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Abstract

As technology develops, the pipe dream of unifying different buildings meant for events
ranging from conferences to classical music concerts, which present very diverse acoustic
requirements, in a single, multipurpose hall becomes more and more achievable, making
this kind of architecture more and more common. With the help of Internet of Things
(IoT) sensors and connectivity, and taking advantage of Digital Twin (DT) technologies
and Building Information Modeling (BIM) processes, a context where a human operator
can remotely view, modify, and perform acoustic simulations in a Virtual Reality (VT)
version of a multifunctional space is not so unrealistic anymore. The present work con-
stitutes a first step into this scenario by developing a software interface able to bridge a
theater’s facility management system with a 3D model of its hall, letting the digital model
update, based on real-time data about the current configuration of the hall’s movable el-
ements, and letting the user visualize acoustic information (specifically, the reverberation
time) accordingly. The thesis focuses on the practical application of this interface at
the Roberto de Silva Theater in Rho, Milan, but is intended to be adjustable for differ-
ent stage control software, and to be extended to the complex system previously described.

Keywords: multipurpose halls, multifunctional theater, internet of things, iot, digital
twin, building information modeling, bim, virtual reality, vr, real-time acoustics, software
interface, 3d model, ifc file, reverberation time, stage control software, facility manage-
ment system, acoustic simulations, computer science





Abstract in lingua italiana

Con lo sviluppo della tecnologia, la chimera di unificare in un’unica sala polifunzionale
diversi edifici destinati a eventi che spaziano da conferenze a concerti di musica classica,
che presentano requisiti acustici molto diversi tra loro, diventa sempre più realizzabile,
rendendo questo tipo di architettura sempre più comune. Con l’aiuto di sensori e con-
nettività Internet of Things (IoT) e sfruttando le tecnologie di gemelli digitali (DT) e
processi di Building Information Modeling (BIM), un contesto in cui un operatore umano
può visualizzare, modificare ed effettuare da remoto simulazioni acustiche in realtà vir-
tuale di uno spazio multifunzionale non è più così irrealistico. Il presente lavoro costituisce
un primo passo in questo scenario sviluppando un’interfaccia software in grado di colle-
gare la macchina scenica di un teatro con un modello 3D della sua sala, consentendo al
modello digitale di aggiornarsi in base ai dati in tempo reale sulla configurazione corrente
degli elementi mobili della sala e permettendo all’utente di visualizzare di conseguenza
le informazioni acustiche (in particolare, il tempo di riverbero). La tesi si concentra
sull’applicazione pratica di questa interfaccia al Teatro Roberto de Silva di Rho, Milano,
ma è pensata per essere adattabile a diversi software di controllo scenico e per essere
estesa al complesso sistema descritto in precedenza.

Parole chiave: sala polivalente, teatro multifunzionale, internet of things, iot, gemello
digitale, building information modeling, bim, realtà virtuale, acustica in tempo reale,
interfaccia software, ingegneria informatica, modello 3d, file ifc, tempo di riverbero,
macchina scenica, simulazioni acustiche
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Introduction

As technology develops and human standards get better by raising the level of quality

life, sustainability and social environment, the need of buildings serving more than one

purpose increases. Multifunctional halls are becoming a new way to conciliate social and

cultural life of citizens while following a more sustainable approach, both in terms of

energy consumption and land build upon [1, 2, 7]. However, e�ectively and e�ciently

uniting more functions in one single building has been regarded more as wishful thinking

than as a concrete possibility in room acoustics until the beginning of this century [3]:

the required technologies and maintenance costs have been considered too consistent to

constitute a feasible solution for new buildings devoted for shows, concerts and events,

and the resulting acoustics too poor to satisfy high standards and to make the elevated

costs worth the work. Materials availability and architecture techniques in use nowadays

have �nally let this kind of multifunctional structures be a tangible option for theaters,

music halls and auditoria, other than a more and more promising one for the future, to

the point when they are likely to become the standard for cultural and social event venues

in general.

This current scenario generated a new need for analyzing and organizing the available

equipment dedicated to a venue's speci�c purpose, commonly referred to as facility man-

agement (FM), in a smart fashion. When applied to the building category this thesis

focuses on, FM involves architectural and functional elements capable of changing the

room acoustics of the inner space, to accommodate the di�erent functions it was envi-

sioned for. In fact, it can be easily understood that a congress hall requires a very limited

quantity of echoes and re�ections between walls for the human voice to be as intelligible

as possible, whereas a classical music concert is better enjoyed in a more re�ective envi-

ronment. To modify the quantity of re�ected sound waves and the acoustic perception

in general, the most immediate approach is to employ movable structures that have an

impact on how sound is dissipated, which could be achieved by exposing absorbing rather

than re�ecting materials or orienting surfaces in di�erent directions. Worth mentioning,

variable acoustics allows for rehearsals in conditions similar to the ones by which the

artistic performance is going to take place. In particular, seats occupied by the audience,
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which is present in the latter and absent in the former, usually have a considerable e�ect

on the amount of acoustic energy absorbed and not re�ected back to the space boundaries.

The setup of such multipurpose spaces can bene�t from facility management practices to

optimize resources and ease the operators' job to match the staging process with the

activity to be carried out next in the hall.

It is not by chance that FM represents one crucial element of Building Information Model-

ing (BIM), a modern way of conceiving structure and infrastructure design, construction,

utilization and maintenance, and particularly for these last two. The BIM approach allows

a system to be more e�ciently kept and exploited, crossing data that belong to di�erent

aspects of the project, but that in�uence each other and are connected one another to

have an impact on its management. Automation and smart strategies in the hall prepara-

tion are just two of the possibilities that a BIM system enables when our multifunctional

context is part of it.

Meanwhile, Internet of Things technologies keep on spreading in the industry and research

world as well as in the private citizens' sphere. With the possibility of communication

between buildings' control system software and sensors, connected devices or pieces of

equipment, IoT applications are a potentially huge aid to facility management, especially

in rooms with moving elements and variable acoustics. Combining real-time updates from

IoT devices about the physical environment (temperature, air density, background noise,

etc.) with a digital representation of the hall, and making this combination part of a

BIM environment, we are able to complete the live description of the venue in question

given by its FM software. Most of all, this way we can obtain all the information needed

to evaluate the hall's acoustics: in fact, its digital representation, kept in step with the

real situation, can be devised to be oriented to acoustic simulations, so to test virtually

how the room reacts to a speci�c sound source inside of it depending on how we position

its equipment, without having to do it on site, with real sound sources and trying out

di�erent listener points. This can speed up the entire room preparation procedure by a

great deal [3], leaving the involved professionals (orchestra conductors, theater directors,

musicians, actors, technicians, etc.) more time and energy for case-speci�c �ne-tuning of

the acoustics. The integration between all the members we mentioned in a BIM system

could lead to scenarios such as the one depicted in �gure �g. 1 on page xii: IoT devices

provide their output, labeled with the wide term "physical context", to the facility man-

agement system, which "reads" the current hall con�guration, being connected to the

moving elements it controls; all available data are forwarded to a software interface, po-

tentially located remotely with respect to the real hall, that allows for linking the real hall

to the virtual one and that in turn injects the data into the hall's 3D model, modifying
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it (blue arrow path in the �gure); a theater operator can view the virtual hall fed with

the 3D model, move around architectural and stage structures and perform evaluations

on the hall acoustics1. The gray arrows in this portion of the scheme denote a "control

�ow" piloting the user's possible actions. Finally, they can con�rm the virtual hall con-

�guration the moment they are content with the outcome, sending the chosen layout to

the theater's facility management system to actually let the hall set up correspondingly,

through the inverse data �ow (yellow arrow path).

Despite the great usefulness of this integration, so far it has hardly been applied to existing

systems, given the obstacles in making on-site devices communicate with BIM models,

especially in a dynamic way: there exists no standardized protocol to implement this kind

of connection, due to the heterogeneity of the pieces of equipment that vary from case to

case [3]. Customized solutions ("Ad-hoc software interface" in 1) should be thought of

and developed as general and applicable to di�erent contexts as possible, in an attempt to

ease the adoption of Industry 4.0 in acoustics by new and existing buildings. By this, we

mean to exploit the new possibilities that Internet of Things and smart connected devices

give us to automate the theater setup and to aid workers and operators in evaluating the

best con�guration for the hall's next employment, thanks to real-time data and predictive

algorithms.

1This step is left in generic terms for the moment: it could take place through some external acoustic
simulation software, or one inside a digital twin system (as assumed in 2.2), or just by matching the current
hall con�guration with one for which we have some recordings and acoustic information at disposal,
performing data interpolation in case it doesn't match any of them.
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Figure 1: Example scheme of integration between real and virtual hall through an appro-

priate software interface.

The context of modern buildings that can embrace Building Acoustics 4.0 is where the

Roberto de Silva theater in Rho, Milan, was conceived. This venue is the starting point

of the project idea introduced in [3], which we just have quickly generalized. The aim

of the hereby presented thesis is to create the aforementioned ad-hoc piece of software,

called Hallbridger, a �rst building block of the whole project idea that is able to put in

a bidirectional communication this theater's facility management software, CURIO© ,

by the stage equipment companyDecima 1948, based in Padua, Italy, with a digital

tridimensional model of the theater's hall. This �rst step alone won't implement a system

that can be called a BIM system, but it is conceived so that a future version of it will.

The work is presented as follows.

Chapter 1 introduces the Roberto de Silva theater of Rho, province of Milan, describing

how it is acoustically characterized and presenting the data used by the software applica-

tion.

Chapter 2 introduces BIM as a work approach and the role of the developed software in
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the hypothetical physical theater-virtual theater system from the point of view of a BIM

process. Chapter 3 describes and documents the interface software that is the focal point

of the work.

Chapter 4 sums up the thesis content and mentions possible further developments for the

software, in order to make headway in obtaining a complete tool that realizes the �nal

scenario depicted in 1.





1

1| Characterization of the

Roberto de Silva theater's

multipurpose hall

The Roberto de Silva theater in Rho, Milan, is a 2022 multipurpose structure providing

a new gathering place for the community, among with a newbuilt square in front of it, as

well as a cultural venue intended to be acoustically suitable for a number of events, even

for those traditionally not carried out in a theater. We use this chapter to focus on those

aspects of the theater that are related to its acoustic design, which gives the physical

context where the software is intended to work.

1.1. Structure and design elements of the hall

1.1.1. Fixed architectural elements

The main hall has a parterre gallery (referred to as "gallery 0") consisting of seats close to

the walls on the sides of the stalls. Galleries 1 and 2 are deployed at �rst and second �oors

all around the space, except for the wall behind the stage. Due to the house curtains, when

these are pulled down and being used, the seats on the lateral walls behind the curtains

cannot be utilized by the audience. The rear wall behind the stage, too, is provided with

seats (referred to as "back gallery"), just above a direct access to the backstage.

Lateral walls are occupied by rotating panels, described later in section 1.1.2 on page 5,

which can be considered the core of the acoustic design of the room.

The rear wall behind the audience, traditionally designed to block too strong late re-

�ections back to the stalls and avoid echoes, is indeed made by absorbing material, but

it is hidden by perforated wooden panels (5-mm-diameter holes), constituting a kind of

resonator (resonant absorber with porous material behind) that generally targets low-mid-
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Figure 1.1: The "Roberto de Silva" theater in Rho, Milan.

Figure 1.2: View of the stalls from the stage.
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Figure 1.3: View on the hall's left wall, where the parterre is visible with its pivoting

panels under the two galleries.

frequency sound waves1. The same design solution is adopted on portions of the lateral

walls in the proximity of the stage, and around the edge of lateral walls beside entrance

doors in gallery 0.

The ceiling above the stalls is provided with 20 countertop convex panels (�g. 1.4 on the

following page) to ensure strong re�ections from the top in all seat orders. Their density

and curvature radius vary depending on the position of the panel.

Other �xed design elements that are acoustically noteworthy are the wooden coverage

used for the bottom part of the lateral walls, below front and back sectors of gallery 1 and

gallery 0, and for the coverage of the sliding doors below the back gallery (see section 1.1.2

on page 5): they come in various shapes and surface orientations, contributing in creating

a di�use �eld especially by scattering high-frequency waves upwards, to prevent them

from bouncing on the �oor and to keep them in the air.

It is the variable acoustics, though, that constitutes the most interesting aspect of this

building.

1Typically between 200 and 350 Hz.
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Figure 1.4: Countertop panels over the stalls. The target seats are colored the same as

the corresponding panels.
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1.1.2. Moving elements

The multifunctional feature of the venue is achieved through its main hall being able to

change its own acoustics thanks to a set of moving and adjustable elements, which can

be summarized with the following list:

ˆ Movable architectural elements:

� Wood ceiling panels over the stage;

� Additional removable panels (�llers) over stage;

� Sliding doors in the lateral walls of the stage (not automatized);

� Sliding doors in the back wall of the stage;

� First three seat rows in the stalls (not automatized).

ˆ Stagecraft equipment:

� House curtains hung on a multiline hoist;

� Orchestra pit platform under the �rst three seat rows;

� Wings and backdrops on multiline hoists;

� Trusses on the stalls and multiline hoists on stage;

� Stage blocks that can be lifted from the �oor for scenographic purposes.

ˆ Variable acoustic elements:

� Pivoting panels on lateral walls.

Pivoting panels

In particular, the pivoting panels are what makes the acoustic architecture of this building

peculiar. These cover the two lateral walls and are spatially organized as follows:

ˆ 7 panel sectors on each side of the hall, whose position is represented in �g. 1.9 on

page 11

ˆ 3 or 4 panel column groupings for each sector, for a total of 26 groups for each wall

and 52 in the entire hall

ˆ one or two panel columns (or arrays) for each grouping, giving a total of 47 panel

columns for both sides of the hall and 94 columns in the whole hall
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Figure 1.5: Second gallery on the left side of the hall with open pivoting panels.

ˆ 5 panels for each panel column, depicted in �g. 1.7 on the next page, summing up

to 235 for each wall and 470 in total

They are rectangular (ca. 115� 17 � 2:5 cm) wooden panels that can rotate around

the bottom side, with a maximum aperture of around 45° for those in the upper part of

the column and 30° for those in the lower part2, to uncover the absorbing material placed

underneath and reduce the amount of sound waves re�ected by the panel's wooden surface

(�gure 1.6).

2In fact, being the lower panels of an array at head-torso height, they are able to reach a maximum
aperture angle that is smaller than the one for the panels at the top. This brings us to talk about relative
(to the maximum) aperture rather than in absolute terms, and to indicate it using a percentage. This
feature doesn't depend on CURIO and can't be controlled from its control system: it was mechanically
applied by the company that mounted the panels on the walls, upon the theater's management's request
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Figure 1.6: Pivoting panel scheme.

Each panel array group (so a single panel column or a couple of them, depending on the

group) has a single actuator that moves the panels belonging to it, which is equivalent to

saying that the array group is the panel aperture control unit: all panels belonging to the

same panel array grouping have the same aperture percentage [8]3.

Figure 1.7: A single array of �ve pivoting panels.

Acoustic measurements, though, have been carried out with just some of the possible

open-close combinations of the panel column groups. These measurements led to acoustic

results that are brie�y exposed in section 1.3 on page 10

3The details about this information were explained by CURIO System's manufacturerDecima 1848
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1.2. Con�gurations of the multipurpose space

All of the moving elements are functional to changing the listening characteristics of the

room. Although it is able to host a variety of events, shows and performances (among

which cinema, drama theater and congresses [8]), three main con�gurations are identi�ed

[3]:

ˆ Concert hall con�guration

ˆ Opera and ballet con�guration

ˆ Congress hall con�guration

We will now go through these three main functions to describe how the various elements

in the mail hall are settled to provide the corresponding layout and its acoustics [3].

1.2.1. Concert hall con�guration

By this layout, the orchestra pit is closed to let the musicians play at the same level with

the stalls' �rst rows; the total absorbing area present in the theater is minimized, so the

stage curtains are removed (the lightest pieces) or lifted (the permanent ones, heavier)4

and the pivoting panels are closed; the �y tower is closed, rotating the plywood panels

over the stage to provide stronger �rst re�ections from the ceiling; the rear sliding door

gets closed to hide the backstage below the back gallery, as well as those at the two sides

of the stage, enhancing �rst re�ections from the lateral walls too. Hybrid con�gurations

(partially electrically ampli�ed, meaning that musicians are supported by stage monitors

and their sound is captured my microphones and enhanced at low gain levels with am-

pli�ers and loudspeakersin situ ) are employed in case of jazz/swing concerts performed

by big bands: the stage curtains are kept down or midway to obtain more absorbing

material and reduce the strong re�ections that loud wind instruments create4. Anyway,

fully-electri�ed performances, with strong ampli�cation, are avoided since the resulting

acoustics would favor either the stalls or the back gallery: when the front loudspeakers,

turned towards the stalls, are louder than the stage monitors, the back gallery receives

a too dim sound compared to the front seats; when stage monitors are loud enough to

optimize the acoustics for the audience in the back gallery, the one in the stalls receives

too strong re�ections from the back wall and perceives an undesired echo e�ect4.

4Information provided by the Roberto de Silva theater's stage manager
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