOV�RU�
DFRXVWLF�FXUWDLQV��ZDV�DOVR�PRGHOHG��DV�ZHOO�DV�RI�WKH�IXUQLWXUH�HOHPHQWV��
VXFK�DV� WKH� VHDWV��ZKRVH�ZLGH�SUHVHQFH� �PRUH� WKDQ������� LV� H[WUHPHO\�
relevant in the acoustic study of the hall and, consequently, in the 
DXUDOL]DWLRQ�SURFHVVHV�
9� 7KH� RUFKHVWUD� FRQVLVWV� RI� VWDWLF� PHVK� PRGHOV� PDGH� E\� 6I0�
SKRWRJUDPPHWU\�RI�UHDO�PXVLFLDQV��DQG�LQFOXGHV��WZR�YLROLQV��D�YLROD��D�FHOOR��
D�GRXEOH�EDVV��D�ÁXWH��DQ�RERH��D�FODULQHW��D�WUXPSHW��DQ�KDUS��D�GUXP��D�
SLFFROR�ÁXWH��D�EDVVRRQ�DQG�D�KRUQ�
10 A number of researches focuses on the direct use of surfaces generated 
E\�PHVKLQJ�WKH�SRLQW�FORXG��IROORZLQJ�D�JRRG�GDWD�VLPSOLÀFDWLRQ�SURFHVV�
>)RVFKL������@�
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